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Chapter 20

Laboratory Analysis of the
Immune Response

Figure 20.1 Lab-on-a-chip technology allows immunological assays to be miniaturized so tests can be done rapidly
with minimum quantities of expensive reagents. The chips contain tiny flow tubes to allow movement of fluids by
capillary action, reactions sites with embedded reagents, and data output through electronic sensors. (credit:
modification of work by Maggie Bartlett, NHGRI)
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Introduction

Many laboratory tests are designed to confirm a presumptive diagnosis by detecting antibodies specific to a suspected
pathogen. Unfortunately, many such tests are time-consuming and expensive. That is now changing, however,
with the development of new, miniaturized technologies that are fast and inexpensive. For example, researchers at
Columbia University are developing a “lab-on-a-chip” technology that will test a single drop of blood for 15 different
infectious diseases, including HIV and syphilis, in a matter of minutes.! The blood is pulled through tiny capillaries
into reaction chambers where the patient’s antibodies mix with reagents. A chip reader that attaches to a cell phone
analyzes the results and sends them to the patient’s healthcare provider. Currently the device is being field tested in
Rwanda to check pregnant women for chronic diseases. Researchers estimate that the chip readers will sell for about
$100 and individual chips for $1.”

1. Chin, Curtis D. et al., “Mobile Device for Disease Diagnosis and Data Tracking in Resource-Limited Settings,” Clinical Chemistry 59,
no. 4 (2013): 629-40.
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20.1 Polyclonal and Monoclonal Antibody Production

Learning Objectives
» Compare the method of development, use, and characteristics of monoclonal and polyclonal antibodies

» Explain the nature of antibody cross-reactivity and why this is less of a problem with monoclonal antibodies

In addition to being crucial for our normal immune response, antibodies provide powerful tools for research and
diagnostic purposes. The high specificity of antibodies makes them an excellent tool for detecting and quantifying a
broad array of targets, from drugs to serum proteins to microorganisms. With in vitro assays, antibodies can be used to
precipitate soluble antigens, agglutinate (clump) cells, opsonize and kill bacteria with the assistance of complement,
and neutralize drugs, toxins, and viruses.

An antibody’s specificity results from the antigen-binding site formed within the variable regions—regions of the
antibody that have unique patterns of amino acids that can only bind to target antigens with a molecular sequence
that provides complementary charges and noncovalent bonds. There are limitations to antibody specificity, however.
Some antigens are so chemically similar that cross-reactivity occurs; in other words, antibodies raised against one
antigen bind to a chemically similar but different antigen. Consider an antigen that consists of a single protein with
multiple epitopes (Figure 20.2). This single protein may stimulate the production of many different antibodies, some
of which may bind to chemically identical epitopes on other proteins.

Cross-reactivity is more likely to occur between antibodies and antigens that have low affinity or avidity. Affinity,
which can be determined experimentally, is a measure of the binding strength between an antibody's binding site
and an epitope, whereas avidity is the total strength of all the interactions in an antibody-antigen complex (which
may have more than one bonding site). Avidity is influenced by affinity as well as the structural arrangements of the
epitope and the variable regions of the antibody. If an antibody has a high affinity/avidity for a specific antigen, it is
less likely to cross-react with an antigen for which it has a lower affinity/avidity.

Clinical Focus
\

Part 1

In an unfortunate incident, a healthcare worker struggling with addiction was caught stealing syringes of
painkillers and replacing them with syringes filled with unknown substances. The hospital immediately fired the
employee and had him arrested; however, two patients that he had worked with later tested positive for HIV.

While there was no proof that the infections originated from the tainted syringes, the hospital’'s public health
physician took immediate steps to determine whether any other patients had been put at risk. Although the
worker had only been employed for a short time, it was determined that he had come into contact with more
than 1300 patients. The hospital decided to contact all of these patients and have them tested for HIV.

* Why does the hospital feel it is necessary to test every patient for HIV?
¢ What types of tests can be used to determine if a patient has HIV?

Jump to the next Clinical Focus box.

- J

2. Evarts, H., “Fast, Low-Cost Device Uses the Cloud to Speed Up Testing for HIV and More,” January 24, 2013. Accessed July 14, 2016.

http://engineering.columbia.edu/fast-low-cost-device-uses-cloud-speed-diagnostic-testing-hiv-and-more.

This OpenStax book is available for free at http://cnx.org/content/col12087/1.5
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Figure 20.2 An antibody binds to a specific region on an antigen called an epitope. A single antigen can have
multiple epitopes for different, specific antibodies.

|”_{ Check Your Understanding

* What property makes antibodies useful for research and clinical diagnosis?

¢ What is cross-reactivity and why does it occur?

Producing Polyclonal Antibodies

Antibodies used for research and diagnostic purposes are often obtained by injecting a lab animal such as a rabbit or a
goat with a specific antigen. Within a few weeks, the animal’s immune system will produce high levels of antibodies
specific for the antigen. These antibodies can be harvested in an antiserum, which is whole serum collected from an
animal following exposure to an antigen. Because most antigens are complex structures with multiple epitopes, they
result in the production of multiple antibodies in the lab animal. This so-called pelyclonal antibody response is also
typical of the response to infection by the human immune system. Antiserum drawn from an animal will thus contain
antibodies from multiple clones of B cells, with each B cell responding to a specific epitope on the antigen (Figure
20.3).

Lab animals are usually injected at least twice with antigen when being used to produce antiserum. The second
injection will activate memory cells that make class IgG antibodies against the antigen. The memory cells also
undergo affinity maturation, resulting in a pool of antibodies with higher average affinity. Affinity maturation occurs
because of mutations in the immunoglobulin gene variable regions, resulting in B cells with slightly altered antigen-
binding sites. On re-exposure to the antigen, those B cells capable of producing antibody with higher affinity antigen-
binding sites will be stimulated to proliferate and produce more antibody than their lower-affinity peers. An adjuvant,
which is a chemical that provokes a generalized activation of the immune system that stimulates greater antibody
production, is often mixed with the antigen prior to injection.

Antiserum obtained from animals will not only contain antibodies against the antigen artificially introduced in the
laboratory, but it will also contain antibodies to any other antigens to which the animal has been exposed during its
lifetime. For this reason, antisera must first be “purified” to remove other antibodies before using the antibodies for
research or diagnostic assays.
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Figure 20.3 This diagram illustrates the process for harvesting polyclonal antibodies produced in response to an
antigen.

Clinical Uses of Polyclonal Antisera

Polyclonal antisera are used in many clinical tests that are designed to determine whether a patient is producing
antibodies in response to a particular pathogen. While these tests are certainly powerful diagnostic tools, they have
their limitations, because they are an indirect means of determining whether a particular pathogen is present. Tests
based on a polyclonal response can sometimes lead to a false-positive result—in other words, a test that confirms
the presence of an antigen that is, in fact, not present. Antibody-based tests can also result in a false-negative result,
which occurs when the test fails to detect an antibody that is, in fact, present.

The accuracy of antibody tests can be described in terms of test sensitivity and test specificity. Test sensitivity is
the probability of getting a positive test result when the patient is indeed infected. If a test has high sensitivity, the
probability of a false negative is low. Test specificity, on the other hand, is the probability of getting a negative test
result when the patient is not infected. If a test has high specificity, the probability of a false positive is low.

False positives often occur due to cross-reactivity, which can occur when epitopes from a different pathogen are
similar to those found on the pathogen being tested for. For this reason, antibody-based tests are often used only as
screening tests; if the results are positive, other confirmatory tests are used to make sure that the results were not a
false positive.

For example, a blood sample from a patient suspected of having hepatitis C can be screened for the virus using
antibodies that bind to antigens on hepatitis C virus. If the patient is indeed infected with hepatitis C virus, the
antibodies will bind to the antigens, yielding a positive test result. If the patient is not infected with hepatitic C virus,
the antibodies will generally not bind to anything and the test should be negative; however, a false positive may
occur if the patient has been previously infected by any of a variety of pathogens that elicit antibodies that cross-
react with the hepatitis C virus antigens. Antibody tests for hepatitis C have high sensitivity (a low probability of
a false negative) but low specificity (a high probability of a false positive). Thus, patients who test positive must
have a second, confirmatory test to rule out the possibility of a false positive. The confirmatory test is a more
expensive and time-consuming test that directly tests for the presence of hepatitis C viral RNA in the blood. Only
after the confirmatory test comes back positive can the patient be definitively diagnosed with a hepatitis C infection.
Antibody-based tests can result in a false negative if, for any reason, the patient’s immune system has not produced

This OpenStax book is available for free at http://cnx.org/content/col12087/1.5
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detectable levels of antibodies. For some diseases, it may take several weeks following infection before the immune
system produces enough antibodies to cross the detection threshold of the assay. In immunocompromised patients,
the immune system may not be capable of producing a detectable level of antibodies.

Another limitation of using antibody production as an indicator of disease is that antibodies in the blood will persist
long after the infection has been cleared. Depending on the type of infection, antibodies will be present for many
months; sometimes, they may be present for the remainder of the patient’s life. Thus, a positive antibody-based test
only means that the patient was infected at some point in time; it does not prove that the infection is active.

In addition to their role in diagnosis, polyclonal antisera can activate complement, detect the presence of bacteria in
clinical and food industry settings, and perform a wide array of precipitation reactions that can detect and quantify
serum proteins, viruses, or other antigens. However, with the many specificities of antibody present in a polyclonal
antiserum, there is a significant likelihood that the antiserum will cross-react with antigens to which the individual
was never exposed. Therefore, we must always account for the possibility of false-positive results when working with
a polyclonal antiserum.

L_{ Check Your Understanding

¢ What is a false positive and what are some reasons that false positives occur?
* What is a false negative and what are some reasons that false positives occur?

» If a patient tests negative on a highly sensitive test, what is the likelihood that the person is infected with the
pathogen?

Producing Monoclonal Antibodies

Some types of assays require better antibody specificity and affinity than can be obtained using a polyclonal
antiserum. To attain this high specificity, all of the antibodies must bind with high affinity to a single epitope. This
high specificity can be provided by monoclonal antibodies (mAbs). Table 20.1 compares some of the important
characteristics of monoclonal and polyclonal antibodies.

Unlike polyclonal antibodies, which are produced in live animals, monoclonal antibodies are produced in vitro using
tissue-culture techniques. mAbs are produced by immunizing an animal, often a mouse, multiple times with a specific
antigen. B cells from the spleen of the immunized animal are then removed. Since normal B cells are unable to
proliferate forever, they are fused with immortal, cancerous B cells called myeloma cells, to yield hybridoma cells.
All of the cells are then placed in a selective medium that allows only the hybridomas to grow; unfused myeloma cells
cannot grow, and any unfused B cells die off. The hybridomas, which are capable of growing continuously in culture
while producing antibodies, are then screened for the desired mAb. Those producing the desired mAb are grown in
tissue culture; the culture medium is harvested periodically and mAbs are purified from the medium. This is a very
expensive and time-consuming process. It may take weeks of culturing and many liters of media to provide enough
mADbs for an experiment or to treat a single patient. mAbs are expensive (Figure 20.4).



864 Chapter 20 | Laboratory Analysis of the Inmune Response

) / antigen
p spleen cells

Select and grow
hybrid cells only. ‘

“ @) Y e—— ——

N myeloma Separate hybrid
cell culture cells cells and allow
myeloma line them to proliferate

into clones
(hybrldomas)

%

B8

O
00,,' \

Screen for

desired

antibody.
b AT AR
YRR ARG

antibodies

Chosen hybridoma is then grown to
produce large batches of desired mAB.

Figure 20.4 Monoclonal antibodies (mAbs) are produced by introducing an antigen to a mouse and then fusing
polyclonal B cells from the mouse’s spleen to myeloma cells. The resulting hybridoma cells are cultured and continue
to produce antibodies to the antigen. Hybridomas producing the desired mAb are then grown in large numbers on a
selective medium that is periodically harvested to obtain the desired mAbs.

Characteristics of Polyclonal and Monoclonal Antibodies

Monoclonal Antibodies Polyclonal Antibodies

Expensive production

Inexpensive production

Long production time

Rapid production

Large quantities of specific antibodies

Large quantities of nonspecific antibodies

Recognize a single epitope on an antigen

Recognize multiple epitopes on an antigen

Production is continuous and uniform once the hybridoma is made

Different batches vary in composition

Table 20.1
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Clinical Uses of Monoclonal Antibodies

Since the most common methods for producing monoclonal antibodies use mouse cells, it is necessary to create
humanized monoclonal antibodies for human clinical use. Mouse antibodies cannot be injected repeatedly into
humans, because the immune system will recognize them as being foreign and will respond to them with neutralizing
antibodies. This problem can be minimized by genetically engineering the antibody in the mouse B cell. The variable
regions of the mouse light and heavy chain genes are ligated to human constant regions, and the chimeric gene is then
transferred into a host cell. This allows production of a mAb that is mostly “human” with only the antigen-binding
site being of mouse origin.

Humanized mAbs have been successfully used to treat cancer with minimal side effects. For example, the humanized
monoclonal antibody drug Herceptin has been helpful for the treatment of some types of breast cancer. There have
also been a few preliminary trials of humanized mAb for the treatment of infectious diseases, but none of these
treatments are currently in use. In some cases, mAbs have proven too specific to treat infectious diseases, because
they recognize some serovars of a pathogen but not others. Using a cocktail of multiple mAbs that target different
strains of the pathogen can address this problem. However, the great cost associated with mAb production is another
challenge that has prevented mAbs from becoming practical for use in treating microbial infections.*!

One promising technology for inexpensive mAbs is the use of genetically engineered plants to produce antibodies (or
plantibodies). This technology transforms plant cells into antibody factories rather than relying on tissue culture cells,
which are expensive and technically demanding. In some cases, it may even be possible to deliver these antibodies by
having patients eat the plants rather than by extracting and injecting the antibodies. For example, in 2013, a research
group cloned antibody genes into plants that had the ability to neutralize an important toxin from bacteria that can
cause severe gastrointestinal disease.' Eating the plants could potentially deliver the antibodies directly to the toxin.

Check Your Understanding

* How are humanized monoclonal antibodies produced?

¢ What does the “monoclonal” of monoclonal antibodies mean?

Micro Connections

Using Monoclonal Antibodies to Combat Ebola

During the 2014—-2015 Ebola outbreak in West Africa, a few Ebola-infected patients were treated with ZMapp,
a drug that had been shown to be effective in trials done in rhesus macaques only a few months before.!”
ZMapp is a combination of three mAbs produced by incorporating the antibody genes into tobacco plants using
a viral vector. By using three mAbs, the drug is effective across multiple strains of the virus. Unfortunately,
there was only enough ZMapp to treat a tiny number of patients.

While the current technology is not adequate for producing large quantities of ZMapp, it does show that
plantibodies—plant-produced mAbs—are feasible for clinical use, potentially cost effective, and worth further
development. The last several years have seen an explosion in the number of new mAb-based drugs for the
treatment of cancer and infectious diseases; however, the widespread use of such drugs is currently inhibited
by their exorbitant cost, especially in underdeveloped parts of the world, where a single dose might cost more
than the patient’s lifetime income. Developing methods for cloning antibody genes into plants could reduce

- J

3. Saylor, Carolyn, Ekaterina Dadachova and Arturo Casadevall, “Monoclonal Antibody-Based Therapies for Microbial Diseases,” Vaccine
27 (2009): G38-G46.

4. Nakanishi, Katsuhiro et al., “Production of Hybrid-IgG/IgA Plantibodies with Neutralizing Activity against Shiga Toxin 1,” PloS One 8,
no. 11 (2013): e80712.
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costs dramatically.

20.2 Detecting Antigen-Antibody Complexes

Learning Objectives
 Describe various types of assays used to find antigen-antibody complexes

 Describe the circumstances under which antigen-antibody complexes precipitate out of solution
» Explain how antibodies in patient serum can be used to diagnose disease

Laboratory tests to detect antibodies and antigens outside of the body (e.g., in a test tube) are called in vitro assays.
When both antibodies and their corresponding antigens are present in a solution, we can often observe a precipitation
reaction in which large complexes (lattices) form and settle out of solution. In the next several sections, we will
discuss several common in vitro assays.

Precipitin Reactions

A visible antigen-antibody complex is called a precipitin, and in vitro assays that produce a precipitin are called
precipitin reactions. A precipitin reaction typically involves adding soluble antigens to a test tube containing a
solution of antibodies. Each antibody has two arms, each of which can bind to an epitope. When an antibody binds to
two antigens, the two antigens become bound together by the antibody. A lattice can form as antibodies bind more and
more antigens together, resulting in a precipitin (Figure 20.5). Most precipitin tests use a polyclonal antiserum rather
than monoclonal antibodies because polyclonal antibodies can bind to multiple epitopes, making lattice formation
more likely. Although mAbs may bind some antigens, the binding will occur less often, making it much less likely
that a visible precipitin will form.

antigen antibody

epitopes
polyclonal antiserum monoclonal antibodies
Figure 20.5 Polyclonal antiserum binds to multiple epitopes on an antigen, leading to lattice formation that results in

a visible precipitin. Monoclonal antibodies can only bind to a single epitope; therefore, less binding occurs and lattice
formation generally does not occur.

The amount of precipitation also depends on several other factors. For example, precipitation is enhanced when the
antibodies have a high affinity for the antigen. While most antibodies bind antigen with high affinity, even high-
affinity binding uses relatively weak noncovalent bonds, so that individual interactions will often break and new
interactions will occur.

In addition, for precipitin formation to be visible, there must be an optimal ratio of antibody to antigen. The optimal

5. Qiu, Xiangguo et al., “Reversion of Advanced Ebola Virus Disease in Nonhuman Primates with ZMapp,” Nature 514 (2014): 47-53.
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ratio is not likely to be a 1:1 antigen-to-antibody ratio; it can vary dramatically, depending on the number of epitopes
on the antigen and the class of antibody. Some antigens may have only one or two epitopes recognized by the
antiserum, whereas other antigens may have many different epitopes and/or multiple instances of the same epitope on
a single antigen molecule.

Figure 20.6 illustrates how the ratio of antigen and antibody affects the amount of precipitation. To achieve the
optimal ratio, antigen is slowly added to a solution containing antibodies, and the amount of precipitin is determined
qualitatively. Initially, there is not enough antigen to produce visible lattice formation; this is called the zone of
antibody excess. As more antigen is added, the reaction enters the equivalence zone (or zone of equivalence), where
both the optimal antigen-antibody interaction and maximal precipitation occur. If even more antigen were added, the
amount of antigen would become excessive and actually cause the amount of precipitation to decline.
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Figure 20.6 As antigen is slowly added to a solution containing a constant amount antibody, the amount of precipitin
increases as the antibody-to-antigen ratio approaches the equivalence zone and decreases once the proportion of
antigen exceeds the optimal ratio.

Check Your Understanding

* What is a precipitin?

¢ Why do polyclonal antisera produce a better precipitin reaction?

Precipitin Ring Test

A variety of techniques allow us to use precipitin formation to quantify either antigen concentration or the amount
of antibody present in an antiserum. One such technique is the precipitin ring test (Figure 20.7), which is used to
determine the relative amount of antigen-specific antibody in a sample of serum. To perform this test, a set of test
tubes is prepared by adding an antigen solution to the bottom of each tube. Each tube receives the same volume of
solution, and the concentration of antigens is constant (e.g., 1 mg/mL). Next, glycerol is added to the antigen solution
in each test tube, followed by a serial dilution of the antiserum. The glycerol prevents mixing of the antiserum with
the antigen solution, allowing antigen-antibody binding to take place only at the interface of the two solutions. The
result is a visible ring of precipitin in the tubes that have an antigen-antibody ratio within the equivalence zone. This
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highest dilution with a visible ring is used to determine the titer of the antibodies. The titer is the reciprocal of the
highest dilution showing a positive result, expressed as a whole number. In Figure 20.7, the titer is 16.

While a measurement of titer does not tell us in absolute terms how much antibody is present, it does give a measure
of biological activity, which is often more important than absolute amount. In this example, it would not be useful
to know what mass of IgG were present in the antiserum, because there are many different specificities of antibody
present; but it is important for us to know how much of the antibody activity in a patient’s serum is directed against
the antigen of interest (e.g., a particular pathogen or allergen).

1 1 1 1 1 _—
i 5 2 8 16 35 dilution
- - - - - O
— serial dilution of
antiserum
8 fo v 7 E = zone of equivalence —

visible precipitation

@
3} > standard antigen
o solution

precipitin rings

Figure 20.7 A precipitin ring test is performed using a standard antigen solution in the bottom of the tube and a
serial dilution of antiserum in the top of the tube. Glycerol prevents the two solutions from mixing so that precipitation
only occurs at the interface. A visible ring of precipitation is seen in the 1/4, 1/8, and 1/16 dilutions, indicating that
these concentrations are within the equivalence zone. Since 1/16 is the highest dilution in which a precipitin is
observed, the titer is the reciprocal, or 16.

Ouchterlony Assay

While the precipitin ring test provides insights into antibody-antigen interactions, it also has some drawbacks.
It requires the use of large amounts of serum, and great care must be taken to avoid mixing the solutions and
disrupting the ring. Performing a similar test in an agar gel matrix can minimize these problems. This type of assay
is variously called double immunodiffusion or the Ouchterlony assay for Orjan Ouchterlony,[G] who first described
the technique in 1948.

When agar is highly purified, it produces a clear, colorless gel. Holes are punched in the gel to form wells, and antigen
and antisera are added to neighboring wells. Proteins are able to diffuse through the gel, and precipitin arcs form
between the wells at the zone of equivalence. Because the precipitin lattice is too large to diffuse through the gel, the
arcs are firmly locked in place and easy to see (Figure 20.8).

Although there are now more sensitive and quantitative methods of detecting antibody-antigen interactions, the
Ouchterlony test provides a rapid and qualitative way of determining whether an antiserum has antibodies against
a particular antigen. The Ouchterlony test is particularly useful when looking for cross-reactivity. We can check an
antiserum against a group of closely related antigens and see which combinations form precipitin arcs.

6. Ouchterlony, Orjan, “In Vitro Method for Testing the Toxin-Producing Capacity of Diphtheria Bacteria,” Acta Pathologica
Microbiologica Scandinavica 26, no. 4 (1949): 516-24.
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precipitin arc antigen well precipitin arc antibody agar

Figure 20.8 The Ouchterlony test places antigen (well A) and antisera (wells 1 through 5) in a gel. The antibodies
and antigen diffuse through the gel, causing a precipitin arc to form at the zone of equivalence. In this example, only
the antiserum in well 1 contains antibodies to the antigen. The resulting precipitin arc is stable because the lattice is
too large to diffuse through the gel. (credit left: modification of work by Higgins PJ, Tong C, Borenfreund E, Okin RS,
Bendich A)

Radial Immunodiffusion Assay

The radial immunodiffusion (RID) assay is similar to the Ouchterlony assay but is used to precisely quantify antigen
concentration rather than to compare different antigens. In this assay, the antiserum is added to tempered agar (liquid
agar at slightly above 45 °C), which is poured into a small petri dish or onto a glass slide and allowed to cool.
Wells are cut in the cooled agar, and antigen is then added to the wells and allowed to diffuse. As the antigen and
antibody interact, they form a zone of precipitation. The square of the diameter of the zone of precipitation is directly
proportional to the concentration of antigen. By measuring the zones of precipitation produced by samples of known
concentration (see the outer ring of samples in Figure 20.9), we can prepare a standard curve for determining the
concentration of an unknown solution. The RID assay is a also useful test for determining the concentration of many
serum proteins such as the C3 and C4 complement proteins, among others.
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Figure 20.9 In this radial immunodiffusion (RID) assay, an antiserum is mixed with the agar before it is cooled, and
solutions containing antigen are added to each well in increasing concentrations (wells 1-4). An antigen solution of
an unknown concentration is added to well 5. The zones of precipitation are measured and plotted against a standard
curve to determine the antigen concentration of the unknown sample. (credit circles: modification of work by Kangwa
M, Yelemane V, Polat AN, Gorrepati KD, Grasselli M, Fernandez-Lahore M)

|”_{ Check Your Understanding

* Why does a precipitin ring form in a precipitin ring test, and what are some reasons why a ring might not
form?

e Compare and contrast the techniques used in an Ouchterlony assay and a radial immunodiffusion assay.

Flocculation Assays

A flocculation assay is similar to a precipitin reaction except that it involves insoluble antigens such as lipids. A
flocculant is similar to a precipitin in that there is a visible lattice of antigen and antibody, but because lipids are
insoluble in aqueous solution, they cannot precipitate. Instead of precipitation, flocculation (foaming) is observed in
the test tube fluid.

\

Using Flocculation to Test for Syphilis

Syphilis is a sexually transmitted infection that can cause severe, chronic disease in adults. In addition, it
is readily passed from infected mothers to their newborns during pregnancy and childbirth, often resulting
in stillbirth or serious long-term health problems for the infant. Unfortunately, syphilis can also be difficult
to diagnose in expectant mothers, because it is often asymptomatic, especially in women. In addition, the
causative agent, the bacterium Treponema pallidum, is both difficult to grow on conventional lab media and
too small to see using routine microcopy. For these reasons, presumptive diagnoses of syphilis are generally
confirmed indirectly in the laboratory using tests that detect antibodies to treponemal antigens.

In 1906, German scientist August von Wassermann (1866—1925) introduced the first test for syphilis that relied

o J
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4 N

on detecting anti-treponemal antibodies in the patient’s blood. The antibodies detected in the Wassermann
test were antiphospholipid antibodies that are nonspecific to T. pallidum. Their presence can assist in the
diagnosis of syphilis, but because they are nonspecific, they can also lead to false-positive results in patients
with other diseases and autoimmune conditions. The original Wasserman test has been modified over the
years to minimize false-positives and is now known as the Venereal Disease Research Lab test, better known
by its acronym, the VDRL test.

To perform the VDRL test, patient serum or cerebral spinal fluid is placed on a slide with a mixture of
cardiolipin (an antigenic phospholipid found in the mitochondrial membrane of various pathogens), lecithin,
and cholesterol. The lecithin and cholesterol stabilize the reaction and diminish false positives. Anti-treponemal
antibodies from an infected patient’'s serum will bind cardiolipin and form a flocculant. Although the VDRL test is
more specific than the original Wassermann assay, false positives may still occur in patients with autoimmune
diseases that cause extensive cell damage (e.g., systemic lupus erythematosus).

- J/

Neutralization Assay

To cause infection, viruses must bind to receptors on host cells. Antiviral antibodies can neutralize viral infections
by coating the virions, blocking the binding (Figure 18.7). This activity neutralizes virions and can result in the
formation of large antibody-virus complexes (which are readily removed by phagocytosis) or by antibody binding
to the virus and blocking its binding to host cell receptors. This neutralization activity is the basis of neutralization
assays, sensitive assays used for diagnoses of viral infections.

When viruses infect cells, they often cause damage (cytopathic effects) that may include lysis of the host cells.
Cytopathic effects can be visualized by growing host cells in a petri dish, covering the cells with a thin layer of agar,
and then adding virus (see Isolation, Culture, and Identification of Viruses). The virus will diffuse very slowly
through the agar. A virus will enter a host cell, proliferate (causing cell damage), be released from the dead host cell,
and then move to neighboring cells. As more and more cells die, plaques of dead cells will form (Figure 20.10).

During the course of a viral infection, the patient will mount an antibody response to the virus, and we can quantify
those antibodies using a plaque reduction assay. To perform the assay, a serial dilution is carried out on a serum
sample. Each dilution is then mixed with a standardized amount of the suspect virus. Any virus-specific antibodies
in the serum will neutralize some of the virus. The suspensions are then added to host cells in culture to allow any
nonneutralized virus to infect the cells and form plaques after several days. The titer is defined as the reciprocal of the
highest dilution showing a 50% reduction in plaques. Titer is always expressed as a whole number. For example, if a
1/64 dilution was the highest dilution to show 50% plaque reduction, then the titer is 64.

The presence of antibodies in the patient’s serum does not tell us whether the patient is currently infected or was
infected in the past. Current infections can be identified by waiting two weeks and testing another serum sample. A
four-fold increase in neutralizing titer in this second sample indicates a new infection.
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Figure 20.10 In a neutralization assay, antibodies in patient serum neutralize viruses added to the wells, preventing
the formation of plagques. In the assay pictured, the wells with numerous plaques (white patches) contain a low
concentration of antibodies. The wells with relatively few plaques have a high concentration of antibodies. (credit:
modification of work by Centers for Disease Control and Prevention)

D Check Your Understanding

* In a neutralization assay, if a patient’'s serum has high numbers of antiviral antibodies, would you expect to
see more or fewer plaques?

Immunoelectrophoresis

When a patient has elevated protein levels in the blood or is losing protein in the urine, a clinician will often order
a polyacrylamide gel electrophoresis (PAGE) assay (see Visualizing and Characterizing DNA, RNA, and
Protein). This assay compares the relative abundance of the various types of serum proteins. Abnormal protein
electrophoresis patterns can be further studied using immunoelectrophoresis (IEP). The IEP begins by running a
PAGE. Antisera against selected serum proteins are added to troughs running parallel to the electrophoresis track,
forming precipitin arcs similar to those seen in an Ouchterlony assay (Figure 20.11). This allows the identification
of abnormal immunoglobulin proteins in the sample.

IEP is particularly useful in the diagnosis of multiple myeloma, a cancer of antibody-secreting cells. Patients with
multiple myeloma cannot produce healthy antibodies; instead they produce abnormal antibodies that are monoclonal
proteins (M proteins). Thus, patients with multiple myeloma will present with elevated serum protein levels that show
a distinct band in the gamma globulin region of a protein electrophoresis gel and a sharp spike (in M protein) on the
densitometer scan rather than the normal broad smear (Figure 20.12). When antibodies against the various types
of antibody heavy and light chains are used to form precipitin arcs, the M protein will cause distinctly skewed arcs
against one class of heavy chain and one class of light chain as seen in Figure 20.11.
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Figure 20.11 (@) This graph shows normal measurements of serum proteins. (b) This photograph shows an
immunoelectrophoresis of urine. After electrophoresis, antisera were added to the troughs and the precipitin arcs
formed, illustrating the distribution of specific proteins. The skewed arcs (arrows) help to diagnose multiple myeloma.
(credit a, b: modification of work by Izawa S, Akimoto T, Ikeuchi H, Kusano E, Nagata D)

Micro Connections

Protein Electrophoresis and the Characterization of Immunoglobulin Structure

The advent of electrophoresis ultimately led to researching and understanding the structure of antibodies. When
Swedish biochemist Arne Tiselius (1902—-1971) published the first protein electrophoresis results in 1937,"! he could
identify the protein albumin (the smallest and most abundant serum protein) by the sharp band it produced in the
gel. The other serum proteins could not be resolved in a simple protein electrophoresis, so he named the three
broad bands, with many proteins in each band, alpha, beta, and gamma globulins. Two years later, American
immunologist Elvin Kabat (1914—-2000) traveled to Sweden to work with Tiselius using this new technique and showed
that antibodies migrated as gamma globulins.[B] With this new understanding in hand, researchers soon learned
that multiple myeloma, because it is a cancer of antibody-secreting cells, could be tentatively diagnosed by the
presence of a large M spike in the gamma-globulin region by protein electrophoresis. Prior to this discovery, studies
on immunoglobulin structure had been minimal, because of the difficulty of obtaining pure samples to study. Sera
from multiple myeloma patients proved to be an excellent source of highly enriched monoclonal immunoglobulin,
providing the raw material for studies over the next 20-plus years that resulted in the elucidation of the structure of
immunoglobulin.

7. Tiselius, Arne, “Electrophoresis of Serum Globulin: Electrophoretic Analysis of Normal and Immune Sera,” Biochemical Journal 31, no.
9 (1937): 1464.

8. Tiselius, Arne and Elvin A. Kabat. “An Electrophoretic Study of Immune Sera and Purified Antibody Preparations,” The Journal of
Experimental Medicine 69, no. 1 (1939): 119-31.
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Figure 20.12 Electrophoresis patterns of myeloma (right) and normal sera (left). The proteins have been stained;

when the density of each band is quantified by densitometry, the data produce the bar graph on the right. Both gels
show the expected dense band of albumin at the bottom and an abnormal spike in the gamma-globulin region.

(credit: modification of work by Soodgupta D, Hurchla MA, Jiang M, Zheleznyak A, Weilbaecher KN, Anderson CJ,
Tomasson MH, Shokeen M)
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|__{ Check Your Understanding

* In general, what does an immunoelectrophoresis assay accomplish?

Immunoblot Assay: The Western Blot

After performing protein gel electrophoresis, specific proteins can be identified in the gel using antibodies. This
technique is known as the western blot. Following separation of proteins by PAGE, the protein antigens in the gel
are transferred to and immobilized on a nitrocellulose membrane. This membrane can then be exposed to a primary
antibody produced to specifically bind to the protein of interest. A second antibody equipped with a molecular
beacon will then bind to the first. These secondary antibodies are coupled to another molecule such as an enzyme
or a fluorophore (a molecule that fluoresces when excited by light). When using antibodies coupled to enzymes,
a chromogenic substrate for the enzyme is added. This substrate is usually colorless but will develop color in the
presence of the antibody. The fluorescence or substrate coloring identifies the location of the specific protein in the
membrane to which the antibodies are bound (Figure 20.13).

Typically, polyclonal antibodies are used for western blot assays. They are more sensitive than mAbs because of
their ability to bind to various epitopes of the primary antigen, and the signal from polyclonal antibodies is typically
stronger than that from mAbs. Monoclonal antibodies can also be used; however, they are much more expensive to
produce and are less sensitive, since they are only able to recognize one specific epitope.

Several variations of the western blot are useful in research. In a southwestern blot, proteins are separated by
SDS-PAGE, blotted onto a nitrocellulose membrane, allowed to renature, and then probed with a fluorescently or
radioactively labeled DNA probe; the purpose of the southwestern is to identify specific DNA-protein interactions.
Far-western blots are carried out to determine protein-protein interactions between immobilized proteins (separated
by SDS-PAGE, blotted onto a nitrocellulose membrane, and allowed to renature) and non-antibody protein probes.
The bound non-antibody proteins that interact with the immobilized proteins in a far-western blot may be detected by
radiolabeling, fluorescence, or the use of an antibody with an enzymatic molecular beacon.
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Figure 20.13 (@) This diagram summarizes the process of western blotting. Antibodies are used to identify specific
bands on the protein gel. (b) A western blot test for antibodies against HIV. The top strip is the negative control; the
next strip is the positive control. The bottom two strips are patient serum samples containing antibodies. (credit a:
modification of work by “Bensaccount”/Wikimedia Commons)
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|__{ Check Your Understanding

* What is the function of the enzyme in the immunoblot assay?

Complement-Mediated Immunoassay

One of the key functions of antibodies is the activation (fixation) of complement. When antibody binds to bacteria,
for example, certain complement proteins recognize the bound antibody and activate the complement cascade. In
response, other complement proteins bind to the bacteria where some serve as opsonins to increase the efficiency of
phagocytosis and others create holes in gram-negative bacterial cell membranes, causing lysis. This lytic activity can
be used to detect the presence of antibodies against specific antigens in the serum.

Red blood cells are good indicator cells to use when evaluating complement-mediated cytolysis. Hemolysis of red
blood cells releases hemoglobin, which is a brightly colored pigment, and hemolysis of even a small number of
red cells will cause the solution to become noticeably pink (Figure 20.14). This characteristic plays a role in the
complement fixation test, which allows the detection of antibodies against specific pathogens. The complement
fixation test can be used to check for antibodies against pathogens that are difficult to culture in the lab such as fungi,
viruses, or the bacteria Chlamydia.

To perform the complement fixation test, antigen from a pathogen is added to patient serum. If antibodies to the
antigen are present, the antibody will bind the antigen and fix all the available complement. When red blood cells and
antibodies against red blood cells are subsequently added to the mix, there will be no complement left to lyse the red
cells. Thus, if the solution remains clear, the test is positive. If there are no antipathogen antibodies in the patient’s
serum, the added antibodies will activate the complement to lyse the red cells, yielding a negative test (Figure
20.14).
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Figure 20.14 The complement fixation test is used to determine whether a patient’s serum contains antibodies to a

specific antigen. If it does, complement fixation will occur, and there will be no complement available to lyse the
antibody-bound sheep red blood cells that are added to the solution in the next step. If the sample does not contain

antibodies to the antigen, hemolysis of the sheep blood cells will be observed.
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Link to Learning
\

e N View this video (https:/lopenstax.org/l/22complfixatst) to see an outline of the

[E— steps of the complement fixation test.
openstax

L__{ Check Your Understanding

¢ In a complement fixation test, if the serum turns pink, does the patient have antibodies to the antigen or not?
Explain.

Table 20.2 summarizes the various types of antibody-antigen assays discussed in this section.

Mechanisms of Select Antibody-Antigen Assays

Type of Mechanism Examples
Assay
Precipitation Antibody binds to soluble antigen, forming a Precipitin ring test to visualize lattice
visible precipitin formation in solution

Immunoelectrophoresis to examine
distribution of antigens following
electrophoresis

Ouchterlony assay to compare diverse
antigens

Radial immunodiffusion assay to quantify

antigens
Flocculation Antibody binds to insoluble molecules in VDRL test for syphilis
suspension, forming visible aggregates
Neutralization | Antibody binds to virus, blocking viral entry into Plaque reduction assay for detecting

target cells and preventing formation of plagues presence of neutralizing antibodies in
patient sera

Complement Antibody binds to antigen, inducing complement Complement fixation test for patient
activation activation and leaving no complement to lyse antibodies against hard-to-culture bacteria
red blood cells such as Chlamydia

Table 20.2
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20.3 Agglutination Assays

Learning Objectives
» Compare direct and indirect agglutination

* Identify various uses of hemagglutination in the diagnosis of disease
» Explain how blood types are determined
» Explain the steps used to cross-match blood to be used in a transfusion

In addition to causing precipitation of soluble molecules and flocculation of molecules in suspension, antibodies
can also clump together cells or particles (e.g., antigen-coated latex beads) in a process called agglutination
(Figure 18.9). Agglutination can be used as an indicator of the presence of antibodies against bacteria or red blood
cells. Agglutination assays are usually quick and easy to perform on a glass slide or microtiter plate (Figure
20.15). Microtiter plates have an array of wells to hold small volumes of reagents and to observe reactions (e.g.,
agglutination) either visually or using a specially designed spectrophotometer. The wells come in many different sizes
for assays involving different volumes of reagents.

Figure 20.15 Microtiter plates are used for conducting numerous reactions simultaneously in an array of wells.
(credit: modification of work by “Microrao”/Wikimedia)

Agglutination of Bacteria and Viruses

The use of agglutination tests to identify streptococcal bacteria was developed in the 1920s by Rebecca Lancefield
working with her colleagues A.R. Dochez and Oswald Avery.'®! She used antibodies to identify M protein, a virulence
factor on streptococci that is necessary for the bacteria’s ability to cause strep throat. Production of antibodies against
M protein is crucial in mounting a protective response against the bacteria.

Lancefield used antisera to show that different strains of the same species of streptococci express different versions
of M protein, which explains why children can come down with strep throat repeatedly. Lancefield classified beta-
hemolytic streptococci into many groups based on antigenic differences in group-specific polysaccharides located in
the bacterial cell wall. The strains are called serovars because they are differentiated using antisera. Identifying the
serovars present in a disease outbreak is important because some serovars may cause more severe disease than others.

The method developed by Lancefield is a direct agglutination assay, since the bacterial cells themselves agglutinate.
A similar strategy is more commonly used today when identifying serovars of bacteria and viruses; however, to

9. Lancefield, Rebecca C., “The Antigenic Complex of Streptococcus haemoliticus. I. Demonstration of a Type-Specific Substance in

Extracts of Streptococcus haemolyticus,” The Journal of Experimental Medicine 47, no. 1 (1928): 91-103.
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improve visualization of the agglutination, the antibodies may be attached to inert latex beads. This technique is
called an indirect agglutination assay (or latex fixation assay), because the agglutination of the beads is a marker for
antibody binding to some other antigen (Figure 20.16). Indirect assays can be used to detect the presence of either

antibodies or specific antigens.
l 2 ' 3
.5 .
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4

Figure 20.16 Antibodies against six different serovars of Group A strep were attached to latex beads. Each of the
six antibody preparations was mixed with bacteria isolated from a patient. The tiny clumps seen in well 4 are
indicative of agglutination, which is absent from all other wells. This indicates that the serovar associated with well 4
is present in the patient sample. (credit: modification of work by American Society for Microbiology)

To identify antibodies in a patient’s serum, the antigen of interest is attached to latex beads. When mixed with
patient serum, the antibodies will bind the antigen, cross-linking the latex beads and causing the beads to agglutinate
indirectly; this indicates the presence of the antibody (Figure 20.17). This technique is most often used when
looking for IgM antibodies, because their structure provides maximum cross-linking. One widely used example of
this assay is a test for rheumatoid factor (RF) to confirm a diagnosis of rheumatoid arthritis. RF is, in fact, the presence
of IgM antibodies that bind to the patient’s own IgG. RF will agglutinate IgG-coated latex beads.

In the reverse test, soluble antigens can be detected in a patient’s serum by attaching specific antibodies (commonly
mADbs) to the latex beads and mixing this complex with the serum (Figure 20.17).

Agglutination tests are widely used in underdeveloped countries that may lack appropriate facilities for culturing
bacteria. For example, the Widal test, used for the diagnosis of typhoid fever, looks for agglutination of Salmonella
enterica subspecies typhi in patient sera. The Widal test is rapid, inexpensive, and useful for monitoring the extent
of an outbreak; however, it is not as accurate as tests that involve culturing of the bacteria. The Widal test frequently
produces false positives in patients with previous infections with other subspecies of Salmonella, as well as false
negatives in patients with hyperproteinemia or immune deficiencies.

In addition, agglutination tests are limited by the fact that patients generally do not produce detectable levels of
antibody during the first week (or longer) of an infection. A patient is said to have undergone seroconversion when
antibody levels reach the threshold for detection. Typically, seroconversion coincides with the onset of signs and
symptoms of disease. However, in an HIV infection, for example, it generally takes 3 weeks for seroconversion to
take place, and in some instances, it may take much longer.

Similar to techniques for the precipitin ring test and plaque assays, it is routine to prepare serial two-fold dilutions
of the patient’s serum and determine the titer of agglutinating antibody present. Since antibody levels change over
time in both primary and secondary immune responses, by checking samples over time, changes in antibody titer can
be detected. For example, a comparison of the titer during the acute phase of an infection versus the titer from the
convalescent phase will distinguish whether an infection is current or has occurred in the past. It is also possible to
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monitor how well the patient’s immune system is responding to the pathogen.

antibody

antigen
antigen IgM antibody pathogen
(a) positive agglutination test for antibodies (b) positive agglutination test for antigens

Figure 20.17 (a) Latex beads coated with an antigen will agglutinate when mixed with patient serum if the serum
contains IgM antibodies against the antigen. (b) Latex beads coated with antibodies will agglutinate when mixed with
patient serum if the serum contains antigens specific to the antibodies.

Link to Learning
\

e N Watch this video (https:/lopenstax.orgll/22agglrealatbe) that demonstrates

— agglutination reactions with latex beads.
openstax

I
- J

D Check Your Understanding

e How is agglutination used to distinguish serovars from each other?
* In alatex bead assay to test for antibodies in a patient's serum, with what are the beads coated?

* What has happened when a patient has undergone seroconversion?

Hemagglutination

Agglutination of red blood cells is called hemagglutination. One common assay that uses hemagglutination is
the direct Coombs’ test, also called the direct antihuman globulin test (DAT), which generally looks for
nonagglutinating antibodies. The test can also detect complement attached to red blood cells.

The Coombs’ test is often employed when a newborn has jaundice, yellowing of the skin caused by high blood
concentrations of bilirubin, a product of the breakdown of hemoglobin in the blood. The Coombs’ test is used to


https://openstax.org/l/22agglrealatbe
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determine whether the child’s red blood cells have been bound by the mother’s antibodies. These antibodies would
activate complement, leading to red blood cell lysis and the subsequent jaundice. Other conditions that can cause
positive direct Coombs’ tests include hemolytic transfusion reactions, autoimmune hemolytic anemia, infectious
mononucleosis (caused by Epstein-Barr virus), syphilis, and Mycoplasma pneumonia. A positive direct Coombs’ test
may also be seen in some cancers and as an allergic reaction to some drugs (e.g., penicillin).

The antibodies bound to red blood cells in these conditions are most often IgG, and because of the orientation of
the antigen-binding sites on IgG and the comparatively large size of a red blood cell, it is unlikely that any visible
agglutination will occur. However, the presence of IgG bound to red blood cells can be detected by adding Coombs’
reagent, an antiserum containing antihuman IgG antibodies (that may be combined with anti-complement) (Figure
20.18). The Coombs’ reagent links the IgG attached to neighboring red blood cells and thus promotes agglutination.

There is also an indirect Coombs’ test known as the indirect antiglobulin test (IAT). This screens an individual
for antibodies against red blood cell antigens (other than the A and B antigens) that are unbound in a patient’s serum
(Figure 20.18). IAT can be used to screen pregnant women for antibodies that may cause hemolytic disease of the
newborn. It can also be used prior to giving blood transfusions. More detail on how the IAT is performed is discussed
below.
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Figure 20.18 The steps in direct and indirect Coombs’ tests are shown in the illustration.

Antibodies that bind to red blood cells are not the only cause of hemagglutination. Some viruses also bind to red blood
cells, and this binding can cause agglutination when the viruses cross-link the red blood cells. For example, influenza
viruses have two different types of viral spikes called neuraminidase (N) and hemagglutinin (H), the latter named for
its ability to agglutinate red blood cells (see Viruses). Thus, we can use red blood cells to detect the presence of
influenza virus by direct hemagglutination assays (HA), in which the virus causes visible agglutination of red blood

cells. The mumps and rubella viruses can also be detected using HA.
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Most frequently, a serial dilution viral agglutination assay is used to measure the titer or estimate the amount of virus
produced in cell culture or for vaccine production. A viral titer can be determined using a direct HA by making a
serial dilution of the sample containing the virus, starting with a high concentration of sample that is then diluted in a
series of wells. The highest dilution producing visible agglutination is the titer. The assay is carried out in a microtiter
plate with V- or round-bottomed wells. In the presence of agglutinating viruses, the red blood cells and virus clump
together and produce a diffuse mat over the bottom of the well. In the absence of virus, the red blood cells roll or
sediment to the bottom of the well and form a dense pellet, which is why flat-bottomed wells cannot be used (Figure
20.19).

A modification of the HA assay can be used to determine the titer of antiviral antibodies. The presence of these
antibodies in a patient’s serum or in a lab-produced antiserum will neutralize the virus and block it from agglutinating
the red cells, making this a viral hemagglutination inhibition assay (HIA). In this assay, patient serum is mixed
with a standardized amount of virus. After a short incubation, a standardized amount of red blood cells is added and
hemagglutination is observed. The titer of the patient’s serum is the highest dilution that blocks agglutination (Figure
20.20).

no virus with virus

nonagglutinating agglutinating

Figure 20.19 A viral suspension is mixed with a standardized amount of red blood cells. No agglutination of red
blood cells is visible when the virus is absent, and the cells form a compact pellet at the bottom of the well. In the
presence of virus, a diffuse pink precipitate forms in the well. (credit bottom: modification of work by American Society
for Microbiology)
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Figure 20.20 In this HIA, serum containing antibodies to influenzavirus underwent serial two-fold dilutions in a
microtiter plate. Red blood cells were then added to the wells. Agglutination only occurred in those wells where the
antibodies were too dilute to neutralize the virus. The highest concentration at which agglutination occurs is the titer
of the antibodies in the patient’s serum. In the case of this test, Sample A shows a titer of 128, and Sample C shows
a titer of 64. (credit: modification of work by Evan Burkala)

L__{ Check Your Understanding

¢ What is the mechanism by which viruses are detected in a hemagglutination assay?

*  Which hemagglutination result tells us the titer of virus in a sample?

RN \

SIGMA XI

THE SCIENTIFIC RESEARCH SOCIETY

Animals in the Laboratory

Much of what we know today about the human immune system has been learned through research conducted
using animals—primarily, mammals—as models. Besides research, mammals are also used for the production
of most of the antibodies and other immune system components needed for immunodiagnostics. Vaccines,
diagnostics, therapies, and translational medicine in general have all been developed through research with
animal models.
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4 N

Consider some of the common uses of laboratory animals for producing immune system components. Guinea
pigs are used as a source of complement, and mice are the primary source of cells for making mAbs. These
mAbs can be used in research and for therapeutic purposes. Antisera are raised in a variety of species,
including horses, sheep, goats, and rabbits. When producing an antiserum, the animal will usually be injected
at least twice, and adjuvants may be used to boost the antibody response. The larger animals used for making
antisera will have blood harvested repeatedly over long periods of time, with little harm to the animals, but that
is not usually the case for rabbits. Although we can obtain a few milliliters of blood from the ear veins of rabbits,
we usually need larger volumes, which results in the deaths of the animals.

We also use animals for the study of disease. The only way to grow Treponema pallidum for the study of
syphilis is in living animals. Many viruses can be grown in cell culture, but growth in cell culture tells us very
little about how the immune system will respond to the virus. When working on a newly discovered disease,
we still employ Koch'’s postulates, which require causing disease in lab animals using pathogens from pure
culture as a crucial step in proving that a particular microorganism is the cause of a disease. Studying the
proliferation of bacteria and viruses in animal hosts, and how the host immune system responds, has been
central to microbiological research for well over 100 years.

While the practice of using laboratory animals is essential to scientific research and medical diagnostics, many
people strongly object to the exploitation of animals for human benefit. This ethical argument is not a new
one—indeed, one of Charles Darwin's daughters was an active antivivisectionist (vivisection is the practice of
cutting or dissecting a live animal to study it). Most scientists acknowledge that there should be limits on the
extent to which animals can be exploited for research purposes. Ethical considerations have led the National
Institutes of Health (NIH) to develop strict regulations on the types of research that may be performed. These
regulations also include guidelines for the humane treatment of lab animals, setting standards for their housing,
care, and euthanization. The NIH document “Guide for the Care and Use of Laboratory Animals” makes it clear
that the use of animals in research is a privilege granted by society to researchers.

The NIH guidelines are based on the principle of the three R’s: replace, refine, and reduce. Researchers
should strive to replace animal models with nonliving models, replace vertebrates with invertebrates whenever
possible, or use computer-models when applicable. They should refine husbandry and experimental
procedures to reduce pain and suffering, and use experimental designs and procedures that reduce the
number of animals needed to obtain the desired information. To obtain funding, researchers must satisfy NIH
reviewers that the research justifies the use of animals and that their use is in accordance with the guidelines.

At the local level, any facility that uses animals and receives federal funding must have an Institutional Animal
Care and Use Committee (IACUC) that ensures that the NIH guidelines are being followed. The IACUC must
include researchers, administrators, a veterinarian, and at least one person with no ties to the institution, that
is, a concerned citizen. This committee also performs inspections of laboratories and protocols. For research
involving human subjects, an Institutional Review Board (IRB) ensures that proper guidelines are followed.

4 ) .

-
o

Visit this site (https:/lopenstax.org/l/22NIHcareuseani) to view the NIH Guide
for the Care and Use of Laboratory Animals.

openstax
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Blood Typing and Cross-Matching

In addition to antibodies against bacteria and viruses to which they have previously been exposed, most individuals
also carry antibodies against blood types other than their own. There are presently 33 immunologically important
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blood-type systems, many of which are restricted within various ethnic groups or rarely result in the production of
antibodies. The most important and perhaps best known are the ABO and Rh blood groups (see Figure 19.4).

When units of blood are being considered for transfusion, pretransfusion blood testing must be performed. For the
blood unit, commercially prepared antibodies against the A, B, and Rh antigens are mixed with red blood cells from
the units to initially confirm that the blood type on the unit is accurate. Once a unit of blood has been requested for
transfusion, it is vitally important to make sure the donor (unit of blood) and recipient (patient) are compatible for
these crucial antigens. In addition to confirming the blood type of the unit, the patient’s blood type is also confirmed
using the same commercially prepared antibodies to A, B, and Rh. For example, as shown in Figure 20.21, if
the donor blood is A-positive, it will agglutinate with the anti-A antiserum and with the anti-Rh antiserum. If no
agglutination is observed with any of the sera, then the blood type would be O-negative.

Following determination of the blood type, immediately prior to releasing the blood for transfusion, a cross-match
is performed in which a small aliquot of the donor red blood cells are mixed with serum from the patient awaiting
transfusion. If the patient does have antibodies against the donor red blood cells, hemagglutination will occur. To
confirm any negative test results and check for sensitized red blood cells, Coombs’ reagent may be added to the mix
to facilitate visualization of the antibody-red blood cell interaction.

Under some circumstances, a minor cross-match may be performed as well. In this assay, a small aliquot of donor
serum is mixed with patient red blood cells. This allows the detection of agglutinizing antibodies in the donor serum.
This test is rarely necessary because transfusions generally use packed red blood cells with most of the plasma
removed by centrifugation.

Red blood cells have many other antigens in addition to ABO and Rh. While most people are unlikely to have
antibodies against these antigens, women who have had multiple pregnancies or patients who have had multiple
transfusions may have them because of repeated exposure. For this reason, an antibody screen test is used to
determine if such antibodies are present. Patient serum is checked against commercially prepared, pooled, type O red
blood cells that express these antigens. If agglutination occurs, the antigen to which the patient is responding must be
identified and determined not to be present in the donor unit.

agglutinated
RBCs
(clumping)

anti-A anti-B anti-Rh
(no clumping)

Figure 20.21 This sample of a commercially produced “bedside” card enables quick typing of both a recipient’'s and
donor’s blood before transfusion. The card contains three reaction sites or wells. One is coated with an anti-A
antibody, one with an anti-B antibody, and one with an anti-Rh antibody. Agglutination of red blood cells in a given site
indicates a positive identification of the blood antigens: in this case, A and Rh antigens for blood type A-positive.

\C{ Check Your Understanding

» If a patient's blood agglutinates with anti-B serum, what is the patient’s blood type?

¢ What is a cross-match assay, and why is it performed?

Table 20.3 summarizes the various kinds of agglutination assays discussed in this section.
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Mechanisms of Select Antibody-Antigen Assays
Type of Assay Mechanism Example

Agglutination Direct: Antibody is used to clump bacterial cells or other Serotyping bacteria
large structures

Indirect: Latex beads are coupled with antigen or antibody Confirming the presence of

to look for antibody or antigen, respectively, in patient rheumatoid factor (IgM-

serum binding Ig) in patient serum
Hemagglutination Direct: Some bacteria and viruses cross-link red blood Diagnosing influenza,

cells and clump them together mumps, and measles

Direct Coombs’ test (DAT): Detects nonagglutinating Checking for maternal

antibodies or complement proteins on red blood cells in antibodies binding to

Vvivo neonatal red blood cells

Indirect Coombs’ test (IAT): Screens an individual for Performing pretransfusion

antibodies against red blood cell antigens (other than the A blood testing
and B antigens) that are unbound in a patient’s serum in

vitro

Viral hemagglutination inhibition: Uses antibodies from a Diagnosing various viral

patient to inhibit viral agglutination diseases by the presence of
patient antibodies against
the virus

Blood typing and cross-matching: Detects ABO, Rh, and Matches donor blood to

minor antigens in the blood recipient immune

requirements

Table 20.3

20.4 ElAs and ELISAs

Learning Objectives
» Explain the differences and similarities between EIA, FEIA, and ELISA

» Describe the difference and similarities between immunohistochemistry and immunocytochemistry
» Describe the different purposes of direct and indirect ELISA

Similar to the western blot, enzyme immunoassays (EIAs) use antibodies to detect the presence of antigens.
However, EIAs differ from western blots in that the assays are conducted in microtiter plates or in vivo rather than
on an absorbent membrane. There are many different types of EIAs, but they all involve an antibody molecule whose
constant region binds an enzyme, leaving the variable region free to bind its specific antigen. The addition of a
substrate for the enzyme allows the antigen to be visualized or quantified (Figure 20.22).

In EIAs, the substrate for the enzyme is most often a chromogen, a colorless molecule that is converted into a
colored end product. The most widely used enzymes are alkaline phosphatase and horseradish peroxidase for which
appropriate substrates are readily available. In some EIAs, the substrate is a fluorogen, a nonfluorescent molecule
that the enzyme converts into a fluorescent form. EIAs that utilize a fluorogen are called fluorescent enzyme
immunoassays (FEIAs). Fluorescence can be detected by either a fluorescence microscope or a spectrophotometer.

This OpenStax book is available for free at http://cnx.org/content/col12087/1.5



Chapter 20 | Laboratory Analysis of the Inmune Response 889

| | 1
—_— AN A A -, A

i
¢ ¢ o 0% "9

7\

@ Antigen binds to surface. @ Antibody-enzyme @ Substrate and enzyme
conjugate attaches interaction creates color
to antigen. change detection.

Figure 20.22 Enzyme immunoassays, such as the direct ELISA shown here, use an enzyme-antibody conjugate to
deliver a detectable substrate to the site of an antigen. The substrate may be a colorless molecule that is converted
into a colored end product or an inactive fluorescent molecule that fluoresces after enzyme activation. (credit:
modification of work by “Cavitri"/Wikimedia Commons)

\

The MMR Titer

The MMR vaccine is a combination vaccine that provides protection against measles, mumps, and rubella
(German measles). Most people receive the MMR vaccine as children and thus have antibodies against
these diseases. However, for various reasons, even vaccinated individuals may become susceptible to these
diseases again later in life. For example, some children may receive only one round of the MMR vaccine
instead of the recommended two. In addition, the titer of protective antibodies in an individual’'s body may begin
to decline with age or as the result of some medical conditions.

To determine whether the titer of antibody in an individual’s bloodstream is sufficient to provide protection, an
MMR titer test can be performed. The test is a simple immunoassay that can be done quickly with a blood
sample. The results of the test will indicate whether the individual still has immunity or needs another dose of
the MMR vaccine.

Submitting to an MMR titer is often a pre-employment requirement for healthcare workers, especially those
who will frequently be in contact with young children or immunocompromised patients. Were a healthcare
worker to become infected with measles, mumps, or rubella, the individual could easily pass these diseases on
to susceptible patients, leading to an outbreak. Depending on the results of the MMR titer, healthcare workers
might need to be revaccinated prior to beginning work.

. J

Immunostaining

One powerful use of EIA is immunostaining, in which antibody-enzyme conjugates enhance microscopy.
Immunohistochemistry (IHC) is used for examining whole tissues. As seen in Figure 20.23, a section of tissue
can be stained to visualize the various cell types. In this example, a mAb against CD8 was used to stain CD8 cells in
a section of tonsil tissue. It is now possible to count the number of CD8 cells, determine their relative numbers versus
the other cell types present, and determine the location of these cells within this tissue. Such data would be useful for
studying diseases such as AIDS, in which the normal function of CD8 cells is crucial for slowing disease progression.

Immunocytochemistry (ICC) is another valuable form of immunostaining. While similar to IHC, in ICC,
extracellular matrix material is stripped away, and the cell membrane is etched with alcohol to make it permeable
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to antibodies. This allows antibodies to pass through the cell membrane and bind to specific targets inside the cell.
Organelles, cytoskeletal components, and other intracellular structures can be visualized in this way. While some ICC
techniques use EIA, the enzyme can be replaced with a fluorescent molecule, making it a fluorescent immunoassay.

Figure 20.23 Enzyme-linked antibodies against CD8 were used to stain the CD8 cells in this preparation of bone
marrow using a chromogen. (credit: modification of work by Yamashita M, Fuijii Y, Ozaki K, Urano Y, lwasa M,
Nakamura S, Fujii S, Abe M, Sato Y, Yoshino T)

‘|_|/ Check Your Understanding

¢ What is the difference between immunohistochemistry and immunocytochemistry?

* What must be true of the product of the enzymatic reaction used in immunohistochemistry?

Enzyme-linked Immunosorbent Assays (ELISAS)

The enzyme-linked immunosorbent assays (ELISAs) are widely used EIAs. In the direct ELISA, antigens are
immobilized in the well of a microtiter plate. An antibody that is specific for a particular antigen and is conjugated to
an enzyme is added to each well. If the antigen is present, then the antibody will bind. After washing to remove any
unbound antibodies, a colorless substrate (chromogen) is added. The presence of the enzyme converts the substrate
into a colored end product (Figure 20.22). While this technique is faster because it only requires the use of one
antibody, it has the disadvantage that the signal from a direct ELISA is lower (lower sensitivity).

In a sandwich ELISA, the goal is to use antibodies to precisely quantify specific antigen present in a solution, such
as antigen from a pathogen, a serum protein, or a hormone from the blood or urine to list just a few examples. The
first step of a sandwich ELISA is to add the primary antibody to all the wells of a microtiter plate (Figure 20.24).
The antibody sticks to the plastic by hydrophobic interactions. After an appropriate incubation time, any unbound
antibody is washed away. Comparable washes are used between each of the subsequent steps to ensure that only
specifically bound molecules remain attached to the plate. A blocking protein is then added (e.g., albumin or the milk
protein casein) to bind the remaining nonspecific protein-binding sites in the well. Some of the wells will receive
known amounts of antigen to allow the construction of a standard curve, and unknown antigen solutions are added to
the other wells. The primary antibody captures the antigen and, following a wash, the secondary antibody is added,
which is a polyclonal antibody that is conjugated to an enzyme. After a final wash, a colorless substrate (chromogen)
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is added, and the enzyme converts it into a colored end product. The color intensity of the sample caused by the end
product is measured with a spectrophotometer. The amount of color produced (measured as absorbance) is directly
proportional to the amount of enzyme, which in turn is directly proportional to the captured antigen. ELISAs are
extremely sensitive, allowing antigen to be quantified in the nanogram (10~ g) per mL range.

In an indirect ELISA, we quantify antigen-specific antibody rather than antigen. We can use indirect ELISA to detect
antibodies against many types of pathogens, including Borrelia burgdorferi (Lyme disease) and HIV. There are three
important differences between indirect and direct ELISAs as shown in Figure 20.25. Rather than using antibody
to capture antigen, the indirect ELISA starts with attaching known antigen (e.g., peptides from HIV) to the bottom
of the microtiter plate wells. After blocking the unbound sites on the plate, patient serum is added; if antibodies are
present (primary antibody), they will bind the antigen. After washing away any unbound proteins, the secondary
antibody with its conjugated enzyme is directed against the primary antibody (e.g., antihuman immunoglobulin). The
secondary antibody allows us to quantify how much antigen-specific antibody is present in the patient’s serum by the
intensity of the color produced from the conjugated enzyme-chromogen reaction.

As with several other tests for antibodies discussed in this chapter, there is always concern about cross-reactivity with
antibodies directed against some other antigen, which can lead to false-positive results. Thus, we cannot definitively
diagnose an HIV infection (or any other type of infection) based on a single indirect ELISA assay. We must confirm
any suspected positive test, which is most often done using either an immunoblot that actually identifies the presence
of specific peptides from the pathogen or a test to identify the nucleic acids associated with the pathogen, such as
reverse transcriptase PCR (RT-PCR) or a nucleic acid antigen test.
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(b)

Figure 20.24 (a) In a sandwich ELISA, a primary antibody is used to first capture an antigen with the primary
antibody. A secondary antibody conjugated to an enzyme that also recognizes epitopes on the antigen is added. After
the addition of the chromogen, a spectrophotometer measures the absorbance of end product, which is directly
proportional to the amount of captured antigen. (b) An ELISA plate shows dilutions of antibodies (left) and antigens
(bottom). Higher concentrations result in a darker final color. (credit b: modification of work by U.S. Fish and Wildlife

Service Pacific Region)
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Figure 20.25 The indirect ELISA is used to quantify antigen-specific antibodies in patient serum for disease
diagnosis. Antigen from the suspected disease agent is attached to microtiter plates. The primary antibody comes
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from the patient’s serum, which is subsequently bound by the enzyme-conjugated secondary antibody. Measuring the

production of end product allows us to detect or quantify the amount of antigen-specific antibody present in the

patient’s serum.
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|__{ Check Your Understanding

* What is the purpose of the secondary antibody in a direct ELISA?
¢ What do the direct and indirect ELISAs quantify?

Clinical Focus
~

Part 2

Although contacting and testing the 1300 patients for HIV would be time consuming and expensive,
administrators hoped to minimize the hospital’s liability by proactively seeking out and treating potential victims
of the rogue employee’s crime. Early detection of HIV is important, and prompt treatment can slow the
progression of the disease.

There are a variety of screening tests for HIV, but the most widely used is the indirect ELISA. As with other
indirect ELISAs, the test works by attaching antigen (in this case, HIV peptides) to a well in a 96-well plate. If
the patient is HIV positive, anti-HIV antibodies will bind to the antigen and be identified by the second antibody-
enzyme conjugate.

* How accurate is an indirect ELISA test for HIV, and what factors could impact the test’'s accuracy?
¢ Should the hospital use any other tests to confirm the results of the indirect ELISA?

Jump to the previous Clinical Focus box. Jump to the next Clinical Focus box.

N /

Immunofiltration and Immunochromatographic Assays

For some situations, it may be necessary to detect or quantify antigens or antibodies that are present at very
low concentration in solution. Immunofiltration techniques have been developed to make this possible. In
immunofiltration, a large volume of fluid is passed through a porous membrane into an absorbent pad. An antigen
attached to the porous membrane will capture antibody as it passes; alternatively, we can also attach an antibody to
the membrane to capture antigen.

The method of immunofiltration has been adapted in the development of immunochromatographic assays,
commonly known as lateral flow tests or strip tests. These tests are quick and easy to perform, making them popular
for point-of-care use (i.e., in the doctor’s office) or in-home use. One example is the TORCH test that allows doctors
to screen pregnant women or newborns for infection by an array of viruses and other pathogens (Toxoplasma, other
viruses, rubella, cytomegalovirus, herpes simplex). In-home pregnancy tests are another widely used example of a
lateral flow test (Figure 20.26). Immunofiltration tests are also popular in developing countries, because they are
inexpensive and do not require constant refrigeration of the dried reagents. However, the technology is also built into
some sophisticated laboratory equipment.

In lateral flow tests (Figure 20.27), fluids such as urine are applied to an absorbent pad on the test strip. The fluid
flows by capillary action and moves through a stripe of beads with antibodies attached to their surfaces. The fluid
in the sample actually hydrates the reagents, which are present in a dried state in the stripe. Antibody-coated beads
made of latex or tiny gold particles will bind antigens in the test fluid. The antibody-antigen complexes then flow over
a second stripe that has immobilized antibody against the antigen; this stripe will retain the beads that have bound
antigen. A third control stripe binds any beads. A red color (from gold particles) or blue (from latex beads) developing
at the test line indicates a positive test. If the color only develops at the control line, the test is negative.

Like ELISA techniques, lateral flow tests take advantage of antibody sandwiches, providing sensitivity and
specificity. While not as quantitative as ELISA, these tests have the advantage of being fast, inexpensive, and not
dependent on special equipment. Thus, they can be performed anywhere by anyone. There are some concerns about
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putting such powerful diagnostic tests into the hands of people who may not understand the tests’ limitations, such as
the possibility of false-positive results. While home pregnancy tests have become widely accepted, at-home antibody-
detection tests for diseases like HIV have raised some concerns in the medical community. Some have questioned
whether self-administration of such tests should be allowed in the absence of medical personnel who can explain the
test results and order appropriate confirmatory tests. However, with growing numbers of lateral flow tests becoming
available, and the rapid development of lab-on-a-chip technology (Figure 20.1), home medical tests are likely to
become even more commonplace in the future.

Figure 20.26 A lateral flow test detecting pregnancy-related hormones in urine. The control stripe verifies the validity
of the test and the test line determines the presence of pregnancy-related hormones in the urine. (credit: modification
of work by Klaus Hoffmeier)
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Figure 20.27 Immunochromatographic assays, or lateral flow tests, allow the testing of antigen in a dilute solution.
As the fluid flows through the test strip, it rehydrates the reagents. Antibodies conjugated to small particles bind the
antigen in the first stripe and then flow onto the second stripe where they are bound by a second, fixed antibody. This
produces a line of color, depending on the color of the beads. The third, control stripe binds beads as well to indicate
that the test is working properly. (credit: modification of work by Yeh CH, Zhao ZQ, Shen PL, Lin YC)

L__{ Check Your Understanding

¢ What physical process does the lateral flow method require to function?

* Explain the purpose of the third strip in a lateral flow assay.
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Table 20.4 compares some of the key mechanisms and examples of some of the EIAs discussed in this section as
well as immunoblots, which were discussed in Detecting Antigen-Antibody Complexes.

Type of Assay

Immunoblots

Immunoblots & Enzyme Immunoassays

Mechanism

Uses enzyme-antibody

conjugates to identify specific

proteins that have been

transferred to an absorbent

membrane

Specific Procedures

Western blot: Detects
the presence of a
particular protein

Examples

Detecting the presence
of HIV peptides (or
peptides from other
infectious agents) in
patient sera

Immunostaining

Uses enzyme-antibody

conjugates to stain specific

molecules on or in cells

Immunohistochemistry:
Used to stain specific
cells in a tissue

Stain for presence of
CD8 cells in host
tissue

Enzyme-linked
immunosorbent assay
(ELISA)

Uses enzyme-antibody

conjugates to quantify target

molecules

Direct ELISA: Uses a
single antibody to
detect the presence of
an antigen

Detection of HIV
antigen p24 up to one
month after being
infected

Indirect ELISA:
Measures the amount
of antibody produced
against an antigen

Detection of HIV
antibodies in serum

Immunochromatographic
(lateral flow) assays

Techniques use the capture

of flowing, color-labeled

antigen-antibody complexes
by fixed antibody for disease

diagnosis

Sandwich ELISA:
Measures the amount
of antigen bound by
the antibody

Detection of antibodies
for various pathogens
in patient sera (e.g.,
rapid strep, malaria
dipstick)

Pregnancy test
detecting human
chorionic
gonadotrophin in urine

Table 20.4

Clinical Focus

Part 3

Although the indirect ELISA for HIV is a sensitive assay, there are several complicating considerations. First,
if an infected person is tested too soon after becoming infected, the test can yield false-negative results. The
seroconversion window is generally about three weeks, but in some cases, it can be more than two months.

In addition to false negatives, false positives can also occur, usually due to previous infections with other
viruses that induce cross-reacting antibodies. The false-positive rate depends on the particular brand of test
used, but 0.5% is not unusual.['! Because of the possibility of a false positive, all positive tests are followed up
with a confirmatory test. This confirmatory test is often an immunoblot (western blot) in which HIV peptides from
the patient’s blood are identified using an HIV-specific mAb-enzyme conjugate. A positive western blot would
confirm an HIV infection and a negative blot would confirm the absence of HIV despite the positive ELISA.

Unfortunately, western blots for HIV antigens often yield indeterminant results, in which case, they neither
confirm nor invalidate the results of the indirect ELISA. In fact, the rate of indeterminants can be 10-49%
(which is why, combined with their cost, western blots are not used for screening). Similar to the indirect ELISA,
an indeterminant western blot can occur because of cross-reactivity or previous viral infections, vaccinations,
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4 N

or autoimmune diseases.
» Of the 1300 patients being tested, how many false-positive ELISA tests would be expected?
» Of the false positives, how many indeterminant western blots could be expected?
* How would the hospital address any cases in which a patient's western blot was indeterminant?

Jump to the previous Clinical Focus box. Jump to the next Clinical Focus box.

- J

20.5 Fluorescent Antibody Techniques

Learning Objectives
 Describe the benefits of immunofluorescent antibody assays in comparison to nonfluorescent assays

» Compare direct and indirect fluorescent antibody assays

» Explain how a flow cytometer can be used to quantify specific subsets of cells present in a complex mixture of
cell types

» Explain how a fluorescence-activated cell sorter can be used to separate unique types of cells

Rapid visualization of bacteria from a clinical sample such as a throat swab or sputum can be achieved through
fluorescent antibody (FA) techniques that attach a fluorescent marker (fluorogen) to the constant region of an
antibody, resulting in a reporter molecule that is quick to use, easy to see or measure, and able to bind to target
markers with high specificity. We can also label cells, allowing us to precisely quantify particular subsets of cells or
even purify these subsets for further research.

As with the enzyme assays, FA methods may be direct, in which a labeled mAb binds an antigen, or indirect, in
which secondary polyclonal antibodies bind patient antibodies that react to a prepared antigen. Applications of these
two methods were demonstrated in Figure 2.19. FA methods are also used in automated cell counting and sorting
systems to enumerate or segregate labeled subpopulations of cells in a sample.

Direct Fluorescent Antibody Techniques

Direct fluorescent antibody (DFA) tests use a fluorescently labeled mAb to bind and illuminate a target antigen.
DFA tests are particularly useful for the rapid diagnosis of bacterial diseases. For example, fluorescence-labeled
antibodies against Streptococcus pyogenes (group A strep) can be used to obtain a diagnosis of strep throat from a
throat swab. The diagnosis is ready in a matter of minutes, and the patient can be started on antibiotics before even
leaving the clinic. DFA techniques may also be used to diagnose pneumonia caused by Mycoplasma pneumoniae or
Legionella pneumophila from sputum samples (Figure 20.28). The fluorescent antibodies bind to the bacteria on a
microscope slide, allowing ready detection of the bacteria using a fluorescence microscope. Thus, the DFA technique
is valuable for visualizing certain bacteria that are difficult to isolate or culture from patient samples.

10. Thomas, Justin G., Victor Jaffe, Judith Shaffer, and Jose Abreu, “HIV Testing: US Recommendations 2014,” Osteopathic Family
Physician 6, no. 6 (2014).
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Fluorecein-labeled antibody attached to Legionella bacilli

Figure 20.28 A green fluorescent mAb against L. pneumophila is used here to visualize and identify bacteria from a
smear of a sample from the respiratory tract of a pneumonia patient. (credit: modification of work by American Society
for Microbiology)

Link to Learning
~

e N Watch the animation (https:/lopenstax.orgl/l/22dirfluorant) on this page to

— review the procedures of the direct fluorescent antibody test.
openstax

- J

__{ Check Your Understanding

e In adirect fluorescent antibody test, what does the fluorescent antibody bind to?

Indirect Fluorescent Antibody Techniques

Indirect fluorescent antibody (IFA) tests (Figure 20.29) are used to look for antibodies in patient serum. For
example, an IFA test for the diagnosis of syphilis uses T. pallidum cells isolated from a lab animal (the bacteria
cannot be grown on lab media) and a smear prepared on a glass slide. Patient serum is spread over the smear and
anti-treponemal antibodies, if present, are allowed to bind. The serum is washed off and a secondary antibody added.
The secondary antibody is an antihuman immunoglobulin conjugated to a fluorogen. On examination, the T. pallidum
bacteria will only be visible if they have been bound by the antibodies from the patient’s serum.

The IFA test for syphilis provides an important complement to the VDRL test discussed in Detecting Antigen-
Antibody Complexes. The VDRL is more likely to generate false-positive reactions than the IFA test; however,
the VDRL is a better test for determining whether an infection is currently active.

IFA tests are also useful for the diagnosis of autoimmune diseases. For example, systemic lupus erythematosus (SLE)
(see Autoimmune Disorders) is characterized by elevated expression levels of antinuclear antibodies (ANA).
These autoantibodies can be expressed against a variety of DNA-binding proteins and even against DNA itself.
Because autoimmunity is often difficult to diagnose, especially early in disease progression, testing for ANA can be
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a valuable clue in making a diagnosis and starting appropriate treatment.

The IFA for ANA begins by fixing cells grown in culture to a glass slide and making them permeable to antibody.
The slides are then incubated with serial dilutions of serum from the patient. After incubation, the slide is washed to
remove unbound proteins, and the fluorescent antibody (antihuman IgG conjugated to a fluorogen) added. After an
incubation and wash, the cells can be examined for fluorescence evident around the nucleus (Figure 20.30). The
titer of ANA in the serum is determined by the highest dilution showing fluorescence. Because many healthy people
express ANA, the American College of Rheumatology recommends that the titer must be at least 1:40 in the presence
of symptoms involving two or more organ systems to be considered indicative of SLE.M

11. Gill, James M., ANNA M. Quisel, PETER V. Rocca, and DENE T. Walters. “Diagnosis of systemic lupus erythematosus.” American
family physician 68, no. 11 (2003): 2179-2186.
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Figure 20.29 (@) The IFA test is used to detect antigen-specific antibodies by allowing them to bind to antigen fixed
to a surface and then illuminating these complexes with a secondary antibody-fluorogen conjugate. (b) In this
example of a micrograph of an indirect fluorescent antibody test, a patient’s antibodies to the measles virus bind to
viral antigens present on inactivated measles-infected cells affixed to a slide. Secondary antibodies bind the patient’s
antibodies and carry a fluorescent molecule. (credit b: modification of work by American Society for Microbiology)
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diseased healthy control

Figure 20.30 In this test for antinuclear antibodies (ANA), cells are exposed to serum from a patient suspected of
making ANA and then to a fluorescent mAb specific for human immunoglobulin. As a control, serum from a healthy
patient is also used. Visible fluorescence around the nucleus demonstrates the presence of ANA in the patient’s
serum. In the healthy control where lower levels of ANA are produced, very faint green is detected. (credit left, right:
modification of work by Al-Hussaini AA, Alzahrani MD, Alenizi AS, Suliman NM, Khan MA, Alharbi SA, Chentoufi AA)

L_{ Check Your Understanding

¢ In anindirect fluorescent antibody test, what does the fluorescent antibody bind to?

* What is the ANA test looking for?

Flow Cytometry

Fluorescently labeled antibodies can be used to quantify cells of a specific type in a complex mixture using flow
cytometry (Figure 20.31), an automated, cell-counting system that detects fluorescing cells as they pass through
a narrow tube one cell at a time. For example, in HIV infections, it is important to know the level of CD4 T cells
in the patient’s blood; if the numbers fall below 500 per pL of blood, the patient becomes more likely to acquire
opportunistic infections; below 200 per pL, the patient can no longer mount a useful adaptive immune response
at all. The analysis begins by incubating a mixed-cell population (e.g., white blood cells from a donor) with a
fluorescently labeled mAb specific for a subpopulation of cells (e.g., anti-CD4). Some experiments look at two cell
markers simultaneously by adding a different fluorogen to the appropriate mAb. The cells are then introduced to the
flow cytometer through a narrow capillary that forces the cells to pass in single file. A laser is used to activate the
fluorogen. The fluorescent light radiates out in all directions, so the fluorescence detector can be positioned at an
angle from the incident laser light.

Figure 20.31 shows the obscuration bar in front of the forward-scatter detector that prevents laser light from
hitting the detector. As a cell passes through the laser bar, the forward-scatter detector detects light scattered around
the obscuration bar. The scattered light is transformed into a voltage pulse, and the cytometer counts a cell. The
fluorescence from a labeled cell is detected by the side-scatter detectors. The light passes through various dichroic
mirrors such that the light emitted from the fluorophore is received by the correct detector.

This OpenStax book is available for free at http://cnx.org/content/col12087/1.5
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Figure 20.31 In flow cytometry, a mixture of fluorescently labeled and unlabeled cells passes through a narrow
capillary. A laser excites the fluorogen, and the fluorescence intensity of each cell is measured by a detector. (credit:
modification of work by “Kierano”/Wikimedia Commons)

Data are collected from both the forward- and side-scatter detectors. One way these data can be presented is in the
form of a histogram. The forward scatter is placed on the y-axis (to represent the number of cells), and the side
scatter is placed on the x-axis (to represent the fluoresence of each cell). The scaling for the x-axis is logarithmic,
so fluorescence intensity increases by a factor of 10 with each unit increase along the axis. Figure 20.32 depicts
an example in which a culture of cells is combined with an antibody attached to a fluorophore to detect CD8 cells
and then analyzed by flow cytometry. The histogram has two peaks. The peak on the left has lower fluorescence
readings, representing the subset of the cell population (approximately 30 cells) that does not fluoresce; hence, they
are not bound by antibody and therefore do not express CD8. The peak on the right has higher fluorescence readings,
representing the subset of the cell population (approximately 100 cells) that show fluorescence; hence, they are bound
by the antibody and therefore do express CD8.
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Figure 20.32 Flow cytometry data are often compiled as a histogram. In the histogram, the area under each peak is
proportional to the number of cells in each population. The x-axis is the relative fluorescence expressed by the cells
(on a log scale), and the y-axis represents the number of cells at a particular level of fluorescence.

|”_{ Check Your Understanding

* What is the purpose of the laser in a flow cytometer?

¢ In the output from a flow cytometer, the area under the histogram is equivalent to what?

Clinical Focus
~

Resolution

After notifying all 1300 patients, the hospital begins scheduling HIV screening. Appointments were scheduled
a minimum of 3 weeks after the patient’s last hospital visit to minimize the risk of false negatives. Because
some false positives were anticipated, the public health physician set up a counseling protocol for any patient
whose indirect ELISA came back positive.

Of the 1300 patients, eight tested positive using the ELISA. Five of these tests were invalidated by negative
western blot tests, but one western blot came back positive, confirming that the patient had indeed contracted
HIV. The two remaining western blots came back indeterminate. These individuals had to submit to a third test,
a PCR, to confirm the presence or absence of HIV sequences. Luckily, both patients tested negative.

As for the lone patient confirmed to have HIV, the tests cannot prove or disprove any connection to the syringes
compromised by the former hospital employee. Even so, the hospital’s insurance will fully cover the patient’s
treatment, which began immediately.

Although we now have drugs that are typically effective at controlling the progression of HIV and AIDS, there
is still no cure. If left untreated, or if the drug regimen fails, the patient will experience a gradual decline in
the number of CD4 helper T cells, resulting in severe impairment of all adaptive immune functions. Even
moderate declines of helper T cell numbers can result in immunodeficiency, leaving the patient susceptible to
opportunistic infections. To monitor the status of the patient’s helper T cells, the hospital will use flow cytometry.
This sensitive test allows physicians to precisely determine the number of helper T cells so they can adjust
treatment if the number falls below 500 cells/pL.

Jump to the previous Clinical Focus box.
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Cell Sorting Using Immunofluorescence

The flow cytometer and immunofluorescence can also be modified to sort cells from a single sample into purified
subpopulations of cells for research purposes. This modification of the flow cytometer is called a fluorescence-
activated cell sorter (FACS). In a FACS, fluorescence by a cell induces the device to put a charge on a droplet of the
transporting fluid containing that cell. The charge is specific to the wavelength of the fluorescent light, which allows
for differential sorting by those different charges. The sorting is accomplished by an electrostatic deflector that moves
the charged droplet containing the cell into one collecting vessel or another. The process results in highly purified
subpopulations of cells.

One limitation of a FACS is that it only works on isolated cells. Thus, the method would work in sorting white blood
cells, since they exist as isolated cells. But for cells in a tissue, flow cytometry can only be applied if we can excise
the tissue and separate it into single cells (using proteases to cleave cell-cell adhesion molecules) without disrupting
cell integrity. This method may be used on tumors, but more often, immunohistochemistry and immunocytochemistry
are used to study cells in tissues.

Link to Learning
~

I N Watch videos to learn more about how flow cytometry (https:/lopenstax.orgll/

— 22flowcytometry) and a FACS (https:/lopenstax.org/l/22FACSwork) work.
openstax

I
- J

D Check Your Understanding

* In fluorescence activated cell sorting, what characteristic of the target cells allows them to be separated?

Table 20.5 compares the mechanisms of the fluorescent antibody techniques discussed in this section.

Fluorescent Antibody Techniques

Type of Mechanism Examples

Assay
Direct Uses fluorogen-antibody conjugates to label bacteria Visualizing Legionella pneumophila
fluorescent from patient samples from a throat swab
antibody
(DFA)
Indirect Detects disease-specific antibodies in patent serum Diagnosing syphilis; detecting
fluorescent antinuclear antibodies (ANA) for
antibody lupus and other autoimmune
(IFA) diseases
Flow Labels cell membranes with fluorogen-antibody Counting the number of fluorescently
cytometry conjugate markers excited by a laser; machine counts labeled CD4 or CD8 cells in a

the cell and records the relative fluorescence sample

Table 20.5


https://openstax.org/l/22flowcytometry
https://openstax.org/l/22flowcytometry
https://openstax.org/l/22FACSwork
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Fluorescent Antibody Techniques

Mechanism Examples
Fluorescence Form of flow cytometry that both counts cells and Sorting cancer cells
activated cell physically separates them into pools of high and low
sorter fluorescence cells
(FACS)
Table 20.5
Summary

20.1 Polyclonal and Monoclonal Antibody Production
» Antibodies bind with high specificity to antigens used to challenge the immune system, but they may also
show cross-reactivity by binding to other antigens that share chemical properties with the original antigen.
* Injection of an antigen into an animal will result in a pelyclonal antibody response in which different
antibodies are produced that react with the various epitopes on the antigen.

* Polyclonal antisera are useful for some types of laboratory assays, but other assays require more specificity.
Diagnostic tests that use polyclonal antisera are typically only used for screening because of the possibility of
false-positive and false-negative results.

* Monoclonal antibodies provide higher specificity than polyclonal antisera because they bind to a single
epitope and usually have high affinity.

* Monoclonal antibodies are typically produced by culturing antibody-secreting hybridomas derived from
mice. mAbs are currently used to treat cancer, but their exorbitant cost has prevented them from being used
more widely to treat infectious diseases. Still, their potential for laboratory and clinical use is driving the
development of new, cost-effective solutions such as plantibodies.

20.2 Detecting Antigen-Antibody Complexes
* When present in the correct ratio, antibody and antigen will form a precipitin, or lattice that precipitates out
of solution.

* A precipitin ring test can be used to visualize lattice formation in solution. The Ouchterlony assay
demonstrates lattice formation in a gel. The radial immunodiffusion assay is used to quantify antigen by
measuring the size of a precipitation zone in a gel infused with antibodies.

* Insoluble antigens in suspension will form flocculants when bound by antibodies. This is the basis of the
VDRL test for syphilis in which anti-treponemal antibodies bind to cardiolipin in suspension.

 Viral infections can be detected by quantifying virus-neutralizing antibodies in a patient’s serum.
* Different antibody classes in plasma or serum are identified by using immunoelectrophoresis.

» The presence of specific antigens (e.g., bacterial or viral proteins) in serum can be demonstrated by western
blot assays, in which the proteins are transferred to a nitrocellulose membrane and identified using labeled
antibodies.

* In the complement fixation test, complement is used to detect antibodies against various pathogens.
20.3 Agglutination Assays
» Antibodies can agglutinate cells or large particles into a visible matrix. Agglutination tests are often done on

cards or in microtiter plates that allow multiple reactions to take place side by side using small volumes of
reagents.

» Using antisera against certain proteins allows identification of serevars within species of bacteria.

* Detecting antibodies against a pathogen can be a powerful tool for diagnosing disease, but there is a period of
time before patients go through seroconversion and the level of antibodies becomes detectable.

This OpenStax book is available for free at http://cnx.org/content/col12087/1.5
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Agglutination of latex beads in indirect agglutination assays can be used to detect the presence of specific
antigens or specific antibodies in patient serum.

The presence of some antibacterial and antiviral antibodies can be confirmed by the use of the direct
Coombs’ test, which uses Coombs’ reagent to cross-link antibodies bound to red blood cells and facilitate
hemagglutination.

Some viruses and bacteria will bind and agglutinate red blood cells; this interaction is the basis of the direct
hemagglutination assay, most often used to determine the titer of virus in solution.

Neutralization assays quantify the level of virus-specific antibody by measuring the decrease in
hemagglutination observed after mixing patient serum with a standardized amount of virus.
Hemagglutination assays are also used to screen and cross-match donor and recipient blood to ensure that the
transfusion recipient does not have antibodies to antigens in the donated blood.

20.4 ElAs and ELISAs

Enzyme immunoassays (EIA) are used to visualize and quantify antigens. They use an antibody conjugated
to an enzyme to bind the antigen, and the enzyme converts a substrate into an observable end product. The
substrate may be either a chromogen or a fluorogen.

Immunestaining is an EIA technique for visualizing cells in a tissue (immunohistochemistry) or examining
intracellular structures (immunocytochemistry).

Direct ELISA is used to quantify an antigen in solution. The primary antibody captures the antigen, and the
secondary antibody delivers an enzyme. Production of end product from the chromogenic substrate is directly
proportional to the amount of captured antigen.

Indirect ELISA is used to detect antibodies in patient serum by attaching antigen to the well of a microtiter
plate, allowing the patient (primary) antibody to bind the antigen and an enzyme-conjugated secondary
antibody to detect the primary antibody.

Immunofiltration and immunochromatographic assays are used in lateral flow tests, which can be used

to diagnose pregnancy and various diseases by detecting color-labeled antigen-antibody complexes in urine or
other fluid samples

20.5 Fluorescent Antibody Techniques

Immunofluorescence assays use antibody-fluorogen conjugates to illuminate antigens for easy, rapid
detection.

Direct immunofluorescence can be used to detect the presence of bacteria in clinical samples such as sputum.

Indirect immunofluorescence detects the presence of antigen-specific antibodies in patient sera. The
fluorescent antibody binds to the antigen-specific antibody rather than the antigen.

The use of indirect immunofluorescence assays to detect antinuclear antibodies is an important tool in the
diagnosis of several autoimmune diseases.

Flow cytometry uses fluorescent mAbs against cell-membrane proteins to quantify specific subsets of cells
in complex mixtures.

Fluorescence-activated cell sorters are an extension of flow cytometry in which fluorescence intensity is
used to physically separate cells into high and low fluorescence populations.
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Review Questions

Multiple Choice

1. For many uses in the laboratory, polyclonal
antibodies work well, but for some types of assays, they
lack sufficient because they cross-react with
inappropriate antigens.

a. specificity

b. sensitivity

c. accuracy

d. reactivity

2. How are monoclonal antibodies produced?

a. Antibody-producing B cells from a mouse are
fused with myeloma cells and then the cells are
grown in tissue culture.

b. A mouse is injected with an antigen and then
antibodies are harvested from its serum.

c. They are produced by the human immune system
as a natural response to an infection.

d. They are produced by a mouse’s immune system
as a natural response to an infection.

3. The formation of
VDRL test.

a. flocculant

b. precipitin

c. coagulation

d. a bright pink color

is a positive result in the

4. The titer of a virus neutralization test is the highest
dilution of patient serum

a. in which there is no detectable viral DNA.

b. in which there is no detectable viral protein.

c. that completely blocks plaque formation.

d. that reduces plaque formation by at least 50%.

5. In the Ouchterlony assay, we see a sharp precipitin
arc form between antigen and antiserum. Why does this
arc remain visible for a long time?
a. The antibody molecules are too large to diffuse
through the agar.
b. The precipitin lattice is too large to diffuse
through the agar.
c. Methanol, added once the arc forms, denatures
the protein and blocks diffusion.
d. The antigen molecules are chemically coupled to
the gel matrix.
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6. We use antisera to distinguish between various
within a species of bacteria.

a. isotypes

b. serovars

c. subspecies
d. lines

7. When using antisera to characterize bacteria, we will
often link the antibodies to to better visualize
the agglutination.

a. latex beads

b. red blood cells

c. other bacteria

d. white blood cells

8. The antibody screening test that is done along with
pretransfusion blood typing is used to ensure that the
recipient
a. does not have a previously undetected bacterial
or viral infection.
b. is not immunocompromised.
c. actually does have the blood type stated in the
online chart.
d. is not making antibodies against antigens outside
the ABO or Rh systems.

9. The direct Coombs’ test is designed to detect when
people have a disease that causes them to
a. have an excessively high fever.
b. quit making antibodies.
c. make too many red blood cells.
d. produce antibodies that bind to their own red
blood cells.

10. Viral hemagglutination assays only work with
certain types of viruses because
a. the virus must be able to cross-link red blood
cells directly.
b. the virus must be able to lyse red blood cells.
the virus must not be able to lyse red blood cells.
d. other viruses are too dangerous to work with in a
clinical lab setting.

n

11. In an enzyme immunoassay, the enzyme

is bound by the antibody’s antigen-binding site.
is attached to the well of a microtiter plate.

is conjugated to the suspect antigen.

is bound to the constant region of the secondary
antibody.

/N o



Chapter 20 | Laboratory Analysis of the Immune Response

12. When using an EIA to study microtubules or other
structures inside a cell, we first chemically fix the cell
and then treat the cells with alcohol. What is the purpose
of this alcohol treatment?

a. It makes holes in the cell membrane large
enough for antibodies to pass.

b. It makes the membrane sticky so antibodies will
bind and be taken up by receptor-mediated
endocytosis.

c. Itremoves negative charges from the membrane,
which would otherwise repulse the antibodies.

d. It prevents nonspecific binding of the antibodies
to the cell membrane.

13. In alateral-flow pregnancy test, you see a blue band
form on the control line and no band form on the test
line. This is probably a test for pregnancy.

a. positive

b. false-positive

c. false-negative

d. negative

14. When performing an FEIA, the fluorogen replaces

the that is used in an EIA.
a. antigen
b. chromogenic substrate
c. enzyme

d. secondary antibody

Fill in the Blank

18. When we inject an animal with the same antigen a second time a few weeks after the first,

909

15. Suppose you need to quantify the level of CD8 T
cells in the blood of a patient recovering from influenza.
You treat a sample of the patient’s white blood cells
using a fluorescent mAb against CD8, pass the cells
through a flow cytometer, and produce the histogram
shown below. The area under the peak to the left (blue)
is three times greater than the area of the peak on the

right (red). What can you determine from these data?
A

500 —
400 —
300 —
200 —

Cell Counts

100 —
0

7

\ | I I

10* 10° 10° 10*
Fluorescence Intensity

a. There are no detectable CD8 cells.

b. There are three times as many CD4 cells than
CD8 cells.

c. There are three times as many CD8 cells than
CD4 cells.

d. CDB8 cells make up about one-fourth of the total
number of cells.

16. In the data described in the previous question, the
average fluorescence intensity of cells in the second

(red) peak is about that in the first (blue) peak.
a. three times
b. 100 times
c. one-third
d. 1000 times

17. In a direct fluorescent antibody test, which of the
following would we most likely be looking for using a
fluorescently-labeled mAb?
a. bacteria in a patient sample
b. bacteria isolated from a patient and grown on
agar plates
c. antiserum from a patient smeared onto a glass
slide
d. antiserum from a patient that had bound to
antigen-coated beads

takes place,

which means the antibodies produced after the second injection will on average bind the antigen more tightly.
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19. When using mAbs to treat disease in humans, the mAbs must first be by replacing the mouse constant
region DNA with human constant region DNA.

20. If we used normal mouse mAbs to treat human disease, multiple doses would cause the patient to respond with
against the mouse antibodies.

21. A polyclonal response to an infection occurs because most antigens have multiple ,

22. When slowly adding antigen to an antiserum, the amount of precipitin would gradually increase until reaching
the ; addition of more antigen after this point would actually decrease the amount of precipitin.

23. The radial immunodiffusion test quantifies antigen by mixing into a gel and then allowing antigen to
diffuse out from a well cut in the gel.

24. In the major cross-match, we mix with the donor red blood cells and look for agglutination.
25. Coombs’ reagent is an antiserum with antibodies that bind to human

26. To detect antibodies against bacteria in the bloodstream using an EIA, we would run a(n) , which we
would start by attaching antigen from the bacteria to the wells of a microtiter plate.

27. In flow cytometry, cell subsets are labeled using a fluorescent antibody to a membrane protein. The fluorogen is
activated by a(n) as the cells pass by the detectors.

28. Fluorescence in a flow cytometer is measured by a detector set at an angle to the light source. There is also an
in-line detector that can detect cell clumps or

Short Answer

29. Describe two reasons why polyclonal antibodies are more likely to exhibit cross-reactivity than monoclonal
antibodies.

30. Explain why hemolysis in the complement fixation test is a negative test for infection.

31. What is meant by the term “neutralizing antibodies,” and how can we quantify this effect using the viral
neutralization assay?

32. Explain why the titer of a direct hemagglutination assay is the highest dilution that still causes hemagglutination,
whereas in the viral hemagglutination inhibition assay, the titer is the highest dilution at which hemagglutination is
not observed.

33. Why would a doctor order a direct Coombs’ test when a baby is born with jaundice?

34. Why is it important in a sandwich ELISA that the antigen has multiple epitopes? And why might it be
advantageous to use polyclonal antisera rather than mAb in this assay?

35. The pregnancy test strip detects the presence of human chorionic gonadotrophin in urine. This hormone is
initially produced by the fetus and later by the placenta. Why is the test strip preferred for this test rather than using
either a direct or indirect ELISA with their more quantifiable results?

Critical Thinking

36. Suppose you were screening produce in a grocery store for the presence of E. coli contamination. Would it be
better to use a polyclonal anti-E. coli antiserum or a mAb against an E. coli membrane protein? Explain.

37. Both IgM and IgG antibodies can be used in precipitation reactions. However, one of these immunoglobulin
classes will form precipitates at much lower concentrations than the other. Which class is this, and why is it so much
more efficient in this regard?
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38. When shortages of donated blood occur, O-negative blood may be given to patients, even if they have a different
blood type. Why is this the case? If O-negative blood supplies were depleted, what would be the next-best choice for
a patient with a different blood type in critical need of a transfusion? Explain your answers.

39. Label the primary and secondary antibodies, and discuss why the production of end product will be proportional
to the amount of antigen. B ) B
" LW Lty

40. A patient suspected of having syphilis is tested using both the VDRL test and IFA. The IFA test comes back
positive, but the VDRL test is negative. What is the most likely reason for these results?

41. A clinician suspects that a patient with pneumonia may be infected by Legionella pneumophila. Briefly describe
two reasons why a DFA test might be better for detecting this pathogen than standard bacteriology techniques.
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Chapter 21

Skin and Eye Infections

Figure 21.1 The skin is an important barrier to pathogens, but it can also develop infections. These raised lesions
(left) are typical of folliculitis, a condition that results from the inflammation of hair follicles. Acne lesions (right) also
result from inflammation of hair follicles. In this case, the inflammation results when hair follicles become clogged with
complex lipids, fatty acids, and dead skin cells, producing a favorable environment for bacteria.

Chapter Outline

21.1 Anatomy and Normal Microbiota of the Skin and Eyes
21.2 Bacterial Infections of the Skin and Eyes

21.3 Viral Infections of the Skin and Eyes

21.4 Mycoses of the Skin

21.5 Protozoan and Helminthic Infections of the Skin and Eyes

Introduction

The human body is covered in skin, and like most coverings, skin is designed to protect what is underneath. One of its
primary purposes is to prevent microbes in the surrounding environment from invading underlying tissues and organs.
But in spite of its role as a protective covering, skin is not itself immune from infection. Certain pathogens and toxins
can cause severe infections or reactions when they come in contact with the skin. Other pathogens are opportunistic,
breaching the skin’s natural defenses through cuts, wounds, or a disruption of normal microbiota resulting in an
infection in the surrounding skin and tissue. Still other pathogens enter the body via different routes—through the
respiratory or digestive systems, for example—but cause reactions that manifest as skin rashes or lesions.

Nearly all humans experience skin infections to some degree. Many of these conditions are, as the name suggests,
“skin deep,” with symptoms that are local and non-life-threatening. At some point, almost everyone must endure
conditions like acne, athlete’s foot, and minor infections of cuts and abrasions, all of which result from infections of
the skin. But not all skin infections are quite so innocuous. Some can become invasive, leading to systemic infection
or spreading over large areas of skin, potentially becoming life-threatening.

21.1 Anatomy and Normal Microbiota of the Skin and
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Eyes

Learning Objectives
» Describe the major anatomical features of the skin and eyes

» Compare and contrast the microbiomes of various body sites, such as the hands, back, feet, and eyes
» Explain how microorganisms overcome defenses of skin and eyes in order to cause infection
» Describe general signs and symptoms of disease associated with infections of the skin and eyes

Human skin is an important part of the innate immune system. In addition to serving a wide range of other functions,
the skin serves as an important barrier to microbial invasion. Not only is it a physical barrier to penetration of deeper
tissues by potential pathogens, but it also provides an inhospitable environment for the growth of many pathogens. In
this section, we will provide a brief overview of the anatomy and normal microbiota of the skin and eyes, along with
general symptoms associated with skin and eye infections.

Layers of the Skin

Human skin is made up of several layers and sublayers. The two main layers are the epidermis and the dermis. These
layers cover a third layer of tissue called the hypodermis, which consists of fibrous and adipose connective tissue
(Figure 21.2).

The epidermis is the outermost layer of the skin, and it is relatively thin. The exterior surface of the epidermis, called
the stratum corneum, primarily consists of dead skin cells. This layer of dead cells limits direct contact between the
outside world and live cells. The stratum corneum is rich in keratin, a tough, fibrous protein that is also found in hair
and nails. Keratin helps make the outer surface of the skin relatively tough and waterproof. It also helps to keep the
surface of the skin dry, which reduces microbial growth. However, some microbes are still able to live on the surface
of the skin, and some of these can be shed with dead skin cells in the process of desquamation, which is the shedding
and peeling of skin that occurs as a normal process but that may be accelerated when infection is present.

Beneath the epidermis lies a thicker skin layer called the dermis. The dermis contains connective tissue and embedded
structures such as blood vessels, nerves, and muscles. Structures called hair follicles (from which hair grows) are
located within the dermis, even though much of their structure consists of epidermal tissue. The dermis also contains
the two major types of glands found in human skin: sweat glands (tubular glands that produce sweat) and sebaceous
glands (which are associated with hair follicles and produce sebum, a lipid-rich substance containing proteins and
minerals).

Perspiration (sweat) provides some moisture to the epidermis, which can increase the potential for microbial growth.
For this reason, more microbes are found on the regions of the skin that produce the most sweat, such as the skin

Clinical Focus

Part 1

Sam, a college freshman with a bad habit of oversleeping, nicked himself shaving in a rush to get to class on
time. At the time, he didn’t think twice about it. But two days later, he noticed the cut was surrounded by a
reddish area of skin that was warm to the touch. When the wound started oozing pus, he decided he had better
stop by the university’s clinic. The doctor took a sample from the lesion and then cleaned the area.

¢ What type of microbe could be responsible for Sam'’s infection?

Jump to the next Clinical Focus box.
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of the underarms and groin. However, in addition to water, sweat also contains substances that inhibit microbial
growth, such as salts, lysozyme, and antimicrobial peptides. Sebum also serves to protect the skin and reduce water
loss. Although some of the lipids and fatty acids in sebum inhibit microbial growth, sebum contains compounds that
provide nutrition for certain microbes.

nerve receptor
sweat pore

epidermis dermis

dermis
hypodermis 4 'R ol S ' Wit
— W AR gland
fatty tissue
o blood hair ; lymph
vessels follicle sebaceous vessel
gland
(b)

Figure 21.2 (a) A micrograph of a section through human skin shows the epidermis and dermis. (b) The major
layers of human skin are the epidermis, dermis, and hypodermis. (credit b: modification of work by National Cancer
Institute)

D Check Your Understanding

¢ How does desquamation help with preventing infections?

Normal Microbiota of the Skin

The skin is home to a wide variety of normal microbiota, consisting of commensal organisms that derive nutrition
from skin cells and secretions such as sweat and sebum. The normal microbiota of skin tends to inhibit transient-
microbe colonization by producing antimicrobial substances and outcompeting other microbes that land on the surface
of the skin. This helps to protect the skin from pathogenic infection.

The skin’s properties differ from one region of the body to another, as does the composition of the skin’s microbiota.
The availability of nutrients and moisture partly dictates which microorganisms will thrive in a particular region of the
skin. Relatively moist skin, such as that of the nares (nostrils) and underarms, has a much different microbiota than
the dryer skin on the arms, legs, hands, and top of the feet. Some areas of the skin have higher densities of sebaceous
glands. These sebum-rich areas, which include the back, the folds at the side of the nose, and the back of the neck,
harbor distinct microbial communities that are less diverse than those found on other parts of the body.

Different types of bacteria dominate the dry, moist, and sebum-rich regions of the skin. The most abundant microbes
typically found in the dry and sebaceous regions are Betaproteobacteria and Propionibacteria, respectively. In the
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moist regions, Corynebacterium and Staphylococcus are most commonly found (Figure 21.3). Viruses and fungi
are also found on the skin, with Malassezia being the most common type of fungus found as part of the normal
microbiota. The role and populations of viruses in the microbiota, known as viromes, are still not well understood,
and there are limitations to the techniques used to identify them. However, Circoviridae, Papillomaviridae, and
Polyomaviridae appear to be the most common residents in the healthy skin virome, 213!
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Figure 21.3 The normal microbiota varies on different regions of the skin, especially in dry versus moist areas. The
figure shows the major organisms commonly found in different locations of a healthy individual’s skin and external
mucosa. Note that there is significant variation among individuals. (credit: modification of work by National Human
Genome Research Institute)

L__{ Check Your Understanding

¢ What are the four most common bacteria that are part of the normal skin microbiota?

Infections of the Skin

While the microbiota of the skin can play a protective role, it can also cause harm in certain cases. Often, an
opportunistic pathogen residing in the skin microbiota of one individual may be transmitted to another individual
more susceptible to an infection. For example, methicillin-resistant Staphylococcus aureus (MRSA) can often take up

1. Belkaid, Y., and J.A. Segre. “Dialogue Between Skin Microbiota and Immunity,” Science 346 (2014) 6212:954-959.

2. Foulongne, Vincent, et al. “Human Skin Microbiota: High Diversity of DNA Viruses Identified on the Human Skin by High Throughput
Sequencing.” PLoS ONE (2012) 7(6): e38499. doi: 10.1371/journal.pone.0038499.

3. Robinson, C.M., and J.K. Pfeiffer. “Viruses and the Microbiota.” Annual Review of Virology (2014) 1:55-59. doi: 10.1146/annurev-
virology-031413-085550.
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residence in the nares of health care workers and hospital patients; though harmless on intact, healthy skin, MRSA
can cause infections if introduced into other parts of the body, as might occur during surgery or via a post-surgical
incision or wound. This is one reason why clean surgical sites are so important.

Injury or damage to the skin can allow microbes to enter deeper tissues, where nutrients are more abundant and the
environment is more conducive to bacterial growth. Wound infections are common after a puncture or laceration that
damages the physical barrier of the skin. Microbes may infect structures in the dermis, such as hair follicles and
glands, causing a localized infection, or they may reach the bloodstream, which can lead to a systemic infection.

In some cases, infectious microbes can cause a variety of rashes or lesions that differ in their physical characteristics.
These rashes can be the result of inflammation reactions or direct responses to toxins produced by the microbes.
Table 21.1 lists some of the medical terminology used to describe skin lesions and rashes based on their
characteristics; Figure 21.4 and Figure 21.5 illustrate some of the various types of skin lesions. It is important to
note that many different diseases can lead to skin conditions of very similar appearance; thus the terms used in the
table are generally not exclusive to a particular type of infection or disease.

Some Medical Terms Associated with Skin Lesions and Rashes

Term Definition

abscess localized collection of pus

bulla (pl., fluid-filled blister no more than 5 mm in diameter

bullae)

carbuncle deep, pus-filled abscess generally formed from multiple furuncles

crust dried fluids from a lesion on the surface of the skin

cyst encapsulated sac filled with fluid, semi-solid matter, or gas, typically located just below the

upper layers of skin

folliculitis a localized rash due to inflammation of hair follicles

furuncle (boil) pus-filled abscess due to infection of a hair follicle

macules smooth spots of discoloration on the skin

papules small raised bumps on the skin

pseudocyst lesion that resembles a cyst but with a less defined boundary
purulent pus-producing; suppurative

pustules fluid- or pus-filled bumps on the skin

pyoderma any suppurative (pus-producing) infection of the skin

suppurative producing pus; purulent

ulcer break in the skin; open sore

vesicle small, fluid-filled lesion

wheal swollen, inflamed skin that itches or burns, such as from an insect bite

Table 21.1
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whitehead

skin

pus

(b)

Figure 21.4 (a) Acne is a bacterial infection of the skin that manifests as a rash of inflamed hair follicles (folliculitis).
The large whitehead near the center of the cheek is an infected hair follicle that has become purulent (or
suppurative), leading to the formation of a furuncle. (b) An abscess is a pus-filled lesion. (credit b: modification of
work by Bruce Blaus)

Types of Skin Lesions

pustule ulcer vesicle wheal

Figure 21.5 Numerous causes can lead to skin lesions of various types, some of which are very similar in
appearance. (credit: modification of work by Bruce Blaus)

|”_{ Check Your Understanding

* How can asymptomatic health care workers transmit bacteria such as MRSA to patients?

Anatomy and Microbiota of the Eye

Although the eye and skin have distinct anatomy, they are both in direct contact with the external environment. An
important component of the eye is the nasolacrimal drainage system, which serves as a conduit for the fluid of the
eye, called tears. Tears flow from the external eye to the nasal cavity by the lacrimal apparatus, which is composed of

This OpenStax book is available for free at http://cnx.org/content/col12087/1.5



Chapter 21 | Skin and Eye Infections 919

the structures involved in tear production (Figure 21.6). The lacrimal gland, above the eye, secretes tears to keep
the eye moist. There are two small openings, one on the inside edge of the upper eyelid and one on the inside edge of
the lower eyelid, near the nose. Each of these openings is called a lacrimal punctum. Together, these lacrimal puncta
collect tears from the eye that are then conveyed through lacrimal ducts to a reservoir for tears called the lacrimal
sac, also known as the dacrocyst or tear sac.

From the sac, tear fluid flows via a nasolacrimal duct to the inner nose. Each nasolacrimal duct is located underneath
the skin and passes through the bones of the face into the nose. Chemicals in tears, such as defensins, lactoferrin,
and lysozyme, help to prevent colonization by pathogens. In addition, mucins facilitate removal of microbes from the
surface of the eye.

lacrimal gland
lacrimal
ducts

SOz » —— lacrimal sac
S ﬁf&,@

. nasolacrimal duct
lacrimal puncta

Figure 21.6 The lacrimal apparatus includes the structures of the eye associated with tear production and drainage.
(credit: modification of work by “Evidence Based Medical Educator Inc.”/YouTube)

The surfaces of the eyeball and inner eyelid are mucous membranes called conjunctiva. The normal conjunctival
microbiota has not been well characterized, but does exist. One small study (part of the Ocular Microbiome project)
found twelve genera that were consistently present in the conjunctiva.[‘” These microbes are thought to help defend
the membranes against pathogens. However, it is still unclear which microbes may be transient and which may form
a stable microbiota.!!

Use of contact lenses can cause changes in the normal microbiota of the conjunctiva by introducing another surface
into the natural anatomy of the eye. Research is currently underway to better understand how contact lenses may
impact the normal microbiota and contribute to eye disease.

The watery material inside of the eyeball is called the vitreous humor. Unlike the conjunctiva, it is protected from
contact with the environment and is almost always sterile, with no normal microbiota (Figure 21.7).

4. Abelson, M.B., Lane, K., and Slocum, C.. “The Secrets of Ocular Microbiomes.” Review of Ophthalmology June 8, 2015.
http://www.reviewofophthalmology.com/content/t/ocular_disease/c/55178. Accessed Sept 14, 2016.

5. Shaikh-Lesko, R. “Visualizing the Ocular Microbiome.” The Scientist May 12, 2014. http://www.the-scientist.com/?articles.view/
articleNo/39945/title/Visualizing-the-Ocular-Microbiome. Accessed Sept 14, 2016.
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Figure 21.7 Some microbes live on the conjunctiva of the human eye, but the vitreous humor is sterile.

Infections of the Eye

The conjunctiva is a frequent site of infection of the eye; like other mucous membranes, it is also a common
portal of entry for pathogens. Inflammation of the conjunctiva is called conjunctivitis, although it is commonly
known as pinkeye because of the pink appearance in the eye. Infections of deeper structures, beneath the cornea, are
less common (Figure 21.8). Conjunctivitis occurs in multiple forms. It may be acute or chronic. Acute purulent
conjunctivitis is associated with pus formation, while acute hemorrhagic conjunctivitis is associated with bleeding
in the conjunctiva. The term blepharitis refers to an inflammation of the eyelids, while keratitis refers to an
inflammation of the cornea (Figure 21.8); keratoconjunctivitis is an inflammation of both the cornea and the
conjunctiva, and dacryocystitis is an inflammation of the lacrimal sac that can often occur when a nasolacrimal duct
is blocked.

(a) (h)

Figure 21.8 (a) Conjunctivitis is inflammation of the conjunctiva. (b) Blepharitis is inflammation of the eyelids. (c)
Keratitis is inflammation of the cornea. (credit a: modification of work by Lopez-Prats MJ, Sanz Marco E, Hidalgo-
Mora JJ, Garcia-Delpech S, Diaz-Llopis M; credit b, c: modification of work by Centers for Disease Control and
Prevention)

Infections leading to conjunctivitis, blepharitis, keratoconjunctivitis, or dacryocystitis may be caused by bacteria or
viruses, but allergens, pollutants, or chemicals can also irritate the eye and cause inflammation of various structures.
Viral infection is a more likely cause of conjunctivitis in cases with symptoms such as fever and watery discharge that
occurs with upper respiratory infection and itchy eyes. Table 21.2 summarizes some common forms of conjunctivitis
and blepharitis.
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Types of Conjunctivities and Blepharitis

Condition Description Causative Agent(s)
Acute purulent Conjunctivitis with purulent discharge Bacterial (Haemophilus,
conjunctivitis Staphylococcus)

Acute hemorrhagic Involves subconjunctival hemorrhages Viral (Picornaviradae)

conjunctivitis

Acute ulcerative Infection involving eyelids; pustules and ulcers may Bacterial (Staphylococcal) or viral

blepharitis develop (herpes simplex, varicella-zoster,
etc.)

Follicular Inflammation of the conjunctiva with nodules Viral (adenovirus and others);

conjunctivitis (dome-shaped structures that are red at the base environmental irritants

and pale on top)

Dacryocystitis Inflammation of the lacrimal sac often associated Bacterial (Haemophilus,
with a plugged nasolacrimal duct Staphylococcus, Streptococcus)
Keratitis Inflammation of cornea Bacterial, viral, or protozoal;

environmental irritants

Keratoconjunctivitis Inflammation of cornea and conjunctiva Bacterial, viral (adenoviruses), or
other causes (including dryness of
the eye)

Nonulcerative Inflammation, irritation, redness of the eyelids Environmental irritants; allergens

blepharitis without ulceration

Papillary Inflammation of the conjunctiva; nodules and Environmental irritants; allergens

conjunctivitis papillae with red tops develop

Table 21.2

|__{ Check Your Understanding

* How does the lacrimal apparatus help to prevent eye infections?

21.2 Bacterial Infections of the Skin and Eyes

Learning Objectives
* Identify the most common bacterial pathogens that cause infections of the skin and eyes

» Compare the major characteristics of specific bacterial diseases affecting the skin and eyes

Despite the skin’s protective functions, infections are common. Gram-positive Staphylococcus spp. and Streptococcus
spp. are responsible for many of the most common skin infections. However, many skin conditions are not strictly
associated with a single pathogen. Opportunistic pathogens of many types may infect skin wounds, and individual
cases with identical symptoms may result from different pathogens or combinations of pathogens.

In this section, we will examine some of the most important bacterial infections of the skin and eyes and discuss how
biofilms can contribute to and exacerbate such infections. Key features of bacterial skin and eye infections are also
summarized in the Disease Profile boxes throughout this section.
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Staphylococcal Infections of the Skin

Staphylococcus species are commonly found on the skin, with S. epidermidis and S. hominis being prevalent in the
normal microbiota. S. aureus is also commonly found in the nasal passages and on healthy skin, but pathogenic strains
are often the cause of a broad range of infections of the skin and other body systems.

S. aureus is quite contagious. It is spread easily through skin-to-skin contact, and because many people are chronic
nasal carriers (asymptomatic individuals who carry S. aureus in their nares), the bacteria can easily be transferred
from the nose to the hands and then to fomites or other individuals. Because it is so contagious, S. aureus is
prevalent in most community settings. This prevalence is particularly problematic in hospitals, where antibiotic-
resistant strains of the bacteria may be present, and where immunocompromised patients may be more susceptible
to infection. Resistant strains include methicillin-resistant S. aureus (MRSA), which can be acquired through health-
care settings (hospital-acquired MRSA, or HA-MRSA) or in the community (community-acquired MRSA, or CA-
MRSA). Hospital patients often arrive at health-care facilities already colonized with antibiotic-resistant strains of S.
aureus that can be transferred to health-care providers and other patients. Some hospitals have attempted to detect
these individuals in order to institute prophylactic measures, but they have had mixed success (see Eye on Ethics:
Screening Patients for MRSA).

When a staphylococcal infection develops, choice of medication is important. As discussed above, many
staphylococci (such as MRSA) are resistant to some or many antibiotics. Thus, antibiotic sensitivity is measured to
identify the most suitable antibiotic. However, even before receiving the results of sensitivity analysis, suspected S.
aureus infections are often initially treated with drugs known to be effective against MRSA, such as trimethoprim-
sulfamethoxazole (TMP/SMZ), clindamycin, a tetracycline (doxycycline or minocycline), or linezolid.

The pathogenicity of staphylococcal infections is often enhanced by characteristic chemicals secreted by some strains.
Staphylococcal virulence factors include hemolysins called staphylolysins, which are cytotoxic for many types of
cells, including skin cells and white blood cells. Virulent strains of S. aureus are also coagulase-positive, meaning
they produce coagulase, a plasma-clotting protein that is involved in abscess formation. They may also produce
leukocidins, which kill white blood cells and can contribute to the production of pus and Protein A, which inhibits
phagocytosis by binding to the constant region of antibodies. Some virulent strains of S. aureus also produce other
toxins, such as toxic shock syndrome toxin-1 (see Virulence Factors of Bacterial and Viral Pathogens).

To confirm the causative agent of a suspected staphylococcal skin infection, samples from the wound are cultured.
Under the microscope, gram-positive Staphylococcus species have cellular arrangements that form grapelike clusters;
when grown on blood agar, colonies have a unique pigmentation ranging from opaque white to cream. A catalase
test is used to distinguish Staphylococcus from Streptococcus, which is also a genus of gram-positive cocci and
a common cause of skin infections. Staphylococcus species are catalase-positive while Streptococcus species are
catalase-negative.

Other tests are performed on samples from the wound in order to distinguish coagulase-positive species of
Staphylococcus (CoPS) such as S. aureus from common coagulase-negative species (CoNS) such as S. epidermidis.
Although CoNS are less likely than CoPS to cause human disease, they can cause infections when they enter the
body, as can sometimes occur via catheters, indwelling medical devices, and wounds. Passive agglutination testing
can be used to distinguish CoPS from CoNS. If the sample is coagulase-positive, the sample is generally presumed to
contain S. aureus. Additional genetic testing would be necessary to identify the particular strain of S. aureus.

Another way to distinguish CoPS from CoNS is by culturing the sample on mannitol salt agar (MSA). Staphylococcus
species readily grow on this medium because they are tolerant of the high concentration of sodium chloride (7.5%
NaCl). However, CoPS such as S. aureus ferment mannitol (which will be evident on a MSA plate), whereas CoNS
such as S. epidermidis do not ferment mannitol but can be distinguished by the fermentation of other sugars such as
lactose, malonate, and raffinose (Figure 21.9).
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Figure 21.9 (a) A mannitol salt agar plate is used to distinguish different species of staphylococci. In this plate, S.

aureus is on the left and S. epidermidis is in the right. Because S. aureus is capable of fermenting mannitol, it
produces acids that cause the color to change to yellow. (b) This scanning electron micrograph shows the

characteristic grapelike clusters of S. aureus. (credit a: modification of work by “ScienceProfOnline”/YouTube; credit
b: modification of work by Centers for Disease Control and Prevention)

Eye on Ethics
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Screening Patients for MRSA

According to the CDC, 86% of invasive MRSA infections are associated in some way with healthcare, as
opposed to being community-acquired. In hospitals and clinics, asymptomatic patients who harbor MRSA may
spread the bacteria to individuals who are more susceptible to serious illness.

In an attempt to control the spread of MRSA, hospitals have tried screening patients for MRSA. If patients
test positive following a nasal swab test, they can undergo decolonization using chlorhexidine washes
or intranasal mupirocin. Some studies have reported substantial reductions in MRSA disease following
implementation of these protocols, while others have not. This is partly because there is no standard protocol
for these procedures. Several different MRSA identification tests may be used, some involving slower culturing
techniques and others rapid testing. Other factors, such as the effectiveness of general hand-washing
protocols, may also play a role in helping to prevent MRSA transmission. There are still other questions that
need to be addressed: How frequently should patients be screened? Which individuals should be tested? From
where on the body should samples be collected? Will increased resistance develop from the decolonization
procedures?

Even if identification and decolonization procedures are perfected, ethical questions will remain. Should
patients have the right to decline testing? Should a patient who tests positive for MRSA have the right to decline
the decolonization procedure, and if so, should hospitals have the right to refuse treatment to the patient? How
do we balance the individual’s right to receive care with the rights of other patients who could be exposed to
disease as a result?

Superficial Staphylococcal Infections

S. aureus is often associated with pyoderma, skin infections that are purulent. Pus formation occurs because many
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strains of S. aureus produce leukocidins, which kill white blood cells. These purulent skin infections may initially
manifest as folliculitis, but can lead to furuncles or deeper abscesses called carbuncles.

Folliculitis generally presents as bumps and pimples that may be itchy, red, and/or pus-filled. In some cases,
folliculitis is self-limiting, but if it continues for more than a few days, worsens, or returns repeatedly, it may require
medical treatment. Sweat, skin injuries, ingrown hairs, tight clothing, irritation from shaving, and skin conditions can
all contribute to folliculitis. Avoidance of tight clothing and skin irritation can help to prevent infection, but topical
antibiotics (and sometimes other treatments) may also help. Folliculitis can be identified by skin inspection; treatment
is generally started without first culturing and identifying the causative agent.

In contrast, furuncles (boils) are deeper infections (Figure 21.10). They are most common in those individuals
(especially young adults and teenagers) who play contact sports, share athletic equipment, have poor nutrition, live in
close quarters, or have weakened immune systems. Good hygiene and skin care can often help to prevent furuncles
from becoming more infective, and they generally resolve on their own. However, if furuncles spread, increase in
number or size, or lead to systemic symptoms such as fever and chills, then medical care is needed. They may
sometimes need to be drained (at which time the pathogens can be cultured) and treated with antibiotics.

When multiple boils develop into a deeper lesion, it is called a carbuncle (Figure 21.10). Because carbuncles
are deeper, they are more commonly associated with systemic symptoms and a general feeling of illness. Larger,
recurrent, or worsening carbuncles require medical treatment, as do those associated with signs of illness such as
fever. Carbuncles generally need to be drained and treated with antibiotics. While carbuncles are relatively easy to
identify visually, culturing and laboratory analysis of the wound may be recommended for some infections because
antibiotic resistance is relatively common.

Proper hygiene is important to prevent these types of skin infections or to prevent the progression of existing
infections.

(a) (b)

Figure 21.10 Furuncles (boils) and carbuncles are infections of the skin often caused by Staphylococcus bacteria.
(a) A furuncle contains pus and exhibits swelling. (b) A carbuncle is a pus-filled lesion that is typically deeper than the
furuncle. It often forms from multiple furuncles. (credit a: modification of work by “Mahdouch”/Wikimedia Commons;
credit b: modification of work by “Drvgaikwad”/Wikimedia Commons)

Staphylococcal scalded skin syndrome (SSSS) is another superficial infection caused by S. aureus that is most
commonly seen in young children, especially infants. Bacterial exotoxins first produce erythema (redness of the skin)
and then severe peeling of the skin, as might occur after scalding (Figure 21.11). SSSS is diagnosed by examining
characteristics of the skin (which may rub off easily), using blood tests to check for elevated white blood cell counts,
culturing, and other methods. Intravenous antibiotics and fluid therapy are used as treatment.
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Figure 21.11 A newborn with staphylococcal scalded skin syndrome (SSSS), which results in large regions of
peeling, dead skin. (credit: modification of work by D Jeyakumari, R Gopal, M Eswaran, and C MaheshKumar)

Impetigo

The skin infection impetigo causes the formation of vesicles, pustules, and possibly bullae, often around the nose
and mouth. Bullae are large, fluid-filled blisters that measure at least 5 mm in diameter. Impetigo can be diagnosed
as either nonbullous or bullous. In nonbullous impetigo, vesicles and pustules rupture and become encrusted sores.
Typically the crust is yellowish, often with exudate draining from the base of the lesion. In bullous impetigo, the
bullae fill and rupture, resulting in larger, draining, encrusted lesions (Figure 21.12).

Especially common in children, impetigo is particularly concerning because it is highly contagious. Impetigo can be
caused by S. aureus alone, by Streptococcus pyogenes alone, or by coinfection of S. aureus and S. pyogenes. Impetigo
is often diagnosed through observation of its characteristic appearance, although culture and susceptibility testing
may also be used.

Topical or oral antibiotic treatment is typically effective in treating most cases of impetigo. However, cases caused by
S. pyogenes can lead to serious sequelae (pathological conditions resulting from infection, disease, injury, therapy, or
other trauma) such as acute glomerulonephritis (AGN), which is severe inflammation in the kidneys.

Figure 21.12 Impetigo is characterized by vesicles, pustules, or bullae that rupture, producing encrusted sores.
(credit: modification of work by FDA)

Nosocomial S. epidermidis Infections

Though not as virulent as S. aureus, the staphylococcus S. epidermidis can cause serious opportunistic infections.
Such infections usually occur only in hospital settings. S. epidermidis is usually a harmless resident of the normal
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skin microbiota. However, health-care workers can inadvertently transfer S. epidermidis to medical devices that are
inserted into the body, such as catheters, prostheses, and indwelling medical devices. Once it has bypassed the skin
barrier, S. epidermidis can cause infections inside the body that can be difficult to treat. Like S. aureus, S. epidermidis
is resistant to many antibiotics, and localized infections can become systemic if not treated quickly. To reduce the risk
of nosocomial (hospital-acquired) S. epidermidis, health-care workers must follow strict procedures for handling and
sterilizing medical devices before and during surgical procedures.

E|/ Check Your Understanding

* Why are Staphylococcus aureus infections often purulent?

Streptococcal Infections of the Skin

Streptococcus are gram-positive cocci with a microscopic morphology that resembles chains of bacteria. Colonies
are typically small (1-2 mm in diameter), translucent, entire edge, with a slightly raised elevation that can be either
nonhemolytic, alpha-hemolytic, or beta-hemolytic when grown on blood agar (Figure 21.13). Additionally, they are
facultative anaerobes that are catalase-negative.

Figure 21.13 Streptococcus pyogenes forms chains of cocci. (credit: modification of work by Centers for Disease
Control and Prevention)

The genus Streptococcus includes important pathogens that are categorized in serological Lancefield groups based on
the distinguishing characteristics of their surface carbohydrates. The most clinically important streptococcal species
in humans is S. pyogenes, also known as group A streptococcus (GAS). S. pyogenes produces a variety of extracellular
enzymes, including streptolysins O and S, hyaluronidase, and streptokinase. These enzymes can aid in transmission
and contribute to the inflammatory response.[e] S. pyogenes also produces a capsule and M protein, a streptococcal
cell wall protein. These virulence factors help the bacteria to avoid phagocytosis while provoking a substantial
immune response that contributes to symptoms associated with streptococcal infections.

S. pyogenes causes a wide variety of diseases not only in the skin, but in other organ systems as well. Examples of
diseases elsewhere in the body include pharyngitis and scarlet fever, which will be covered in later chapters.

6. Starr, C.R. and Engelberg N.C. “Role of Hyaluronidase in Subcutaneous Spread and Growth of Group A Streptococcus.” Infection and
Immunity 2006(7:1): 40—48. doi: 10.1128/1A1.74.1.40-48.2006.
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Cellulitis, Erysipelas, and Erythema Nosodum

Common streptococcal conditions of the skin include cellulitis, erysipelas, and erythema nodosum. An infection that
develops in the dermis or hypodermis can cause cellulitis, which presents as a reddened area of the skin that is warm
to the touch and painful. The causative agent is often S. pyogenes, which may breach the epidermis through a cut or
abrasion, although cellulitis may also be caused by staphylococci. S. pyogenes can also cause erysipelas, a condition
that presents as a large, intensely inflamed patch of skin involving the dermis (often on the legs or face). These
infections can be suppurative, which results in a bullous form of erysipelas. Streptococcal and other pathogens may
also cause a condition called erythema nodosum, characterized by inflammation in the subcutaneous fat cells of the
hypodermis. It sometimes results from a streptococcal infection, though other pathogens can also cause the condition.
It is not suppurative, but leads to red nodules on the skin, most frequently on the shins (Figure 21.14).

In general, streptococcal infections are best treated through identification of the specific pathogen followed by
treatment based upon that particular pathogen’s susceptibility to different antibiotics. Many immunological tests,
including agglutination reactions and ELISAs, can be used to detect streptococci. Penicillin is commonly prescribed
for treatment of cellulitis and erysipelas because resistance is not widespread in streptococci at this time. In most
patients, erythema nodosum is self-limiting and is not treated with antimicrobial drugs. Recommended treatments
may include nonsteroidal anti-inflammatory drugs (NSAIDs), cool wet compresses, elevation, and bed rest.

CY (b) (©)

Figure 21.14 S. pyogenes can cause a variety of skin conditions once it breaches the skin barrier through a cut or
wound. (a) Cellulitis presents as a painful, red rash. (b) Erysipelas presents as a raised rash, usually with clear
borders. (c) Erythema nodosum is characterized by red lumps or nodules, typically on the lower legs. (credit a:
modification of work by “Bassukas ID, Gaitanis G, Zioga A, Boboyianni C, Stergiopoulou C; credit b: modification of
work by Centers for Disease Control and Prevention; credit c: modification of work by Dean C, Crow WT)

Necrotizing Fasciitis

Streptococcal infections that start in the skin can sometimes spread elsewhere, resulting in a rare but potentially
life-threatening condition called necrotizing fasciitis, sometimes referred to as flesh-eating bacterial syndrome. S.
pyogenes is one of several species that can cause this rare but potentially-fatal condition; others include Klebsiella,
Clostridium, Escherichia coli, S. aureus, and Aeromonas hydrophila.

Necrotizing fasciitis occurs when the fascia, a thin layer of connective tissue between the skin and muscle, becomes
infected. Severe invasive necrotizing fasciitis due to Streptococcus pyogenes occurs when virulence factors that are
responsible for adhesion and invasion overcome host defenses. S. pyogenes invasins allow bacterial cells to adhere
to tissues and establish infection. Bacterial proteases unique to S. pyogenes aggressively infiltrate and destroy host
tissues, inactivate complement, and prevent neutrophil migration to the site of infection. The infection and resulting
tissue death can spread very rapidly, as large areas of skin become detached and die. Treatment generally requires
debridement (surgical removal of dead or infected tissue) or amputation of infected limbs to stop the spread of the
infection; surgical treatment is supplemented with intravenous antibiotics and other therapies (Figure 21.15).

Necrotizing fasciitis does not always originate from a skin infection; in some cases there is no known portal of entry.
Some studies have suggested that experiencing a blunt force trauma can increase the risk of developing streptococcal
necrotizing fasciitis.”’
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(b)

Figure 21.15 (a) The left leg of this patient shows the clinical features of necrotizing fasciitis. (b) The same patient’s
leg is surgically debrided to remove the infection. (credit a, b: modification of work by Piotr Smuszkiewicz, lwona
Trojanowska, and Hanna Tomczak)

L__{ Check Your Understanding

¢ How do staphylococcal infections differ in general presentation from streptococcal infections?

Clinical Focus
~

Part 2

Observing that Sam’s wound is purulent, the doctor tells him that he probably has a bacterial infection. She
takes a sample from the lesion to send for laboratory analysis, but because it is Friday, she does not expect
to receive the results until the following Monday. In the meantime, she prescribes an over-the-counter topical
antibiotic ointment. She tells Sam to keep the wound clean and apply a new bandage with the ointment at least
twice per day.

¢ How would the lab technician determine if the infection is staphylococcal or streptococcal? Suggest
several specific methods.

* What tests might the lab perform to determine the best course of antibiotic treatment?

Jump to the next Clinical Focus box. Go back to the previous Clinical Focus box.

. J

Pseudomonas Infections of the Skin

Another important skin pathogen is Pseudomonas aeruginosa, a gram-negative, oxidase-positive, aerobic bacillus
that is commonly found in water and soil as well as on human skin. P. aeruginosa is a common cause of opportunistic
infections of wounds and burns. It can also cause hot tub rash, a condition characterized by folliculitis that frequently
afflicts users of pools and hot tubs (recall the Clinical Focus case in Microbial Biochemistry). P. aeruginosa is also
the cause of otitis externa (swimmer’s ear), an infection of the ear canal that causes itching, redness, and discomfort,
and can progress to fever, pain, and swelling (Figure 21.16).

7. Nuwayhid, Z.B., Aronoff, D.M., and Mulla, Z.D.. “Blunt Trauma as a Risk Factor for Group A Streptococcal Necrotizing Fasciitis.”
Annals of Epidemiology (2007) 17:878-881.
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(@ (b)

Figure 21.16 (@) Hot tub folliculitis presents as an itchy red rash. It is typically caused by P. aeruginosa, a bacterium

that thrives in wet, warm environments such as hot tubs. (b) Otitis externa (swimmer’s ear) may also be caused by P.

aeruginosa or other bacteria commonly found in water. Inflammation of the outer ear and ear canal can lead to painful
swelling. (credit b: modification of work by Klaus D. Peter)

Wounds infected with P. aeruginosa have a distinctive odor resembling grape soda or fresh corn tortillas. This
odor is caused by the 2-aminoacetophenone that is used by P. aeruginosa in quorum sensing and contributes
to its pathogenicity. Wounds infected with certain strains of P. aeruginosa also produce a blue-green pus due
to the pigments pyocyanin and pyoverdin, which also contribute to its virulence. Pyocyanin and pyoverdin are
siderophores that help P. aeruginosa survive in low-iron environments by enhancing iron uptake. P. aeruginosa also
produces several other virulence factors, including phospholipase C (a hemolysin capable of breaking down red blood
cells), exoenzyme S (involved in adherence to epithelial cells), and exotoxin A (capable of causing tissue necrosis).
Other virulence factors include a slime that allows the bacterium to avoid being phagocytized, fimbriae for adherence,
and proteases that cause tissue damage. P. aeruginosa can be detected through the use of cetrimide agar, which is
selective for Pseudomonas species (Figure 21.17).
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Figure 21.17 (@) These P. aeruginosa colonies are growing on xylose lysine sodium deoxycholate (XLD) agar. (b)
Pseudomonas spp. can produce a variety of blue-green pigments. (¢) Pseudomonas spp. may produce fluorescein,
which fluoresces green under ultraviolet light under the right conditions. (credit a: modification of work by Centers for
Disease Control and Prevention)

Pseudomonas spp. tend to be resistant to most antibiotics. They often produce f-lactamases, may have mutations
affecting porins (small cell wall channels) that affect antibiotic uptake, and may pump some antibiotics out of the cell,
contributing to this resistance. Polymyxin B and gentamicin are effective, as are some fluoroquinolones. Otitis externa
is typically treated with ear drops containing acetic acid, antibacterials, and/or steroids to reduce inflammation;
ear drops may also include antifungals because fungi can sometimes cause or contribute to otitis externa. Wound
infections caused by Pseudomonas spp. may be treated with topical antibiofilm agents that disrupt the formation of
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biofilms.

D Check Your Understanding

* Name at least two types of skin infections commonly caused by Pseudomonas spp.

Ache

One of the most ubiquitous skin conditions is acne. Acne afflicts nearly 80% of teenagers and young adults, but it can
be found in individuals of all ages. Higher incidence among adolescents is due to hormonal changes that can result in
overproduction of sebum.

Acne occurs when hair follicles become clogged by shed skin cells and sebum, causing non-inflammatory lesions
called comedones. Comedones (singular “comedo”) can take the form of whitehead and blackhead pimples.
Whiteheads are covered by skin, whereas blackhead pimples are not; the black color occurs when lipids in the clogged
follicle become exposed to the air and oxidize (Figure 21.18).

normal whitehead blackhead
skin pore

() (b)

Figure 21.18 (a) Acne is characterized by whitehead and blackhead comedones that result from clogged hair
follicles. (b) Blackheads, visible as black spots on the skin, have a dark appearance due to the oxidation of lipids in
sebum via exposure to the air. (credit a: modification of work by Bruce Blaus)

Often comedones lead to infection by Propionibacterium acnes, a gram-positive, non-spore-forming, aerotolerant
anaerobic bacillus found on skin that consumes components of sebum. P. acnes secretes enzymes that damage the
hair follicle, causing inflammatory lesions that may include papules, pustules, nodules, or pseudocysts, depending on
their size and severity.

Treatment of acne depends on the severity of the case. There are multiple ways to grade acne severity, but three
levels are usually considered based on the number of comedones, the number of inflammatory lesions, and the types
of lesions. Mild acne is treated with topical agents that may include salicylic acid (which helps to remove old skin
cells) or retinoids (which have multiple mechanisms, including the reduction of inflammation). Moderate acne may
be treated with antibiotics (erythromycin, clindamycin), acne creams (e.g., benzoyl peroxide), and hormones. Severe
acne may require treatment using strong medications such as isotretinoin (a retinoid that reduces oil buildup, among
other effects, but that also has serious side effects such as photosensitivity). Other treatments, such as phototherapy
and laser therapy to kill bacteria and possibly reduce oil production, are also sometimes used.
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|__{ Check Your Understanding

* What is the role of Propionibacterium acnes in causing acne?

Clinical Focus
\

Resolution

Sam uses the topical antibiotic over the weekend to treat his wound, but he does not see any improvement.
On Monday, the doctor calls to inform him that the results from his laboratory tests are in. The tests show
evidence of both Staphylococcus and Streptococcus in his wound. The bacterial species were confirmed using
several tests. A passive agglutination test confirmed the presence of S. aureus. In this type of test, latex beads
with antibodies cause agglutination when S. aureus is present. Streptococcus pyogenes was confirmed in
the wound based on bacitracin (0.04 units) susceptibility as well as latex agglutination tests specific for S.
pyogenes.

Because many strains of S. aureus are resistant to antibiotics, the doctor had also requested an antimicrobial
susceptibility test (AST) at the same time the specimen was submitted for identification. The results of the
AST indicated no drug resistance for the Streptococcus spp.; the Staphylococcus spp. showed resistance to
several common antibiotics, but were susceptible to cefoxitin and oxacillin. Once Sam began to use these new
antibiotics, the infection resolved within a week and the lesion healed.

Go back to the previous Clinical Focus box.

. J

Anthrax

The zoonotic disease anthrax is caused by Bacillus anthracis, a gram-positive, endospore-forming, facultative
anaerobe. Anthrax mainly affects animals such as sheep, goats, cattle, and deer, but can be found in humans as
well. Sometimes called wool sorter’s disease, it is often transmitted to humans through contact with infected animals
or animal products, such as wool or hides. However, exposure to B. anthracis can occur by other means, as the
endospores are widespread in soils and can survive for long periods of time, sometimes for hundreds of years.

The vast majority of anthrax cases (95-99%) occur when anthrax endospores enter the body through abrasions of the
skin.!®! This form of the disease is called cutaneous anthrax. It is characterized by the formation of a nodule on the
skin; the cells within the nodule die, forming a black eschar, a mass of dead skin tissue (Figure 21.19). The localized
infection can eventually lead to bacteremia and septicemia. If untreated, cutaneous anthrax can cause death in 20%
of patients.[g] Once in the skin tissues, B. anthracis endospores germinate and produce a capsule, which prevents the
bacteria from being phagocytized, and two binary exotoxins that cause edema and tissue damage. The first of the two
exotoxins consists of a combination of protective antigen (PA) and an enzymatic lethal factor (LF), forming lethal
toxin (LeTX). The second consists of protective antigen (PA) and an edema factor (EF), forming edema toxin (EdTX).

8. Shadomy, S.V., Traxler, R.M., and Marston, C.K. “Infectious Diseases Related to Travel: Anthrax” 2015. Centers for Disease Control and
Prevention. http://wwwnc.cdc.gov/travel/yellowbook/2016/infectious-diseases-related-to-travel/anthrax. Accessed Sept 14, 2016.
9. US FDA. “Anthrax.” 2015. http://www.fda.gov/BiologicsBlood Vaccines/Vaccines/ucm061751.htm. Accessed Sept 14, 2016.
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(@) (b)

Figure 21.19 (a) Cutaneous anthrax is an infection of the skin by B. anthracis, which produces tissue-damaging
exotoxins. Dead tissues accumulating in this nodule have produced a small black eschar. (b) Colonies of B. anthracis
grown on sheep’s blood agar. (credit a, b: modification of work by Centers for Disease Control and Prevention)

Less commonly, anthrax infections can be initiated through other portals of entry such as the digestive tract
(gastrointestinal anthrax) or respiratory tract (pulmonary anthrax or inhalation anthrax). Typically, cases of
noncutaneous anthrax are more difficult to treat than the cutaneous form. The mortality rate for gastrointestinal
anthrax can be up to 40%, even with treatment. Inhalation anthrax, which occurs when anthrax spores are inhaled,
initially causes influenza-like symptoms, but mortality rates are approximately 45% in treated individuals and 85% in
those not treated. A relatively new form of the disease, injection anthrax, has been reported in Europe in intravenous
drug users; it occurs when drugs are contaminated with B. anthracis. Patients with injection anthrax show signs and
symptoms of severe soft tissue infection that differ clinically from cutaneous anthrax. This often delays diagnosis and
treatment, and leads to a high mortality rate."'"’

B. anthracis colonies on blood agar have a rough texture and serrated edges that eventually form an undulating band
(Figure 21.19). Broad spectrum antibiotics such as penicillin, erythromycin, and tetracycline are often effective
treatments.

Unfortunately, B. anthracis has been used as a biological weapon and remains on the United Nations’ list of potential
agents of bioterrorism."""! Over a period of several months in 2001, a number of letters were mailed to members of
the news media and the United States Congress. As a result, 11 individuals developed cutaneous anthrax and another
11 developed inhalation anthrax. Those infected included recipients of the letters, postal workers, and two other
individuals. Five of those infected with pulmonary anthrax died. The anthrax spores had been carefully prepared to
aerosolize, showing that the perpetrator had a high level of expertise in microbiology.!'*!

A vaccine is available to protect individuals from anthrax. However, unlike most routine vaccines, the current anthrax
vaccine is unique in both its formulation and the protocols dictating who receives it."® The vaccine is administered
through five intramuscular injections over a period of 18 months, followed by annual boosters. The US Food and
Drug Administration (FDA) has only approved administration of the vaccine prior to exposure for at-risk adults, such
as individuals who work with anthrax in a laboratory, some individuals who handle animals or animal products (e.g.,
some veterinarians), and some members of the United States military. The vaccine protects against cutaneous and

10. Berger, T., Kassirer, M., and Aran, A.A.. “Injectional Anthrax—New Presentation of an Old Disease.” Euro Surveillance 19 (2014) 32.
http://www.ncbi.nlm.nih.gov/pubmed/25139073. Accessed Sept 14, 2016.

11. United Nations Office at Geneva. “What Are Biological and Toxin Weapons?” http://www.unog.ch/
80256EE600585943/%28httpPages%29/29B727532FECBE96C12571860035A6DB?. Accessed Sept 14, 2016.

12. Federal Bureau of Investigation. “Famous Cases and Criminals: Amerithrax or Anthrax Investigation.” https://www.fbi.gov/history/
famous-cases/amerithrax-or-anthrax-investigation. Accessed Sept 14, 2016.

13. Centers for Disease Control and Prevention. “Anthrax: Medical Care: Prevention: Antibiotics.” http://www.cdc.gov/anthrax/medical-

care/prevention.html. Accessed Sept 14, 2016.
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inhalation anthrax using cell-free filtrates of microaerophilic cultures of an avirulent, nonencapsulated strain of B.
anthracis.'¥ The FDA has not approved the vaccine for routine use after exposure to anthrax, but if there were ever
an anthrax emergency in the United States, patients could be given anthrax vaccine after exposure to help prevent
disease.

D Check Your Understanding

¢ What is the characteristic feature of a cutaneous anthrax infection?

Disease Profile
\

Bacterial Infections of the Skin

Bacterial infections of the skin can cause a wide range of symptoms and syndromes, ranging from the
superficial and relatively harmless to the severe and even fatal. Most bacterial skin infections can be diagnosed
by culturing the bacteria and treated with antibiotics. Antimicrobial susceptibility testing is also often necessary
because many strains of bacteria have developed antibiotic resistance. Figure 21.20 summarizes the
characteristics of some common bacterial skin infections.

14. Emergent Biosolutions. AVA (BioThrax) vaccine package insert (Draft). Nov 2015. http://www.fda.gov/downloads/
biologicsbloodvaccines/bloodbloodproducts/approvedproducts/licensedproductsblas/ucm074923.pdf.
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4 I
Bacterial Infections of the Skin
Disease Pathogen Signs and Transmission Antimicrobial
Symptoms Drugs
Acne Propionibacte- | Comedones (white- Not transmissible; Erythromycin,
rium acnes heads, blackheads); clogged pores become | clindamycin
papules, pustules, nod- | infected by normal skin
ules, or pseudocysts microbiota (P. acnes)
Anthrax Bacillus Eschar at site of infec- Entry of B. anthracis Penicillin, erythromycin,
(cutaneous) anthracis tion; may lead to septi- | endospores through or tetracycline
cemia and can be fatal | cut or abrasion
Cellulitis Streptococcus | Localized inflammation | Entry of S. pyogenes Oral or intravenous
pyogenes of dermis and hypoder- | through cut or abrasion | antibiotics
mis; skin red, warm, (e.g., penicillin)
and painful to the touch
Erysipelas S. pyogenes Inflamed, swollen patch | Entry of S. pyogenes Oral or intravenous
of skin, often on face; through cut or abrasion | antibiotics
may be suppurative (e.g., penicillin)
Erythema S. pyogenes Small red nodules, Associated with other None or
nodosum often on shins streptococcal infection | anti-inflammatory drugs
for severe cases
Impetigo Staphylococcus | Vesicles, pustules, and | Highly contagious, Topical or oral
aureus, sometimes bullae especially via contact antibiotics
S. pyogenes around nose and mouth
Necrotizing S. pyogenes, Infection of fascia and Entry of bacteria Intravenous
fasciitis Klebsiella, rapidly spreading tissue | through cut or abrasion | broad-spectrum
Clostridium, death; can lead to septic antibiotics
others shock and death
Otitis externa Pseudomonas | ltching, redness, dis- P. aeruginosa enters Acidic ear drops with
aeruginosa comfort of ear canal, ear canal via pool or antibiotics, antifungals,
progressing to fever, other water steroids
pain, swelling
Staphylococcal | S. aureus Erythema and severe Infection of skin and Intravenous antibiotics,
scalded skin peeling of skin mucous membranes, fluid therapy
syndrome especially in children
(SSSS)
Wound P. aeruginosa, | Formation of biofilm in Exposure of wound to Polymyxin B, gentami-
infections others or on wound microbes in environ- cin, fluoroguinolones,
ment; poor wound topical anti-biofilm
hygiene agents
Figure 21.20
- J

Bacterial Conjunctivitis

Like the skin, the surface of the eye comes in contact with the outside world and is somewhat prone to infection by
bacteria in the environment. Bacterial conjunctivitis (pinkeye) is a condition characterized by inflammation of the
conjunctiva, often accompanied by a discharge of sticky fluid (described as acute purulent conjunctivitis) (Figure
21.21). Conjunctivitis can affect one eye or both, and it usually does not affect vision permanently. Bacterial
conjunctivitis is most commonly caused by Haemophilus influenzae, but can also be caused by other species such as
Moraxella catarrhalis, S. pneumoniae, and S. aureus. The causative agent may be identified using bacterial cultures,
Gram stain, and diagnostic biochemical, antigenic, or nucleic acid profile tests of the isolated pathogen. Bacterial
conjunctivitis is very contagious, being transmitted via secretions from infected individuals, but it is also self-limiting.
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Bacterial conjunctivitis usually resolves in a few days, but topical antibiotics are sometimes prescribed. Because this
condition is so contagious, medical attention is recommended whenever it is suspected. Individuals who use contact
lenses should discontinue their use when conjunctivitis is suspected. Certain symptoms, such as blurred vision, eye
pain, and light sensitivity, can be associated with serious conditions and require medical attention.

Figure 21.21 Acute, purulent, bacterial conjunctivitis causes swelling and redness in the conjunctiva, the membrane
lining the whites of the eyes and the inner eyelids. It is often accompanied by a yellow, green, or white discharge,
which can dry and become encrusted on the eyelashes. (credit: “Tanalai’/Wikimedia Commons)

Neonatal Conjunctivitis

Newborns whose mothers have certain sexually transmitted infections are at risk of contracting ophthalmia
neonatorum or inclusion conjunctivitis, which are two forms of neonatal conjunctivitis contracted through exposure
to pathogens during passage through the birth canal. Gonococcal ophthalmia neonatorum is caused by Neisseria
gonorrhoeae, the bacterium that causes the STD gonorrhea (Figure 21.22). Inclusion (chlamydial) conjunctivitis is
caused by Chlamydia trachomatis, the anaerobic, obligate, intracellular parasite that causes the STD chlamydia.

To prevent gonoccocal ophthalmia neonatorum, silver nitrate ointments were once routinely applied to all infants’
eyes shortly after birth; however, it is now more common to apply antibacterial creams or drops, such as
erythromycin. Most hospitals are required by law to provide this preventative treatment to all infants, because
conjunctivitis caused by N. gonorrhoeae, C. trachomatis, or other bacteria acquired during a vaginal delivery can
have serious complications. If untreated, the infection can spread to the cornea, resulting in ulceration or perforation
that can cause vision loss or even permanent blindness. As such, neonatal conjunctivitis is treated aggressively with
oral or intravenous antibiotics to stop the spread of the infection. Causative agents of inclusion conjunctivitis may be
identified using bacterial cultures, Gram stain, and diagnostic biochemical, antigenic, or nucleic acid profile tests.

Figure 21.22 A newborn suffering from gonoccocal opthalmia neonatorum. Left untreated, purulent discharge can
scar the cornea, causing loss of vision or permanent blindness. (credit: Centers for Disease Control and Prevention)

|”_{ Check Your Understanding

e Compare and contrast bacterial conjunctivitis with neonatal conjunctivitis.
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Trachoma

Trachoma, or granular conjunctivitis, is a common cause of preventable blindness that is rare in the United States
but widespread in developing countries, especially in Africa and Asia. The condition is caused by the same species
that causes neonatal inclusion conjunctivitis in infants, Chlamydia trachomatis. C. trachomatis can be transmitted
easily through fomites such as contaminated towels, bed linens, and clothing and also by direct contact with infected
individuals. C. trachomatis can also be spread by flies that transfer infected mucous containing C. trachomatis from
one human to another.

Infection by C. trachomatis causes chronic conjunctivitis, which leads to the formation of necrotic follicles and
scarring in the upper eyelid. The scars turn the eyelashes inward (a condition known as trichiasis) and mechanical
abrasion of the cornea leads to blindness (Figure 21.23). Antibiotics such as azithromycin are effective in treating
trachoma, and outcomes are good when the disease is treated promptly. In areas where this disease is common, large
public health efforts are focused on reducing transmission by teaching people how to avoid the risks of the infection.

€Y (D)

Figure 21.23 (a) If trachoma is not treated early with antibiotics, scarring on the eyelid can lead to trichiasis, a
condition in which the eyelashes turn inward. (b) Trichiasis leads to blindness if not corrected by surgery, as shown
here. (credit b: modification of work by Otis Historical Archives National Museum of Health & Medicine)

D Check Your Understanding

¢ Why is trachoma rare in the United States?

Micro Connections

SAFE Eradication of Trachoma

Though uncommon in the United States and other developed nations, trachoma is the leading cause of
preventable blindness worldwide, with more than 4 million people at immediate risk of blindness from trichiasis.
The vast majority of those affected by trachoma live in Africa and the Middle East in isolated rural or desert
communities with limited access to clean water and sanitation. These conditions provide an environment

- J
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4 N

conducive to the growth and spread of Chlamydia trachomatis, the bacterium that causes trachoma, via
wastewater and eye-seeking flies.

In response to this crisis, recent years have seen major public health efforts aimed at treating and preventing
trachoma. The Alliance for Global Elimination of Trachoma by 2020 (GET 2020), coordinated by the World
Health Organization (WHO), promotes an initiative dubbed “SAFE,” which stands for “Surgery, Antibiotics,
Facial cleanliness, and Environmental improvement.” The Carter Center, a charitable, nongovernment
organization led by former US President Jimmy Carter, has partnered with the WHO to promote the SAFE
initiative in six of the most critically impacted nations in Africa. Through its Trachoma Control Program, the
Carter Center trains and equips local surgeons to correct trichiasis and distributes antibiotics to treat trachoma.
The program also promotes better personal hygiene through health education and improves sanitation by
funding the construction of household latrines. This reduces the prevalence of open sewage, which provides
breeding grounds for the flies that spread trachoma.

- J/

Bacterial Keratitis

Keratitis can have many causes, but bacterial keratitis is most frequently caused by Staphylococcus epidermidis and/
or Pseudomonas aeruginosa. Contact lens users are particularly at risk for such an infection because S. epidermidis
and P. aeruginosa both adhere well to the surface of the lenses. Risk of infection can be greatly reduced by proper
care of contact lenses and avoiding wearing lenses overnight. Because the infection can quickly lead to blindness,
prompt and aggressive treatment with antibiotics is important. The causative agent may be identified using bacterial
cultures, Gram stain, and diagnostic biochemical, antigenic, or nucleic acid profile tests of the isolated pathogen.

__{ Check Your Understanding

¢ Why are contact lens wearers at greater risk for developing keratitis?

Biofilms and Infections of the Skin and Eyes

When treating bacterial infections of the skin and eyes, it is important to consider that few such infections can be
attributed to a single pathogen. While biofilms may develop in other parts of the body, they are especially relevant
to skin infections (such as those caused by S. aureus or P. aeruginosa) because of their prevalence in chronic
skin wounds. Biofilms develop when bacteria (and sometimes fungi) attach to a surface and produce extracellular
polymeric substances (EPS) in which cells of multiple organisms may be embedded. When a biofilm develops on a
wound, it may interfere with the natural healing process as well as diagnosis and treatment.

Because biofilms vary in composition and are difficult to replicate in the lab, they are still not thoroughly understood.
The extracellular matrix of a biofilm consists of polymers such as polysaccharides, extracellular DNA, proteins,
and lipids, but the exact makeup varies. The organisms living within the extracellular matrix may include familiar
pathogens as well as other bacteria that do not grow well in cultures (such as numerous obligate anaerobes). This
presents challenges when culturing samples from infections that involve a biofilm. Because only some species grow
in vitro, the culture may contain only a subset of the bacterial species involved in the infection.

Biofilms confer many advantages to the resident bacteria. For example, biofilms can facilitate attachment to surfaces
on or in the host organism (such as wounds), inhibit phagocytosis, prevent the invasion of neutrophils, and sequester
host antibodies. Additionally, biofilms can provide a level of antibiotic resistance not found in the isolated cells and
colonies that are typical of laboratory cultures. The extracellular matrix provides a physical barrier to antibiotics,
shielding the target cells from exposure. Moreover, cells within a biofilm may differentiate to create subpopulations
of dormant cells called persister cells. Nutrient limitations deep within a biofilm add another level of resistance, as
stress responses can slow metabolism and increase drug resistance.
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Bacterial Infections of the Eyes
A number of bacteria are able to cause infection when introduced to the mucosa of the eye. In general,
bacterial eye infections can lead to inflammation, irritation, and discharge, but they vary in severity. Some are
typically short-lived, and others can become chronic and lead to permanent eye damage. Prevention requires
limiting exposure to contagious pathogens. When infections do occur, prompt treatment with antibiotics can
often limit or prevent permanent damage. Figure 21.24 summarizes the characteristics of some common
bacterial infections of the eyes.
Bacterial Infections of the Eyes
Disease Pathogen Signs and Transmission Antimicrobial
Symptoms Drugs
Acute bacterial | Haemophilus Inflammation of Exposure to secretions | Broad-spectrum
conjunctivitis | influenzae conjunctiva with from infected topical antibiotics
purulent discharge individuals
Bacterial Staphylococcus | Redness and irritation | Exposure to pathogens | Antibiotic eye drops
keratitis epidermidis, of eye, blurred vision, | on contaminated (e.g., with
Pseudomonas | sensitivity to light; contact lenses fluoroquinolones)
aeruginosa progressive corneal
scarring, which can
lead to blindness
Neonatal Chlamydia Inflammation of Neonate exposed to Erythromycin
conjunctivitis trachomatis, conjunctiva, purulent | pathogens in birth
Neisseria discharge, scarring canal of mother with
gonorrhoeae and perforation of chlamydia or
cornea; may lead to | gonorrhea
blindness
Trachoma C. trachomatis | Chronic conjunctivitis, | Contact with infected Azithromycin
(granular trichiasis, scarring, individuals or
conjunctivitis) blindness contaminated fomites;
transmission by
eye-seeking flies
Figure 21.24
J

21.3 Viral Infections of the Skin and Eyes

Learning Objectives
« Identify the most common viruses associated with infections of the skin and eyes

» Compare the major characteristics of specific viral diseases affecting the skin and eyes

Until recently, it was thought that the normal microbiota of the body consisted primarily of bacteria and some fungi.
However, in addition to bacteria, the skin is colonized by viruses, and recent studies suggest that Papillomaviridae,
Polyomaviridae and Circoviridae also contribute to the normal skin microbiota. However, some viruses associated
with skin are pathogenic, and these viruses can cause diseases with a wide variety of presentations.

Numerous types of viral infections cause rashes or lesions on the skin; however, in many cases these skin conditions
result from infections that originate in other body systems. In this chapter, we will limit the discussion to viral skin
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infections that use the skin as a portal of entry. Later chapters will discuss viral infections such as chickenpox,
measles, and rubella—diseases that cause skin rashes but invade the body through portals of entry other than the skin.

Papillomas

Papillomas (warts) are the expression of common skin infections by human papillomavirus (HPV) and are
transmitted by direct contact. There are many types of HPV, and they lead to a variety of different presentations, such
as common warts, plantar warts, flat warts, and filiform warts. HPV can also cause sexually-transmitted genital warts,
which will be discussed in Urogenital System Infections. Vaccination is available for some strains of HPV.

Common warts tend to develop on fingers, the backs of hands, and around nails in areas with broken skin. In contrast,
plantar warts (also called foot warts) develop on the sole of the foot and can grow inwards, causing pain and pressure
during walking. Flat warts can develop anywhere on the body, are often numerous, and are relatively smooth and
small compared with other wart types. Filiform warts are long, threadlike warts that grow quickly.

In some cases, the immune system may be strong enough to prevent warts from forming or to eradicate established
warts. However, treatment of established warts is typically required. There are many available treatments for warts,
and their effectiveness varies. Common warts can be frozen off with liquid nitrogen. Topical applications of salicylic
acid may also be effective. Other options are electrosurgery (burning), curettage (cutting), excision, painting with
cantharidin (which causes the wart to die so it can more easily be removed), laser treatments, treatment with
bleomycin, chemical peels, and immunotherapy (Figure 21.25).

Figure 21.25 Warts can vary in shape and in location. (a) Multiple plantar warts have grown on this toe. (b) A filiform
wart has grown on this eyelid.

Oral Herpes

Another common skin virus is herpes simplex virus (HSV). HSV has historically been divided into two types, HSV-1
and HSV-2. HSV-1 is typically transmitted by direct oral contact between individuals, and is usually associated with
oral herpes. HSV-2 is usually transmitted sexually and is typically associated with genital herpes. However, both
HSV-1 and HSV-2 are capable of infecting any mucous membrane, and the incidence of genital HSV-1 and oral
HSV-2 infections has been increasing in recent years. In this chapter, we will limit our discussion to infections caused
by HSV-1; HSV-2 and genital herpes will be discussed in Urogenital System Infections.

Infection by HSV-1 commonly manifests as cold sores or fever blisters, usually on or around the lips (Figure
21.26). HSV-1 is highly contagious, with some studies suggesting that up to 65% of the US population is infected;
however, many infected individuals are asymptomatic.[ls] Moreover, the virus can be latent for long periods, residing

15. Wald, A., and Corey, L. “Persistence in the Population: Epidemiology, Transmission.” In: A. Arvin, G. Campadelli-Fiume, E. Mocarski



940 Chapter 21 | Skin and Eye Infections

in the trigeminal nerve ganglia between recurring bouts of symptoms. Recurrence can be triggered by stress or
environmental conditions (systemic or affecting the skin). When lesions are present, they may blister, break open, and
crust. The virus can be spread through direct contact, even when a patient is asymptomatic.

While the lips, mouth, and face are the most common sites for HSV-1 infections, lesions can spread to other areas
of the body. Wrestlers and other athletes involved in contact sports may develop lesions on the neck, shoulders, and
trunk. This condition is often called herpes gladiatorum. Herpes lesions that develop on the fingers are often called
herpetic whitlow.

HSV-1 infections are commonly diagnosed from their appearance, although laboratory testing can confirm the
diagnosis. There is no cure, but antiviral medications such as acyclovir, penciclovir, famciclovir, and valacyclovir
are used to reduce symptoms and risk of transmission. Topical medications, such as creams with n-docosanol and
penciclovir, can also be used to reduce symptoms such as itching, burning, and tingling.

Figure 21.26 This cold sore was caused by HSV-1. (credit: Centers for Disease Control and Prevention)

|__{ Check Your Understanding

* What are the most common sites for the appearance of herpetic lesions?

Roseola and Fifth Disease

The viral diseases roseola and fifth disease are somewhat similar in terms of their presentation, but they are caused
by different viruses. Roseola, sometimes called roseola infantum or exanthem subitum (“sudden rash”), is a mild viral
infection usually caused by human herpesvirus-6 (HHV-6) and occasionally by HHV-7. It is spread via direct contact
with the saliva or respiratory secretions of an infected individual, often through droplet aerosols. Roseola is very
common in children, with symptoms including a runny nose, a sore throat, and a cough, along with (or followed by)
a high fever (39.4 °C). About three to five days after the fever subsides, a rash may begin to appear on the chest and
abdomen. The rash, which does not cause discomfort, initially forms characteristic macules that are flat or papules that
are firm and slightly raised; some macules or papules may be surrounded by a white ring. The rash may eventually
spread to the neck and arms, and sometimes continues to spread to the face and legs. The diagnosis is generally made
based upon observation of the symptoms. However, it is possible to perform serological tests to confirm the diagnosis.
While treatment may be recommended to control the fever, the disease usually resolves without treatment within a
week after the fever develops. For individuals at particular risk, such as those who are immunocompromised, the
antiviral medication ganciclovir may be used.

Fifth disease (also known as erythema infectiosum) is another common, highly contagious illness that causes a
distinct rash that is critical to diagnosis. Fifth disease is caused by parvovirus B19, and is transmitted by contact

et al. Human Herpesviruses: Biology, Therapy, and Immunoprophylaxis. Cambridge: Cambridge University Press, 2007.
http://www.ncbi.nlm.nih.gov/books/NBK47447/. Accessed Sept 14, 2016.
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with respiratory secretions from an infected individual. Infection is more common in children than adults. While
approximately 20% of individuals will be asymptomatic during infection,'® others will exhibit cold-like symptoms
(headache, fever, and upset stomach) during the early stages when the illness is most infectious. Several days later, a
distinct red facial rash appears, often called “slapped cheek” rash (Figure 21.27). Within a few days, a second rash
may appear on the arms, legs, chest, back, or buttocks. The rash may come and go for several weeks, but usually
disappears within seven to twenty-one days, gradually becoming lacy in appearance as it recedes.

In children, the disease usually resolves on its own without medical treatment beyond symptom relief as needed.
Adults may experience different and possibly more serious symptoms. Many adults with fifth disease do not develop
any rash, but may experience joint pain and swelling that lasts several weeks or months. Immunocompromised
individuals can develop severe anemia and may need blood transfusions or immune globulin injections. While the
rash is the most important component of diagnosis (especially in children), the symptoms of fifth disease are not
always consistent. Serological testing can be conducted for confirmation.

@ (b)

Figure 21.27 (a) Roseola, a mild viral infection common in young children, generally begins with symptoms similar
to a cold, followed by a pink, patchy rash that starts on the trunk and spreads outward. (b) Fifth disease exhibits
similar symptoms in children, except for the distinctive “slapped cheek” rash that originates on the face.

D Check Your Understanding

» |dentify at least one similarity and one difference between roseola and fifth disease.

Viral Conjunctivitis

Like bacterial conjunctivitis viral infections of the eye can cause inflammation of the conjunctiva and discharge from
the eye. However, viral conjunctivitis tends to produce a discharge that is more watery than the thick discharge
associated with bacterial conjunctivitis. The infection is contagious and can easily spread from one eye to the other or
to other individuals through contact with eye discharge.

Viral conjunctivitis is commonly associated with colds caused by adenoviruses; however, other viruses can also cause

16. Centers for Disease Control and Prevention. “Fifth Disease.” http://www.cdc.gov/parvovirusb19/fifth-disease.html. Accessed Sept 14,
2016.
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conjunctivitis. If the causative agent is uncertain, eye discharge can be tested to aid in diagnosis. Antibiotic treatment
of viral conjunctivitis is ineffective, and symptoms usually resolve without treatment within a week or two.

Herpes Keratitis

Herpes infections caused by HSV-1 can sometimes spread to the eye from other areas of the body, which may result
in keratoconjunctivitis. This condition, generally called herpes keratitis or herpetic keratitis, affects the conjunctiva
and cornea, causing irritation, excess tears, and sensitivity to light. Deep lesions in the cornea may eventually form,
leading to blindness. Because keratitis can have numerous causes, laboratory testing is necessary to confirm the
diagnosis when HSV-1 is suspected; once confirmed, antiviral medications may be prescribed.

Disease Profile

Viral Infections of the Skin and Eyes

A number of viruses can cause infections via direct contact with skin and eyes, causing signs and symptoms
ranging from rashes and lesions to warts and conjunctivitis. All of these viral diseases are contagious, and
while some are more common in children (fifth disease and roseola), others are prevalent in people of all ages
(oral herpes, viral conjunctivitis, papillomas). In general, the best means of prevention is avoiding contact with
infected individuals. Treatment may require antiviral medications; however, several of these conditions are mild
and typically resolve without treatment. Figure 21.28 summarizes the characteristics of some common viral
infections of the skin and eyes.

This OpenStax book is available for free at http://cnx.org/content/col12087/1.5
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4 N
Viral Infections of the Skin and Eyes
Disease Pathogen Signs and Transmission Antimicrobial
Symptoms Drugs
Fifth disease | Parvovirus B19 | May have initial Highly contagious via | None
cold-like symptoms; respiratory secretions
“slapped cheek” rash | of infected individuals
Herpes Herpes Inflammation of con- [ Direct eye contact Acyclovir, ganciclovir,
keratitis simplex virus 1 | junctiva and cornea; with discharge from famiclovir, valacyclovir
(HSV-1) irritation, excess tears, | herpes lesions else-
sensitivity to light; where in the body or
lesions in cornea from another infected
leading to blindness individual
Oral herpes Herpes May cause initial Highly contagious via | Acyclovir, penciclovir,
simplex virus 1 | systemic symptoms; direct contact with famiclovir, valacyclovir
(HSV-1) cold sores infected individuals
Papillomas Human Common warts, Contact with infected | Topical salicylic acid,
papillomavirus plantar warts, flat individuals cantharidin
(HPV) warts, filiform warts,
and others
Roseola Human Initial cold-like Spread by viral and Typically none;
(roseola herpesvirus 6 symptoms with high respiratory secretions | ganciclovir for
infantum, (HHV-6), human | fever, followed by a of infected individuals | immunocompromised
exanthem herpesvirus macular or papular patients
subitum) 7 (HHV-7) rash three to five
days later
Viral Adenoviruses Inflammation of the Associated with None
conjunctivitis | and others conjunctiva; watery, common cold;
nonpurulent discharge | contagious via contact
with eye discharge
Figure 21.28
- J

21.4 Mycoses of the Skin

Learning Objectives
* Identify the most common fungal pathogens associated with cutaneous and subcutaneous mycoses

» Compare the major characteristics of specific fungal diseases affecting the skin

Many fungal infections of the skin involve fungi that are found in the normal skin microbiota. Some of these
fungi can cause infection when they gain entry through a wound; others mainly cause opportunistic infections in
immunocompromised patients. Other fungal pathogens primarily cause infection in unusually moist environments
that promote fungal growth; for example, sweaty shoes, communal showers, and locker rooms provide excellent
breeding grounds that promote the growth and transmission of fungal pathogens.

Fungal infections, also called mycoses, can be divided into classes based on their invasiveness. Mycoses that cause
superficial infections of the epidermis, hair, and nails, are called cutaneous mycoses. Mycoses that penetrate the
epidermis and the dermis to infect deeper tissues are called subcutaneous mycoses. Mycoses that spread throughout
the body are called systemic mycoses.
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Tineas

A group of cutaneous mycoses called tineas are caused by dermatophytes, fungal molds that require keratin,
a protein found in skin, hair, and nails, for growth. There are three genera of dermatophytes, all of which can
cause cutaneous mycoses: Trichophyton, Epidermophyton, and Microsporum. Tineas on most areas of the body are
generally called ringworm, but tineas in specific locations may have distinctive names and symptoms (see Table
21.3 and Figure 21.29). Keep in mind that these names—even though they are Latinized—refer to locations on the
body, not causative organisms. Tineas can be caused by different dermatophytes in most areas of the body.

Some Common Tineas and Location on the Body

Tinea corporis (ringworm) Body

Tinea capitis (ringworm) Scalp

Tinea pedis (athlete’s foot) Feet

Tinea barbae (barber’s itch) Beard

Tinea cruris (jock itch) Groin

Tinea unguium (onychomycosis) Toenails, fingernails

Table 21.3

() (b)

Figure 21.29 Tineas are superficial cutaneous mycoses and are common. (a) Tinea barbae (barber’s itch) occurs on
the lower face. (b) Tinea pedis (athlete’s foot) occurs on the feet, causing itching, burning, and dry, cracked skin
between the toes. (c) A close-up view of tinea corporis (ringworm) caused by Trichophyton mentagrophytes. (credit a,
c: modification of work by Centers for Disease Control and Prevention; credit b: modification of work by Al Hasan M,
Fitzgerald SM, Saoudian M, Krishnaswamy G)

Dermatophytes are commonly found in the environment and in soils and are frequently transferred to the skin via
contact with other humans and animals. Fungal spores can also spread on hair. Many dermatophytes grow well in
moist, dark environments. For example, tinea pedis (athlete’s foot) commonly spreads in public showers, and the
causative fungi grow well in the dark, moist confines of sweaty shoes and socks. Likewise, tinea cruris (jock itch)
often spreads in communal living environments and thrives in warm, moist undergarments.

Tineas on the body (tinea corporis) often produce lesions that grow radially and heal towards the center. This causes
the formation of a red ring, leading to the misleading name of ringworm recall the Clinical Focus case in The
Eukaryotes of Microbiology.

Several approaches may be used to diagnose tineas. A Wood’s lamp (also called a black lamp) with a wavelength
of 365 nm is often used. When directed on a tinea, the ultraviolet light emitted from the Wood’s lamp causes the
fungal elements (spores and hyphae) to fluoresce. Direct microscopic evaluation of specimens from skin scrapings,
hair, or nails can also be used to detect fungi. Generally, these specimens are prepared in a wet mount using a
potassium hydroxide solution (10%—20% aqueous KOH), which dissolves the keratin in hair, nails, and skin cells to

This OpenStax book is available for free at http://cnx.org/content/col12087/1.5
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allow for visualization of the hyphae and fungal spores. The specimens may be grown on Sabouraud dextrose CC
(chloramphenicol/cyclohexamide), a selective agar that supports dermatophyte growth while inhibiting the growth of
bacteria and saprophytic fungi (Figure 21.30). Macroscopic colony morphology is often used to initially identify the
genus of the dermatophyte; identification can be further confirmed by visualizing the microscopic morphology using
either a slide culture or a sticky tape prep stained with lactophenol cotton blue.

Various antifungal treatments can be effective against tineas. Allylamine ointments that include terbinafine are
commonly used; miconazole and clotrimazole are also available for topical treatment, and griseofulvin is used orally.

Figure 21.30 To diagnose tineas, the dermatophytes may be grown on a Sabouraud dextrose CC agar plate. This
culture contains a strain of Trichophyton rubrum, one of the most common causes of tineas on various parts of the
body. (credit: Centers for Disease Control and Prevention)

|”_{ Check Your Understanding

* Why are tineas, caused by fungal molds, often called ringworm?

Cutaneous Aspergillosis

Another cause of cutaneous mycoses is Aspergillus, a genus consisting of molds of many different species, some of
which cause a condition called aspergillosis. Primary cutaneous aspergillosis, in which the infection begins in the
skin, is rare but does occur. More common is secondary cutaneous aspergillosis, in which the infection begins in
the respiratory system and disseminates systemically. Both primary and secondary cutaneous aspergillosis result in
distinctive eschars that form at the site or sites of infection (Figure 21.31). Pulmonary aspergillosis will be discussed
more thoroughly in Respiratory Mycoses).
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Figure 21.31 (@) Eschar on a patient with secondary cutaneous aspergillosis. (b) Micrograph showing a
conidiophore of Aspergillus. (credit a: modification of work by Santiago M, Martinez JH, Palermo C, Figueroa C,
Torres O, Trinidad R, Gonzalez E, Miranda Mde L, Garcia M, Villamarzo G; credit b: modification of work by U.S.
Department of Health and Human Services)

Primary cutaneous aspergillosis usually occurs at the site of an injury and is most often caused by Aspergillus
fumigatus or Aspergillus flavus. It is usually reported in patients who have had an injury while working in an
agricultural or outdoor environment. However, opportunistic infections can also occur in health-care settings, often
at the site of intravenous catheters, venipuncture wounds, or in association with burns, surgical wounds, or occlusive
dressing. After candidiasis, aspergillosis is the second most common hospital-acquired fungal infection and often
occurs in immunocompromised patients, who are more vulnerable to opportunistic infections.

Cutaneous aspergillosis is diagnosed using patient history, culturing, histopathology using a skin biopsy. Treatment
involves the use of antifungal medications such as voriconazole (preferred for invasive aspergillosis), itraconazole,
and amphotericin B if itraconazole is not effective. For immunosuppressed individuals or burn patients, medication
may be used and surgical or immunotherapy treatments may be needed.

L__{ Check Your Understanding

 Identify the sources of infection for primary and secondary cutaneous aspergillosis.

Candidiasis of the Skin and Nails

Candida albicans and other yeasts in the genus Candida can cause skin infections referred to as cutaneous candidiasis.
Candida spp. are sometimes responsible for intertrigo, a general term for a rash that occurs in a skin fold, or other
localized rashes on the skin. Candida can also infect the nails, causing them to become yellow and harden (Figure
21.32).
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;\k\ 3 Sl
(a) (b)

Figure 21.32 (@) This red, itchy rash is the result of cutaneous candidiasis, an opportunistic infection of the skin
caused by the yeast Candida albicans. (b) Fungal infections of the nail (tinea unguium) can be caused by
dermatophytes or Candida spp. The nail becomes yellow, brittle, and prone to breaking. This condition is relatively
common among adults. (c) C. albicans growing on Sabouraud dextrose agar. (credit a: modification of work by U.S.
Department of Veterans Affairs; credit c: modification of work by Centers for Disease Control and Prevention)

Al

Candidiasis of the skin and nails is diagnosed through clinical observation and through culture, Gram stain, and
KOH wet mounts. Susceptibility testing for anti-fungal agents can also be done. Cutaneous candidiasis can be treated
with topical or systemic azole antifungal medications. Because candidiasis can become invasive, patients suffering
from HIV/AIDS, cancer, or other conditions that compromise the immune system may benefit from preventive
treatment. Azoles, such as clotrimazole, econazole, fluconazole, ketoconazole, and miconazole; nystatin; terbinafine;
and naftifine may be used for treatment. Long-term treatment with medications such as itraconazole or ketoconazole
may be used for chronic infections. Repeat infections often occur, but this risk can be reduced by carefully following
treatment recommendations, avoiding excessive moisture, maintaining good health, practicing good hygiene, and
having appropriate clothing (including footwear).

Candida also causes infections in other parts of the body besides the skin. These include vaginal yeast infections (see
Fungal Infections of the Reproductive System) and oral thrush (see Microbial Diseases of the Mouth
and Oral Cavity).

\C{ Check Your Understanding

* What are the signs and symptoms of candidiasis of the skin and nails?

Sporotrichosis

Whereas cutaneous mycoses are superficial, subcutaneous mycoses can spread from the skin to deeper tissues. In
temperate regions, the most common subcutaneous mycosis is a condition called sporotrichesis, caused by the
fungus Sporothrix schenkii and commonly known as rose gardener’s disease or rose thorn disease (recall Case in
Point: Every Rose Has Its Thorn). Sporotrichosis is often contracted after working with soil, plants, or timber,
as the fungus can gain entry through a small wound such as a thorn-prick or splinter. Sporotrichosis can generally
be avoided by wearing gloves and protective clothing while gardening and promptly cleaning and disinfecting any
wounds sustained during outdoor activities.

Sporothrix infections initially present as small ulcers in the skin, but the fungus can spread to the lymphatic system
and sometimes beyond. When the infection spreads, nodules appear, become necrotic, and may ulcerate. As more
lymph nodes become affected, abscesses and ulceration may develop over a larger area (often on one arm or hand).
In severe cases, the infection may spread more widely throughout the body, although this is relatively uncommon.

Sporothrix infection can be diagnosed based upon histologic examination of the affected tissue. Its macroscopic
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morphology can be observed by culturing the mold on potato dextrose agar, and its microscopic morphology can
be observed by staining a slide culture with lactophenol cotton blue. Treatment with itraconazole is generally
recommended.

L_{ Check Your Understanding

* Describe the progression of a Sporothrix schenkii infection.

Disease Profile

o

\
Mycoses of the Skin
Cutaneous mycoses are typically opportunistic, only able to cause infection when the skin barrier is breached
through a wound. Tineas are the exception, as the dermatophytes responsible for tineas are able to grow on
skin, hair, and nails, especially in moist conditions. Most mycoses of the skin can be avoided through good
hygiene and proper wound care. Treatment requires antifungal medications. Figure 21.33 summarizes the
characteristics of some common fungal infections of the skin.
Mycoses of the Skin
Disease Pathogen Signs and Transmission Antimicrobial
Symptoms Drugs
Aspergillosis | Aspergillus Distinctive eschars at | Entry via wound Itraconazole,
(cutaneous) fumigatus, site(s) of infection (primary cutaneous voriconazole,
Aspergillus aspergillosis) or via the | amphotericin B
flavus respiratory system
(secondary cutaneous
aspergillosis);
commonly a hospital-
acquired infection
Candidiasis Candida albicans | Intertrigo, localized Overgrowth of normal Azoles
(cutaneous) rash, yellowing of nails | skin microbiota,
especially in moist, dark
areas
Sporotrichosis | Sporothrix Subcutaneous ulcers | Entry via thorn prick or | ltraconazole
(rose garden- | schenkii and abscesses; may other wound
er's disease) spread to a large area,
e.g., hand or arm
Tineas Trichophyton spp., | Itchy, ring-like lesions | Contact with Terbinafine,
Epidermophyton (ringworm) at sites of | dermatophytic fungi, miconazole,
spp., Microsporum | infection especially in warm, clotrimazole,
spp. moist environments griseofulvin
conducive to fungal
growth
Figure 21.33

J

21.5 Protozoan and Helminthic Infections of the Skin and
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Eyes

Learning Objectives
* Identify two parasites that commonly cause infections of the skin and eyes

* Identify the major characteristics of specific parasitic diseases affecting the skin and eyes

Many parasitic protozoans and helminths use the skin or eyes as a portal of entry. Some may physically burrow into
the skin or the mucosa of the eye; others breach the skin barrier by means of an insect bite. Still others take advantage
of a wound to bypass the skin barrier and enter the body, much like other opportunistic pathogens. Although many
parasites enter the body through the skin, in this chapter we will limit our discussion to those for which the skin or
eyes are the primary site of infection. Parasites that enter through the skin but travel to a different site of infection will
be covered in other chapters. In addition, we will limit our discussion to microscopic parasitic infections of the skin
and eyes. Macroscopic parasites such as lice, scabies, mites, and ticks are beyond the scope of this text.

Acanthamoeba Infections

Acanthamoeba is a genus of free-living protozoan amoebae that are common in soils and unchlorinated bodies of
fresh water. (This is one reason why some swimming pools are treated with chlorine.) The genus contains a few
parasitic species, some of which can cause infections of the eyes, skin, and nervous system. Such infections can
sometimes travel and affect other body systems. Skin infections may manifest as abscesses, ulcers, and nodules. When
acanthamoebae infect the eye, causing inflammation of the cornea, the condition is called Acanthamoeba keratitis.
Figure 21.34 illustrates the Acanthamoeba life cycle and various modes of infection.

While Acanthamoeba Kkeratitis is initially mild, it can lead to severe corneal damage, vision impairment, or even
blindness if left untreated. Similar to eye infections involving P. aeruginosa, Acanthamoeba poses a much greater
risk to wearers of contact lenses because the amoeba can thrive in the space between contact lenses and the cornea.
Prevention through proper contact lens care is important. Lenses should always be properly disinfected prior to use,
and should never be worn while swimming or using a hot tub.

Acanthamoeba can also enter the body through other pathways, including skin wounds and the respiratory tract.
It usually does not cause disease except in immunocompromised individuals; however, in rare cases, the infection
can spread to the nervous system, resulting in a usually fatal condition called granulomatous amoebic encephalitis
(GAE) (see Fungal and Parasitic Diseases of the Nervous System). Disseminated infections, lesions,
and Acanthamoeba keratitis can be diagnosed by observing symptoms and examining patient samples under the
microscope to view the parasite. Skin biopsies may be used.

Acanthamoeba keratitis is difficult to treat, and prompt treatment is necessary to prevent the condition from
progressing. The condition generally requires three to four weeks of intensive treatment to resolve. Common
treatments include topical antiseptics (e.g., polyhexamethylene biguanide, chlorhexidine, or both), sometimes with
painkillers or corticosteroids (although the latter are controversial because they suppress the immune system, which
can worsen the infection). Azoles are sometimes prescribed as well. Advanced cases of keratitis may require a corneal
transplant to prevent blindness.
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A = infective Stage A = diagnostic Stage

Amoebae can enter through the eye,

i \ resulting in severe keratitis of the eye.
)y

Amoebae —"

(cysts and —

trophozoites)

S @ When amoebae ente_r through
humans in nasal passages and infect the

lower respiratory tract, it can
result in granulomatous amoebic
encephalitis (GAE) and/or
disseminated disease in
individuals with compromised
immune systems.

various ways.

@ Amoebae entering through ulcerated or
broken skin can cause granulomatous

Cysts and trophozoites

in tissue
amebic encephalitis (GAE), disseminated TR
@ Mitosis A

disease, or skin lesions in individuals with
compromised immune systems.

Figure 21.34 Acanthamoeba spp. are waterborne parasites very common in unchlorinated aqueous environments.
As shown in this life cycle, Acanthamoeba cysts and trophozoites are both capable of entering the body through
various routes, causing infections of the eye, skin, and central nervous system. (credit: modification of work by
Centers for Disease Control and Prevention)

Acanthamoeba cyst Acanthamoeba trophozoite
(a) (b) (©)

Figure 21.35 (@) An Acanthamoeba cyst. (b) An Acanthamoeba trophozoite (c) The eye of a patient with
Acanthamoeba keratitis. The fluorescent color, which is due to sodium fluorescein application, highlights significant
damage to the cornea and vascularization of the surrounding conjunctiva. (credit a: modification of work by Centers
for Disease Control and Prevention; credit b, ¢: modification of work by Jacob Lorenzo-Morales, Naveed A Kahn and
Julia Walochnik)

D Check Your Understanding

* How are Acanthamoeba infections acquired?
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Loiasis

The helminth Loa loa, also known as the African eye worm, is a nematode that can cause loiasis, a disease endemic
to West and Central Africa (Figure 21.36). The disease does not occur outside that region except when carried by
travelers. There is evidence that individual genetic differences affect susceptibility to developing loiasis after infection
by the Loa loa worm. Even in areas in which Loa loa worms are common, the disease is generally found in less than
30% of the population.””! It has been suggested that travelers who spend time in the region may be somewhat more
susceptible to developing symptoms than the native population, and the presentation of infection may differ.'8!

The parasite is spread by deerflies (genus Chrysops), which can ingest the larvae from an infected human via a blood
meal (Figure 21.36). When the deerfly bites other humans, it deposits the larvae into their bloodstreams. After about
five months in the human body, some larvae develop into adult worms, which can grow to several centimeters in
length and live for years in the subcutaneous tissue of the host.

The name “eye worm” alludes to the visible migration of worms across the conjunctiva of the eye. Adult worms live
in the subcutaneous tissues and can travel at about 1 cm per hour. They can often be observed when migrating through
the eye, and sometimes under the skin; in fact, this is generally how the disease is diagnosed. It is also possible to test
for antibodies, but the presence of antibodies does not necessarily indicate a current infection; it only means that the
individual was exposed at some time. Some patients are asymptomatic, but in others the migrating worms can cause
fever and areas of allergic inflammation known as Calabar swellings. Worms migrating through the conjunctiva can
cause temporary eye pain and itching, but generally there is no lasting damage to the eye. Some patients experience a
range of other symptoms, such as widespread itching, hives, and joint and muscle pain.

Worms can be surgically removed from the eye or the skin, but this treatment only relieves discomfort; it does not
cure the infection, which involves many worms. The preferred treatment is diethylcarbamazine, but this medication
produces severe side effects in some individuals, such as brain inflammation and possible death in patients with
heavy infections. Albendazole is also sometimes used if diethylcarbamazine is not appropriate or not successful. If
left untreated for many years, loiasis can damage the kidneys, heart, and lungs, though these symptoms are rare.

17. Garcia, A.. et al. “Genetic Epidemiology of Host Predisposition Microfilaraemia in Human Loiasis.” Tropical Medicine and
International Health 4 (1999) 8:565-74. http://www.ncbi.nlm.nih.gov/pubmed/10499080. Accessed Sept 14, 2016.

18. Spinello, A., et al. “Imported Loa loa Filariasis: Three Cases and a Review of Cases Reported in Non-Endemic Countries in the Past 25
Years.” International Journal of Infectious Disease 16 (2012) 9: e649—e662. DOI: http://dx.doi.org/10.1016/.ijid.2012.05.1023.
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() (b)
Loa loa
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Fly Stages takes a blood meal (L3 Human Stages
larvae enter hite wound) d 9

Migrate to head
and fly’s proboscis

@ Adults in subcutaneous tissue

@ Adults produce sheathed
microfilariae that are
found in spinal fluid, urine,
sputum, peripheral blood
and in the lungs.

A

Fly takes a blood meal
(ingests microfilariae)

@ Microfilariae shed
sheaths, pentrate
fly’s midgut, and
migrate to thoracic

muscles o,

A = Infective Stage
A = Diagnostic Stage

(©

Figure 21.36 This Loa loa worm, measuring about 55 mm long, was extracted from the conjunctiva of a patient with
loiasis. The Loa loa has a complex life cycle. Biting deerflies native to the rain forests of Central and West Africa
transmit the larvae between humans. (credit a: modification of work by Eballe AO, Epée E, Koki G, Owono D, Mvogo
CE, Bella AL; credit b: modification of work by NIAID; credit c: modification of work by Centers for Disease Control
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and Prevention)

L__{ Check Your Understanding

¢ Describe the most common way to diagnose loiasis.

Link to Learning
~

e N See a video (https:/lopenstax.org/li22microfilvid) of a live Loa loa microfilaria

[E— under the microscope.
openstax

\
Disease Profile
~

Parasitic Skin and Eye Infections

The protozoan Acanthamoeba and the helminth Loa loa are two parasites capable of causing infections of the
skin and eyes. Figure 21.37 summarizes the characteristics of some common fungal infections of the skin.

Parasitic Skin and Eye Infections

Acanthamoeba | Acanthamoeba | Inflammation and Exposure to pathogens | Polyhexamethylene

keratitis damage to cornea; in contaminated water | biguanide,
vision impairment or | or on contact lenses chlorhexidine, azoles
blindness

Loiasis Loa loa Recurring fever and | Larvae transmitted Diethylcarbamazine,
localized Calabar between humans by albendazole

swelling, itching, and | deerfly vector
skin or eye pain
during subcutaneous
migration of worms

Figure 21.37

. J

Summary

21.1 Anatomy and Normal Microbiota of the Skin and Eyes
* Human skin consists of two main layers, the epidermis and dermis, which are situated on top of the
hypodermis, a layer of connective tissue.

» The skin is an effective physical barrier against microbial invasion.

* The skin’s relatively dry environment and normal microbiota discourage colonization by transient microbes.


https://openstax.org/l/22microfilvid
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The skin’s normal microbiota varies from one region of the body to another.

The conjunctiva of the eye is a frequent site for microbial infection, but deeper eye infections are less
common; multiple types of conjunctivitis exist.

21.2 Bacterial Infections of the Skin and Eyes

Staphylococcus and Streptococcus cause many different types of skin infections, many of which occur when
bacteria breach the skin barrier through a cut or wound.

S. aureus are frequently associated with purulent skin infections that manifest as folliculitis, furuncles, or
carbuncles. S. aureus is also a leading cause of staphylococcal scalded skin syndrome (SSSS).

S. aureus is generally drug resistant and current MRSA strains are resistant to a wide range of antibiotics.
Community-acquired and hospital-acquired staphyloccocal infections are an ongoing problem because many
people are asymptomatic carriers.

Group A streptococci (GAS), S. pyogenes, is often responsible for cases of cellulitis, erysipelas, and
erythema nosodum. GAS are also one of many possible causes of necrotizing fasciitis.

P. aeruginosa is often responsible for infections of the skin and eyes, including wound and burn infections,
hot tub rash, otitis externa, and bacterial keratitis.

Acne is a common skin condition that can become more inflammatory when Propionibacterium acnes infects
hair follicles and pores clogged with dead skin cells and sebum.

Cutaneous anthrax occurs when Bacillus anthracis breaches the skin barrier. The infection results in a
localized black eschar on skin. Anthrax can be fatal if B. anthracis spreads to the bloodstream.

Common bacterial conjunctivitis is often caused by Haemophilus influenzae and usually resolves on its own
in a few days. More serious forms of conjunctivitis include gonococcal ophthalmia neonatorum, inclusion
conjunctivitis (chlamydial), and trachoma, all of which can lead to blindness if untreated.

Keratitis is frequently caused by Staphylococcus epidermidis and/or Pseudomonas aeruginosa, especially
among contact lens users, and can lead to blindness.

Biofilms complicate the treatment of wound and eye infections because pathogens living in biofilms can be
difficult to treat and eliminate.

21.3 Viral Infections of the Skin and Eyes

Papillomas (warts) are caused by human papillomaviruses.

Herpes simplex virus (especially HSV-1) mainly causes oral herpes, but lesions can appear on other areas
of the skin and mucous membranes.

Roseola and fifth disease are common viral illnesses that cause skin rashes; roseola is caused by HHV-6 and
HHV-7 while fifth disease is caused by parvovirus 19.

Viral conjunctivitis is often caused by adenoviruses and may be associated with the common cold. Herpes
keratitis is caused by herpesviruses that spread to the eye.

21.4 Mycoses of the Skin

Mycoses can be cutaneous, subcutaneous, or systemic.

Common cutaneous mycoses include tineas caused by dermatophytes of the genera Trichophyton,
Epidermophyton, and Microsporum. Tinea corporis is called ringworm. Tineas on other parts of the body
have names associated with the affected body part.

Aspergillosis is a fungal disease caused by molds of the genus Aspergillus. Primary cutaneous aspergillosis
enters through a break in the skin, such as the site of an injury or a surgical wound; it is a common hospital-
acquired infection. In secondary cutaneous aspergillosis, the fungus enters via the respiratory system and
disseminates systemically, manifesting in lesions on the skin.

The most common subcutaneous mycosis is sporotrichesis (rose gardener’s disease), caused by Sporothrix
schenkii.

Yeasts of the genus Candida can cause opportunistic infections of the skin called candidiasis, producing
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intertrigo, localized rashes, or yellowing of the nails.

21.5 Protozoan and Helminthic Infections of the Skin and Eyes
* The protozoan Acanthamoeba and the helminth Loa loa are two parasites that can breach the skin barrier,

causing infections of the skin and eyes.

* Acanthamoeba keratitis is a parasitic infection of the eye that often results from improper disinfection of
contact lenses or swimming while wearing contact lenses.

* Loiasis, or eye worm, is a disease endemic to Africa that is caused by parasitic worms that infect the
subcutaneous tissue of the skin and eyes. It is transmitted by deerfly vectors.

Review Questions

Multiple Choice
1. glands produce a lipid-rich
substance that contains proteins and minerals and
protects the skin.

a. Sweat

b. Mammary
c. Sebaceous
d. Endocrine

2. Which layer of skin contains living cells, is
vascularized, and lies directly above the hypodermis?

a. the stratum corneum

b. the dermis

c. the epidermis

d. the conjunctiva

3. Staphylococcus aureus is most often associated with
being

a. coagulase-positive.

b. coagulase-negative.

c. catalase-negative.

d. gram-negative

4. M protein is produced by
a. Pseudomonas aeruginosa
b. Staphylococcus aureus
c. Propionibacterium acnes
d. Streptococcus pyogenes

5. is a major cause of preventable
blindness that can be reduced through improved
sanitation.

a. Ophthalmia neonatorum

b. Keratitis

c. Trachoma

d. Cutaneous anthrax

6. Which species is frequently associated with
nosocomial infections transmitted via medical devices
inserted into the body?

a. Staphylococcus epidermidis

b. Streptococcus pyogenes

c. Proproniobacterium acnes

d. Bacillus anthracis

7. Warts are caused by

a. human papillomavirus.
b. herpes simplex virus.
c. adenoviruses.

d. parvovirus B19.

8. Which of these viruses can spread to the eye to cause
a form of keratitis?

a. human papillomavirus

b. herpes simplex virus 1

c. parvovirus 19

d. circoviruses

9. Cold sores are associated with:
a. human papillomavirus
b. roseola
c. herpes simplex viruses
d. human herpesvirus 6

10. Which disease is usually self-limiting but is most
commonly treated with ganciclovir if medical treatment
is needed?

a. roseola

b. oral herpes

c. papillomas

d. viral conjunctivitis

11. Adenoviruses can cause:
viral conjunctivitis
herpetic conjunctivitis
papillomas

oral herpes

/en o
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12. is a superficial fungal infection found
on the head.

a. Tinea cruris

b. Tinea capitis

c. Tinea pedis

d. Tinea corporis

13. For what purpose would a health-care professional
use a Wood’s lamp for a suspected case of ringworm?
a. to prevent the rash from spreading
to kill the fungus
to visualize the fungus
to examine the fungus microscopically

B0 &

14. Sabouraud dextrose agar CC is selective for:
all fungi

non-saprophytic fungi

bacteria

viruses

/a0 o

15. The first-line recommended treatment for
sporotrichosis is:

a. itraconazole

b. clindamycin
c. amphotericin
d

nystatin

16. Which of the following is most likely to cause an
Acanthamoeba infection?
a. swimming in a lake while wearing contact lenses
b. being bitten by deerflies in Central Africa
c. living environments in a college dormitory with
communal showers
d. participating in a contact sport such as wrestling

17. The parasitic Loa loa worm can cause great pain
when it:

a. moves through the bloodstream

b. exits through the skin of the foot

c. travels through the conjunctiva

d. enters the digestive tract

18. A patient tests positive for Loa loa antibodies.
What does this test indicate?
a. The individual was exposed to Loa loa at some
point.
The individual is currently suffering from loiasis.
c. The individual has never been exposed to Loa
loa.
d. The individual is immunosuppressed.
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19. is commonly treated with a combination
of chlorhexidine and polyhexamethylene biguanide.

a. Acanthamoeba keratitis

b. Sporotrichosis

c. Candidiasis

d. Loiasis
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Fill in the Blank
20. The is the outermost layer of the epidermis.

21. The mucous membrane that covers the surface of the eyeball and inner eyelid is called the
22. A purulent wound produces

23. Human herpesvirus 6 is the causative agent of

24. The most common subcutaneous mycosis in temperate regions is

25. Eye worm is another name for

26. The is the part of the eye that is damaged due to Acanthamoeba keratitis.

Short Answer
27. What is the role of keratin in the skin?

28. What are two ways in which tears help to prevent microbial colonization?

29. Which label indicates a sweat gland?

@

(i)

Figure 21.38 (credit: modification of work by National Cancer Institute)

30. How are leukocidins associated with pus production?
31. What is a good first test to distinguish streptococcal infections from staphylococcal infections?
32. Compare and contrast bacterial and viral conjunctivitis.

33. What yeasts commonly cause opportunistic infections?

Critical Thinking
34. Explain why it is important to understand the normal microbiota of the skin.

35. Besides the presence or absence of ulceration, how do acute ulcerative and nonulcerative blepharitis differ?



958 Chapter 21 | Skin and Eye Infections

36. What steps might you recommend to a patient for reducing the risk of developing a fungal infection of the
toenails?

37. Why might a traveler to a region with Loa loa worm have a greater risk of serious infection compared with
people who live in the region?

38. What preventative actions might you recommend to a patient traveling to a region where loiasis is endemic?
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Chapter 22

Respiratory System Infections

Figure 22.1 Aerosols produced by sneezing, coughing, or even just speaking are an important mechanism for
respiratory pathogen transmission. Simple actions, like covering your mouth when coughing or sneezing, can reduce
the spread of these microbes. (credit: modification of work by Centers for Disease Control and Prevention)

Chapter Outline

22.1 Anatomy and Normal Microbiota of the Respiratory Tract
22.2 Bacterial Infections of the Respiratory Tract

22.3 Viral Infections of the Respiratory Tract

22.4 Respiratory Mycoses

Introduction

The respiratory tract is one of the main portals of entry into the human body for microbial pathogens. On average,
a human takes about 20,000 breaths each day. This roughly corresponds to 10,000 liters, or 10 cubic meters, of air.
Suspended within this volume of air are millions of microbes of terrestrial, animal, and human origin—including
many potential pathogens. A few of these pathogens will cause relatively mild infections like sore throats and colds.
Others, however, are less benign. According to the World Health Organization, respiratory tract infections such as
tuberculosis, influenza, and pneumonia were responsible for more than 4 million deaths worldwide in 2012.™

At one time, it was thought that antimicrobial drugs and preventive vaccines might hold respiratory infections in
check in the developed world, but recent developments suggest otherwise. The rise of multiple-antibiotic resistance in
organisms like Mycobacterium tuberculosis has rendered many of our modern drugs ineffective. In addition, there has
been a recent resurgence in diseases like whooping cough and measles, once-common childhood illnesses made rare
by effective vaccines. Despite advances in medicine and public health programs, it is likely that respiratory pathogens
will remain formidable adversaries for the foreseeable future.

22.1 Anatomy and Normal Microbiota of the Respiratory

1. World Health Organization. “The Top Ten Causes of Death.” May 2014. http://www.who.int/mediacentre/factsheets/fs310/en/
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Tract

Learning Objectives
» Describe the major anatomical features of the upper and lower respiratory tract

» Describe the normal microbiota of the upper and lower respiratory tracts

» Explain how microorganisms overcome defenses of upper and lower respiratory-tract membranes to cause
infection

» Explain how microbes and the respiratory system interact and modify each other in healthy individuals and
during an infection

The primary function of the respiratory tract is to exchange gases (oxygen and carbon dioxide) for metabolism.
However, inhalation and exhalation (particularly when forceful) can also serve as a vehicle of transmission for
pathogens between individuals.

Anatomy of the Upper Respiratory System

The respiratory system can be conceptually divided into upper and lower regions at the point of the epiglottis, the
structure that seals off the lower respiratory system from the pharynx during swallowing (Figure 22.2). The upper
respiratory system is in direct contact with the external environment. The nares (or nostrils) are the external openings
of the nose that lead back into the nasal cavity, a large air-filled space behind the nares. These anatomical sites
constitute the primary opening and first section of the respiratory tract, respectively. The nasal cavity is lined with
hairs that trap large particles, like dust and pollen, and prevent their access to deeper tissues. The nasal cavity is also
lined with a mucous membrane and Bowman’s glands that produce mucus to help trap particles and microorganisms
for removal. The nasal cavity is connected to several other air-filled spaces. The sinuses, a set of four, paired small
cavities in the skull, communicate with the nasal cavity through a series of small openings. The nasopharynx is
part of the upper throat extending from the posterior nasal cavity. The nasopharynx carries air inhaled through the
nose. The middle ear is connected to the nasopharynx through the eustachian tube. The middle ear is separated from
the outer ear by the tympanic membrane, or ear drum. And finally, the lacrimal glands drain to the nasal cavity
through the naselacrimal ducts (tear ducts). The open connections between these sites allow microorganisms to
move from the nasal cavity to the sinuses, middle ears (and back), and down into the lower respiratory tract from the
nasopharynx.

Clinical Focus
N

Part 1

John, a 65-year-old man with asthma and type 2 diabetes, works as a sales associate at a local home
improvement store. Recently, he began to feel quite ill and made an appointment with his family physician. At
the clinic, John reported experiencing headache, chest pain, coughing, and shortness of breath. Over the past
day, he had also experienced some nausea and diarrhea. A nurse took his temperature and found that he was
running a fever of 40 °C (104 °F).

John suggested that he must have a case of influenza (flu), and regretted that he had put off getting his flu
vaccine this year. After listening to John’s breathing through a stethoscope, the physician ordered a chest
radiography and collected blood, urine, and sputum samples.

¢ Based on this information, what factors may have contributed to John’s illness?

Jump to the next Clinical Focus box.

- J
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The oral cavity is a secondary opening for the respiratory tract. The oral and nasal cavities connect through the fauces
to the pharynx, or throat. The pharynx can be divided into three regions: the nasopharynx, the oropharynx, and the
laryngopharynx. Air inhaled through the mouth does not pass through the nasopharynx; it proceeds first through the
oropharynx and then through the laryngopharynx. The palatine tonsils, which consist of lymphoid tissue, are located
within the oropharynx. The laryngopharynx, the last portion of the pharynx, connects to the larynx, which contains
the vocal fold (Figure 22.2).

. ) sphenoid sinus |
opening of eustachian ‘ frontal sinus

ear canal tube (auditory tube)

g nasal cavi
eustachian tube Rhasyrigesd tansi v
nasolacrimal

duct
nares

nasopharynx
oral cavity

pharynx tongue
N cochlea 9

fauces palatine tonsil

oropharynx lingual tonsil
_ _ laryngopharynx epiglottis
tympanic  tympanic
membrane cavity nasopharynx vocal fold larynx

N | W — | —— esophagus thyroid gland

external middle inner trachea
ear ear ear
(@) (b)

Figure 22.2 (a) The ear is connected to the upper respiratory tract by the eustachian tube, which opens to the
nasopharynx. (b) The structures of the upper respiratory tract.

|__{ Check Your Understanding

 Identify the sequence of anatomical structures through which microbes would pass on their way from the
nares to the larynx.

¢ What two anatomical points do the eustachian tubes connect?

Anatomy of the Lower Respiratory System

The lower respiratory system begins below the epiglottis in the larynx or voice box (Figure 22.3). The trachea, or
windpipe, is a cartilaginous tube extending from the larynx that provides an unobstructed path for air to reach the
lungs. The trachea bifurcates into the left and right bronchi as it reaches the lungs. These paths branch repeatedly to
form smaller and more extensive networks of tubes, the bronchioles. The terminal bronchioles formed in this tree-
like network end in cul-de-sacs called the alveoli. These structures are surrounded by capillary networks and are
the site of gas exchange in the respiratory system. Human lungs contain on the order of 400,000,000 alveoli. The
outer surface of the lungs is protected with a double-layered pleural membrane. This structure protects the lungs and
provides lubrication to permit the lungs to move easily during respiration.
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epiglottis
larynx

trachea

Figure 22.3 The structures of the lower respiratory tract are identified in this illustration. (credit: modification of work

by National Cancer Institute)

Defenses of the Respiratory System

The inner lining of the respiratory system consists of mucous membranes (Figure 22.4) and is protected by multiple
immune defenses. The goblet cells within the respiratory epithelium secrete a layer of sticky mucus. The viscosity and
acidity of this secretion inhibits microbial attachment to the underlying cells. In addition, the respiratory tract contains
ciliated epithelial cells. The beating cilia dislodge and propel the mucus, and any trapped microbes, upward to the
epiglottis, where they will be swallowed. Elimination of microbes in this manner is referred to as the mucociliary
escalator effect and is an important mechanism that prevents inhaled microorganisms from migrating further into the

lower respiratory tract.
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goblet cell lumen of trachea cilia

pseudostratified
columnar epithelia

seromucous gland
in submucusa

Figure 22.4 This micrograph shows the structure of the mucous membrane of the respiratory tract. (credit:
modification of micrograph provided by the Regents of University of Michigan Medical School © 2012)

The upper respiratory system is under constant surveillance by mucosa-associated lymphoid tissue (MALT), including
the adenoids and tonsils. Other mucosal defenses include secreted antibodies (IgA), lysozyme, surfactant, and
antimicrobial peptides called defensins. Meanwhile, the lower respiratory tract is protected by alveolar macrophages.
These phagocytes efficiently kill any microbes that manage to evade the other defenses. The combined action of these
factors renders the lower respiratory tract nearly devoid of colonized microbes.

D Check Your Understanding

» Identify the sequence of anatomical structures through which microbes would pass on their way from the
larynx to the alveoli.

* Name some defenses of the respiratory system that protect against microbial infection.

Normal Microbiota of the Respiratory System

The upper respiratory tract contains an abundant and diverse microbiota. The nasal passages and sinuses are primarily
colonized by members of the Firmicutes, Actinobacteria, and Proteobacteria. The most common bacteria identified
include Staphylococcus epidermidis, viridans group streptococci (VGS), Corynebacterium spp. (diphtheroids),
Propionibacterium spp., and Haemophilus spp. The oropharynx includes many of the same isolates as the nose and
sinuses, with the addition of variable numbers of bacteria like species of Prevotella, Fusobacterium, Moraxella,
and Eikenella, as well as some Candida fungal isolates. In addition, many healthy humans asymptomatically carry
potential pathogens in the upper respiratory tract. As much as 20% of the population carry Staphylococcus aureus
in their nostrils.””! The pharynx, too, can be colonized with pathogenic strains of Streptococcus, Haemophilus, and
Neisseria.

2. J. Kluytmans et al. “Nasal Carriage of Staphylococcus aureus: Epidemiology, Underlying Mechanisms, and Associated Risks.” Clinical
Microbiology Reviews 10 no. 3 (1997):505-520.
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The lower respiratory tract, by contrast, is scantily populated with microbes. Of the organisms identified in the lower
respiratory tract, species of Pseudomonas, Streptococcus, Prevotella, Fusobacterium, and Veillonella are the most
common. It is not clear at this time if these small populations of bacteria constitute a normal microbiota or if they are
transients.

Many members of the respiratory system’s normal microbiota are opportunistic pathogens. To proliferate and cause
host damage, they first must overcome the immune defenses of respiratory tissues. Many mucosal pathogens produce
virulence factors such as adhesins that mediate attachment to host epithelial cells, or polysaccharide capsules that
allow microbes to evade phagocytosis. The endotoxins of gram-negative bacteria can stimulate a strong inflammatory
response that damages respiratory cells. Other pathogens produce exotoxins, and still others have the ability to survive
within the host cells. Once an infection of the respiratory tract is established, it tends to impair the mucociliary
escalator, limiting the body’s ability to expel the invading microbes, thus making it easier for pathogens to multiply
and spread.

Vaccines have been developed for many of the most serious bacterial and viral pathogens. Several of the most
important respiratory pathogens and their vaccines, if available, are summarized in Table 22.1. Components of these
vaccines will be explained later in the chapter.

Some Important Respiratory Diseases and Vaccines

Disease Pathogen Available Vaccine(s)[3]
Chickenpox/shingles Varicella-zoster virus Var_lcella (chlck_enpox) vaccine, herpes zoster
(shingles) vaccine
Common cold Rhinovirus None
Diphtheria Corynebacterium DtaP, Tdap, DT,Td, DTP
P diphtheriae ’ P, DL,

Epiglottitis, otitis media

Haemophilus influenzae

Hib

Influenza Influenza viruses Inactivated, FluMist

Measles Measles virus MMR

Pertussis Bordetella pertussis DTaP, Tdap

. Streptococcus Pneumococcal conjugate vaccine (PCV13),

Pneumonia . . .
pneumoniae pneumococcal polysaccharide vaccine (PPSV23)

Rubella (German Rubella virus MMR

measles)

Severe acute respirator SARS-associated

syndrome (S ARSF)) y coronavirus (SARS- None

y CoV)

Tuberculosis My cobactenum BCG

tuberculosis

Table 22.1

3. Full names of vaccines listed in table: Haemophilus influenzae type B (Hib); Diphtheria, tetanus, and acellular pertussis (DtaP);
tetanus, diphtheria, and acellular pertussis (Tdap); diphtheria and tetanus (DT); tetanus and diphtheria (Td); diphtheria, pertussis, and tetanus
(DTP); Bacillus Calmette-Guérin; Measles, mumps, rubella (MMR)
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|__{ Check Your Understanding

* What are some pathogenic bacteria that are part of the normal microbiota of the respiratory tract?

¢ What virulence factors are used by pathogens to overcome the immune protection of the respiratory tract?

Signs and Symptoms of Respiratory Infection

Microbial diseases of the respiratory system typically result in an acute inflammatory response. These infections can
be grouped by the location affected and have names ending in “itis”, which literally means inflammation of. For
instance, rhinitis is an inflammation of the nasal cavities, often characteristic of the common cold. Rhinitis may also
be associated with hay fever allergies or other irritants. Inflammation of the sinuses is called sinusitis inflammation of
the ear is called otitis. Otitis media is an inflammation of the middle ear. A variety of microbes can cause pharyngitis,
commonly known as a sore throat. An inflammation of the larynx is called laryngitis. The resulting inflammation
may interfere with vocal cord function, causing voice loss. When tonsils are inflamed, it is called tonsillitis. Chronic
cases of tonsillitis may be treated surgically with tonsillectomy. More rarely, the epiglottis can be infected, a condition
called epiglottitis. In the lower respiratory system, the inflammation of the bronchial tubes results in bronchitis.
Most serious of all is pneumeonia, in which the alveoli in the lungs are infected and become inflamed. Pus and edema
accumulate and fill the alveoli with fluids (called consolidations). This reduces the lungs’ ability to exchange gases
and often results in a productive cough expelling phlegm and mucus. Cases of pneumonia can range from mild to
life-threatening, and remain an important cause of mortality in the very young and very old.

|__{ Check Your Understanding

» Describe the typical symptoms of rhinitis, sinusitis, pharyngitis, and laryngitis.

\

Smoking-Associated Pneumonia

Camila is a 22-year-old student who has been a chronic smoker for 5 years. Recently, she developed
a persistent cough that has not responded to over-the-counter treatments. Her doctor ordered a chest
radiograph to investigate. The radiological results were consistent with pneumonia. In addition, Streptococcus
pneumoniae was isolated from Camila’s sputum.

Smokers are at a greater risk of developing pneumonia than the general population. Several components
of tobacco smoke have been demonstrated to impair the lungs’ immune defenses. These effects include
disrupting the function of the ciliated epithelial cells, inhibiting phagocytosis, and blocking the action of
antimicrobial peptides. Together, these lead to a dysfunction of the mucociliary escalator effect. The organisms
trapped in the mucus are therefore able to colonize the lungs and cause infections rather than being expelled
or swallowed.
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22.2 Bacterial Infections of the Respiratory Tract

Learning Objectives
 Identify the most common bacteria that can cause infections of the upper and lower respiratory tract

» Compare the major characteristics of specific bacterial diseases of the respiratory tract

The respiratory tract can be infected by a variety of bacteria, both gram positive and gram negative. Although the
diseases that they cause may range from mild to severe, in most cases, the microbes remain localized within the
respiratory system. Fortunately, most of these infections also respond well to antibiotic therapy.

Streptococcal Infections

A common upper respiratory infection, streptococcal pharyngitis (strep throat) is caused by Streptococcus
pyogenes. This gram-positive bacterium appears as chains of cocci, as seen in Figure 22.5. Rebecca Lancefield
serologically classified streptococci in the 1930s using carbohydrate antigens from the bacterial cell walls. S.
pyogenes is the sole member of the Lancefield group A streptococci and is often referred to as GAS, or group A strep.

Figure 22.5 This scanning electron micrograph of Streptococcus pyogenes shows the characteristic cellular
phenotype resembling chains of cocci. (credit: modification of work by U.S. Centers for Disease Control and
Prevention - Medical lllustrator)

Similar to streptococcal infections of the skin, the mucosal membranes of the pharynx are damaged by the release
of a variety of exoenzymes and exotoxins by this extracellular pathogen. Many strains of S. pyogenes can degrade
connective tissues by using hyaluronidase, collagenase and streptokinase. Streptokinase activates plasmin, which
leads to degradation of fibrin and, in turn, dissolution of blood clots, which assists in the spread of the pathogen.
Released toxins include streptolysins that can destroy red and white blood cells. The classic signs of streptococcal
pharyngitis are a fever higher than 38 °C (100.4 °F); intense pharyngeal pain; erythema associated with pharyngeal
inflammation; and swollen, dark-red palatine tonsils, often dotted with patches of pus; and petechiae (microcapillary
hemorrhages) on the soft or hard palate (roof of the mouth) (Figure 22.6). The submandibular lymph nodes beneath
the angle of the jaw are also often swollen during strep throat.

Some strains of group A streptococci produce erythrogenic toxin. This exotoxin is encoded by a temperate
bacteriophage (bacterial virus) and is an example of phage conversion (see The Viral Life Cycle). The toxin attacks
the plasma membranes of capillary endothelial cells and leads to scarlet fever (or scarlatina), a disseminated fine
red rash on the skin, and strawberry tongue, a red rash on the tongue (Figure 22.6). Severe cases may even lead to
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streptococcal toxic shock syndrome (STSS), which results from massive superantigen production that leads to septic
shock and death.

S. pyogenes can be easily spread by direct contact or droplet transmission through coughing and sneezing. The disease
can be diagnosed quickly using a rapid enzyme immunoassay for the group A antigen. However, due to a significant
rate of false-negative results (up to 30%*)), culture identification is still the gold standard to confirm pharyngitis due
to S. pyogenes. S. pyogenes can be identified as a catalase-negative, beta hemolytic bacterium that is susceptible to
0.04 units of bacitracin. Antibiotic resistance is limited for this bacterium, so most -lactams remain effective; oral
amoxicillin and intramuscular penicillin G are those most commonly prescribed.

Figure 22.6 Streptococcal infections of the respiratory tract may cause localized pharyngitis or systemic signs and
symptoms. (a) The characteristic appearance of strep throat: bright red arches of inflammation with the presence of
dark-red spots (petechiae). (b) Scarlet fever presents as a rash on the skin. (credit a: modification of work by Centers
for Disease Control and Prevention; credit b: modification of work by Alicia Williams)

Sequelae of S. pyogenes Infections

One reason strep throat infections are aggressively treated with antibiotics is because they can lead to serious
sequelae, later clinical consequences of a primary infection. It is estimated that 1%-3% of untreated S. pyogenes
infections can be followed by nonsuppurative (without the production of pus) sequelae that develop 1-3 weeks after
the acute infection has resolved. Two such sequelae are acute rheumatic fever and acute glomerulonephritis.

Acute rheumatic fever can follow pharyngitis caused by specific rheumatogenic strains of S. pyogenes (strains 1,
3, 5, 6, and 18). Although the exact mechanism responsible for this sequela remains unclear, molecular mimicry
between the M protein of rheumatogenic strains of S. pyogenes and heart tissue is thought to initiate the autoimmune
attack. The most serious and lethal clinical manifestation of rheumatic fever is damage to and inflammation of the
heart (carditis). Acute glomerulonephritis also results from an immune response to streptococcal antigens following
pharyngitis and cutaneous infections. Acute glomerulonephritis develops within 6-10 days after pharyngitis, but
can take up to 21 days after a cutaneous infection. Similar to acute rheumatic fever, there are strong associations
between specific nephritogenic strains of S. pyogenes and acute glomerulonephritis, and evidence suggests a role
for antigen mimicry and autoimmunity. However, the primary mechanism of acute glomerulonephritis appears to
be the formation of immune complexes between S. pyogenes antigens and antibodies, and their deposition between
endothelial cells of the glomeruli of kidney. Inflammatory response against the immune complexes leads to damage
and inflammation of the glomeruli (glomerulonephritis).

4. WL Lean et al. “Rapid Diagnostic Tests for Group A Streptococcal Pharyngitis: A Meta-Analysis.” Pediatrics 134, no. 4
(2014):771-781.



968 Chapter 22 | Respiratory System Infections

__{ Check Your Understanding

* What are the symptoms of strep throat?
* What is erythrogenic toxin and what effect does it have?

¢ What are the causes of rheumatic fever and acute glomerulonephritis?

Acute Otitis Media

An infection of the middle ear is called acute otitis media (AOM), but often it is simply referred to as an earache.
The condition is most common between ages 3 months and 3 years. In the United States, AOM is the second-leading
cause of visits to pediatricians by children younger than age 5 years, and it is the leading indication for antibiotic
prescription.[sl

AOM is characterized by the formation and accumulation of pus in the middle ear. Unable to drain, the pus builds up,
resulting in moderate to severe bulging of the tympanic membrane and otalgia (ear pain). Inflammation resulting from
the infection leads to swelling of the eustachian tubes, and may also lead to fever, nausea, vomiting, and diarrhea,
particularly in infants. Infants and toddlers who cannot yet speak may exhibit nonverbal signs suggesting AOM, such
as holding, tugging, or rubbing of the ear, as well as uncharacteristic crying or distress in response to the pain.

AOM can be caused by a variety of bacteria. Among neonates, S. pneumoniae is the most common cause of AOM,
but Escherichia coli, Enterococcus spp., and group B Streptococcus species can also be involved. In older infants and
children younger than 14 years old, the most common bacterial causes are S. pneumoniae, Haemophilus influenzae,
or Moraxella catarrhalis. Among S. pneumoniae infections, encapsulated strains are frequent causes of AOM. By
contrast, the strains of H. influenzae and M. cattarhalis that are responsible for AOM do not possess a capsule.
Rather than direct tissue damage by these pathogens, bacterial components such as lipopolysaccharide (LPS) in gram-
negative pathogens induce an inflammatory response that causes swelling, pus, and tissue damage within the middle
ear (Figure 22.7).

Any blockage of the eustachian tubes, with or without infection, can cause fluid to become trapped and accumulate
in the middle ear. This is referred to as otitis media with effusion (OME). The accumulated fluid offers an
excellent reservoir for microbial growth and, consequently, secondary bacterial infections often ensue. This can lead
to recurring and chronic earaches, which are especially common in young children. The higher incidence in children
can be attributed to many factors. Children have more upper respiratory infections, in general, and their eustachian
tubes are also shorter and drain at a shallower angle. Young children also tend to spend more time lying down than
adults, which facilitates drainage from the nasopharynx through the eustachian tube and into the middle ear. Bottle
feeding while lying down enhances this risk because the sucking action on the bottle causes negative pressure to build
up within the eustachian tube, promoting the movement of fluid and bacteria from the nasopharynx.

Diagnosis is typically made based on clinical signs and symptoms, without laboratory testing to determine the
specific causative agent. Antibiotics are frequently prescribed for the treatment of AOM. High-dose amoxicillin is
the first-line drug, but with increasing resistance concerns, macrolides and cephalosporins may also be used. The
pneumococcal conjugate vaccine (PCV13) contains serotypes that are important causes of AOM, and vaccination
has been shown to decrease the incidence of AOM. Vaccination against influenza has also been shown to decrease
the risk for AOM, likely because viral infections like influenza predispose patients to secondary infections with
S. pneumoniae. Although there is a conjugate vaccine available for the invasive serotype B of H. influenzae, this
vaccine does not impact the incidence of H. influenzae AOM. Because unencapsulated strains of H. influenzae and
M. catarrhalis are involved in AOM, vaccines against bacterial cellular factors other than capsules will need to be
developed.

5. G. Worrall. “Acute Otitis Media.” Canadian Family Physician 53 no. 12 (2007):2147-2148.

This OpenStax book is available for free at http://cnx.org/content/col12087/1.5
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Figure 22.7 (a) A healthy tympanic membrane; the middle ear bones can be seen behind the membrane. (b) An ear
with chronic inflammation that has resulted in a torn membrane, erosion of the inner ear bones, and mucus buildup.
(credit a: modification of work by “DrER.tv"/YouTube; credit b: modification of work by Li Mg, Hotez PJ, Vrabec JT,

Donovan DT)

Bacterial Rhinosinusitis

The microbial community of the nasopharynx is extremely diverse and harbors many opportunistic pathogens,
so it is perhaps not surprising that infections leading to rhinitis and sinusitis have many possible causes. These
conditions often occur as secondary infections after a viral infection, which effectively compromises the immune
defenses and allows the opportunistic bacteria to establish themselves. Bacterial sinusitis involves infection and
inflammation within the paranasal sinuses. Because bacterial sinusitis rarely occurs without rhinitis, the preferred
term is rhinosinusitis. The most common causes of bacterial rhinosinusitis are similar to those for AOM, including S.
pneumoniae, H. influenzae, and M. catarrhalis.

Check Your Understanding

¢ What are the usual causative agents of acute otitis media?
* What factors facilitate acute otitis media with effusion in young children?

* What factor often triggers bacterial rhinosinusitis?

Diphtheria

The causative agent of diphtheria, Corynebacterium diphtheriae, is a club-shaped, gram-positive rod that belongs to
the phylum Actinobacteria. Diphtheroids are common members of the normal nasopharyngeal microbiota. However,
some strains of C. diphtheriae become pathogenic because of the presence of a temperate bacteriophage-encoded
protein—the diphtheria toxin. Diphtheria is typically a respiratory infection of the oropharynx but can also cause
impetigo-like lesions on the skin. Although the disease can affect people of all ages, it tends to be most severe in those
younger than 5 years or older than 40 years. Like strep throat, diphtheria is commonly transmitted in the droplets
and aerosols produced by coughing. After colonizing the throat, the bacterium remains in the oral cavity and begins
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producing the diphtheria toxin. This protein is an A-B toxin that blocks host-cell protein synthesis by inactivating
elongation factor (EF)-2 (see Virulence Factors of Bacterial and Viral Pathogens). The toxin’s action leads
to the death of the host cells and an inflammatory response. An accumulation of grayish exudate consisting of dead
host cells, pus, red blood cells, fibrin, and infectious bacteria results in the formation of a pseudomembrane. The
pseudomembrane can cover mucous membranes of the nasal cavity, tonsils, pharynx, and larynx (Figure 22.8). This
is a classic sign of diphtheria. As the disease progresses, the pseudomembrane can enlarge to obstruct the fauces of the
pharynx or trachea and can lead to suffocation and death. Sometimes, intubation, the placement of a breathing tube
in the trachea, is required in advanced infections. If the diphtheria toxin spreads throughout the body, it can damage
other tissues as well. This can include myocarditis (heart damage) and nerve damage that may impair breathing.

Figure 22.8 The pseudomembrane in a patient with diphtheria presents as a leathery gray patch consisting of dead
cells, pus, fibrin, red blood cells, and infectious microbes. (credit: modification of work by Putnong N, Agustin G,
Pasubillo M, Miyagi K, Dimaano EM)

The presumptive diagnosis of diphtheria is primarily based on the clinical symptoms (i.e., the pseudomembrane)
and vaccination history, and is typically confirmed by identifying bacterial cultures obtained from throat swabs.
The diphtheria toxin itself can be directly detected in vitro using polymerase chain reaction (PCR)-based, direct
detection systems for the diphtheria tox gene, and immunological techniques like radial immunodiffusion or Elek’s
immunodiffusion test.

Broad-spectrum antibiotics like penicillin and erythromycin tend to effectively control C. diphtheriae infections.
Regrettably, they have no effect against preformed toxins. If toxin production has already occurred in the patient,
antitoxins (preformed antibodies against the toxin) are administered. Although this is effective in neutralizing the
toxin, the antitoxins may lead to serum sickness because they are produced in horses (see Hypersensitivities).

Widespread vaccination efforts have reduced the occurrence of diphtheria worldwide. There are currently four
combination toxoid vaccines available that provide protection against diphtheria and other diseases: DTaP, Tdap, DT,
and Td. In all cases, the letters “d,” “t,” and “p” stand for diphtheria, tetanus, and pertussis, respectively; the “a”
stands for acellular. If capitalized, the letters indicate a full-strength dose; lowercase letters indicate reduced dosages.
According to current recommendations, children should receive five doses of the DTaP vaccine in their youth and a
Td booster every 10 years. Children with adverse reactions to the pertussis vaccine may be given the DT vaccine in
place of the DTaP.

This OpenStax book is available for free at http://cnx.org/content/col12087/1.5



Chapter 22 | Respiratory System Infections 971

|__{ Check Your Understanding

* What effect does diphtheria toxin have?

¢ What is the pseudomembrane composed of?

Bacterial Pneumonia

Pneumonia is a general term for infections of the lungs that lead to inflammation and accumulation of fluids and
white blood cells in the alveoli. Pneumonia can be caused by bacteria, viruses, fungi, and other organisms, although
the vast majority of pneumonias are bacterial in origin. Bacterial pneumonia is a prevalent, potentially serious
infection; it caused more 50,000 deaths in the United States in 2014.1°" As the alveoli fill with fluids and white
blood cells (consolidation), air exchange becomes impaired and patients experience respiratory distress (Figure
22.9). In addition, pneumonia can lead to pleurisy, an infection of the pleural membrane surrounding the lungs,
which can make breathing very painful. Although many different bacteria can cause pneumonia under the right
circumstances, three bacterial species cause most clinical cases: Streptococcus pneumoniae, H. influenzae, and
Mycoplasma pneumoniae. In addition to these, we will also examine some of the less common causes of pneumonia.

lesions

. (]
"2
Figure 22.9 A chest radiograph of a patient with pneumonia shows the consolidations (lesions) present as opaque
patches. (credit: modification of work by Centers for Disease Control and Prevention)

Pneumococcal Pneumonia

The most common cause of community-acquired bacterial pneumonia is Streptococcus pneumoniae. This gram-
positive, alpha hemolytic streptococcus is commonly found as part of the normal microbiota of the human respiratory
tract. The cells tend to be somewhat lancet-shaped and typically appear as pairs (Figure 22.10). The pneumococci
initially colonize the bronchioles of the lungs. Eventually, the infection spreads to the alveoli, where the microbe’s
polysaccharide capsule interferes with phagocytic clearance. Other virulence factors include autolysins like Lyt
A, which degrade the microbial cell wall, resulting in cell lysis and the release of cytoplasmic virulence factors.
One of these factors, pneumolysin O, is important in disease progression; this pore-forming protein damages host
cells, promotes bacterial adherence, and enhances pro-inflammatory cytokine production. The resulting inflammatory
response causes the alveoli to fill with exudate rich in neutrophils and red blood cells. As a consequence, infected
individuals develop a productive cough with bloody sputum.

6. KD Kochanek et al. “Deaths: Final Data for 2014.” National Vital Statistics Reports 65 no 4 (2016).
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(b)

Figure 22.10 (@) This micrograph of Streptococcus pneumoniae grown from a blood culture shows the characteristic
lancet-shaped diplococcal morphology. (b) A colorized scanning electron micrograph of S. pneumoniae. (credit a:
modification of work by Centers for Disease Control and Prevention; credit b: modification of work by Janice Carr,
Centers for Disease Control and Prevention)

Pneumococci can be presumptively identified by their distinctive gram-positive, lancet-shaped cell morphology
and diplococcal arrangement. In blood agar cultures, the organism demonstrates alpha hemolytic colonies that are
autolytic after 24 to 48 hours. In addition, S. pneumoniae is extremely sensitive to optochin and colonies are rapidly
destroyed by the addition of 10% solution of sodium deoxycholate. All clinical pneumococcal isolates are serotyped
using the quellung reaction with typing antisera produced by the CDC. Positive quellung reactions are considered
definitive identification of pneumococci.

Antibiotics remain the mainstay treatment for pneumococci. B-Lactams like penicillin are the first-line drugs, but
resistance to [3-lactams is a growing problem. When -lactam resistance is a concern, macrolides and fluoroquinolones
may be prescribed. However, S. pneumoniae resistance to macrolides and fluoroquinolones is increasing as well,
limiting the therapeutic options for some infections. There are currently two pneumococcal vaccines available:
pneumococcal conjugate vaccine (PCV13) and pneumococcal polysaccharide vaccine (PPSV23). These are generally
given to the most vulnerable populations of individuals: children younger than 2 years and adults older than 65 years.

Haemophilus Pneumonia

Encapsulated strains of Haemophilus influenzae are known for causing meningitis, but nonencapsulated strains are
important causes of pneumonia. This small, gram-negative coccobacillus is found in the pharynx of the majority
of healthy children; however, Haemophilus pneumonia is primarily seen in the elderly. Like other pathogens that
cause pneumonia, H. influenzae is spread by droplets and aerosols produced by coughing. A fastidious organism, H.
influenzae will only grow on media with available factor X (hemin) and factor V (NAD), like chocolate agar (Figure
22.11). Serotyping must be performed to confirm identity of H. influenzae isolates.

Infections of the alveoli by H. influenzae result in inflammation and accumulation of fluids. Increasing resistance to
B-lactams, macrolides, and tetracyclines presents challenges for the treatment of Haemophilus pneumonia. Resistance
to the fluoroquinolones is rare among isolates of H. influenzae but has been observed. As discussed for AOM, a
vaccine directed against nonencapsulated H. influenzae, if developed, would provide protection against pneumonia
caused by this pathogen.

This OpenStax book is available for free at http://cnx.org/content/col12087/1.5
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Figure 22.11 Culture of Haemophilus influenzae on a chocolate agar plate. (credit: modification of work by Centers
for Disease Control and Prevention)

\

Why Me?

Tracy is a 6-year old who developed a serious cough that would not seem to go away. After 2 weeks, her
parents became concerned and took her to the pediatrician, who suspected a case of bacterial pneumonia.
Tests confirmed that the cause was Haemophilus influenzae. Fortunately, Tracy responded well to antibiotic
treatment and eventually made a full recovery.

Because there had been several other cases of bacterial pneumonia at Tracy’s elementary school, local health
officials urged parents to have their children screened. Of the children who were screened, it was discovered
that greater than 50% carried H. influenzae in their nasal cavities, yet all but two of them were asymptomatic.

Why is it that some individuals become seriously ill from bacterial infections that seem to have little or no
effect on others? The pathogenicity of an organism—its ability to cause host damage—is not solely a property
of the microorganism. Rather, it is the product of a complex relationship between the microbe’s virulence
factors and the immune defenses of the individual. Preexisting conditions and environmental factors such
as exposure to secondhand smoke can make some individuals more susceptible to infection by producing
conditions favorable to microbial growth or compromising the immune system. In addition, individuals may
have genetically determined immune factors that protect them—or not—from particular strains of pathogens.
The interactions between these host factors and the pathogenicity factors produced by the microorganism
ultimately determine the outcome of the infection. A clearer understanding of these interactions may allow for
better identification of at-risk individuals and prophylactic interventions in the future.

. J

Mycoplasma Pneumonia (Walking Pneumonia)

Primary atypical pneumonia is caused by Mycoplasma pneumoniae. This bacterium is not part of the respiratory
tract’s normal microbiota and can cause epidemic disease outbreaks. Also known as walking pneumonia, mycoplasma
pneumonia infections are common in crowded environments like college campuses and military bases. It is spread by
aerosols formed when coughing or sneezing. The disease is often mild, with a low fever and persistent cough. These
bacteria, which do not have cell walls, use a specialized attachment organelle to bind to ciliated cells. In the process,
epithelial cells are damaged and the proper function of the cilia is hindered (Figure 22.12).
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Mycoplasma grow very slowly when cultured. Therefore, penicillin and thallium acetate are added to agar to prevent
the overgrowth by faster-growing potential contaminants. Since M. pneumoniae does not have a cell wall, it is
resistant to these substances. Without a cell wall, the microbial cells appear pleomorphic. M. pneumoniae infections
tend to be self-limiting but may also respond well to macrolide antibiotic therapy. B-lactams, which target cell wall
synthesis, are not indicated for treatment of infections with this pathogen.

Figure 22.12 The micrograph shows Mycoplasma pneumoniae using their specialized receptors to attach to
epithelial cells in the trachea of an infected hamster. (credit: modification of work by American Society for
Microbiology)

Chlamydial Pneumonias and Psittacosis

Chlamydial pneumonia can be caused by three different species of bacteria: Chlamydophila pneumoniae (formerly
known as Chlamydia pneumoniae), Chlamydophila psittaci (formerly known as Chlamydia psittaci), and Chlamydia
trachomatis. All three are obligate intracellular pathogens and cause mild to severe pneumonia and bronchitis. Of
the three, Chlamydophila pneumoniae is the most common and is transmitted via respiratory droplets or aerosols. C.
psittaci causes psittacosis, a zoonotic disease that primarily affects domesticated birds such as parakeets, turkeys,
and ducks, but can be transmitted from birds to humans. Psittacosis is a relatively rare infection and is typically
found in people who work with birds. Chlamydia trachomatis, the causative agent of the sexually transmitted disease
chlamydia, can cause pneumonia in infants when the infection is passed from mother to baby during birth.

Diagnosis of chlamydia by culturing tends to be difficult and slow. Because they are intracellular pathogens, they
require multiple passages through tissue culture. Recently, a variety of PCR- and serologically based tests have been
developed to enable easier identification of these pathogens. Tetracycline and macrolide antibiotics are typically
prescribed for treatment.

Health Care-Associated Pneumonia

A variety of opportunistic bacteria that do not typically cause respiratory disease in healthy individuals are common
causes of health care-associated pneumonia. These include Klebsiella pneumoniae, Staphylococcus aureus, and
proteobacteria such as species of Escherichia, Proteus, and Serratia. Patients at risk include the elderly, those who
have other preexisting lung conditions, and those who are immunocompromised. In addition, patients receiving
supportive therapies such as intubation, antibiotics, and immunomodulatory drugs may also be at risk because these
interventions disrupt the mucociliary escalator and other pulmonary defenses. Invasive medical devices such as

This OpenStax book is available for free at http://cnx.org/content/col12087/1.5
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catheters, medical implants, and ventilators can also introduce opportunistic pneumonia-causing pathogens into the
body."”!

Pneumonia caused by K. pneumoniae is characterized by lung necrosis and “currant jelly sputum,” so named because
it consists of clumps of blood, mucus, and debris from the thick polysaccharide capsule produced by the bacterium. K.
pneumoniae is often multidrug resistant. Aminoglycoside and cephalosporin are often prescribed but are not always
effective. Klebsiella pneumonia is frequently fatal even when treated.

Pseudomonas Pneumonia

Pseudomonas aeruginosa is another opportunistic pathogen that can cause serious cases of bacterial pneumonia
in patients with cystic fibrosis (CF) and hospitalized patients assisted with artificial ventilators. This bacterium
is extremely antibiotic resistant and can produce a variety of exotoxins. Ventilator-associated pneumonia with P.
aeruginosa is caused by contaminated equipment that causes the pathogen to be aspirated into the lungs. In patients
with CF, a genetic defect in the cystic fibrosis transmembrane receptor (CFTR) leads to the accumulation of excess
dried mucus in the lungs. This decreases the effectiveness of the defensins and inhibits the mucociliary escalator. P.
aeruginosa is known to infect more than half of all patients with CF. It adapts to the conditions in the patient’s lungs
and begins to produce alginate, a viscous exopolysaccharide that inhibits the mucociliary escalator. Lung damage
from the chronic inflammatory response that ensues is the leading cause of mortality in patients with CF.®!

L__{ Check Your Understanding

¢ What three pathogens are responsible for the most prevalent types of bacterial pneumonia?
* Which cause of pneumonia is most likely to affect young people?

* In what contexts does Pseudomonas aeruginosa cause pneumonia?

Clinical Focus

Part 2

John'’s chest radiograph revealed an extensive consolidation in the right lung, and his sputum cultures revealed
the presence of a gram-negative rod. His physician prescribed a course of the antibiotic clarithromycin. He also
ordered the rapid influenza diagnostic tests (RIDTs) for type A and B influenza to rule out a possible underlying
viral infection. Despite antibiotic therapy, John’s condition continued to deteriorate, so he was admitted to the
hospital.

* What are some possible causes of pneumonia that would not have responded to the prescribed
antibiotic?

Jump to the next Clinical Focus box. Go back to the previous Clinical Focus box.

. J

Tuberculosis

Tuberculosis (TB) is one of the deadliest infectious diseases in human history. Although tuberculesis infection rates
in the United States are extremely low, the CDC estimates that about one-third of the world’s population is infected

7. SM Koenig et al. “Ventilator-Associated Pneumonia: Diagnosis, Treatment, and Prevention.” Clinical Microbiology Reviews 19 no. 4
(2006):637-657.

8. R. Sordé et al. “Management of Refractory Pseudomonas aeruginosa Infection in Cystic Fibrosis.” Infection and Drug Resistance 4
(2011):31-41.
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with Mycobacterium tuberculosis, the causal organism of TB, with 9.6 million new TB cases and 1.5 million deaths
worldwide in 2014."

M. tuberculosis is an acid-fast, high G + C, gram-positive, nonspore-forming rod. Its cell wall is rich in waxy
mycolic acids, which make the cells impervious to polar molecules. It also causes these organisms to grow slowly.
M. tuberculosis causes a chronic granulomatous disease that can infect any area of the body, although it is typically
associated with the lungs. M. tuberculosis is spread by inhalation of respiratory droplets or aerosols from an infected
person. The infectious dose of M. tuberculosis is only 10 cells.!'%

After inhalation, the bacteria enter the alveoli (Figure 22.13). The cells are phagocytized by macrophages but can
survive and multiply within these phagocytes because of the protection by the waxy mycolic acid in their cell walls.
If not eliminated by macrophages, the infection can progress, causing an inflammatory response and an accumulation
of neutrophils and macrophages in the area. Several weeks or months may pass before an immunological response is
mounted by T cells and B cells. Eventually, the lesions in the alveoli become walled off, forming small round lesions
called tubercles. Bacteria continue to be released into the center of the tubercles and the chronic immune response
results in tissue damage and induction of apoptosis (programmed host-cell death) in a process called liquefaction.
This creates a caseous center, or air pocket, where the aerobic M. tuberculosis can grow and multiply. Tubercles may
eventually rupture and bacterial cells can invade pulmonary capillaries; from there, bacteria can spread through the
bloodstream to other organs, a condition known as miliary tuberculesis. The rupture of tubercles also facilitates
transmission of the bacteria to other individuals via droplet aerosols that exit the body in coughs. Because these
droplets can be very small and stay aloft for a long time, special precautions are necessary when caring for patients
with TB, such as the use of face masks and negative-pressure ventilation and filtering systems.

Eventually, most lesions heal to form calcified Ghon complexes. These structures are visible on chest radiographs
and are a useful diagnostic feature. But even after the disease has apparently ended, viable bacteria remain sequestered
in these locations. Release of these organisms at a later time can produce reactivation tuberculosis (or secondary
TB). This is mainly observed in people with alcoholism, the elderly, or in otherwise immunocompromised individuals
(Figure 22.13).

9. Centers for Disease Control and Prevention. “Tuberculosis (TB). Data and Statistics.” http://www.cdc.gov/tb/statistics/default.htm
10. D. Saini et al. “Ultra-Low Dose of Mycobacterium tuberculosis Aerosol Creates Partial Infection in Mice.” Tuberculosis 92 no. 2
(2012):160-165.
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@ Droplet nuclei containing tubercle
bacilli are inhaled, enter the lungs,
and travel to the alveoli.

bronchiole

—— tubercle bacilli

IS alveoli

Tubercle bacilli multiply
in the alveoli.

Granuloma shell breaks down and @ Immune cells form a barrier shell
the tubercle bacilli escape and rapidly around the tubercle bacilli, called
multiply, forming more tubercles. a granuloma.

Figure 22.13 In the infectious cycle of tuberculosis, the immune response of most infected individuals
(approximately 90%) results in the formation of tubercles in which the infection is walled off." The remainder will
suffer progressive primary tuberculosis. The sequestered bacteria may be reactivated to form secondary tuberculosis
in immunocompromised patients at a later time. (credit: modification of work by Centers for Disease Control and
Prevention)

Because TB is a chronic disease, chemotherapeutic treatments often continue for months or years. Multidrug resistant
(MDR-TB) and extensively drug-resistant (XDR-TB) strains of M. tuberculosis are a growing clinical concern. These
strains can arise due to misuse or mismanagement of antibiotic therapies. Therefore, it is imperative that proper

11. G. Kaplan et al. “Mycobacterium tuberculosis Growth at the Cavity Surface: A Microenvironment with Failed Immunity.” Infection and
Immunity 71 no.12 (2003):7099-7108.
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multidrug protocols are used to treat these infections. Common antibiotics included in these mixtures are isoniazid,
rifampin, ethambutol, and pyrazinamide.

A TB vaccine is available that is based on the so-called bacillus Calmette-Guérin (BCG) strain of M. bovis commonly
found in cattle. In the United States, the BCG vaccine is only given to health-care workers and members of the
military who are at risk of exposure to active cases of TB. It is used more broadly worldwide. Many individuals born
in other countries have been vaccinated with BCG strain. BCG is used in many countries with a high prevalence of
TB, to prevent childhood tuberculous meningitis and miliary disease.

The Mantoux tuberculin skin test (Figure 22.14) is regularly used in the United States to screen for potential TB
exposure (see Hypersensitivities). However, prior vaccinations with the BCG vaccine can cause false-positive
results. Chest radiographs to detect Ghon complex formation are required, therefore, to confirm exposure.

(a) (b)

Figure 22.14 (a) The Mantoux skin test for tuberculosis involves injecting the subject with tuberculin protein
derivative. The injection should initially produce a raised wheal. (b) The test should be read in 48—72 hours. A positive
result is indicated by redness, swelling, or hardness; the size of the responding region is measured to determine the
final result. (credit a, b: modification of work by Centers for Disease Control and Prevention)

Link to Learning

\
e N These short animations (https://openstax.org/li22mycotublegpnean) discuss
[E— the infection strategies of Mycobacterium tuberculosis and Legionella
openstax )
pneumophila.
I
- J

L__{ Check Your Understanding

* What characteristic of Mycobacterium tuberculosis allows it to evade the immune response?
* What happens to cause miliary tuberculosis?

* Explain the limitations of the Mantoux tuberculin skin test.

Pertussis (Whooping Cough)

The causative agent of pertussis, commonly called whooping cough, is Bordetella pertussis, a gram-negative
coccobacillus. The disease is characterized by mucus accumulation in the lungs that leads to a long period of severe
coughing. Sometimes, following a bout of coughing, a sound resembling a “whoop” is produced as air is inhaled

This OpenStax book is available for free at http://cnx.org/content/col12087/1.5
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through the inflamed and restricted airway—hence the name whooping cough. Although adults can be infected, the
symptoms of this disease are most pronounced in infants and children. Pertussis is highly communicable through
droplet transmission, so the uncontrollable coughing produced is an efficient means of transmitting the disease in a
susceptible population.

Following inhalation, B. pertussis specifically attaches to epithelial cells using an adhesin, filamentous
hemagglutinin. The bacteria then grow at the site of infection and cause disease symptoms through the production
of exotoxins. One of the main virulence factors of this organism is an A-B exotoxin called the pertussis toxin (PT).
When PT enters the host cells, it increases the cyclic adenosine monophosphate (cAMP) levels and disrupts cellular
signaling. PT is known to enhance inflammatory responses involving histamine and serotonin. In addition to PT, B.
pertussis produces a tracheal cytotoxin that damages ciliated epithelial cells and results in accumulation of mucus in
the lungs. The mucus can support the colonization and growth of other microbes and, as a consequence, secondary
infections are common. Together, the effects of these factors produce the cough that characterizes this infection.

A pertussis infection can be divided into three distinct stages. The initial infection, termed the catarrhal stage, is
relatively mild and unremarkable. The signs and symptoms may include nasal congestion, a runny nose, sneezing,
and a low-grade fever. This, however, is the stage in which B. pertussis is most infectious. In the paroxysmal stage,
mucus accumulation leads to uncontrollable coughing spasms that can last for several minutes and frequently induce
vomiting. The paroxysmal stage can last for several weeks. A long convalescence stage follows the paroxysmal stage,
during which time patients experience a chronic cough that can last for up to several months. In fact, the disease is
sometimes called the 100-day cough.

In infants, coughing can be forceful enough to cause fractures to the ribs, and prolonged infections can lead to death.
The CDC reported 20 pertussis-related deaths in 2012, but that number had declined to five by 2015.1]

During the first 2 weeks of infection, laboratory diagnosis is best performed by culturing the organism directly from a
nasopharyngeal (NP) specimen collected from the posterior nasopharynx. The NP specimen is streaked onto Bordet-
Gengou medium. The specimens must be transported to the laboratory as quickly as possible, even if transport media
are used. Transport times of longer than 24 hours reduce the viability of B. pertussis significantly.

Within the first month of infection, B. pertussis can be diagnosed using PCR techniques. During the later stages
of infection, pertussis-specific antibodies can be immunologically detected using an enzyme-linked immunosorbent
assay (ELISA).

Pertussis is generally a self-limiting disease. Antibiotic therapy with erythromycin or tetracycline is only effective
at the very earliest stages of disease. Antibiotics given later in the infection, and prophylactically to uninfected
individuals, reduce the rate of transmission. Active vaccination is a better approach to control this disease. The DPT
vaccine was once in common use in the United States. In that vaccine, the P component consisted of killed whole-cell
B. pertussis preparations. Because of some adverse effects, that preparation has now been superseded by the DTaP
and Tdap vaccines. In both of these new vaccines, the “aP” component is a pertussis toxoid.

Widespread vaccination has greatly reduced the number of reported cases and prevented large epidemics of pertussis.
Recently, however, pertussis has begun to reemerge as a childhood disease in some states because of declining
vaccination rates and an increasing population of susceptible children.

12. Centers for Disease Control and Prevention. “2012 Final Pertussis Surveillance Report.” 2015. http://www.cdc.gov/pertussis/downloads/
pertuss-surv-report-2012.pdf. Accessed July 6, 2016.
13. Centers for Disease Control and Prevention. “2015 Provisional Pertussis Surveillance Report.” 2016. http://www.cdc.gov/pertussis/

downloads/pertuss-surv-report-2015-provisional.pdf. Accessed July 6, 2016.
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Link to Learning
\

e N This web page (https:/lopenstax.orgl/l/22pertussaudio) contains an audio clip

[E— of the distinctive “whooping” sound associated with pertussis in infants.
openstax

This interactive map (https:/lopenstax.orgl/l/22intmapprevacc) shows
[ outbreaks of vaccine preventable diseases, including pertussis, around the
world.

|__{ Check Your Understanding

* What accounts for the mucus production in a pertussis infection?
¢ What are the signs and symptoms associated with the three stages of pertussis?

¢ Why is pertussis becoming more common in the United States?

Legionnaires Disease

An atypical pneumonia called Legionnaires disease (also known as legionellosis) is caused by an aerobic gram-
negative bacillus, Legionella pneumophila. This bacterium infects free-living amoebae that inhabit moist
environments, and infections typically occur from human-made reservoirs such as air-conditioning cooling towers,
humidifiers, misting systems, and fountains. Aerosols from these reservoirs can lead to infections of susceptible
individuals, especially those suffering from chronic heart or lung disease or other conditions that weaken the immune
system.

When L. pneumophila bacteria enter the alveoli, they are phagocytized by resident macrophages. However, L.
pneumophila uses a secretion system to insert proteins in the endosomal membrane of the macrophage; these proteins
prevent lysosomal fusion, allowing L. pneumophila to continue to proliferate within the phagosome. The resulting
respiratory disease can range from mild to severe pneumonia, depending on the status of the host’s immune defenses.
Although this disease primarily affects the lungs, it can also cause fever, nausea, vomiting, confusion, and other
neurological effects.

Diagnosis of Legionnaires disease is somewhat complicated. L. pneumophila is a fastidious bacterium and is difficult
to culture. In addition, since the bacterial cells are not efficiently stained with the Gram stain, other staining
techniques, such as the Warthin-Starry silver-precipitate procedure, must be used to visualize this pathogen. A rapid
diagnostic test has been developed that detects the presence of Legionella antigen in a patient’s urine; results take less
than 1 hour, and the test has high selectivity and specificity (greater than 90%). Unfortunately, the test only works
for one serotype of L. pneumophila (type 1, the serotype responsible for most infections). Consequently, isolation and
identification of L. pneumophila from sputum remains the defining test for diagnosis.

Once diagnosed, Legionnaire disease can be effectively treated with fluoroquinolone and macrolide antibiotics.
However, the disease is sometimes fatal; about 10% of patients die of complications.m] There is currently no vaccine
available.

14. Centers for Disease Control and Prevention. “Legionella (Legionnaires’ Disease and Pontiac Fever: Diagnosis, Treatment, and
Complications).” http://www.cdc.gov/legionella/about/diagnosis.html. Accessed Sept 14, 2016.
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|__{ Check Your Understanding

* Why is Legionnaires disease associated with air-conditioning systems?

* How does Legionella pneumophila circumvent the immune system?

Q Fever

The zoonotic disease Q fever is caused by a rickettsia, Coxiella burnetii. The primary reservoirs for this bacterium
are domesticated livestock such as cattle, sheep, and goats. The bacterium may be transmitted by ticks or through
exposure to the urine, feces, milk, or amniotic fluid of an infected animal. In humans, the primary route of infection
is through inhalation of contaminated farmyard aerosols. It is, therefore, largely an occupational disease of farmers.
Humans are acutely sensitive to C. burnetii—the infective dose is estimated to be just a few cells." In addition, the
organism is hardy and can survive in a dry environment for an extended time. Symptoms associated with acute Q
fever include high fever, headache, coughing, pneumonia, and general malaise. In a small number of patients (less
than 5%!'®)), the condition may become chronic, often leading to endocarditis, which may be fatal.

Diagnosing rickettsial infection by cultivation in the laboratory is both difficult and hazardous because of the easy
aerosolization of the bacteria, so PCR and ELISA are commonly used. Doxycycline is the first-line drug to treat acute
Q fever. In chronic Q fever, doxycycline is often paired with hydroxychloroquine.

Disease Profile

Bacterial Diseases of the Respiratory Tract

Numerous pathogens can cause infections of the respiratory tract. Many of these infections produce similar
signs and symptoms, but appropriate treatment depends on accurate diagnosis through laboratory testing. The
tables in Figure 22.15 and Figure 22.16 summarize the most important bacterial respiratory infections, with
the latter focusing specifically on forms of bacterial pneumonia.

15. WD Tigertt et al. “Airborne Q Fever.” Bacteriological Reviews 25 no. 3 (1961):285-293.
16. Centers for Disease Control and Prevention. “Q fever. Symptoms, Diagnosis, and Treatment.” 2013. http://www.cdc.gov/qfever/

symptoms/index.html. Accessed July 6, 2016.
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Bacterial Infections of the Respiratory Tract
Disease Pathogen Signs and Transmission | Diagnostic | Antimicrobial | Vaccine
Symptoms Tests Drugs
Acute otitis Haemophilus Earache, possible | Often a None Cephalosporins, | None
media (AOM) | influenzae, effusion; may secondary fluoroguinolones
Streptococcus cause fever, infection; bacteria
pneumoniae, nausea, vomiting, | from respiratory
Moraxella diarrhea tract become
catarrhalis, others trapped in
eustachian tube,
cause infection
Diphtheria Corynebacterium | Pseudomembrane | Inhalation of Identification of Erythromycin, DtaP, Tdap,
diphtheriae on throat, possibly | respiratory bacteria in throat | penicillin, DT, Td, DTP
leading to droplets or swabs; PCR to antitoxin
suffocation and aerosols from detect diphtheria | produced in
death infected person toxin in vitro horses
Legionnaires | Legionella Cough, fever, Inhalation of Isolation, using Fluoroquinolones, | None
disease pneumophila muscle aches, aerosols from Warthin-Starry macrolides
headaches, contaminated procedure, of
nausea, vomiting, | water reservoirs bacteria in
confusion; sputum
sometimes fatal
Pertussis Bordetella Severe coughing Inhalation of Direct culture Macrolides DTaP, Tdap
(whooping pertussis with “whoop” respiratory of throat swab,
cough) sound; chronic droplets from PCR, ELISA
cough lasting infected
several months; person
can be fatal in
infants
Q fever Coxiella burnetii High fever, Inhalation of PCR, ELISA Doxycycline, None
coughing, pneu- aerosols of urine, hydroxychloro-
monia, malaise; feces, milk, or quine
in chronic cases, amniotic fluid
potentially fatal of infected cattle,
endocarditis sheep, goats
Streptococcal | Streptococcus Fever, sore Direct contact, Direct culture P-lactams None
pharyngitis, pyogenes throat, inflamma- inhalation of of throat swab,
scarlet fever tion of pharynx respiratory rapid enzyme
and tonsils, droplets or immunoassay
petechiae, swollen | aerosols from
lymph nodes; infected person
skin rash (scarlet
fever), strawberry
tongue
Tuberculosis | Mycobacterium Formation of Inhalation of Mantoux tubercu- | Isoniazid, BCG
tuberculosis tubercles in lungs; | respiratory lin skin test with | rifampin,
rupture of droplets or chest radiograph | ethambutol,
tubercles, leading | aerosols from to identify Ghon pyrazinamide
to chronic, bloody | infected person complexes
cough; healed
tubercles (Ghon
complexes) visible
in radiographs;
can be fatal
Figure 22.15

\
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Bacterial Causes of Pneumonia

Disease Pathogen Signs and Transmission Diagnostic Antimicrobial Vaccine
Symptoms Tests Drugs
Chlamydial | Chlamydophila | Bronchitis; mild | Inhalation Tissue culture, | Tetracycline, None
pneumonia | pneumoniae, to severe of respiratory PCR macrolides
C. psittaci, respiratory droplets or
Chlamydia distress aerosols from
trachomatis infected person
(C. pneumoni-
ae); exposure
to infected bird
(C. psittaci);
exposure in
the birth canal
(Chlamydia
trachomatis)
Haemo- Haemophilus Cough, fever Inhalation of Culture on Cephalosporins, | Hib
philus influenzae or low body respiratory chocolate agar, |fluoroquinolones
pneumonia temperature, droplets or serotyping of
chills, chest aerosols from blood or
pain, headache, | infected person | cerebrospinal
fatigue or asymptom- fluid samples
atic carrier
Klebsiella Klebsiella Lung necrosis, Health care as- | Culture, PCR Multidrug None
pneumonia | pneumoniae, “currant jelly” sociated; bac- resistant;
others sputum; often teria introduced antibiotic
fatal via contaminat- susceptibility
ed ventilators, testing
intubation, or necessary
other medical
equipment
Mycoplasma | Mycoplasma Low fever, Inhalation of Culture with Macrolides None
pneumonia | pneumoniae persistent respiratory penicillin,
(walking cough droplets or thallium acetate
pneumonia) aerosols from
infected person
Pneumo- Streptococcus Productive Direct contact Gram stain, f-lactams, Pneumo-
coccal pneumoniae cough, bloody with respiratory | blood agar macrolides, coccal
pneumonia sputum, fever, secretions culture with fluoroquinolones | conjugate
chills, chest optichin and vaccine
pain, respira- sodium (PCV13),
tory distress deoxycholate, pneumo-
quellung coccal
reaction polysaccha-
ride vaccine
(PPSV23)
Pseudo- Pseudomonas | Viscous fluid Health care Culture from Multidrug None
monas aeruginosa and chronic associated; bac- | sputum or resistant;
pneumonia inflammation teria introduced | other body fluid | antibiotic
of lungs; via contaminat- susceptibility
often fatal ed ventilators; testing
also frequently necessary
affects patients
with cystic
fibrosis
Figure 22.16
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22.3 Viral Infections of the Respiratory Tract

Learning Objectives
* Identify the most common viruses that can cause infections of the upper and lower respiratory tract

» Compare the major characteristics of specific viral diseases of the respiratory tract

Viruses are the most frequent cause of respiratory tract infections. Unlike the bacterial pathogens, we have few
effective therapies to combat viral respiratory infections. Fortunately, many of these diseases are mild and self-
limiting. A few respiratory infections manifest their primary symptoms at other locations in the body.

The Common Cold

The common cold is a generic term for a variety of mild viral infections of the nasal cavity. More than 200 different
viruses are known to cause the common cold. The most common groups of cold viruses include rhinoviruses,
coronaviruses, and adenoviruses. These infections are widely disseminated in the human population and are
transmitted through direct contact and droplet transmission. Coughing and sneezing efficiently produce infectious
aerosols, and rhinoviruses are known to persist on environmental surfaces for up to a week.!”’

Viral contact with the nasal mucosa or eyes can lead to infection. Rhinoviruses tend to replicate best between 33 °C
(91.4 °F) and 35 °C (95 °F), somewhat below normal body temperature (37 °C [98.6 °F]). As a consequence, they
tend to infect the cooler tissues of the nasal cavities. Colds are marked by an irritation of the mucosa that leads to
an inflammatory response. This produces common signs and symptoms such as nasal excess nasal secretions (runny
nose), congestion, sore throat, coughing, and sneezing. The absence of high fever is typically used to differentiate
common colds from other viral infections, like influenza. Some colds may progress to cause otitis media, pharyngitis,
or laryngitis, and patients may also experience headaches and body aches. The disease, however, is self-limiting and
typically resolves within 1-2 weeks.

There are no effective antiviral treatments for the common cold and antibacterial drugs should not be prescribed
unless secondary bacterial infections have been established. Many of the viruses that cause colds are related, so
immunity develops throughout life. Given the number of viruses that cause colds, however, individuals are never
likely to develop immunity to all causes of the common cold.

L__{ Check Your Understanding

¢ How are colds transmitted?

* What is responsible for the symptoms of a cold?

Clinical Focus
\

Part 3

Since antibiotic treatment had proven ineffective, John’s doctor suspects that a viral or fungal pathogen may be
the culprit behind John'’s case of pneumonia. Another possibility is that John could have an antibiotic-resistant
bacterial infection that will require a different antibiotic or combination of antibiotics to clear.

The RIDT tests both came back negative for type A and type B influenza. However, the diagnostic laboratory
identified the sputum isolate as Legionella pneumophila. The doctor ordered tests of John’s urine and, on the

N /

17. AG L’Huillier et al. “Survival of Rhinoviruses on Human Fingers.” Clinical Microbiology and Infection 21, no. 4 (2015):381-385.
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4 N

second day after his admission, results of an enzyme immunoassay (EIA) were positive for the Legionella
antigen. John’s doctor added levofloxacin to his antibiotic therapy and continued to monitor him. The doctor
also began to ask John where he had been over the past 10 to 14 days.

* Do negative RIDT results absolutely rule out influenza virus as the etiologic agent? Why or why not?
* What is John’s prognosis?

Jump to the next Clinical Focus box. Go back to the previous Clinical Focus box.

- J

Influenza

Commonly known as the flu, influenza is a common viral disease of the lower respiratory system caused by an
orthomyxovirus. Influenza is pervasive worldwide and causes 3,000-50,000 deaths each year in the United States.
The annual mortality rate can vary greatly depending on the virulence of the strain(s) responsible for seasonal
epidemics. ['®

Influenza infections are most typically characterized by fever, chills, and body aches. This is followed by symptoms
similar to the common cold that may last a week or more. Table 22.2 compares the signs and symptoms of influenza
and the common cold.

Comparing the Common Cold and Influenza

Sign/Symptom Common Cold Influenza
Fever Low (37.2 °C [99 °F]) | High (39 °C [102.2 °F])
Headache Common Common
Aches and pains Mild Severe
Fatigue Slight Severe
Nasal congestion | Common Rare
Sneezing Common Rare
Table 22.2

In general, influenza is self-limiting. However, serious cases can lead to pneumonia and other complications that can
be fatal. Such cases are more common in the very young and the elderly; however, certain strains of influenza virus
(like the 1918-1919 variant discussed later in this chapter) are more lethal to young adults than to the very young or
old. Strains that affect young adults are believed to involve a cytokine storm—a positive feedback loop that forms
between cytokine production and leukocytes. This cytokine storm produces an acute inflammatory response that leads
to rapid fluid accumulation in the lungs, culminating in pulmonary failure. In such cases, the ability to mount a
vigorous immune response is actually detrimental to the patient. The very young and very old are less susceptible to
this effect because their immune systems are less robust.

A complication of influenza that occurs primarily in children and teenagers is Reye syndrome. This sequela causes
swelling in the liver and brain, and may progress to neurological damage, coma, or death. Reye syndrome may follow
other viral infections, like chickenpox, and has been associated with the use of aspirin. For this reason, the CDC and
other agencies recommend that aspirin and products containing aspirin never be used to treat viral illnesses in children
younger than age 19 years.[lg]

18. Centers for Disease Control and Prevention. “Estimating Seasonal Influenza-Associated Deaths in the United States: CDC Study
Confirms Variability of Flu.” 2016. http://www.cdc.gov/flu/about/disease/us_flu-related_deaths.htm. Accessed July 6, 2016.
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The influenza virus is primarily transmitted by direct contact and inhalation of aerosols. The RNA genome of this
virus exists as seven or eight segments, each coated with ribonucleoprotein and encoding one or two specific viral
proteins. The influenza virus is surrounded by a lipid membrane envelope, and two of the main antigens of the
influenza virus are the spike proteins hemagglutinin (H) and neuraminidase (IN), as shown in Figure 22.17. These
spike proteins play important roles in the viral infectious cycle.

hemagglutinin (H)

lipid envelope
M2 ion channel

ribonucleoprotein

capsid

Figure 22.17 The illustration shows the structure of an influenza virus. The viral envelope is studded with copies of
the proteins neuraminidase and hemagglutinin, and surrounds the individual seven or eight RNA genome segments.
(credit: modification of work by Dan Higgins, Centers for Disease Control and Prevention)

Following inhalation, the influenza virus uses the hemagglutinin protein to bind to sialic acid receptors on host
respiratory epithelial cells. This facilitates endocytosis of the viral particle. Once inside the host cell, the negative
strand viral RNA is replicated by the viral RNA polymerase to form mRNA, which is translated by the host to produce
viral proteins. Additional viral RNA molecules are transcribed to produce viral genomic RNA, which assemble with
viral proteins to form mature virions. Release of the virions from the host cell is facilitated by viral neuraminidase,
which cleaves sialic-acid receptors to allow progeny viruses to make a clean exit when budding from an infected cell.

There are three genetically related influenza viruses, called A, B, and C. The influenza A viruses have different
subtypes based on the structure of their hemagglutinin and neuraminidase proteins. There are currently 18 known
subtypes of hemagglutinin and 11 known subtypes of neuraminidase. Influenza viruses are serologically characterized
by the type of H and N proteins that they possess. Of the nearly 200 different combinations of H and N, only a few,
such as the HIN1 strain, are associated with human disease. The influenza viruses A, B, and C make up three of
the five major groups of orthomyxoviruses. The differences between the three types of influenza are summarized
in Table 22.3. The most virulent group is the influenza A viruses, which cause seasonal pandemics of influenza
each year. Influenza A virus can infect a variety of animals, including pigs, horses, pigs, and even whales and
dolphins. Influenza B virus is less virulent and is sometimes associated with epidemic outbreaks. Influenza C virus
generally produces the mildest disease symptoms and is rarely connected with epidemics. Neither influenza B virus
nor influenza C virus has significant animal reservoirs.

The Three Major Groups of Influenza Viruses

Influenza A virus Influenza B virus Influenza C virus

Severity Severe Moderate Mild

Table 22.3

19. ED Belay et al. “Reye’s Syndrome in the United States From 1981 Through 1997.” New England Journal of Medicine 340 no. 18
(1999):1377-1382.
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The Three Major Groups of Influenza Viruses

Influenza A virus Influenza B virus  Influenza C virus
Animal reservoir Yes No No
Genome segments 8 8 7
Population spread Epidemic and pandemic Epidemic Sporadic
Antigenic variation Shift/drift Drift Drift

Table 22.3

Influenza virus infections elicit a strong immune response, particularly to the hemagglutinin protein, which would
protect the individual if they encountered the same virus. Unfortunately, the antigenic properties of the virus change
relatively rapidly, so new strains are evolving that immune systems previously challenged by influenza virus cannot
recognize. When an influenza virus gains a new hemagglutinin or neuraminidase type, it is able to evade the host’s
immune response and be successfully transmitted, often leading to an epidemic.

There are two mechanisms by which these evolutionary changes may occur. The mechanisms of antigen drift and
antigenic shift for influenza virus have been described in Virulence Factors of Bacterial and Viral Pathogens.
Of these two genetic processes, it is viruses produced by antigenic shift that have the potential to be extremely virulent
because individuals previously infected by other strains are unlikely to produce any protective immune response
against these novel variants.

The most lethal influenza pandemic in recorded history occurred from 1918 through 1919. Near the end of World
War 1, an antigenic shift involving the recombination of avian and human viruses is thought to have produced a new
HIN1 virus. This strain rapidly spread worldwide and is commonly claimed to have killed as many as 40 million
to 50 million people—more than double the number killed in the war. Although referred to as the Spanish flu, this
disease is thought to have originated in the United States. Regardless of its source, the conditions of World War I
greatly contributed to the spread of this disease. Crowding, poor sanitation, and rapid mobilization of large numbers
of personnel and animals facilitated the dissemination of the new virus once it appeared.

Several of the most important influenza pandemics of modern times have been associated with antigenic shifts. A few
of these are summarized in Table 22.4.

Historical Influenza Outbreaks?%(211(22]

Years Common Name  Serotype Estimated Number of Deaths
1918-1919 Spanish flu HIN1 20,000,000-40,000,000
1957-1958 | Asian flu N2N2 1,000,000-2,000,000
1968-1969 Hong Kong flu H3N2 1,000,000-3,000,000
2009-2010 Swine flu H1N1/09 152,000-575,000

Table 22.4

Laboratory diagnosis of influenza is typically performed using a variety of RIDTs. These tests are inoculated by
point-of-care personnel and give results within 15-20 minutes. Unfortunately, these tests have variable sensitivity and
commonly yield false-negative results. Other tests include hemagglutination of erythrocytes (due to hemagglutinin

20. CE Mills et al. “Transmissibility of 1918 Pandemic Influenza.” Nature 432, no. 7019 (2004):904-906.

21. E. Tognotti. “Influenza Pandemics: A Historical Retrospect.” Journal of Infection in Developing Countries 3, no. 5 (2009):331-334.
22. FS Dawood et al. “Estimated Global Mortality Associated with the First 12 Months of 2009 Pandemic Influenza A HIN1 Virus
Circulation: A Modelling Study.” The Lancet Infectious Diseases 12, no. 9 (2012):687-695.
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action) or complement fixation. Patient serum antibodies against influenza viruses can also be detected in blood
samples. Because influenza is self-limiting disease, diagnosis through these more time-consuming and expensive
methods is not typically used.

Three drugs that inhibit influenza neuraminidase activity are available: inhaled zanamivir, oral oseltamivir, and
intravenous peramivir. If taken at the onset of symptoms, these drugs can shorten the course of the disease. These
drugs are thought to impair the ability of the virus to efficiently exit infected host cells. A more effective means
of controlling influenza outbreaks, though, is vaccination. Every year, new influenza vaccines are developed to be
effective against the strains expected to be predominant. This is determined in February by a review of the dominant
strains around the world from a network of reporting sites; their reports are used to generate a recommendation for the
vaccine combination for the following winter in the northern hemisphere. In September, a similar recommendation
is made for the winter in the southern hemisphere.[23] These recommendations are used by vaccine manufacturers to
formulate each year’s vaccine. In most cases, three or four viruses are selected—the two most prevalent influenza A
strains and one or two influenza B strains. The chosen strains are typically cultivated in eggs and used to produce
either an inactivated or a live attenuated vaccine (e.g., FluMist). For individuals 18 years or older with an allergy
to egg products, a recombinant egg-free trivalent vaccine is available. Most of the influenza vaccines over the past
decade have had an effectiveness of about 50%."**!

Case in Point

Flu Pandemic

During the spring of 2013, a new strain of H7N9 influenza was reported in China. A total of 132 people were
infected. Of those infected, 44 (33%) died. A genetic analysis of the virus suggested that this strain arose
from the reassortment of three different influenza viruses: a domestic duck H7N3 virus, a wild bird H7N9
virus, and a domestic poultry HON2 virus. The virus was detected in the Chinese domestic bird flocks and
contact with this reservoir is thought to have been the primary source of infection. This strain of influenza
was not able to spread from person to person. Therefore, the disease did not become a global problem. This
case does, though, illustrate the potential threat that influenza still represents. If a strain like the H7N9 virus
were to undergo another antigenic shift, it could become more communicable in the human population. With
a mortality rate of 33%, such a pandemic would be disastrous. For this reason, organizations like the World
Health Organization and the Centers for Disease Control and Prevention keep all known influenza outbreaks
under constant surveillance.

|__{ Check Your Understanding

* Compare the severity of the three types of influenza viruses.

¢ Why must new influenza vaccines be developed each year?

Viral Pneumonia

Viruses cause fewer cases of pneumonia than bacteria; however, several viruses can lead to pneumonia in children and
the elderly. The most common sources of viral pneumonia are adenoviruses, influenza viruses, parainfluenza viruses,
and respiratory syncytial viruses. The signs and symptoms produced by these viruses can range from mild cold-like

23. World Health Organization. “WHO Report on Global Surveillance of Epidemic-Prone Infectious Diseases.” 2000. http://www.who.int/
csr/resources/publications/surveillance/Influenza.pdf. Accessed July 6, 2016.
24. Centers of Disease Control and Prevention. “Vaccine Effectiveness - How Well Does the Flu Vaccine Work?” 2016. http://www.cdc.gov/

flu/about/qa/vaccineeffect.htm. Accessed July 6, 2016.
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symptoms to severe cases of pneumonia, depending on the virulence of the virus strain and the strength of the host
defenses of the infected individual. Occasionally, infections can result in otitis media.

Respiratory syncytial virus (RSV) infections are fairly common in infants; most people have been infected by the age
of 2 years. During infection, a viral surface protein causes host cells to fuse and form multinucleated giant cells called
syncytia. There are no specific antiviral therapies or vaccines available for viral pneumonia. In adults, these infections
are self-limiting, resemble the common cold, and tend to resolve uneventfully within 1 or 2 weeks. Infections in
infants, however, can be life-threatening. RSV is highly contagious and can be spread through respiratory droplets
from coughing and sneezing. RSV can also survive for a long time on environmental surfaces and, thus, be transmitted
indirectly via fomites.

|__{ Check Your Understanding

* Who is most likely to contract viral pneumonia?

* What is the recommended treatment for viral pneumonia?

SARS and MERS

Severe acute respiratory syndrome (SARS) and Middle East respiratory syndrome (MERS) are two acute respiratory
infections caused by coronaviruses. In both cases, these are thought to be zoonotic infections. Bats and civet cats are
thought to have been the reservoirs for SARS; camels seem to be the reservoir for MERS.

SARS originated in southern China in the winter of 2002 and rapidly spread to 37 countries. Within about 1 year, more
than 8,000 people experienced influenza-like symptoms and nearly 800 people died. The rapid spread and severity of
these infections caused grave concern at the time. However, the outbreak was controlled in 2003 and no further cases
of SARS have been recorded since 2004.%>! Signs and symptoms of SARS include high fever, headache, body aches,
and cough, and most patients will develop pneumonia.

MERS was first reported in Saudi Arabia in 2013. Although some infected individuals will be asymptomatic or have
mild cold-like symptoms, most will develop a high fever, aches, cough and a severe respiratory infection that can
progress to pneumonia. As of 2015, over 1,300 people in 27 countries have been infected. About 500 people have
died. There are no specific treatments for either MERS or SARS. In addition, no vaccines are currently available.
Several recombinant vaccines, however, are being developed.

|__{ Check Your Understanding

* What is the cause of SARS?
¢ What are the signs and symptoms of MERS?

Viral Respiratory Diseases Causing Skin Rashes

Measles, rubella (German measles), and chickenpox are three important viral diseases often associated with skin
rashes. However, their symptoms are systemic, and because their portal of entry is the respiratory tract, they can be
considered respiratory infections.

25. Y. Huang. “The SARS Epidemic and Its Aftermath in China: A Political Perspective.” In Learning from SARS: Preparing for the Next
Disease Outbreak. Edited by S. Knobler et al. Washington, DC: National Academies Press; 2004. Available at: http://www.ncbi.nlm.nih.gov/
books/NBK92479/
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Measles (Rubeola)

The measles virus (MeV) causes the highly contagious disease measles, also known as rubeola, which is a major
cause of childhood mortality worldwide. Although vaccination efforts have greatly reduced the incidence of measles
in much of the world, epidemics are still common in unvaccinated populations in certain countries.'®!

The measles virus is a single-stranded, negative-strand RNA virus and, like the influenza virus, it possesses an
envelope with spikes of embedded hemagglutinin. The infection is spread by direct contact with infectious secretions
or inhalation of airborne droplets spread by breathing, coughing, or sneezing. Measles is initially characterized by a
high fever, conjunctivitis, and a sore throat. The virus then moves systemically through the bloodstream and causes
a characteristic rash. The measles rash initially forms on the face and later spreads to the extremities. The red, raised
macular rash will eventually become confluent and can last for several days. At the same time, extremely high fevers
(higher than 40.6 °C [105 °F]) can occur. Another diagnostic sign of measles infections is Koplik’s spots, white spots
that form on the inner lining of inflamed cheek tissues (Figure 22.18).

(a) () (c)

Figure 22.18 (a) Measles typically presents as a raised macular rash that begins on the face and spreads to the
extremities. (b) Koplik's spots on the oral mucosa are also characteristic of measles. (c) A thin-section transmission
electron micrograph of a measles virion. (credit a, b, ¢: modification of work by Centers for Disease Control and
Prevention)

Although measles is usually self-limiting, it can lead to pneumonia, encephalitis, and death. In addition, the inhibition
of immune system cells by the measles virus predisposes patients to secondary infections. In severe infections with
highly virulent strains, measles fatality rates can be as high as 10% to 15%. There were more than 145,000 measles
deaths (mostly young children) worldwide in 2013.*”]

The preliminary diagnosis of measles is typically based on the appearance of the rash and Koplik’s spots.
Hemagglutination inhibition tests and serological tests may be used to confirm measles infections in low-prevalence
settings.

There are no effective treatments for measles. Vaccination is widespread in developed countries as part of the measles,
mumps, and rubella (MMR) vaccine. As a result, there are typically fewer than 200 cases of measles in the United
States annually.?®! When it is seen, it is often associated with children who have not been vaccinated.

26. Centers for Disease Control and Prevention. “Global Health - Measles, Rubella, and CRS, Eliminating Measles, Rubella & Congenital
Rubella Syndrome (CRS) Worldwide.” 2015. http://www.cdc.gov/globalhealth/measles/. Accessed July 7, 2016.

27. World Health Organization. “Measles Factsheet.” 2016. http://www.who.int/mediacentre/factsheets/fs286/en/. Accessed July 7, 2016.
28. Centers for Disease Control and Prevention. “Measles Cases and Outbreaks.” 2016. http://www.cdc.gov/measles/cases-outbreaks.html.
Accessed July 7, 2016.
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Micro Connections

Preventable Measles Outbreaks

In December 2014, a measles epidemic began at Disneyland in southern California. Within just 4 months,
this outbreak affected 134 people in 24 states.?! Characterization of the virus suggests that an unidentified
infected individual brought the disease to the United States from the Philippines, where a similar virus had
sickened more than 58,000 people and killed 110.B% Measles is highly communicable, and its spread at
Disneyland may have been facilitated by the low vaccination rate in some communities in California.l3!

Several factors could conceivably lead to a strong comeback of measles in the U.S. Measles is still an
epidemic disease in many locations worldwide. Air travel enables infected individuals to rapidly translocate
these infections globally. Compounding this problem, low vaccination rates in some local areas in the United
States (such as in Amish communities) provide populations of susceptible hosts for the virus to establish
itself. Finally, measles has been a low-prevalence infection in the U.S. for some time. As a consequence,
physicians are not as likely to recognize the initial symptoms and make accurate diagnoses. Until vaccination
rates become high enough to ensure herd immunity, measles is likely to be an ongoing problem in the United
States.

N /

Rubella (German Measles)

Rubella, or the German measles, is a relatively mild viral disease that produces a rash somewhat like that caused by
the measles, even though the two diseases are unrelated. The rubella virus is an enveloped RNA virus that can be
found in the respiratory tract. It is transmitted from person to person in aerosols produced by coughing or sneezing.
Nearly half of all infected people remain asymptomatic. However, the virus is shed and spread by asymptomatic
carriers. Like rubeola, rubella begins with a facial rash that spreads to the extremities (Figure 22.19). However, the
rash is less intense, shorter lived (2—-3 days), not associated with Koplik’s spots, and the resulting fever is lower (101
°F [38.3 °C]).

Congenital rubella syndrome is the most severe clinical complication of the German measles. This occurs if a woman
is infected with rubella during pregnancy. The rubella virus is teratogenic, meaning it can cause developmental
defects if it crosses the placenta during pregnancy. There is a very high incidence of stillbirth, spontaneous abortion,
or congenital birth defects if the mother is infected before 11 weeks of pregnancy and 35% if she is infected between
weeks 13-16; after this time the incidence is low.'*”! For this reason, prenatal screening for rubella is commonly
practiced in the United States. Postnatal infections are usually self-limiting and rarely cause severe complications.

Like measles, the preliminary diagnosis of rubella is based on the patient’s history, vaccination records, and the
appearance of the rash. The diagnosis can be confirmed by hemagglutinin inhibition assays and a variety of other
immunological techniques. There are no antiviral therapies for rubella, but an effective vaccine (MMR) is widely
available. Vaccination efforts have essentially eliminated rubella in the United States; fewer than a dozen cases are
reported in a typical year.

29. Ibid.

30. World Health Organization. “Measles-Rubella Bulletin.” Manila, Philippines; Expanded Programme on Immunization Regional Office
for the Western Pacific World Health Organization; 9 no. 1 (2015). http://www.wpro.who.int/immunization/documents/
mrbulletinvol9issuel.pdf

31. M. Bloch et al. “Vaccination Rates for Every Kindergartener in California.” The New York Times February 6, 2015.
http://www.nytimes.com/interactive/2015/02/06/us/california-measles-vaccines-map.html?_r=1. Accessed July 7, 2016.

32. E. Miller et al. “Consequences of Confirmed Maternal Rubella at Successive Stages of Pregnancy.” The Lancet 320, no. 8302

(1982):781-784.
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(a) (b)

Figure 22.19 (a) This photograph shows the appearance of the German measles (rubella) rash. Note that this is
less intense than the rash of measles and the lesions are not confluent. (b) This transmission electron micrograph
shows rubella virus virions just budding from a host cell. (credit a, b: modification of work by Centers for Disease
Control and Prevention)

Chickenpox and Shingles

Chickenpox, also known as varicella, was once a common viral childhood disease. The causative agent of
chickenpox, the varicella-zoster virus, is a member of the herpesvirus family. In children, the disease is mild and self-
limiting, and is easily transmitted by direct contact or inhalation of material from the skin lesions. In adults, however,
chickenpox infections can be much more severe and can lead to pneumonia and birth defects in the case of infected
pregnant women. Reye syndrome, mentioned earlier in this chapter, is also a serious complication associated with
chickenpox, generally in children.

Once infected, most individuals acquire a lifetime immunity to future chickenpox outbreaks. For this reason, parents
once held “chickenpox parties” for their children. At these events, uninfected children were intentionally exposed to
an infected individual so they would contract the disease earlier in life, when the incidence of complications is very
low, rather than risk a more severe infection later.

After the initial viral exposure, chickenpox has an incubation period of about 2 weeks. The initial infection of the
respiratory tract leads to viremia and eventually produces fever and chills. A pustular rash then develops on the face,
progresses to the trunk, and then the extremities, although most form on the trunk (Figure 22.20). Eventually, the
lesions burst and form a crusty scab. Individuals with chickenpox are infectious from about 2 days before the outbreak
of the rash until all the lesions have scabbed over.
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(a) (h)

Figure 22.20 (a) The characteristic appearance of the pustular chickenpox rash is concentrated on the trunk region.
(b) This transmission electron micrograph shows a viroid of human herpesvirus 3, the virus that causes chickenpox in
children and shingles when it is reactivated in adults. (credit b: modification of work by Centers for Disease Control
and Prevention)

Like other herpesviruses, the varicella-zoster virus can become dormant in nerve cells. While the pustular vesicles
are developing, the virus moves along sensory nerves to the dorsal ganglia in the spinal cord. Once there, the
varicella-zoster virus can remain latent for decades. These dormant viruses may be reactivated later in life by a
variety of stimuli, including stress, aging, and immunosuppression. Once reactivated, the virus moves along sensory
nerves to the skin of the face or trunk. This results in the production of the painful lesions in a condition known as
shingles (Figure 22.21). These symptoms generally last for 2—6 weeks, and may recur more than once. Postherpetic
neuralgia, pain signals sent from damaged nerves long after the other symptoms have subsided, is also possible. In
addition, the virus can spread to other organs in immunocompromised individuals. A person with shingles lesions
can transmit the virus to a nonimmune contact, and the newly infected individual would develop chickenpox as the
primary infection. Shingles cannot be transmitted from one person to another.

The primary diagnosis of chickenpox in children is mainly based on the presentation of a pustular rash of the trunk.
Serological and PCR-based tests are available to confirm the initial diagnosis. Treatment for chickenpox infections in
children is usually not required. In patients with shingles, acyclovir treatment can often reduce the severity and length
of symptoms, and diminish the risk of postherpetic neuralgia. An effective vaccine is now available for chickenpox.
A vaccine is also available for adults older than 60 years who were infected with chickenpox in their youth. This
vaccine reduces the likelihood of a shingles outbreak by boosting the immune defenses that are keeping the latent
infection in check and preventing reactivation.
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(a) (b)

Figure 22.21 (a) An individual suffering from shingles. (b) The rash is formed because of the reactivation of a
varicella-zoster infection that was initially contracted in childhood. (credit a: modification of work by National Institute
of Allergy and Infectious Diseases (NIAID); credit b: modification of work by Centers for Disease Control and
Prevention)

D Check Your Understanding

* Why does measles often lead to secondary infections?
¢ What signs or symptoms would distinguish rubella and measles?

e Why can chickenpox lead to shingles later in life?

Eye on Ethics

SIGMA XI

THE SCIENTIFIC RESEARCH SOCIETY

Smallpox Stockpiles

Smallpox has probably killed more humans than any other infectious disease, with the possible exception of
tuberculosis. This disease, caused by the variola major virus, is transmitted by inhalation of viral particles shed
from lesions in the throat. The smallpox virus spreads systemically in the bloodstream and produces a pustular
skin rash. Historical epidemics of smallpox had fatality rates of 50% or greater in susceptible populations.
Concerted worldwide vaccination efforts eradicated smallpox from the general population in 1977. This was
the first microbial disease in history to be eradicated, a feat made possible by the fact that the only reservoir
for the smallpox virus is infected humans.

Although the virus is no longer present in the wild, laboratory samples of the virus still exist in the United States
and Russia.l** The question is, why do these samples still exist? Some claim that these stocks should be
maintained for research purposes. Should the smallpox virus ever reappear, they say, we would need access
to such stocks for development of vaccines and treatments. Concerns about a re-emergence of the virus are
not totally unfounded. Although there are no living reservoirs of the virus, there is always the possibility that
smallpox could re-emerge from mummified human bodies or human remains preserved in permafrost. It is
also possible that there are as-yet undiscovered samples of the virus in other locations around the world.

- J
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An example of such "lost" samples was discovered in a drawer in a Food and Drug Administration lab in
Maryland.[34] If an outbreak from such a source were to occur, it could lead to uncontrolled epidemics, since
the population is largely unvaccinated now.

Critics of this argument, including many research scientists and the World Health Organization, claim that there
is no longer any rational argument for keeping the samples. They view the “re-emergence scenarios” as a
thinly veiled pretense for harboring biological weapons. These scenarios, they say, are less probable than an
intentional reintroduction of the virus from militarized stocks by humans. Furthermore, they point out that if we
needed to research smallpox in the future, we could rebuild the virus from its DNA sequence.

What do you think? Are there legitimate arguments for maintaining stockpiles of smallpox, or should all forms
of this deadly disease be eradicated?

Disease Profile

Viral Infections of the Respiratory Tract

Many viruses are capable of entering and causing disease in the respiratory system, and a number are able
to spread beyond the respiratory system to cause systemic infections. Most of these infections are highly
contagious and, with a few exceptions, antimicrobial drugs are not effective for treatment. Although some of
these infections are self-limiting, others can have serious or fatal complications. Effective vaccines have been
developed for several of these diseases, as summarized in Figure 22.22.

33.

Centers for Disease Control and Prevention. “CDC Media Statement on Newly Discovered Smallpox Specimens.” July 8, 2014.

http://www.cdc.gov/media/releases/2014/s0708-nih.html. Accessed on July 7, 2016.

34.

Ibid.
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Viral Infections of the Respiratory Tract
Disease Pathogen Signs and Symptoms Transmission Vaccine
Chickenpox | Varicella-zoster In children, fever, chills, pustular | Highly contagious via contact Varicella
(varicella) virus rash of lesions that burst and with aerosals, particles, or (chickenpox)
form crusty scabs; in adults, droplets from infected individual's | vaccine
more severe symptoms and blisters or respiratory secretions
complications (e.g., pneumonia)
Common Rhinoviruses, Runny nose, congestion, sore Highly contagious via contact None
cold adenoviruses, throat, sneezing, headaches with respiratory secretions or
coronaviruses, and muscle aches; may lead to inhalation of droplets or
others otitis media, pharyngitis, aerosols
laryngitis
Influenza Influenza viruses | Fever, chills, headaches, body Highly contagious between Vaccines
A /B, C aches, fatigue; may lead to humans via contact with respira- | developed
pneumonia or complications tory secretions or inhalation of yearly
such as Reye syndrome. Highly | droplets or aerosols. Influenza A | against most
virulent strains may cause lethal | virus can be transmitted from prevalent
complications animal reservoirs. strains
Measles Measles virus High fever, conjunctivitis, sore Highly contagious via contact MMR
(MeV) throat, macular rash becoming with respiratory secretions,
confluent, Koplik's spots on oral | skin rash, or eye secretions of
mucosa, in severe cases, can infected individual
lead to fatal pneumonia or en-
cephalitis, especially in children
MERS Middle East respi- | Fever, cough, shortness of Contact with respiratory None
ratory syndrome breath; in some cases, compli- secretions or inhalation of
coronavirus cations such as pneumonia and | droplets or aerosols
(MERS-CoV) kidney failure; can be fatal
Rubella Rubella virus Facial rash spreading to Contagious via inhalation of MMR
(German extremities, followed by droplets or aerosols from
measles) low-grade fever, headache, infected person or asymptomatic
conjunctivitis, cough, runny nose, | carrier; transplacental infection
swollen lymph nodes; congenital | from mother to fetus
rubella may cause birth defects,
miscarriage, or stillbirth
SARS SARS-associated | High fever, headache, body Contact with respiratory None
coronavirus aches, dry cough, pneumonia; secretions or inhalation of
(SARS-CoV) can be fatal droplets or aerosols
Shingles Varicella-zoster Painful lesions on face or trunk Nontransmissible; occurs when Herpes
virus lasting several weeks; may dormant virus is reactivated, zoster
cause postherpetic neuralgia generally many years after initial | (shingles)
(chronic pain) or spread to chicken-pox infection vaccine
organs in severe cases
Viral Adenoviruses, From mild cold-like symptoms Highly contagious via contact None
pneumonia | influenza viruses, | to severe pneumonia; in infants, | with respiratory secretions or
parainfluenza RSV infections may be inhalation of droplets or aerosols
viruses, respira- life-threatening
tory syncytial
viruses,others
Figure 22.22

\
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22.4 Respiratory Mycoses

Learning Objectives
* Identify the most common fungi that can cause infections of the respiratory tract

» Compare the major characteristics of specific fungal diseases of the respiratory tract

Fungal pathogens are ubiquitous in the environment. Serological studies have demonstrated that most people have
been exposed to fungal respiratory pathogens during their lives. Yet symptomatic infections by these microbes are
rare in healthy individuals. This demonstrates the efficacy of the defenses of our respiratory system. In this section,
we will examine some of the fungi that can cause respiratory infections.

Histoplasmosis

Histoplasmosis is a fungal disease of the respiratory system and most commonly occurs in the Mississippi Valley
of the United States and in parts of Central and South America, Africa, Asia, and Australia. The causative agent,
Histoplasma capsulatum, is a dimorphic fungus. This microbe grows as a filamentous mold in the environment but
occurs as a budding yeast during human infections. The primary reservoir for this pathogen is soil, particularly in
locations rich in bat or bird feces.

Histoplasmosis is acquired by inhaling microconidial spores in the air; this disease is not transmitted from human
to human. The incidence of histoplasmesis exposure is high in endemic areas, with 60%—90% of the population
having anti-Histoplasma antibodies, depending on location;** however, relatively few individuals exposed to the
fungus actually experience symptoms. Those most likely to be affected are the very young, the elderly, and
immunocompromised people.

In many ways, the course of this disease is similar to that of tuberculosis. Following inhalation, the spores enter
the lungs and are phagocytized by alveolar macrophages. The fungal cells then survive and multiply within these
phagocytes (see Figure 5.26). Focal infections cause the formation of granulomatous lesions, which can lead to
calcifications that resemble the Ghon complexes of tuberculosis, even in asymptomatic cases. Also like tuberculosis,
histoplasmosis can become chronic and reactivation can occur, along with dissemination to other areas of the body
(e.g., the liver or spleen).

Signs and symptoms of pulmonary histoplasmosis include fever, headache, and weakness with some chest discomfort.
The initial diagnosis is often based on chest radiographs and cultures grown on fungal selective media like
Sabouraud's dextrose agar. Direct fluorescence antibody staining and Giemsa staining can also be used to detect this
pathogen. In addition, serological tests including a complement fixation assay and histoplasmin sensitivity can be
used to confirm the diagnosis. In most cases, these infections are self-limiting and antifungal therapy is not required.
However, in disseminated disease, the antifungal agents amphotericin B and ketoconazole are effective; itraconazole
may be effective in immunocompromised patients, in whom the disease can be more serious.

|__{ Check Your Understanding

* In what environments is one more likely to be infected with histoplasmosis?

* ldentify at least two similarities between histoplasmosis and tuberculosis.

Coccidioidomycosis

Infection by the dimorphic fungus Coccidioides immitis causes coccidioidomycosis. Because the microbe is endemic
to the San Joaquin Valley of California, the disease is sometimes referred to as Valley fever. A related species that

35. NE Manos et al. “Geographic Variation in the Prevalence of Histoplasmin Sensitivity.” Dis Chest 29, no. 6 (1956):649-668.
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causes similar infections is found in semi-arid and arid regions of the southwestern United States, Mexico, and Central
and South America.®

Like histoplasmosis, coccidioidomycosis is acquired by inhaling fungal spores—in this case, arthrospores formed
by hyphal fragmentation. Once in the body, the fungus differentiates into spherules that are filled with endospores.
Most C. immitis infections are asymptomatic and self-limiting. However, the infection can be very serious for
immunocompromised patients. The endospores may be transported in the blood, disseminating the infection and
leading to the formation of granulomatous lesions on the face and nose (Figure 22.23). In severe cases, other major
organs can become infected, leading to serious complications such as fatal meningitis.

Coccidioidomycosis can be diagnosed by culturing clinical samples. C. immitis readily grows on laboratory fungal
media, such as Sabouraud's dextrose agar, at 35 °C (95 °F). Culturing the fungus, however, is rather dangerous. C.
immitis is one of the most infectious fungal pathogens known and is capable of causing laboratory-acquired infections.
Indeed, until 2012, this organism was considered a “select agent” of bioterrorism and classified as a BSL-3 microbe.
Serological tests for antibody production are more often used for diagnosis. Although mild cases generally do not
require intervention, disseminated infections can be treated with intravenous antifungal drugs like amphotericin B.

(a) (b)

Figure 22.23 (@) This patient has extensive facial lesions due to a disseminated Coccidioides infection. (b) This
fluorescent micrograph depicts a spherule of C. immitis containing endospores. (credit a, b: modification of work by
Centers for Disease Control and Prevention)

Clinical Focus

Resolution

John’s negative RIDT tests do not rule out influenza, since false-negative results are common, but the
Legionella infection still must be treated with antibiotic therapy and is the more serious condition. John's
prognosis is good, provided the physician can find an antibiotic therapy to which the infection responds.

While John was undergoing treatment, three of the employees from the home improvement store also reported
to the clinic with very similar symptoms. All three were older than 55 years and had Legionella antigen in their
urine; L. pneumophila was also isolated from their sputum. A team from the health department was sent to the
home improvement store to identify a probable source for these infections. Their investigation revealed that
about 3 weeks earlier, the store's air conditioning system, which was located where the employees ate lunch,

- /

36. DR Hospenthal. “Coccioidomycosis.” Medscape. 2015. http://emedicine.medscape.com/article/215978-overview. Accessed July 7,
2016.
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had been undergoing maintenance. L. pneumophila was isolated from the cooling coils of the air conditioning
system and intracellular L. pneumophila was observed in amoebae in samples of condensed water from the
cooling coils as well (Figure 22.24). The amoebae provide protection for the Legionella bacteria and are known
to enhance their pathogenicity.*”’

In the wake of the infections, the store ordered a comprehensive cleaning of the air conditioning system and
implemented a regular maintenance program to prevent the growth of biofilms within the cooling tower. They
also reviewed practices at their other facilities.

After a month of rest at home, John recovered from his infection enough to return to work, as did the other
three employees of the store. However, John experienced lethargy and joint pain for more than a year after his
treatment.

amoebae

Legionnella pneumophila

Figure 22.24 Legionella pneumophila (red intracellular rods) infecting amoebae from a contaminated water
sample. (credit: modification of work by Centers for Disease Control and Prevention)

Go back to the previous Clinical Focus box.

- J

Blastomycosis

Blastomycosis is a rare disease caused by another dimorphic fungus, Blastomyces dermatitidis. Like Histoplasma
and Coccidioides, Blastomyces uses the soil as a reservoir, and fungal spores can be inhaled from disturbed soil.
The pulmonary form of blastomycosis generally causes mild flu-like symptoms and is self-limiting. It can, however,
become disseminated in immunocompromised people, leading to chronic cutaneous disease with subcutaneous
lesions on the face and hands (Figure 22.25). These skin lesions eventually become crusty and discolored and can
result in deforming scars. Systemic blastomycosis is rare, but if left untreated, it is always fatal.

Preliminary diagnosis of pulmonary blastomycosis can be made by observing the characteristic budding yeast forms
in sputum samples. Commercially available urine antigen tests are now also available. Additional confirmatory
tests include serological assays such as immunodiffusion tests or EIA. Most cases of blastomycosis respond well to
amphotericin B or ketoconazole treatments.

37. HY Lau and NJ Ashbolt. “The Role of Biofilms and Protozoa in Legionella Pathogenesis: Implications for Drinking Water.” Journal of
Applied Microbiology 107 no. 2 (2009):368-378.
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@) (b)

Figure 22.25 (@) These skin lesions are the result of disseminated cutaneous blastomycosis. (b) A differential
interference contrast micrograph of B. dermatitidis yeast cultured on blood agar. (credit a: modification of work by
Centers for Disease Control and Prevention)

Link to Learning

\
e N Watch this profile (https:/lopenstax.orgl/l/22blastlunginf) of a blastomycosis
1 I
lung infection.
openstax
I
o %

Mucormycosis

A variety of fungi in the order Mucorales cause mucormycosis, a rare fungal disease. These include bread molds,
like Rhizopus and Mucor; the most commonly associated species is Rhizopus arrhizus (oryzae) (see Figure 5.28).
These fungi can colonize many different tissues in immunocompromised patients, but often infect the skin, sinuses,
or the lungs.

Although most people are regularly exposed to the causative agents of mucormycosis, infections in healthy
individuals are rare. Exposure to spores from the environment typically occurs through inhalation, but the spores can
also infect the skin through a wound or the gastrointestinal tract if ingested. Respiratory mucormycosis primarily
affects immunocompromised individuals, such as patients with cancer or those who have had a transplant.*®!

After the spores are inhaled, the fungi grow by extending hyphae into the host’s tissues. Infections can occur in both
the upper and lower respiratory tracts. Rhinocerebral mucormycosis is an infection of the sinuses and brain; symptoms
include headache, fever, facial swelling, congestion, and tissue necrosis causing black lesions in the oral cavity.
Pulmonary mucormycosis is an infection of the lungs; symptoms include fever, cough, chest pain, and shortness of

38. Centers for Disease Control and Prevention. “Fungal Diseases. Definition of Mucormycosis.” 2015 http://www.cdc.gov/fungal/diseases/

mucormycosis/definition.html. Accessed July 7, 2016.
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breath. In severe cases, infections may become disseminated and involve the central nervous system, leading to coma
and death.®%

Diagnosing mucormycosis can be challenging. Currently, there are no serological or PCR-based tests available to
identify these infections. Tissue biopsy specimens must be examined for the presence of the fungal pathogens. The
causative agents, however, are often difficult to distinguish from other filamentous fungi. Infections are typically
treated by the intravenous administration of amphotericin B, and superficial infections are removed by surgical
debridement. Since the patients are often immunocompromised, viral and bacterial secondary infections commonly
develop. Mortality rates vary depending on the site of the infection, the causative fungus, and other factors, but a
recent study found an overall mortality rate of 54%."

E/ Check Your Understanding

* Compare the modes of transmission for coccidioidomycosis, blastomycosis, and mucormycosis.

* In general, which are more serious: the pulmonary or disseminated forms of these infections?

Aspergillosis

Aspergillus is a common filamentous fungus found in soils and organic debris. Nearly everyone has been exposed
to this mold, yet very few people become sick. In immunocompromised patients, however, Aspergillus may become
established and cause aspergillosis. Inhalation of spores can lead to asthma-like allergic reactions. The symptoms
commonly include shortness of breath, wheezing, coughing, runny nose, and headaches. Fungal balls, or
aspergilloma, can form when hyphal colonies collect in the lungs (Figure 22.26). The fungal hyphae can invade the
host tissues, leading to pulmonary hemorrhage and a bloody cough. In severe cases, the disease may progress to a
disseminated form that is often fatal. Death most often results from pneumonia or brain hemorrhages.

Laboratory diagnosis typically requires chest radiographs and a microscopic examination of tissue and respiratory
fluid samples. Serological tests are available to identify Aspergillus antigens. In addition, a skin test can be performed
to determine if the patient has been exposed to the fungus. This test is similar to the Mantoux tuberculin skin
test used for tuberculosis. Aspergillosis is treated with intravenous antifungal agents, including itraconazole and
voriconazole. Allergic symptoms can be managed with corticosteroids because these drugs suppress the immune
system and reduce inflammation. However, in disseminated infections, corticosteroids must be discontinued to allow
a protective immune response to occur.

39. Centers for Disease Control and Prevention. “Fungal Diseases. Symptoms of Mucormycosis.” 2015 http://www.cdc.gov/fungal/diseases/
mucormycosis/symptoms.html. Accessed July 7, 2016.

40. MM Roden et al. “Epidemiology and Outcome of Zygomycosis: A Review of 929 Reported Cases.” Clinical Infectious Diseases 41 no.
5 (2005):634-653.
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Figure 22.26 A fungal ball can be observed in the upper lobe of the right lung in this chest radiograph of a patient
with aspergilloma. (credit: modification of work by Centers for Disease Control and Prevention)

Pneumocystis Pneumonia

A type of pneumonia called Pneumocystis pneumonia (PCP) is caused by Pneumocystis jirovecii. Once thought
to be a protozoan, this organism was formerly named P. carinii but it has been reclassified as a fungus and
renamed based on biochemical and genetic analyses. Pneumocystis is a leading cause of pneumonia in patients with
acquired immunodeficiency syndrome (AIDS) and can be seen in other compromised patients and premature infants.
Respiratory infection leads to fever, cough, and shortness of breath. Diagnosis of these infections can be difficult.
The organism is typically identified by microscopic examination of tissue and fluid samples from the lungs (Figure
22.27). A PCR-based test is available to detect P. jirovecii in asymptomatic patients with AIDS. The best treatment
for these infections is the combination drug trimethoprim-sulfamethoxazole (TMP/SMZ). These sulfa drugs often
have adverse effects, but the benefits outweigh these risks. Left untreated, PCP infections are often fatal.

Figure 22.27 A light micrograph of a smear containing Pneumocystis jirovecii (dark purple cells) obtained from
human lung tissue and stained with toluidine blue. (credit: Centers for Disease Control and Prevention)

Cryptococcosis

Infection by the encapsulated yeast Cryptococcus neoformans causes cryptococcosis. This fungus is ubiquitous in the
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soil and can be isolated from bird feces. Immunocompromised people are infected by inhaling basidiospores found
in aerosols. The thick polysaccharide capsule surrounding these microbes enables them to avoid clearance by the
alveolar macrophage. Initial symptoms of infection include fever, fatigue, and a dry cough. In immunocompromised
patients, pulmonary infections often disseminate to the brain. The resulting meningitis produces headaches, sensitivity
to light, and confusion. Left untreated, such infections are often fatal.

Cryptococcus infections are often diagnosed based on microscopic examination of lung tissues or cerebrospinal
fluids. India ink preparations (Figure 22.28) can be used to visualize the extensive capsules that surround the
yeast cells. Serological tests are also available to confirm the diagnosis. Amphotericin B, in combination with
flucytosine, is typically used for the initial treatment of pulmonary infections. Amphotericin B is a broad-spectrum
antifungal drug that targets fungal cell membranes. It can also adversely impact host cells and produce side effects.
For this reason, clinicians must carefully balance the risks and benefits of treatments in these patients. Because it
is difficult to eradicate cryptococcal infections, patients usually need to take fluconazole for up to 6 months after
treatment with amphotericin B and flucytosine to clear the fungus. Cryptococcal infections are more common in
immunocompromised people, such as those with AIDS. These patients typically require life-long suppressive therapy
to control this fungal infection.

Cryptococcus cell budding cell

GV (b)

Figure 22.28 (a) The micrograph shows stained budding Cryptococcus yeast cells from the lungs of a patient with
AIDS. (b) The large capsule of Cryptococcus neoformans is visible in this negative stain micrograph. (credit a, b:
modification of work by Centers for Disease Control and Prevention)

D Check Your Understanding

* What populations are most at risk for developing Pneumocystis pneumonia or cryptococcosis?

¢ Why are these infections fatal if left untreated?

Disease Profile
\

Fungal Diseases of the Respiratory Tract

Most respiratory mycoses are caused by fungi that inhabit the environment. Such infections are generally
transmitted via inhalation of fungal spores and cannot be transmitted between humans. In addition, healthy
people are generally not susceptible to infection even when exposed; the fungi are only virulent enough to
establish infection in patients with HIV, AIDS, or another condition that compromises the immune defenses.

. J
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Figure 22.29 summarizes the features of important respiratory mycoses.
Fungal Infections of the Respiratory Tract
Disease Pathogen |Signs and Symptoms Diagnostic Tests | Antimicrobial
Drugs
Aspergillosis Aspergillus Shortness of breath, Chest radiograph, Itraconazole,
fumigatus wheezing, coughing, skin test, microscopic variconazole
runny nose, headaches; | observation of sputum
formation of aspergil- samples
lomas causing severe
pneumonia and pulmo-
nary or brain hemor-
rhages; can be fatal
Blastomycosis | Blastomyces Fever, chills, cough, Microscopic observa- Amphotericin B,
dermatitidis headache, fatigue, chest | tion of sputum samples; | ketoconazole
pain, body aches; in urine antigen test; EIA
disseminated infections,
chronic, crusted lesions
on face and hands with
permanent scarring; can
be fatal
Coccidioidomy- | Coccidioides Granulomatous lesions Culture (in BSL-3 lab Amphotericin B
cosis (Valley immitis on face and nose; may only), serological anti-
fever) spread to organs or body tests
brain, causing fatal
meningitis
Cryptococcosis | Cryptococcus Fever, cough, shortness | Microscopic examination | Amphotericin
neoformans of breath; can cause of lung tissue or B, fluconazole,
fatal meningitis if cerebrospinal fluid flucytosine
disseminated to brain
Histoplasmosis | Histoplasma Fever, headache, Chest radiograph, Amphotericin B,
capsulatum weakness, chest pain, culture, direct fluores- ketoconazole,
lesions on lungs cence antibody staining, | itraconazole
complement fixation
assay, histoplasmin
sensitivity test
Mucormycosis | Rhizopus Headache, fever, facial Microscopic examination | Amphotericin B
arrhizus, other | swelling, congestion, of tissue hiopsy
Rhizopus spp., | black lesions in oral specimens
Mucor spp. cavity, cough, chest
pain, shortness of
breath; often fatal
Pneumocystis | Pneumocystis | Fever, cough, shortness | Microscopic examination | Trimethoprim-
pneumonia jirovecii of breath; can be fatal if | of lung tissue and fluid, [ sulfamethoxa-
(PCP) untreated PCR zole
Figure 22.29
- J
Summary

22.1 Anatomy and Normal Microbiota of the Respiratory Tract
* The respiratory tract is divided into upper and lower regions at the epiglottis.

This OpenStax book is available for free at http://cnx.org/content/col12087/1.5



Chapter 22 | Respiratory System Infections 1005

» Air enters the upper respiratory tract through the nasal cavity and mouth, which both lead to the pharynx.
The lower respiratory tract extends from the larynx into the trachea before branching into the bronchi, which
divide further to form the bronchioles, which terminate in alveoli, where gas exchange occurs.

* The upper respiratory tract is colonized by an extensive and diverse normal microbiota, many of which are
potential pathogens. Few microbial inhabitants have been found in the lower respiratory tract, and these may
be transients.

e Members of the normal microbiota may cause opportunistic infections, using a variety of strategies to
overcome the innate nonspecific defenses (including the mucociliary escalator) and adaptive specific defenses
of the respiratory system.

» Effective vaccines are available for many common respiratory pathogens, both bacterial and viral.

* Most respiratory infections result in inflammation of the infected tissues; these conditions are given names
ending in -itis, such as rhinitis, sinusitis, otitis, pharyngitis, and bronchitis.

22.2 Bacterial Infections of the Respiratory Tract
* A wide variety of bacteria can cause respiratory diseases; most are treatable with antibiotics or preventable
with vaccines.

* Streptococcus pyogenes causes strep throat, an infection of the pharynx that also causes high fever and can
lead to scarlet fever, acute rheumatic fever, and acute glomerulonephritis.

* Acute otitis media is an infection of the middle ear that may be caused by several bacteria, including
Streptococcus pneumoniae, Haemophilus influenzae, and Moraxella catarrhalis. The infection can block the
eustachian tubes, leading to otitis media with effusion.

* Diphtheria, caused by Corynebacterium diphtheriae, is now a rare disease because of widespread
vaccination. The bacteria produce exotoxins that kill cells in the pharynx, leading to the formation of a
pseudomembrane; and damage other parts of the body.

* Bacterial pneumonia results from infections that cause inflammation and fluid accumulation in the alveoli.
It is most commonly caused by S. pneumoniae or H. influenzae. The former is commonly multidrug resistant.

* Mycoplasma pneumonia results from infection by Mycoplasma pneumoniae; it can spread quickly, but the
disease is mild and self-limiting.

e Chlamydial pneumonia can be caused by three pathogens that are obligate intracellular parasites.
Chlamydophila pneumoniae is typically transmitted from an infected person, whereas C. psittaci is typically
transmitted from an infected bird. Chlamydia trachomatis, may cause pneumonia in infants.

* Several other bacteria can cause pneumonia in immunocompromised individuals and those with cystic
fibrosis.

» Tuberculosis is caused by Mycobacterium tuberculosis. Infection leads to the production of protective
tubercles in the alveoli and calcified Ghon complexes that can harbor the bacteria for a long time. Antibiotic-
resistant forms are common and treatment is typically long term.

* Pertussis is caused by Bordetella pertussis. Mucus accumulation in the lungs leads to prolonged severe
coughing episodes (whooping cough) that facilitate transmission. Despite an available vaccine, outbreaks are
still common.

» Legionnaires disease is caused by infection from environmental reservoirs of the Legionella pneumophila
bacterium. The bacterium is endocytic within macrophages and infection can lead to pneumonia, particularly
among immunocompromised individuals.

* Qfever is caused by Coxiella burnetii, whose primary hosts are domesticated mammals (zoonotic disease). It
causes pneumonia primarily in farm workers and can lead to serious complications, such as endocarditis.

22.3 Viral Infections of the Respiratory Tract
* Viruses cause respiratory tract infections more frequently than bacteria, and most viral infections lead to mild
symptoms.

e The common cold can be caused by more than 200 viruses, typically rhinoviruses, coronaviruses, and
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adenoviruses, transmitted by direct contact, aerosols, or environmental surfaces.

Due to its ability to rapidly mutate through antigenic drift and antigenic shift, influenza remains an
important threat to human health. Two new influenza vaccines are developed annually.

Several viral infections, including respiratory syncytial virus infections, which frequently occur in the very
young, can begin with mild symptoms before progressing to viral pneumonia.

SARS and MERS are acute respiratory infections caused by coronaviruses, and both appear to originate in
animals. SARS has not been seen in the human population since 2004 but had a high mortality rate during its
outbreak. MERS also has a high mortality rate and continues to appear in human populations.

Measles, rubella, and chickenpox are highly contagious, systemic infections that gain entry through the
respiratory system and cause rashes and fevers. Vaccines are available for all three. Measles is the most severe
of the three and is responsible for significant mortality around the world. Chickenpox typically causes mild
infections in children but the virus can reactivate to cause painful cases of shingles later in life.

22.4 Respiratory Mycoses

Fungal pathogens rarely cause respiratory disease in healthy individuals, but inhalation of fungal spores can
cause severe pneumonia and systemic infections in immunocompromised patients.

Antifungal drugs like amphotericin B can control most fungal respiratory infections.

Histoplasmosis is caused by a mold that grows in soil rich in bird or bat droppings. Few exposed individuals
become sick, but vulnerable individuals are susceptible. The yeast-like infectious cells grow inside
phagocytes.

Coccidioidomycosis is also acquired from soil and, in some individuals, will cause lesions on the face.
Extreme cases may infect other organs, causing death.

Blastomycosis, a rare disease caused by a soil fungus, typically produces a mild lung infection but can become
disseminated in the immunocompromised. Systemic cases are fatal if untreated.

Mucormycosis is a rare disease, caused by fungi of the order Mucorales. It primarily affects
immunocompromised people. Infection involves growth of the hyphae into infected tissues and can lead to
death in some cases.

Aspergillosis, caused by the common soil fungus Aspergillus, infects immunocompromised people. Hyphal
balls may impede lung function and hyphal growth into tissues can cause damage. Disseminated forms can
lead to death.

Pneumocystis pneumonia is caused by the fungus P. jirovecii. The disease is found in patients with AIDS and
other immunocompromised individuals. Sulfa drug treatments have side effects, but untreated cases may be
fatal.

Cryptococcosis is caused by Cryptococcus neoformans. Lung infections may move to the brain, causing
meningitis, which can be fatal.

Review Questions

Multiple Choice 2. What type of cells produce the mucus for the mucous
1. Which of the following is not directly connected to ~ membranes?
a. goblet cells

the nasopharynx?

d.

b.
c.
d

middle ear b. macrophages
oropharynx c. phagocytes
d. ciliated epithelial cells

lacrimal glands
nasal cavity
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3. Which of these correctly orders the structures
through which air passes during inhalation?

a. pharynx — trachea — larynx — bronchi

b. pharynx — larynx — trachea — bronchi

c. larynx — pharynx — bronchi — trachea

d. larynx — pharynx — trachea — bronchi

4. The
respiratory tract.
a. bronchi
b. larynx
c. epiglottis
d. palatine tonsil

separates the upper and lower

5. Which microbial virulence factor is most important
for attachment to host respiratory tissues?

a. adhesins

b. lipopolysaccharide

c. hyaluronidase

d. capsules

6. Which of the following does not involve a bacterial
exotoxin?
a. diphtheria
whooping cough
scarlet fever
Q fever

/en o

7. What disease is caused by Coxiella burnetii?
Q fever

tuberculosis

diphtheria

walking pneumonia

/en o

8. In which stage of pertussis is the characteristic
whooping sound made?
a. convalescence
catarrhal
paroxysmal
prodromal

&0 &

9. What is the causative agent of Q fever?
Coxiella burnetii

Chlamydophila psittaci
Mycoplasma pneumoniae
Streptococcus pyogenes

e CI

1007

10. Which of these microbes causes
pneumonia”?

a. Kilebsiella pneumoniae

b. Streptococcus pneumoniae

c. Mycoplasma pneumoniae

d. Chlamydophila pneumoniae

“walking

11. Which of the following viruses is not commonly
associated with the common cold?

a. coronavirus

b. adenovirus

c. rhinovirus

d. varicella-zoster virus

12. Which of the following viral diseases has been
eliminated from the general population worldwide?

a. smallpox

b. measles

c. German measles

d. influenza

13. What term refers to multinucleated cells that form
when many host cells fuse together during infections?

a. Ghon elements

b. Reye syndrome

c. Koplik’s spots

d. syncytia

14. Which of the following diseases is not associated
with coronavirus infections?

a. Middle East respiratory syndrome

b. German measles

c. the common cold

d. severe acute respiratory syndrome

15. Which of these viruses is responsible for causing
shingles?

a. rubella virus

b. measles virus

c. varicella-zoster virus

d. variola major virus

16. Which of these infections is also referred to as
Valley fever?

a. histoplasmosis

b. coccidioidomycosis

c. blastomycosis

d. aspergillosis
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Which of the following is not caused by a

dimorphic fungus?

d.

b.
c.
d

histoplasmosis
coccidioidomycosis
blastomycosis
aspergillosis

18. Which of the following is caused by infections by
bread molds?

a. Mmucormycosis

b. coccidioidomycosis

c. cryptococcosis

d. Pneumocystis pneumonia
19. In the United States, most histoplasmosis cases
occur

a. in the Pacific northwest.

b. in the desert southwest.

c. in the Mississippi river valley.

d. in Colorado river valley.

20. Which of the following infections can be diagnosed
using a skin test similar to the tuberculin test?

a

b.

C
d

. histoplasmosis
Cryptococcosis
. blastomycosis
. aspergillosis

Fill in the Blank

21.
22,
23.
24,
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.

Unattached microbes are moved from the lungs to the epiglottis by the effect.
Many bacterial pathogens produce to evade phagocytosis.
The main type of antibody in the mucous membrane defenses is
results from an inflammation of the “voice box.”
phagocytize potential pathogens in the lower lung.
Calcified lesions called form in the lungs of patients with TB.

An inflammation of the middle ear is called

The is used to serologically identify Streptococcus pneumoniae isolates.
is a zoonotic infection that can be contracted by people who handle birds.
The main virulence factor involved in scarlet fever is the

The virus is responsible for causing German measles.
A(n) is an uncontrolled positive feedback loop between cytokines and leucocytes.
In cases of shingles, the antiviral drug may be prescribed.

The slow accumulation of genetic changes to an influenza virus over time is referred to as
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35. The vaccine is effective in controlling both measles and rubella.

36. In coccidioidomycosis, containing many endospores form in the lungs.

37. In cryptococcosis, the main fungal virulence factor is the , which helps the pathogen avoid
phagocytosis.

38. In some mycoses, fungal balls called form in the lungs

39. Most US cases of coccidioidomycosis occur in

40. Coccidioidomycosis may develop when Coccidioides immitis are inhaled.

Short Answer

41. Explain why the lower respiratory tract is essentially sterile.

42. Explain why pneumonia is often a life-threatening disease.

43. Name three bacteria that commonly cause pneumonia. Which is the most common cause?

44. How does smoking make an individual more susceptible to infections?

45. How does the diphtheria pathogen form a pseudomembrane?

46. Since we all have experienced many colds in our lifetime, why are we not resistant to future infections?

47. Which pulmonary fungal infection is most likely to be confused with tuberculosis? How can we discriminate
between these two types of infection?

48. Compare and contrast aspergillosis and mucormycosis.

Critical Thinking

49. Name each of the structures of the respiratory tract shown, and state whether each has a relatively large or small
normal microbiota.

=
S i

Figure 22.30 (credit: modification of work by National Cancer Institute)

50. Cystic fibrosis causes, among other things, excess mucus to be formed in the lungs. The mucus is very dry and
caked, unlike the moist, more-fluid mucus of normal lungs. What effect do you think that has on the lung’s defenses?

51. Why do you think smokers are more likely to suffer from respiratory tract infections?
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52. Why might B-lactam antibiotics be ineffective against Mycoplasma pneumoniae infections?

53. Why is proper antibiotic therapy especially important for patients with tuberculosis?

54. What role does the common cold have in the rise of antibiotic-resistant strains of bacteria in the United States?
55. Why is it highly unlikely that influenza A virus will ever be eradicated, like the smallpox virus?

56. Why are fungal pulmonary infections rarely transmissible from person to person?

This OpenStax book is available for free at http://cnx.org/content/col12087/1.5
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Chapter 23

Urogenital System Infections

Figure 23.1 Many pathogens that cause infections of the urogenital system can be detected in urine samples (left).
The top sample in the culture (right) was prepared from the urine of a patient with a urinary tract infection. (credit b:
modification of work by Nathan Reading)

Chapter Outline

23.1 Anatomy and Normal Microbiota of the Urogenital Tract
23.2 Bacterial Infections of the Urinary System

23.3 Bacterial Infections of the Reproductive System

23.4 Viral Infections of the Reproductive System

23.5 Fungal Infections of the Reproductive System

23.6 Protozoan Infections of the Urogenital System

Introduction

The urogenital system is a combination of the urinary tract and reproductive system. Because both systems are open
to the external environment, they are prone to infections. Some infections are introduced from outside, whereas others
result from imbalances in the microbiota of the urogenital tract.

Urinary tract infections (UTIs) are one the most common bacterial infections worldwide, affecting over 100 million
people each year. During 2007 in the United States, doctor office visits for UTIs exceeded 10 million, and an
additional 2—-3 million emergency department visits were attributed to UTIs. Sexually transmitted infections (STIs)
also primarily affect the urogenital system and are an important cause of patient morbidity. The Centers for Disease
Control and Prevention (CDC) estimates that there are approximately 20 million new cases of reportable STIs
annually in the United States, half of which occur in people aged 15-24 years old. When STIs spread to the
reproductive organs, they can be associated with severe morbidity and loss of fertility.

Because males and females have different urogenital anatomy, urogenital infections may affect males and females
differently. In this chapter, we will discuss the various microbes that cause urogenital disease and the factors that
contribute to their pathogenicity.
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23.1 Anatomy and Normal Microbiota of the Urogenital
Tract

Learning Objectives
» Compare the anatomy, function, and normal microbiota associated with the male and female urogenital systems

» Explain how microorganisms, in general, overcome the defenses of the urogenital system to cause infection

» Name, describe, and differentiate between general signs and symptoms associated with infections of the
urogenital tract

The urinary system filters blood, excretes wastes, and maintains an appropriate electrolyte and water balance. The
reproductive system is responsible for the production of gametes and participates in conception and, in females,
development of offspring. Due to their proximity and overlap, these systems are often studied together and referred
to as the urogenital system (or genitourinary system).

Anatomy of the Urinary Tract

The basic structures of the urinary tract are common in males and females. However, there are unique locations for
these structures in females and males, and there is a significant amount of overlap between the urinary and genital
structures in males. Figure 23.2 illustrates the urinary anatomy common to females and males.

The kidneys carry out the urinary system’s primary functions of filtering the blood and maintaining water and
electrolyte balance. The kidneys are composed of millions of filtration units called nephrons. Each nephron is in
intimate contact with blood through a specialized capillary bed called the glomerulus (plural glomeruli). Fluids,
electrolytes, and molecules from the blood pass from the glomerulus into the nephron, creating the filtrate that
becomes urine (Figure 23.3). Urine that collects in each kidney empties through a ureter and drains to the urinary
bladder, which stores urine. Urine is released from the bladder to the urethra, which transports it to be excreted from
the body through the urinary meatus, the opening of the urethra.

Clinical Focus
~

Part 1

Nadia is a newly married 26-year-old graduate student in economics. Recently she has been experiencing an
unusual vaginal discharge, as well as some itching and discomfort. Since she is due for her annual physical
exam, she makes an appointment with her doctor hoping that her symptoms can be quickly treated. However,
she worries that she may have some sort of sexually transmitted infection (STI). Although she is now in a
monogamous relationship, she is not fully certain of her spouse’s sexual history and she is reluctant to ask him
about it.

At her checkup, Nadia describes her symptoms to her primary care physician and, somewhat awkwardly,
explains why she thinks she might have an STI. Nadia’s doctor reassures her that she regularly sees patients
with similar concerns and encourages her to be fully transparent about her symptoms because some STIs
can have serious complications if left untreated. After some further questioning, the doctor takes samples of
Nadia’s blood, urine, and vaginal discharge to be sent to the lab for testing.

* What are some possible causes of Nadia’s symptoms?
¢ Why does the doctor take so many different samples?

Jump to the next Clinical Focus box.

o J
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adrenal gland |4 e renal artery

kidney e pelvis

Figure 23.2 These structures of the human urinary system are present in both males and females.

nephron
glomerulus

efferent arteriole
afferent arteriole

proximal

ureter convoluted tubule

venule
interlobular artery
interlobular vein

7 loop of the nephron \

peritubular capillary
network

Urine flows to renal papilla and ureter.

Figure 23.3 The kidney contains several lobes, each of which contains millions of nephrons. The nephron is the
functional unit of the kidney, filtering the blood and removing water and dissolved compounds. The filtrate first enters
the glomerulus and then enters the proximal convoluted tubule. As it passes through the tubule, the filtrate is further
modified by osmosis and active transport until it reaches the larger ducts as urine.

Anatomy of the Reproductive System

The male reproductive system (Figure 23.4) is located in close proximity to the urinary system, and the urethra is
part of both systems. The testes are responsible for the production of sperm. The epididymis is a coiled tube that
collects sperm from the testes and passes it on to the vas deferens. The epididymis is also the site of sperm maturation
after they leave the testes. The seminal vesicles and prostate are accessory glands that produce fluid that supports
sperm. During ejaculation, the vas deferens releases this mixture of fluid and sperm, called semen, into the urethra,
which extends to the end of the penis.

The female reproductive system is located near the urinary system (Figure 23.4). The external genitalia (vulva)
in females open to the vagina, a muscular passageway that connects to the cervix. The cervix is the lower part of
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the uterus (the organ where a fertilized egg will implant and develop). The cervix is a common site of infection,
especially for viruses that may lead to cervical cancer. The uterus leads to the fallopian tubes and eventually to the
ovaries. Ovaries are the site of ova (egg) production, as well as the site of estrogen and progesterone production
that are involved in maturation and maintenance of reproductive organs, preparation of the uterus for pregnancy, and

regulation of the menstrual cycle.

female

ureter
ovary /
orus \\ | : fimbria
TN

urinary cervix

bladder .
vagina

pubic
bone a

urethra /% y
clitoris _\x& )
labium /fl) \§<

rectum

/ anus

male

urinary bladder

// ureter

seminal

pubic bone
vesicle

vas deferens —L—— =

urethra

prostate
gland

penis
rectum
epididymis
anus
testis

minor : :
o8 |abium majora  vulva

Figure 23.4 The female reproductive system is located in close proximity to the urinary system. In males, the
urethra is shared by the reproductive and urinary systems.

\C{ Check Your Understanding

* What are the major structures of the urinary system, starting where urine is formed?

¢ What structure in males is shared by the reproductive and the urinary systems?

Normal Microbiota of the Urogenital System

The normal microbiota of different body sites provides an important nonspecific defense against infectious diseases
(see Physical Defenses), and the urogenital tract is no exception. In both men and women, however, the kidneys
are sterile. Although urine does contain some antibacterial components, bacteria will grow in urine left out at room
temperature. Therefore, it is primarily the flushing action that keeps the ureters and bladder free of microbes.

Below the bladder, the normal microbiota of the male urogenital system is found primarily within the distal urethra
and includes bacterial species that are commonly associated with the skin microbiota. In women, the normal
microbiota is found within the distal one third of the urethra and the vagina. The normal microbiota of the vagina
becomes established shortly after birth and is a complex and dynamic population of bacteria that fluctuates in
response to environmental changes. Members of the vaginal microbiota play an important role in the nonspecific
defense against vaginal infections and sexually transmitted infections by occupying cellular binding sites and
competing for nutrients. In addition, the production of lactic acid by members of the microbiota provides an acidic
environment within the vagina that also serves as a defense against infections. For the majority of women, the
lactic-acid—producing bacteria in the vagina are dominated by a variety of species of Lactobacillus. For women
who lack sufficient lactobacilli in their vagina, lactic acid production comes primarily from other species of bacteria
such as Leptotrichia spp., Megasphaera spp., and Atopobium vaginae. Lactobacillus spp. use glycogen from vaginal
epithelial cells for metabolism and production of lactic acid. This process is tightly regulated by the hormone
estrogen. Increased levels of estrogen correlate with increased levels of vaginal glycogen, increased production of
lactic acid, and a lower vaginal pH. Therefore, decreases in estrogen during the menstrual cycle and with menopause
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are associated with decreased levels of vaginal glycogen and lactic acid, and a higher pH. In addition to producing
lactic acid, Lactobacillus spp. also contribute to the defenses against infectious disease through their production of
hydrogen peroxide and bacteriocins (antibacterial peptides).

__{ Check Your Understanding

¢ What factors affect the microbiota of the female reproductive tract?

General Signs and Symptoms of Urogenital Infections

Infections of the urinary tract most commonly cause inflammation of the bladder (cystitis) or of the urethra
(urethritis). Urethritis can be associated with cystitis, but can also be caused by sexually transmitted infections.
Symptoms of urethritis in men include burning sensation while urinating, discharge from the penis, and blood in the
semen or the urine. In women, urethritis is associated with painful and frequent urination, vaginal discharge, fever,
chills, and abdominal pain. The symptoms of cystitis are similar to those of urethritis. When urethritis is caused by
a sexually transmitted pathogen, additional symptoms involving the genitalia can occur. These can include painful
vesicles (blisters), warts, and ulcers. Ureteritis, a rare infection of the ureter, can also occur with cystitis. These
infections can be acute or chronic.

Pyelonephritis and glomerulonephritis are infections of the kidney that are potentially serious. Pyelonephritis is an
infection of one or both of the kidneys and may develop from a lower urinary tract infection; the upper urinary tract,
including the ureters, is often affected. Signs and symptoms of pyelonephritis include fever, chills, nausea, vomiting,
lower back pain, and frequent painful urination. Pyelonephritis usually only becomes chronic in individuals who have
malformations in or damage to the kidneys.

Glomerulonephritis is an inflammation of the glomeruli of the nephrons. Symptoms include excessive protein
and blood in urine, increased blood pressure, and fluid retention leading to edema of face, hands, and feet.
Glomerulonephritis may be an acute infection or it can become chronic.

Infections occurring within the reproductive structures of males include epididymitis, orchitis, and prostatitis.
Bacterial infections may cause inflammation of the epididymis, called epididymitis. This inflammation causes pain in
the scrotum, testicles, and groin; swelling, redness, and warm skin in these areas may also be observed. Inflammation
of the testicle, called orchitis, is usually caused by a bacterial infection spreading from the epididymis, but it can
also be a complication of mumps, a viral disease. The symptoms are similar to those of epididymitis, and it is not
uncommon for them both to occur together, in which case the condition is called epididymo-orchitis. Inflammation
of the prostate gland, called prostatitis, can result from a bacterial infection. The signs and symptoms of prostatitis
include fever, chills, and pain in the bladder, testicles, and penis. Patients may also experience burning during
urination, difficulty emptying the bladder, and painful ejaculation.

Because of its proximity to the exterior, the vagina is a common site for infections in women. The general term for any
inflammation of the vagina is vaginitis. Vaginitis often develops as a result of an overgrowth of bacteria or fungi that
normally reside in the vaginal microbiota, although it can also result from infections by transient pathogens. Bacterial
infections of the vagina are called bacterial vaginesis, whereas fungal infections (typically involving Candida spp.)
are called yeast infections. Dynamic changes affecting the normal microbiota, acid production, and pH variations can
be involved in the initiation of the microbial overgrowth and the development of vaginitis. Although some individuals
may have no symptoms, vaginosis and vaginitis can be associated with discharge, odor, itching, and burning.

Pelvic inflammatory disease (PID) is an infection of the female reproductive organs including the uterus, cervix,
fallopian tubes, and ovaries. The two most common pathogens are the sexually transmitted bacterial pathogens
Neisseria gonorrhoeae and Chlamydia trachomatis. Inflammation of the fallopian tubes, called salpingitis, is the
most serious form of PID. Symptoms of PID can vary between women and include pain in the lower abdomen, vaginal
discharge, fever, chills, nausea, diarrhea, vomiting, and painful urination.
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|__{ Check Your Understanding

* What conditions can result from infections affecting the urinary system?

* What are some common causes of vaginitis in women?

General Causes and Modes of Transmission of Urogenital Infections

Hormonal changes, particularly shifts in estrogen in women due to pregnancy or menopause, can increase
susceptibility to urogenital infections. As discussed earlier, estrogen plays an important role in regulating the
availability of glycogen and subsequent production of lactic acid by Lactobacillus species. Low levels of estrogen are
associated with an increased vaginal pH and an increased risk of bacterial vaginosis and yeast infections. Estrogen
also plays a role in maintaining the elasticity, strength, and thickness of the vaginal wall, and keeps the vaginal wall
lubricated, reducing dryness. Low levels of estrogen are associated with thinning of the vaginal wall. This thinning
increases the risk of tears and abrasions, which compromise the protective barrier and increase susceptibility to
pathogens.

Another common cause of urogenital infections in females is fecal contamination that occurs because of the close
proximity of the anus and the urethra. Escherichia coli, an important member of the digestive tract microbiota, is the
most common cause of urinary tract infections (urethritis and cystitis) in women; it generally causes infection when it
is introduced to the urethra in fecal matter. Good hygiene can reduce the risk of urinary tract infections by this route.
In men, urinary tract infections are more commonly associated with other conditions, such as an enlarged prostate,
kidney stones, or placement of a urinary catheter. All of these conditions impair the normal emptying of the bladder,
which serves to flush out microbes capable of causing infection.

Infections that are transmitted between individuals through sexual contact are called sexually transmitted infections
(STIs) or sexually transmitted diseases (STDs). (The CDC prefers the term STD, but WHO prefers STL™ which
encompasses infections that result in disease as well as those that are subclinical or asymptomatic.) STIs often affect
the external genitalia and skin, where microbes are easily transferred through physical contact. Lymph nodes in
the genital region may also become swollen as a result of infection. However, many STIs have systemic effects
as well, causing symptoms that range from mild (e.g., general malaise) to severe (e.g., liver damage or serious
immunosuppression).

|”_{ Check Your Understanding

* What role does Lactobacillus play in the health of the female reproductive system?

¢ Why do urinary tract infections have different causes in males and females?

23.2 Bacterial Infections of the Urinary System

Learning Objectives
 Identify the most common bacterial pathogens that can cause urinary tract infections

» Compare the major characteristics of specific bacterial diseases affecting the urinary tract

Urinary tract infections (UTIs) include infections of the urethra, bladder, and kidneys, and are common causes of

1. World Health Organization. “Guidelines for the Management of Sexually Transmitted Infections.” World Health Organization, 2003.
http://www.who.int/hiv/pub/sti/en/STIGuidelines2003.pdf.
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urethritis, cystitis, pyelonephritis, and glomerulonephritis. Bacteria are the most common causes of UTIs, especially
in the urethra and bladder.

Cystitis

Cystitis is most often caused by a bacterial infection of the bladder, but it can also occur as a reaction to certain
treatments or irritants such as radiation treatment, hygiene sprays, or spermicides. Common symptoms of cystitis
include dysuria (urination accompanied by burning, discomfort, or pain), pyuria (pus in the urine), hematuria
(blood in the urine), and bladder pain.

In women, bladder infections are more common because the urethra is short and located in close proximity to the
anus, which can result in infections of the urinary tract by fecal bacteria. Bladder infections are also more common in
the elderly because the bladder may not empty fully, causing urine to pool; the elderly may also have weaker immune
systems that make them more vulnerable to infection. Conditions such as prostatitis in men or kidney stones in both
men and women can impact proper drainage of urine and increase risk of bladder infections. Catheterization can also
increase the risk of bladder infection (see Case in Point: Cystitis in the Elderly).

Gram-negative bacteria such as Escherichia coli (most commonly), Proteus vulgaris, Pseudomonas aeruginosa,
and Klebsiella pneumoniae cause most bladder infections. Gram-positive pathogens associated with cystitis include
the coagulase-negative Staphylococcus saprophyticus, Enterococcus faecalis, and Streptococcus agalactiae. Routine
manual urinalysis using a urine dipstick or test strip can be used for rapid screening of infection. These test strips
(Figure 23.5) are either held in a urine stream or dipped in a sample of urine to test for the presence of nitrites,
leukocyte esterase, protein, or blood that can indicate an active bacterial infection. The presence of nitrite may
indicate the presence of E. coli or K. pneumonia; these bacteria produce nitrate reductase, which converts nitrate to
nitrite. The leukocyte esterase (LE) test detects the presence of neutrophils as an indication of active infection.

Low specificity, sensitivity, or both, associated with these rapid screening tests require that care be taken in
interpretation of results and in their use in diagnosis of urinary tract infections. Therefore, positive LE or nitrite results
are followed by a urine culture to confirm a bladder infection. Urine culture is generally accomplished using blood
agar and MacConkey agar, and it is important to culture a clean catch of urine to minimize contamination with normal
microbiota of the penis and vagina. A clean catch of urine is accomplished by first washing the labia and urethral
opening of female patients or the penis of male patients. The patient then releases a small amount of urine into the
toilet bowl before stopping the flow of urine. Finally, the patient resumes urination, this time filling the container used
to collect the specimen.

Bacterial cystitis is commonly treated with fluoroquinolones, nitrofurantoin, cephalosporins, or a combination of
trimethoprim and sulfamethoxazole. Pain medications may provide relief for patients with dysuria. Treatment is more
difficult in elderly patients, who experience a higher rate of complications such as sepsis and kidney infections.
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Figure 23.5 A urine dipstick is compared against a color key to determine levels of various chemicals, proteins, or
cells in the urine. Abnormal levels may indicate an infection. (credit: modification of work by Suzanne Wakim)

A ) .

Robert, an 81-year-old widower with early onset Alzheimer’s, was recently moved to a nursing home because
he was having difficulty living on his own. Within a few weeks of his arrival, he developed a fever and began
to experience pain associated with urination. He also began having episodes of confusion and delirium. The
doctor assigned to examine Robert read his file and noticed that Robert was treated for prostatitis several years
earlier. When he asked Robert how often he had been urinating, Robert explained that he had been trying not
to drink too much so that he didn’t have to walk to the restroom.

All of this evidence suggests that Robert likely has a urinary tract infection. Robert's age means that his
immune system has probably begun to weaken, and his previous prostate condition may be making it difficult
for him to empty his bladder. In addition, Robert’s avoidance of fluids has led to dehydration and infrequent
urination, which may have allowed an infection to establish itself in his urinary tract. The fever and dysuria are
common signs of a UTI in patients of all ages, and UTIs in elderly patients are often accompanied by a notable
decline in mental function.

Physical challenges often discourage elderly individuals from urinating as frequently as they would otherwise.
In addition, neurological conditions that disproportionately affect the elderly (e.g., Alzheimer’s and Parkinson’s
disease) may also reduce their ability to empty their bladders. Robert's doctor noted that he was having
difficulty navigating his new home and recommended that he be given more assistance and that his fluid intake
be monitored. The doctor also took a urine sample and ordered a laboratory culture to confirm the identity of
the causative agent.

e Why is it important to identify the causative agent in a UTI?
* Should the doctor prescribe a broad-spectrum or narrow-spectrum antibiotic to treat Robert's UTI?
Why?

. J

This OpenStax book is available for free at http://cnx.org/content/col12087/1.5



Chapter 23 | Urogenital System Infections 1019

Kidney Infections (Pyelonephritis and Glomerulonephritis)

Pyelonephritis, an inflammation of the kidney, can be caused by bacteria that have spread from other parts of the
urinary tract (such as the bladder). In addition, pyelonephritis can develop from bacteria that travel through the
bloodstream to the kidney. When the infection spreads from the lower urinary tract, the causative agents are typically
fecal bacteria such as E. coli. Common signs and symptoms include back pain (due to the location of the kidneys),
fever, and nausea or vomiting. Gross hematuria (visible blood in the urine) occurs in 30-40% of women but is rare
in men.!”! The infection can become serious, potentially leading to bacteremia and systemic effects that can become
life-threatening. Scarring of the kidney can occur and persist after the infection has cleared, which may lead to
dysfunction.

Diagnosis of pyelonephritis is made using microscopic examination of urine, culture of urine, testing for leukocyte
esterase and nitrite levels, and examination of the urine for blood or protein. It is also important to use blood cultures
to evaluate the spread of the pathogen into the bloodstream. Imaging of the kidneys may be performed in high-
risk patients with diabetes or immunosuppression, the elderly, patients with previous renal damage, or to rule out
an obstruction in the kidney. Pyelonephritis can be treated with either oral or intravenous antibiotics, including
penicillins, cephalosporins, vancomycin, fluoroquinolones, carbapenems, and aminoglycosides.

Glomerulonephritis occurs when the glomeruli of the nephrons are damaged from inflammation. Whereas
pyelonephritis is usually acute, glomerulonephritis may be acute or chronic. The most well-characterized mechanism
of glomerulonephritis is the post-streptococcal sequelae associated with Streptococcus pyogenes throat and skin
infections. Although S. pyogenes does not directly infect the glomeruli of the kidney, immune complexes that
form in blood between S. pyogenes antigens and antibodies lodge in the capillary endothelial cell junctions of
the glomeruli and trigger a damaging inflammatory response. Glomerulonephritis can also occur in patients with
bacterial endocarditis (infection and inflammation of heart tissue); however, it is currently unknown whether
glomerulonephritis associated with endocarditis is also immune-mediated.

Leptospirosis

Leptospira are generally harmless spirochetes that are commonly found in the soil. However, some pathogenic species
can cause an infection called leptospiresis in the kidneys and other organs (Figure 23.6). Leptospirosis can produce
fever, headache, chills, vomiting, diarrhea, and rash with severe muscular pain. If the disease continues to progress,
infection of the kidney, meninges, or liver may occur and may lead to organ failure or meningitis. When the kidney
and liver become seriously infected, it is called Weil’s disease. Pulmonary hemorrhagic syndrome can also develop
in the lungs, and jaundice may occur.

Leptospira spp. are found widely in animals such as dogs, horses, cattle, pigs, and rodents, and are excreted in
their urine. Humans generally become infected by coming in contact with contaminated soil or water, often while
swimming or during flooding; infection can also occur through contact with body fluids containing the bacteria.
The bacteria may enter the body through mucous membranes, skin injuries, or by ingestion. The mechanism of
pathogenicity is not well understood.

Leptospirosis is extremely rare in the United States, although it is endemic in Hawaii; 50% of all cases in the
United States come from Hawaii.!®! It is more common in tropical than in temperate climates, and individuals
who work with animals or animal products are most at risk. The bacteria can also be cultivated in specialized
media, with growth observed in broth in a few days to four weeks; however, diagnosis of leptospirosis is generally
made using faster methods, such as detection of antibodies to Leptospira spp. in patient samples using serologic
testing. Polymerase chain reaction (PCR), enzyme-linked immunosorbent assay (ELISA), slide agglutination, and
indirect immunofluorescence tests may all be used for diagnosis. Treatment for leptospirosis involves broad-spectrum
antibiotics such as penicillin and doxycycline. For more serious cases of leptospirosis, antibiotics may be given
intravenously.

2. Tibor Fulop. “Acute Pyelonephritis” Medscape, 2015. http://emedicine.medscape.com/article/245559-overview.

3. Centers for Disease Control and Prevention. “Leptospirosis.” 2015. http://www.cdc.gov/leptospirosis/health_care_workers.



1020 Chapter 23 | Urogenital System Infections

(a) (b)

Figure 23.6 (a) Dark field view of Leptospira sp. (b) A scanning electron micrograph of Leptospira interrogans, a
pathogenic species, shows the distinctive spirochete morphology of this genus. (credit b: modification of work by
Janice Carr, Centers for Disease Control and Prevention)

D Check Your Understanding

* What is the most common cause of a kidney infection?

¢ What are the most common symptoms of a kidney infection?

Nongonococcal Urethritis (NGU)

There are two main categories of bacterial urethritis: gonorrheal and nongonococcal. Gonorrheal urethritis is caused
by Neisseria gonorrhoeae and is associated with gonorrhea, a common STI. This cause of urethritis will be discussed
in Bacterial Infections of the Reproductive System. The term nongonococcal urethritis (NGU) refers to
inflammation of the urethra that is unrelated to N. gonorrhoeae. In women, NGU is often asymptomatic. In men,
NGU is typically a mild disease, but can lead to purulent discharge and dysuria. Because the symptoms are often
mild or nonexistent, most infected individuals do not know that they are infected, yet they are carriers of the disease.
Asymptomatic patients also have no reason to seek treatment, and although not common, untreated NGU can spread
to the reproductive organs, causing pelvic inflammatory disease and salpingitis in women and epididymitis and
prostatitis in men. Important bacterial pathogens that cause nongonococcal urethritis include Chlamydia trachomatis,
Mpycoplasma genitalium, Ureaplasma urealyticum, and Mycoplasma hominis.

C. trachomatis is a difficult-to-stain, gram-negative bacterium with an ovoid shape. An intracellular pathogen, C.
trachomatis causes the most frequently reported STI in the United States, chlamydia. Although most persons infected
with C. trachomatis are asymptomatic, some patients can present with NGU. C. trachomatis can also cause non-
urogenital infections such as the ocular disease trachoma (see Bacterial Infections of the Skin and Eyes). The
life cycle of C. trachomatis is illustrated in Figure 4.5.

C. trachomatis has multiple possible virulence factors that are currently being studied to evaluate their roles in causing
disease. These include polymorphic outer-membrane autotransporter proteins, stress response proteins, and type III
secretion effectors. The type III secretion effectors have been identified in gram-negative pathogens, including C.
trachomatis. This virulence factor is an assembly of more than 20 proteins that form what is called an injectisome for
the transfer of other effector proteins that target the infected host cells. The outer-membrane autotransporter proteins
are also an effective mechanism of delivering virulence factors involved in colonization, disease progression, and

This OpenStax book is available for free at http://cnx.org/content/col12087/1.5
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immune system evasion.

Other species associated with NGU include Mycoplasma genitalium, Ureaplasma urealyticum, and Mycoplasma
hominis. These bacteria are commonly found in the normal microbiota of healthy individuals, who may acquire them
during birth or through sexual contact, but they can sometimes cause infections leading to urethritis (in males and
females) or vaginitis and cervicitis (in females).

M. genitalium is a more common cause of urethritis in most settings than N. gonorrhoeae, although it is less
common than C. trachomatis. It is responsible for approximately 30% of recurrent or persistent infections, 20-25% of
nonchlamydial NGU cases, and 15%-20% of NGU cases. M. genitalium attaches to epithelial cells and has substantial
antigenic variation that helps it evade host immune responses. It has lipid-associated membrane proteins that are
involved in causing inflammation.

Several possible virulence factors have been implicated in the pathogenesis of U. urealyticum (Figure 23.7). These
include the ureaplasma proteins phospholipase A, phospholipase C, multiple banded antigen (MBA), urease, and
immunoglobulin a protease. The phospholipases are virulence factors that damage the cytoplasmic membrane of
target cells. The immunoglobulin o protease is an important defense against antibodies. It can generate hydrogen
peroxide, which may adversely affect host cell membranes through the production of reactive oxygen species.

Treatments differ for gonorrheal and nongonococcal urethritis. However, N. gonorrhoeae and C. trachomatis are
often simultaneously present, which is an important consideration for treatment. NGU is most commonly treated
using tetracyclines (such as doxycycline) and azithromycin; erythromycin is an alternative option. Tetracyclines and
fluoroquinolones are most commonly used to treat U. urealyticum, but resistance to tetracyclines is becoming an
increasing problem. While tetracyclines have been the treatment of choice for M. hominis, increasing resistance
means that other options must be used. Clindamycin and fluoroquinolones are alternatives. M. genitalium is generally
susceptible to doxycycline, azithromycin, and moxifloxacin. Like other mycoplasma, M. genitalium does not have a
cell wall and therefore -lactams (including penicillins and cephalosporins) are not effective treatments.

a—_&‘ L

Figure 23.7 Ureaplasma urealyticum microcolonies (white arrows) on agar surface after anaerobic incubation,
visualized using phase contrast microscopy (800x%). The black arrow indicates cellular debris. (credit: modification of
work by American Society for Microbiology)

D Check Your Understanding

¢ What are the three most common causes of urethritis?

¢ What three members of the normal microbiota can cause urethritis?

4. Ken B Waites. “Ureaplasma Infection Medication.” Medscape, 2015. http://emedicine.medscape.com/article/231470-medication.
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Urinary tract infections can cause inflammation of the urethra (urethritis), bladder (cystitis), and kidneys
(pyelonephritis), and can sometimes spread to other body systems through the bloodstream. Figure 23.8
captures the most important features of various types of UTIs.

Bacterial Infections of the Urinary Tract

Disease Pathogen Signs and Transmission | Diagnostic |Antimicrobial
Symptoms Tests Drugs
Cystitis Escherichia coli, | Dysuria, pyuria, Nontransmisible; | Urine Fluoroquino-
Enterococcus hematuria, and opportunistic dipstick, urine | lones,
faecalis, bladder pain; most | infections occur | culture for nitrofurantoin,
Streptococcus | common in when fecal confirmation | cephalosprins,
agalactiae, females due to the | bacteria are trimethoprim,
Klebsiella shorter urethra introduced to sulfamethox-
pneumoniae, and abundant urinary tract or azole
Staphylococcus | normal vaginal when normal
saprophyticus, | microbiota urination or
others immune function
is impaired
Leptospirosis Leptospira spp. | Fever, headache, | From animalsto |PCR, ELISA, | Doxycycline,
chills, vomiting, humans via slide aggluti- | amoxicillin,
diarrhea, rash, contact with nation, ampicillin,
muscular pain; in | urine or body indirect erythromycin,
disseminated fluids immunofluo- | penicillin
infections, may rescence
cause jaundice,
pulmonary
hemarrhaging,
meningitis
Nongonococcal | Chlamydia Mild or asymptom- | Transmitted Urethral Azithromycin,
urethritis (NGU) | frachomatis, atic; may cause sexually or from | swabs and doxycycline,
Mycoplasma purulent discharge | mother to urine culture, | erythromycin,
genitalium, and dysuria neonate during PCR, NAAT | fluoroquinolo-
Mycoplasma birth nes
hominis,
Ureaplasma
urealyticum
Pyelonephritis, | E. col, Back pain, fever, Nontransmis- Urinalysis, Penicillins,
glomerulone- Proteus spp., nausea, vomiting, | sible; infection urine culture, | cephalosprins,
phritis Klebsiella spp., |blood in urine; spreads to radioimaging | fluoroguinolo-
Streptococcus | possible scarring kidneys from of kidneys nes, aminogly-
pyogenes, of the kidneys and | urinary tract or cosides,
others impaired kidney through blood- others
function; severe stream
infections may
lead to sepsis and
death
Figure 23.8
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23.3 Bacterial Infections of the Reproductive System

Learning Objectives
 Identify the most common bacterial pathogens that can cause infections of the reproductive system

» Compare the major characteristics of specific bacterial diseases affecting the reproductive system

In addition to infections of the urinary tract, bacteria commonly infect the reproductive tract. As with the urinary tract,
parts of the reproductive system closest to the external environment are the most likely sites of infection. Often, the
same microbes are capable of causing urinary tract and reproductive tract infections.

Bacterial Vaginitis and Vaginosis

Inflammation of the vagina is called vaginitis, often caused by a bacterial infection. It is also possible to have an
imbalance in the normal vaginal microbiota without inflammation called bacterial vaginesis (BV). Vaginosis may
be asymptomatic or may cause mild symptoms such as a thin, white-to-yellow, homogeneous vaginal discharge,
burning, odor, and itching. The major causative agent is Gardnerella vaginalis, a gram-variable to gram-negative
pleomorphic bacterium. Other causative agents include anaerobic species such as members of the genera Bacteroides
and Fusobacterium. Additionally, ureaplasma and mycoplasma may be involved. The disease is usually self-limiting,
although antibiotic treatment is recommended if symptoms develop.

G. vaginalis appears to be more virulent than other vaginal bacterial species potentially associated with BV. Like
Lactobacillus spp., G. vaginalis is part of the normal vaginal microbiota, but when the population of Lactobacillus
spp. decreases and the vaginal pH increases, G. vaginalis flourishes, causing vaginosis by attaching to vaginal
epithelial cells and forming a thick protective biofilm. G. vaginalis also produces a cytotoxin called vaginolysin that
lyses vaginal epithelial cells and red blood cells.

Since G. vaginalis can also be isolated from healthy women, the “gold standard” for the diagnosis of BV is direct
examination of vaginal secretions and not the culture of G. vaginalis. Diagnosis of bacterial vaginosis from vaginal
secretions can be accurately made in three ways. The first is to use a DNA probe. The second method is to assay
for sialidase activity (sialidase is an enzyme produced by G. vaginalis and other bacteria associated with vaginosis,
including Bacteroides spp., Prevotella spp., and Mobiluncus spp.). The third method is to assess gram-stained vaginal
smears for microscopic morphology and relative numbers and types of bacteria, squamous epithelial cells, and
leukocytes. By examining slides prepared from vaginal swabs, it is possible to distinguish lactobacilli (long, gram-
positive rods) from other gram-negative species responsible for BV. A shift in predominance from gram-positive
bacilli to gram-negative coccobacilli can indicate BV. Additionally, the slide may contain so-called clue cells, which
are epithelial cells that appear to have a granular or stippled appearance due to bacterial cells attached to their surface
(Figure 23.9). Presumptive diagnosis of bacterial vaginosis can involve an assessment of clinical symptoms and
evaluation of vaginal fluids using Amsel’s diagnostic criteria which include 3 out of 4 of the following characteristics:

1. white to yellow discharge;

2. afishy odor, most noticeable when 10% KOH is added,;
3. pH greater than 4.5;

4. the presence of clue cells.

Treatment is often unnecessary because the infection often clears on its own. However, in some cases, antibiotics such
as topical or oral clindamycin or metronidazole may be prescribed. Alternative treatments include oral tinidazole or
clindamycin ovules (vaginal suppositories).
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normal cells

clue cell

Figure 23.9 In this vaginal smear, the cell at the lower left is a clue cell with a unique appearance caused by the
presence of bacteria on the cell. The cell on the right is a normal cell.

|”_{ Check Your Understanding

* Explain the difference between vaginosis and vaginitis.

* What organisms are responsible for vaginosis and what organisms typically hold it at bay?

Part 2

There is no catch-all test for STIs, so several tests, in addition to a physical exam, are necessary to diagnose
an infection. Nadia tries to relax in the exam room while she waits for the doctor to return, but she is nervous
about the results.

When the doctor finally returns, she has some unexpected news: Nadia is pregnant. Surprised and excited,
Nadia wants to know if the pregnancy explains her unusual symptoms. The doctor explains that the irritation
that Nadia is experiencing is vaginitis, which can be caused by several types of microorganisms. One
possibility is bacterial vaginosis, which develops when there is an imbalance in the bacteria in the vagina, as
often occurs during pregnancy. Vaginosis can increase the risk of preterm birth and low birth weight, and a
few studies have also shown that it can cause second-trimester miscarriage; however, the condition can be
treated. To check for it, the doctor has asked the lab to perform a Gram stain on Nadia's sample.

¢ What result would you expect from the Gram stain if Nadia has bacterial vaginosis?

o J
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* What is the relationship between pregnancy, estrogen levels, and development of bacterial vaginosis?

Jump to the next Clinical Focus box. Go back to the previous Clinical Focus box.

Gonorrhea

Also known as the clap, gonorrhea is a common sexually transmitted disease of the reproductive system that is
especially prevalent in individuals between the ages of 15 and 24. It is caused by Neisseria gonorrhoeae, often
called gonococcus or GC, which have fimbriae that allow the cells to attach to epithelial cells. It also has a type
of lipopolysaccharide endotoxin called lipooligosaccharide as part of the outer membrane structure that enhances
its pathogenicity. In addition to causing urethritis, N. gonorrhoeae can infect other body tissues such as the skin,
meninges, pharynx, and conjunctiva.

Many infected individuals (both men and women) are asymptomatic carriers of gonorrhea. When symptoms do occur,
they manifest differently in males and females. Males may develop pain and burning during urination and discharge
from the penis that may be yellow, green, or white (Figure 23.10). Less commonly, the testicles may become
swollen or tender. Over time, these symptoms can increase and spread. In some cases, chronic infection develops. The
disease can also develop in the rectum, causing symptoms such as discharge, soreness, bleeding, itching, and pain
(especially in association with bowel movements).

@ (b) (c)

Figure 23.10 (a) Clinical photograph of gonococcal discharge from penis. The lesions on the skin could indicate co-
infection with another STI. (b) Purulent discharge originating from the cervix and accumulating in the vagina of a
patient with gonorrhea. (c) A micrograph of urethral discharge shows gram-negative diplococci (paired cells) both
inside and outside the leukocytes (large cells with lobed nuclei). These results could be used to diagnose gonorrhea
in a male patient, but female vaginal samples may contain other Neisseria spp. even if the patient is not infected with
N. gonorrhoeae. (credit a, b: modification of work by Centers for Disease Control and Prevention; credit c:
modification of work by American Society for Microbiology)

Women may develop pelvic pain, discharge from the vagina, intermenstrual bleeding (i.e., bleeding not associated
with normal menstruation), and pain or irritation associated with urination. As with men, the infection can become
chronic. In women, however, chronic infection can cause increases in menstrual flow. Rectal infection can also occur,
with the symptoms previously described for men. Infections that spread to the endometrium and fallopian tubes
can cause pelvic inflammatory disease (PID), characterized by pain in the lower abdominal region, dysuria, vaginal
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discharge, and fever. PID can also lead to infertility through scarring and blockage of the fallopian tubes (salpingitis);
it may also increase the risk of a life-threatening ectopic pregnancy, which occurs when a fertilized egg begins
developing somewhere other than the uterus (e.g., in the fallopian tube or ovary).

When a gonorrhea infection disseminates throughout the body, serious complications can develop. The infection
may spread through the blood (bacteremia) and affect organs throughout the body, including the heart (gonorrheal
endocarditis), joints (gonorrheal arthritis), and meninges encasing the brain (meningitis).

Urethritis caused by N. gonorrhoeae can be difficult to treat due to antibiotic resistance (see Micro Connections).
Some strains have developed resistance to the fluoroquinolones, so cephalosporins are often a first choice for
treatment. Because co-infection with C. trachomatis is common, the CDC recommends treating with a combination
regimen of ceftriaxone and azithromycin. Treatment of sexual partners is also recommended to avoid reinfection and
spread of infection to others."’

|”_{ Check Your Understanding

¢ What are some of the serious consequences of a gonorrhea infection?

* What organism commonly coinfects with N. gonorrhoeae?

Micro Connections

Antibiotic Resistance in Neisseria

Antibiotic resistance in many pathogens is steadily increasing, causing serious concern throughout the public
health community. Increased resistance has been especially notable in some species, such as Neisseria
gonorrhoeae. The CDC monitors the spread of antibiotic resistance in N. gonorrhoeae, which it classifies as
an urgent threat, and makes recommendations for treatment. So far, N. gonorrhoeae has shown resistance to
cefixime (a cephalosporin), ceftriaxone (another cephalosporin), azithromycin, and tetracycline. Resistance to
tetracycline is the most common, and was seen in 188,600 cases of gonorrhea in 2011 (out of a total 820,000
cases). In 2011, some 246,000 cases of gonorrhea involved strains of N. gonorrhoeae that were resistant
to at least one antibiotic.!®! These resistance genes are spread by plasmids, and a single bacterium may be
resistant to multiple antibiotics. The CDC currently recommends treatment with two medications, ceftriaxone
and azithromycin, to attempt to slow the spread of resistance. If resistance to cephalosporins increases, it will
be extremely difficult to control the spread of N. gonorrhoeae.

- J

Chlamydia

Chlamydia trachomatis is the causative agent of the STI chlamydia (Figure 23.11). While many Chlamydia
infections are asymptomatic, chlamydia is a major cause of nongonococcal urethritis (NGU) and may also cause
epididymitis and orchitis in men. In women, chlamydia infections can cause urethritis, salpingitis, and PID. In
addition, chlamydial infections may be associated with an increased risk of cervical cancer.

Because chlamydia is widespread, often asymptomatic, and has the potential to cause substantial complications,
routine screening is recommended for sexually active women who are under age 25, at high risk (i.e., not in a
monogamous relationship), or beginning prenatal care.

5. Centers for Disease Control and Prevention. “2015 Sexually Transmitted Diseases Treatment Guidelines: Gonococcal Infections,” 2015.
http://www.cdc.gov/std/tg2015/gonorrhea.htm.

6. Centers for Disease Control and Prevention. “Antibiotic Resistance Threats in the United States, 2013,” 2013. http://www.cdc.gov/
drugresistance/pdf/ar-threats-2013-508.pdf.
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Certain serovars of C. trachomatis can cause an infection of the lymphatic system in the groin known as
lymphogranuloma venereum. This condition is commonly found in tropical regions and can also co-occur in
conjunction with human immunodeficiency virus (HIV) infection. After the microbes invade the lymphatic system,
buboes (large lymph nodes, see Figure 23.11) form and can burst, releasing pus through the skin. The male genitals
can become greatly enlarged and in women the rectum may become narrow.

Urogenital infections caused by C. trachomatis can be treated using azithromycin or doxycycline (the recommended
regimen from the CDC). Erythromycin, levofloxacin, and ofloxacin are alternatives.

(a) (b)

Figure 23.11 (a) Chlamydia trachomatis inclusion bodies within McCoy cell monolayers. Inclusion bodies are
distinguished by their brown color. (b) Lymphogranuloma venereum infection can cause swollen lymph nodes in the
groin called buboes. (credit a: modification of work by Centers for Disease Control and Prevention; credit b:
modification of work by Herbert L. Fred and Hendrik A. van Dijk)

|”_{ Check Your Understanding

¢ Compare the signs and symptoms of chlamydia infection in men and women.

Syphilis

Syphilis is spread through direct physical (generally sexual) contact, and is caused by the gram-negative spirochete
Treponema pallidum. T. pallidum has a relatively simple genome and lacks lipopolysaccharide endotoxin
characteristic of gram-negative bacteria. However, it does contain lipoproteins that trigger an immune response in the
host, causing tissue damage that may enhance the pathogen’s ability to disseminate while evading the host immune
system.

After entering the body, T. pallidum moves rapidly into the bloodstream and other tissues. If not treated effectively,
syphilis progresses through three distinct stages: primary, secondary, and tertiary. Primary syphilis appears as a single
lesion on the cervix, penis, or anus within 10 to 90 days of transmission. Such lesions contain many T. pallidum cells
and are highly infectious. The lesion, called a hard chancre, is initially hard and painless, but it soon develops into
an ulcerated sore (Figure 23.12). Localized lymph node swelling may occur as well. In some cases, these symptoms
may be relatively mild, and the lesion may heal on its own within two to six weeks. Because the lesions are painless
and often occur in hidden locations (e.g., the cervix or anus), infected individuals sometimes do not notice them.

The secondary stage generally develops once the primary chancre has healed or begun to heal. Secondary syphilis is
characterized by a rash that affects the skin and mucous membranes of the mouth, vagina, or anus. The rash often
begins on the palms or the soles of the feet and spreads to the trunk and the limbs (Figure 23.12). The rash may
take many forms, such as macular or papular. On mucous membranes, it may manifest as mucus patches or white,
wartlike lesions called condylomata lata. The rash may be accompanied by malaise, fever, and swelling of lymph
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nodes. Individuals are highly contagious in the secondary stage, which lasts two to six weeks and is recurrent in about
25% of cases.

After the secondary phase, syphilis can enter a latent phase, in which there are no symptoms but microbial levels
remain high. Blood tests can still detect the disease during latency. The latent phase can persist for years.

Tertiary syphilis, which may occur 10 to 20 years after infection, produces the most severe symptoms and can be
fatal. Granulomatous lesions called gummas may develop in a variety of locations, including mucous membranes,
bones, and internal organs (Figure 23.12). Gummas can be large and destructive, potentially causing massive tissue
damage. The most deadly lesions are those of the cardiovascular system (cardiovascular syphilis) and the central
nervous system (neurosyphilis). Cardiovascular syphilis can result in a fatal aortic aneurysm (rupture of the aorta)
or coronary stenosis (a blockage of the coronary artery). Damage to the central nervous system can cause dementia,
personality changes, seizures, general paralysis, speech impairment, loss of vision and hearing, and loss of bowel and
bladder control.

(b)

Figure 23.12 (a) This ulcerated sore is a hard chancre caused by syphilis. (b) This individual has a secondary
syphilis rash on the hands. (c) Tertiary syphilis produces lesions called gummas, such as this one located on the
nose. (credit a, b, c: modification of work by Centers for Disease Control and Prevention)

The recommended methods for diagnosing early syphilis are darkfield or brightfield (silver stain) microscopy of
tissue or exudate from lesions to detect T. pallidum (Figure 23.13). If these methods are not available, two types
of serologic tests (treponemal and nontreponemal) can be used for a presumptive diagnosis once the spirochete has
spread in the body. Nontreponemal serologic tests include the Venereal Disease Research Laboratory (VDRL) and
rapid plasma reagin (RPR) tests. These are similar screening tests that detect nonspecific antibodies (those for lipid
antigens produced during infection) rather than those produced against the spirochete. Treponemal serologic tests
measure antibodies directed against T. pallidum antigens using particle agglutination (T. pallidum passive particle
agglutination or TP-PA), immunofluorescence (the fluorescent T. pallidum antibody absorption or FTA-ABS), various
enzyme reactions (enzyme immunoassays or EIAs) and chemiluminescence immunoassays (CIA). Confirmatory
testing, rather than screening, must be done using treponemal rather than nontreponemal tests because only the former
tests for antibodies to spirochete antigens. Both treponemal and nontreponemal tests should be used (as opposed to
just one) since both tests have limitations than can result in false positives or false negatives.

Neurosyphilis cannot be diagnosed using a single test. With or without clinical signs, it is generally necessary to
assess a variety of factors, including reactive serologic test results, cerebrospinal fluid cell count abnormalities,
cerebrospinal fluid protein abnormalities, or reactive VDRL-CSF (the VDRL test of cerebrospinal fluid). The VDRL-
CSF is highly specific, but not sufficiently sensitive for conclusive diagnosis.

The recommended treatment for syphilis is parenteral penicillin G (especially long-acting benzathine penicillin,
although the exact choice depends on the stage of disease). Other options include tetracycline and doxycycline.

This OpenStax book is available for free at http://cnx.org/content/col12087/1.5
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@)

Figure 23.13 (a) Darkfield micrograph of Treponema pallidum. (b) Silver stain micrograph of the same species.
(credit a, b: modification of work by Centers for Disease Control and Prevention)

Congenital Syphilis

Congenital syphilis is passed by mother to fetus when untreated primary or secondary syphilis is present. In many
cases, infection may lead to miscarriage or stillbirth. Children born with congenital syphilis show symptoms of
secondary syphilis and may develop mucus patches that deform the nose. In infants, gummas can cause significant
tissue damage to organs and teeth. Many other complications may develop, such as osteochondritis, anemia,
blindness, bone deformations, neurosyphilis, and cardiovascular lesions. Because congenital syphilis poses such a
risk to the fetus, expectant mothers are screened for syphilis infection during the first trimester of pregnancy as part
of the TORCH panel of prenatal tests.

|__{ Check Your Understanding

¢ What aspect of tertiary syphilis can lead to death?

¢ How do treponemal serologic tests detect an infection?

Chancroid

The sexually transmitted infection chancroid is caused by the gram-negative rod Haemophilus ducreyi. It is
characterized by soft chancres (Figure 23.14) on the genitals or other areas associated with sexual contact, such as
the mouth and anus. Unlike the hard chancres associated with syphilis, soft chancres develop into painful, open sores
that may bleed or produce fluid that is highly contagious. In addition to causing chancres, the bacteria can invade the
lymph nodes, potentially leading to pus discharge through the skin from lymph nodes in the groin. Like other genital
lesions, soft chancres are of particular concern because they compromise the protective barriers of the skin or mucous
membranes, making individuals more susceptible to HIV and other sexually transmitted diseases.

Several virulence factors have been associated with H. ducreyi, including lipooligosaccharides, protective outer
membrane proteins, antiphagocytic proteins, secretory proteins, and collagen-specific adhesin NcaA. The collagen-
specific adhesion NcaA plays an important role in initial cellular attachment and colonization. Outer membrane
proteins DsrA and DItA have been shown to provide protection from serum-mediated killing by antibodies and
complement.

H. ducreyi is difficult to culture; thus, diagnosis is generally based on clinical observation of genital ulcers and tests
that rule out other diseases with similar ulcers, such as syphilis and genital herpes. PCR tests for H. ducreyi have
been developed in some laboratories, but as of 2015 none had been cleared by the US Food and Drug Administration
(FDA)."! Recommended treatments for chancroid include antibiotics such as azithromycin, ciprofloxacin,
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erythromycin and ceftriaxone. Resistance to ciprofloxacin and erythromycin has been reported.®
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(b)

Figure 23.14 (a) A soft chancre on the penis of a man with chancroid. (b) Chancroid is caused by the gram-negative
bacterium Haemophilus ducreyi, seen here in a gram-stained culture of rabbit blood. (credit a, b: modification of work
by Centers for Disease Control and Prevention)

L_{ Check Your Understanding

¢ What is the key difference between chancroid lesions and those associated with syphilis?

* Why is it difficult to definitively diagnose chancroid?

Disease Profile
\

Bacterial Reproductive Tract Infections

Many bacterial infections affecting the reproductive system are transmitted through sexual contact, but some
can be transmitted by other means. In the United States, gonorrhea and chlamydia are common illnesses
with incidences of about 350,000 and 1.44 million, respectively, in 2014. Syphilis is a rarer disease with an
incidence of 20,000 in 2014. Chancroid is exceedingly rare in the United States with only six cases in 2014
and a median of 10 cases per year for the years 2010-2014.1! Figure 23.15 summarizes bacterial infections
of the reproductive tract.

7. Centers for Disease Control and Prevention. “2015 Sexually Transmitted Diseases Treatment Guidelines: Chancroid,” 2015.
http://www.cdc.gov/std/tg2015/chancroid.htm.
8. Ibid.

9. Centers for Disease Control and Prevention. “2014 Sexually Transmitted Disease Surveillance,” 2015. http://www.cdc.gov/std/stats14/
default.htm.
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Bacterial Infections of the Reproductive Tract

Disease Pathogen Signs and Transmission | Diagnostic |Antimicrobial
Symptoms Tests Drugs
Bacterial Gardnerella Often asymptomatic; | Opportunistic Vaginal smear Clindamycin,
vaginosis (BV) | vaginalis, vaginal discharge, infection caused by metronidazole,
Bacteroides spp., | burning, odor, or imbalance of tinidazole
Fusobacterium itching normal vaginal
spp., others microbiota
Chancroid Haemophilus Soft, painful Sexual contact or | Observation of Azithromycin,
ducreyi chancres on genitals, | contact with open | clinical symptoms | ceftriaxone,
mouth, or anus; lesions or and negative tests | erythromycin,
swollen lymph discharge for syphilis and ciprofloxacin
nodes; pus herpes
discharge
Chlamydia Chlamydia Often asymptomatic; | Sexual contactor | NAAT, urine Azithromycin,
trachomatis in men, urethritis, from mother to sample, vaginal doxycycline,
epididymitis, orchitis; | neonate during swab, culture erythromycin,
in women, urethritis, | birth ofloxacin, or
vaginal discharge or levofloxacin
bleeding, pelvic
inflammatory
disease, salpingitis,
increased risk of
cervical cancer
Gonorrhea Neisseria Urethritis, dysuria, Sexual contact Urine sample or Ceftriaxone,
gonorrhoeae penile or vaginal culture, NAAT, azithromycin
discharge, rectal PCR, ELISA
pain and bleeding; in
females, pelvic pain,
intermenstrual
bleeding, pelvic
inflammatory
disease, salpingitis,
increased risk of
infertility or ectopic
pregnancy; in
disseminated
infections, arthritis,
endocarditis,
meningitis
Syphilis Treponema Primary: hard Sexual contact or | Darkfield or Penicillin G,
pallidum chancre; Secondary: | from mother to brightfield silver tetracycline,
rash, cutaneous neonate during stain examination | doxycycline
lesions, condylo- birth of lesion tissue or
mata, malaise, fever, exudate, trepone-
swollen lymph mal and non-trepo-
nodes; Tertiary: nemal serological
gummas, cardiovas- testing, VDRL-CSF
cular syphilis, for neurosyphilis,
neurosyphilis, prenatal TORCH
possibly fatal panel
Figure 23.15
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23.4 Viral Infections of the Reproductive System

Learning Objectives
* Identify the most common viruses that cause infections of the reproductive system

» Compare the major characteristics of specific viral diseases affecting the reproductive system

Several viruses can cause serious problems for the human reproductive system. Most of these viral infections are
incurable, increasing the risk of persistent sexual transmission. In addition, such viral infections are very common
in the United States. For example, human papillomavirus (HPV) is the most common STT in the country, with an
estimated prevalence of 79.1 million infections in 2008; herpes simplex virus 2 (HSV-2) is the next most prevalent
STI at 24.1 million infections."'® In this section, we will examine these and other major viral infections of the
reproductive system.

Genital Herpes

Genital herpes is a common condition caused by the herpes simplex virus (Figure 23.16), an enveloped, double-
stranded DNA virus that is classified into two distinct types. Herpes simplex virus has several virulence factors,
including infected cell protein (ICP) 34.5, which helps in replication and inhibits the maturation of dendritic cells as
a mechanism of avoiding elimination by the immune system. In addition, surface glycoproteins on the viral envelope
promote the coating of herpes simplex virus with antibodies and complement factors, allowing the virus to appear as
“self” and prevent immune system activation and elimination.

There are two herpes simplex virus types. While herpes simplex virus type 1 (HSV-1) is generally associated with
oral lesions like cold sores or fever blisters (see Viral Infections of the Skin and Eyes), herpes simplex virus
type 2 (HSV-2) is usually associated with genital herpes. However, both viruses can infect either location as well as
other parts of the body. Oral-genital contact can spread either virus from the mouth to the genital region or vice versa.

Figure 23.16 Virions of the herpes simplex virus are shown here in this transmission electron micrograph. (credit:
modification of work by Centers for Disease Control and Prevention)

Many infected individuals do not develop symptoms, and thus do not realize that they carry the virus. However, in
some infected individuals, fever, chills, malaise, swollen lymph nodes, and pain precede the development of fluid-
filled vesicles that may be irritating and uncomfortable. When these vesicles burst, they release infectious fluid and
allow transmission of HSV. In addition, open herpes lesions can increase the risk of spreading or acquiring HIV.

In men, the herpes lesions typically develop on the penis and may be accompanied by a watery discharge. In women,
the vesicles develop most commonly on the vulva, but may also develop on the vagina or cervix (Figure 23.17).

10. Catherine Lindsey Satterwhite, Elizabeth Torrone, Elissa Meites, Eileen F. Dunne, Reena Mahajan, M. Cheryl Bafiez Ocfemia, John Su,
Fujie Xu, and Hillard Weinstock. “Sexually Transmitted Infections Among US Women and Men: Prevalence and Incidence Estimates, 2008.”
Sexually Transmitted Diseases 40, no. 3 (2013): 187-193.
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The symptoms are typically mild, although the lesions may be irritating or accompanied by urinary discomfort. Use
of condoms may not always be an effective means of preventing transmission of genital herpes since the lesions can
occur on areas other than the genitals.

Figure 23.17 Genital herpes is typically characterized by lesions on the genitals (left), but lesions can also appear
elsewhere on the skin or mucous membranes (right). The lesions can be large and painful or small and easily
overlooked. (credit b: modification of work by Schiffer JT, Swan D, Al Sallag R, Magaret A, Johnston C, Mark KE,
Selke S, Ocbamichael N, Kuntz S, Zhu J, Robinson B, Huang ML, Jerome KR, Wald A, and Corey)

Herpes simplex viruses can cause recurrent infections because the virus can become latent and then be reactivated.
This occurs more commonly with HSV-2 than with HSV-1."YY The virus moves down peripheral nerves, typically
sensory neurons, to ganglia in the spine (either the trigeminal ganglion or the lumbar-sacral ganglia) and becomes
latent. Reactivation can later occur, causing the formation of new vesicles. HSV-2 most effectively reactivates
from the lumbar-sacral ganglia. Not everyone infected with HSV-2 experiences reactivations, which are typically
associated with stressful conditions, and the frequency of reactivation varies throughout life and among individuals.
Between outbreaks or when there are no obvious vesicles, the virus can still be transmitted.

Virologic and serologic techniques are used for diagnosis. The virus may be cultured from lesions. The
immunostaining methods that are used to detect virus from cultures generally require less expertise than methods
based on cytopathic effect (CPE), as well as being a less expensive option. However, PCR or other DNA amplification
methods may be preferred because they provide the most rapid results without waiting for culture amplification. PCR
is also best for detecting systemic infections. Serologic techniques are also useful in some circumstances, such as
when symptoms persist but PCR testing is negative.

While there is no cure or vaccine for HSV-2 infections, antiviral medications are available that manage the infection
by keeping the virus in its dormant or latent phase, reducing signs and symptoms. If the medication is discontinued,
then the condition returns to its original severity. The recommended medications, which may be taken at the start of
an outbreak or daily as a method of prophylaxis, are acyclovir, famciclovir, and valacyclovir.

Neonatal Herpes

Herpes infections in newborns, referred to as neonatal herpes, are generally transmitted from the mother to the
neonate during childbirth, when the child is exposed to pathogens in the birth canal. Infections can occur regardless
of whether lesions are present in the birth canal. In most cases, the infection of the newborn is limited to skin, mucous
membranes, and eyes, and outcomes are good. However, sometimes the virus becomes disseminated and spreads to
the central nervous system, resulting in motor function deficits or death.

In some cases, infections can occur before birth when the virus crosses the placenta. This can cause serious
complications in fetal development and may result in spontaneous abortion or severe disabilities if the fetus survives.
The condition is most serious when the mother is infected with HSV for the first time during pregnancy. Thus,

11. Centers for Disease Control and Prevention. “2015 Sexually Transmitted Disease Treatment Guidelines: Genital Herpes,” 2015.
http://www.cdc.gov/std/tg2015/herpes.htm.
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expectant mothers are screened for HSV infection during the first trimester of pregnancy as part of the TORCH panel
of prenatal tests (see How Pathogens Cause Disease). Systemic acyclovir treatment is recommended to treat
newborns with neonatal herpes.

‘C{ Check Your Understanding

e Why are latent herpes virus infections still of clinical concern?

e How is neonatal herpes contracted?

Human Papillomas

Warts of all types are caused by a variety of strains of human papillomavirus (HPV) (see Viral Infections of the
Skin and Eyes). Condylomata acuminata, more commonly called genital warts or venereal warts (Figure 23.18),
are an extremely prevalent STI caused by certain strains of HPV. Condylomata are irregular, soft, pink growths that
are found on external genitalia or the anus.

HPV is a small, non-enveloped virus with a circular double-stranded DNA genome. Researchers have identified over
200 different strains (called types) of HPV, with approximately 40 causing STIs. While some types of HPV cause
genital warts, HPV infection is often asymptomatic and self-limiting. However, genital HPV infection often co-occurs
with other STIs like syphilis or gonorrhea. Additionally, some forms of HPV (not the same ones associated with
genital warts) are associated with cervical cancers. At least 14 oncogenic (cancer-causing) HPV types are known
to have a causal association with cervical cancers. Examples of oncogenic HPV are types 16 and 18, which are
associated with 70% of cervical cancers."? Oncogenic HPV types can also cause oropharyngeal cancer, anal cancer,
vaginal cancer, vulvar cancer, and penile cancer. Most of these cancers are caused by HPV type 16. HPV virulence
factors include proteins (E6 and E7) that are capable of inactivating tumor suppressor proteins, leading to uncontrolled
cell division and the development of cancer.

HPV cannot be cultured, so molecular tests are the primary method used to detect HPV. While routine HPV screening
is not recommended for men, it is included in guidelines for women. An initial screening for HPV at age 30,
conducted at the same time as a Pap test, is recommended. If the tests are negative, then further HPV testing is
recommended every five years. More frequent testing may be needed in some cases. The protocols used to collect,
transport, and store samples vary based on both the type of HPV testing and the purpose of the testing. This should
be determined in individual cases in consultation with the laboratory that will perform the testing.

Because HPV testing is often conducted concurrently with Pap testing, the most common approach uses a single
sample collection within one vial for both. This approach uses liquid-based cytology (LBC). The samples are then
used for Pap smear cytology as well as HPV testing and genotyping. HPV can be recognized in Pap smears by the
presence of cells called koilocytes (called koilocytosis or koilocytotic atypia). Koilocytes have a hyperchromatic
atypical nucleus that stains darkly and a high ratio of nuclear material to cytoplasm. There is a distinct clear
appearance around the nucleus called a perinuclear halo (Figure 23.19).

12. Lauren Thaxton and Alan G. Waxman. “Cervical Cancer Prevention: Immunization and Screening 2015.” Medical Clinics of North
America 99, no. 3 (2015): 469-477.
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Figure 23.18 Genital warts may occur around the anus (left) or genitalia (right). (credit left, right: modification of
work by Centers for Disease Control and Prevention)

30 um

Figure 23.19 In this image, the cervical cells on the left are normal and those on the right show enlarged nuclei and
hyperchromasia (darkly stained nuclei) typical of HPV-infected koilocytes. (credit: modification of work by Ed Uthman)

Most HPV infections resolve spontaneously; however, various therapies are used to treat and remove warts. Topical
medications such as imiquimod (which stimulates the production of interferon), podofilox, or sinecatechins, may be
effective. Warts can also be removed using cryotherapy or surgery, but these approaches are less effective for genital
warts than for other types of warts. Electrocauterization and carbon dioxide laser therapy are also used for wart
removal.

Regular Pap testing can detect abnormal cells that might progress to cervical cancer, followed by biopsy and
appropriate treatment. Vaccines for some of the high risk HPV types are now available. Gardasil vaccine includes
types 6, 11, 16 and 18 (types 6 and 11 are associated with 90% of genital wart infections and types 16 and 18 are
associated with 70% of cervical cancers). Gardasil 9 vaccinates against the previous four types and an additional five
high-risk types (31, 33, 45, 52, and 58). Cervarix vaccine includes just HPV types 16 and 18. Vaccination is the most
effective way to prevent infection with oncogenic HPV, but it is important to note that not all oncogenic HPV types
are covered by the available vaccines. It is recommended for both boys and girls prior to sexual activity (usually
between the ages of nine and fifteen).
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Link to Learning
\

e N Watch a video (https:/lopenstax.orgl/l/l22HPVpercep) of how perceptions of

e HPV affect vaccination rates.
openstax

L__{ Check Your Understanding

¢ What is diagnostic of an HPV infection in a Pap smear?

¢ What is the motivation for HPV vaccination?

Micro Connections

Secret STls

Few people who have an STI (or think they may have one) are eager to share that information publicly. In fact,
many patients are even uncomfortable discussing the symptoms privately with their doctors. Unfortunately, the
social stigma associated with STIs makes it harder for infected individuals to seek the treatment they need and
creates the false perception that STIs are rare. In reality, STls are quite common, but it is difficult to determine
exactly how common.

A recent study on the effects of HPV vaccination found a baseline HPV prevalence of 26.8% for women
between the ages of 14 and 59. Among women aged 20-24, the prevalence was 44.8%; in other words, almost
half of the women in this age bracket had a current infection.!**! According to the CDC, HSV-2 infection was
estimated to have a prevalence of 15.5% in younger individuals (14—49 years of age) in 2007—2010, down from
20.3% in the same age group in 1988-1994. However, the CDC estimates that 87.4% of infected individuals in
this age group have not been diagnosed by a physician.[“]

Another complicating factor is that many STIs can be asymptomatic or have long periods of latency. For
example, the CDC estimates that among women ages 14—49 in the United States, about 2.3 million (3.1%) are
infected with the sexually transmitted protozoan Trichomonas (see Protozoan Infections of the Urogenital
System); however, in a study of infected women, 85% of those diagnosed with the infection were
asymptomatic.!**

Even when patients are treated for symptomatic STIs, it can be difficult to obtain accurate data on the
number of cases. Whereas STIs like chlamydia, gonorrhea, and syphilis are notifiable diseases—meaning
each diagnosis must be reported by healthcare providers to the CDC—other STIs are not notifiable (e.g.,
genital herpes, genital warts, and trichomoniasis). Between the social taboos, the inconsistency of symptoms,
and the lack of mandatory reporting, it can be difficult to estimate the true prevalence of STIs—but it is safe to
say they are much more prevalent than most people think.

- J

13. Eileen F. Dunne, Elizabeth R. Unger, Maya Sternberg, Geraldine McQuillan, David C. Swan, Sonya S. Patel, and Lauri E. Markowitz.
“Prevalence of HPV Infection Among Females in the United States.” Journal of the American Medical Association 297, no. 8 (2007):
813-819.

14. Centers for Disease Control and Prevention. “Genital Herpes - CDC Fact Sheet,” 2015. http://www.cdc.gov/std/herpes/stdfact-herpes-
detailed.htm.

15. Centers for Disease Control and Prevention. “Trichomoniasis Statistics,” 2015. http://www.cdc.gov/std/trichomonas/stats.htm.
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Disease Profile

-

Viral Reproductive Tract Infections
Figure 23.20 summarizes the most important features of viral diseases affecting the human reproductive tract.
Viral Infections of the Reproductive Tract
Disease Pathogen Signs and | Transmission | Diagnostic Antimicrobial
Symptoms Tests Drugs/Vaccines
Cervical HPV types Development of | Direct contact, Pap smear Gardasil vaccine,
cancer 16, 18, and cancer in cervix | including sexual Cervarix vaccine
others (or elsewhere)
Genital Herpes Recurring Sexual contact | Viral culture, Acyclovir,
herpes simplex virus | outbreaks of or contact with PCR, ELISA famciclovir,
(HSV-1or skin vesicles open lesions valacyclovir
HSV-2) on genitalia
and elsewhere;
asymptomatic in
many individuals
Human Human Genital warts or | Direct contact, Pap smear Imiquimod,
papillomas papilloma- warts in other including sexual podofilox,
virus (HPV) | areas sinecatechins
(various
strains)
Neonatal Herpes Vesicles on the | Exposure to Viral culture or Acyclovir
herpes simplex virus | skin, mucous pathogens in PCR
(HSV-1or membranes, the birth canal;
HSV-2) eyes; in dissemi- | transplacental
nated infections, | infection in some
motor impair- cases
ment and possi-
ble death of
fetus or newborn
Figure 23.20

23.5 Fungal Infections of the Reproductive System

Learning Objectives
* Summarize the important characteristics of vaginal candidiasis

Only one major fungal pathogen affects the urogenital system. Candida is a genus of fungi capable of existing in
a yeast form or as a multicellular fungus. Candida spp. are commonly found in the normal, healthy microbiota
of the skin, gastrointestinal tract, respiratory system, and female urogenital tract (Figure 23.21). They can be
pathogenic due to their ability to adhere to and invade host cells, form biofilms, secrete hydrolases (e.g., proteases,
phospholipases, and lipases) that assist in their spread through tissues, and change their phenotypes to protect
themselves from the immune system. However, they typically only cause disease in the female reproductive tract
under conditions that compromise the host’s defenses. While there are at least 20 Candida species of clinical
importance, C. albicans is the species most commonly responsible for fungal vaginitis.
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As discussed earlier, lactobacilli in the vagina inhibit the growth of other organisms, including bacteria and Candida,
but disruptions can allow Candida to increase in numbers. Typical disruptions include antibiotic therapy, illness
(especially diabetes), pregnancy, and the presence of transient microbes. Immunosuppression can also play a role, and
the severe immunosuppression associated with HIV infection often allows Candida to thrive. This can cause genital
or vaginal candidiasis, a condition characterized by vaginitis and commonly known as a yeast infection. When a yeast
infection develops, inflammation occurs along with symptoms of pruritus (itching), a thick white or yellow discharge,
and odor.

Other forms of candidiasis include cutaneous candidiasis (see Mycoses of the Skin) and oral thrush (see
Microbial Diseases of the Mouth and Oral Cavity). Although Candida spp. are found in the normal
microbiota, Candida spp. may also be transmitted between individuals. Sexual contact is a common mode of
transmission, although candidiasis is not considered an STT.

Diagnosis of vaginal candidiasis can be made using microscopic evaluation of vaginal secretions to determine
whether there is an excess of Candida. Culturing approaches are less useful because Candida is part of the normal
microbiota and will regularly appear. It is also easy to contaminate samples with Candida because it is so common,
so care must be taken to handle clinical material appropriately. Samples can be refrigerated if there is a delay in
handling. Candida is a dimorphic fungus, so it does not only exist in a yeast form; cultivation can be used to identify
chlamydospores and pseudohyphae, which develop from germ tubes (Figure 23.22). The presence of the germ
tube can be used in a diagnostic test in which cultured yeast cells are combined with rabbit serum and observed
after a few hours for the presence of germ tubes. Molecular tests are also available if needed. The Affirm VPII
Microbial Identification Test, for instance, tests simultaneously for the vaginal microbes C. albicans, G. vaginalis
(see Bacterial Infections of the Urinary System), and Trichomonas vaginalis (see Protozoan Infections of
the Urogenital System).

Topical antifungal medications for vaginal candidiasis include butoconazole, miconazole, clotrimazole, tioconazole,
and nystatin. Oral treatment with fluconazole can be used. There are often no clear precipitating factors for infection,
so prevention is difficult.
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Figure 23.21 Candida blastospores (asexual spores that result from budding) and chlamydospores (resting spores
produced through asexual reproduction) are visible in this micrograph. (credit: modification of work by Centers for
Disease Control and Prevention)
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Figure 23.22 Candida can produce germ tubes, like the one in this micrograph, that develop into hyphae. (credit:
modification of work by American Society for Microbiology)

D Check Your Understanding

¢ What factors can lead to candidiasis?

* How is candidiasis typically diagnosed?

Clinical Focus
N

Part 3

The Gram stain of Nadia's vaginal smear showed that the concentration of lactobacilli relative to other species
in Nadia’s vaginal sample was abnormally low. However, there were no clue cells visible, which suggests that
the infection is not bacterial vaginosis. But a wet-mount slide showed an overgrowth of yeast cells, suggesting
that the problem is candidiasis, or a yeast infection (Figure 23.23). This, Nadia’s doctor assures her, is good

news. Candidiasis is common during pregnancy and easily treatable.

¢ Knowing that the problem is candidiasis, what treatments might the doctor suggest?
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Figure 23.23 (a) Lactobacilli are visible as gram-positive rods on and around this squamous epithelial cell.
(b) This wet mount prepared with KOH shows Candida albicans pseudohyphae and squamous epithelial cells
in a vaginal sample from a patient with candidiasis. (credit a: modification of work by Centers for Disease
Control and Prevention; credit b: modification of work by Mikael Haggstrom)

Jump to the next Clinical Focus box. Go back to the previous Clinical Focus box.

. J

23.6 Protozoan Infections of the Urogenital System

Learning Objectives
 Identify the most common protozoan pathogen that causes infections of the reproductive system

e Summarize the important characteristics of trichomoniasis

Only one major protozoan species causes infections in the urogenital system. Trichomoniasis, or “trich,” is the most
common nonviral STT and is caused by a flagellated protozoan Trichomonas vaginalis. T. vaginalis has an undulating
membrane and, generally, an amoeboid shape when attached to cells in the vagina. In culture, it has an oval shape.

T. vaginalis is commonly found in the normal microbiota of the vagina. As with other vaginal pathogens, it can cause
vaginitis when there is disruption to the normal microbiota. It is found only as a trophozoite and does not form cysts.
T. vaginalis can adhere to cells using adhesins such as lipoglycans; it also has other cell-surface virulence factors,
including tetraspanins that are involved in cell adhesion, motility, and tissue invasion. In addition, T. vaginalis is
capable of phagocytosing other microbes of the normal microbiota, contributing to the development of an imbalance
that is favorable to infection.

Both men and women can develop trichomoniasis. Men are generally asymptomatic, and although women are more
likely to develop symptoms, they are often asymptomatic as well. When symptoms do occur, they are characteristic
of urethritis. Men experience itching, irritation, discharge from the penis, and burning after urination or ejaculation.
Women experience dysuria; itching, burning, redness, and soreness of the genitalia; and vaginal discharge. The
infection may also spread to the cervix. Infection increases the risk of transmitting or acquiring HIV and is associated
with pregnancy complications such as preterm birth.

Microscopic evaluation of wet mounts is an inexpensive and convenient method of diagnosis, but the sensitivity
of this method is low (Figure 23.24). Nucleic acid amplification testing (NAAT) is preferred due to its high
sensitivity. Using wet mounts and then NAAT for those who initially test negative is one option to improve sensitivity.
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Samples may be obtained for NAAT using urine, vaginal, or endocervical specimens for women and with urine and
urethral swabs for men. It is also possible to use other methods such as the OSOM Trichomonas Rapid Test (an
immunochromatographic test that detects antigen) and a DNA probe test for multiple species associated with vaginitis
(the Affirm VPII Microbial Identification Test discussed in section 23.5).1'®! T vaginalis is sometimes detected on a
Pap test, but this is not considered diagnostic due to high rates of false positives and negatives. The recommended
treatment for trichomoniasis is oral metronidazole or tinidazole. Sexual partners should be treated as well.

Figure 23.24 Trichomonas vaginalis is visible in this Gram stained specimen. (credit: modification of work by
American Society for Microbiology)

L_{ Check Your Understanding

* What are the symptoms of trichomoniasis?

SIGMA XI

THE SCIENTIFIC RESEARCH SOCIETY

STis and Privacy

For many STIs, it is common to contact and treat sexual partners of the patient. This is especially important
when a new illness has appeared, as when HIV became more prevalent in the 1980s. But to contact sexual
partners, it is necessary to obtain their personal information from the patient. This raises difficult questions. In
some cases, providing the information may be embarrassing or difficult for the patient, even though withholding
such information could put their sexual partner(s) at risk.

Legal considerations further complicate such situations. The Health Insurance Portability and Accountability
Act (HIPPA), passed into law in 1996, sets the standards for the protection of patient information. It requires
businesses that use health information, such as insurance companies and healthcare providers, to maintain
strict confidentiality of patient records. Contacting a patient’s sexual partners may therefore violate the patient’s
privacy rights if the patient’s diagnosis is revealed as a result.

\ )

16. Association of Public Health Laboratories. “Advances in Laboratory Detection of Trichomonas vaginalis,” 2013. http://www.aphl.org/

AboutAPHL/publications/Documents/ID_2013August_Advances-in-Laboratory-Detection-of-Trichomonas-vaginalis.pdf.
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From an ethical standpoint, which is more important: the patient’s privacy rights or the sexual partner’s right
to know that they may be at risk of a sexually transmitted disease? Does the answer depend on the severity
of the disease or are the rules universal? Suppose the physician knows the identity of the sexual partner but
the patient does not want that individual to be contacted. Would it be a violation of HIPPA rules to contact the
individual without the patient’s consent?

Questions related to patient privacy become even more complicated when dealing with patients who are
minors. Adolescents may be reluctant to discuss their sexual behavior or health with a health professional,
especially if they believe that healthcare professionals will tell their parents. This leaves many teens at risk
of having an untreated infection or of lacking the information to protect themselves and their partners. On the
other hand, parents may feel that they have a right to know what is going on with their child. How should
physicians handle this? Should parents always be told even if the adolescent wants confidentiality? Does this
affect how the physician should handle notifying a sexual partner?

\ J
Clinical Focus
\
Resolution

Vaginal candidiasis is generally treated using topical antifungal medications such as butoconazole,
miconazole, clotrimazole, ticonozole, nystatin, or oral fluconazole. However, it is important to be careful
in selecting a treatment for use during pregnancy. Nadia's doctor recommended treatment with topical
clotrimazole. This drug is classified as a category B drug by the FDA for use in pregnancy, and there appears
to be no evidence of harm, at least in the second or third trimesters of pregnancy. Based on Nadia’'s particular
situation, her doctor thought that it was suitable for very short-term use even though she was still in the first
trimester. After a seven-day course of treatment, Nadia’s yeast infection cleared. She continued with a normal
pregnancy and delivered a healthy baby eight months later.

Higher levels of hormones during pregnancy can shift the typical microbiota composition and balance in the
vagina, leading to high rates of infections such as candidiasis or vaginosis. Topical treatment has an 80—90%
success rate, with only a small number of cases resulting in recurrent or persistent infections. Longer term or
intermittent treatment is usually effective in these cases.

Go back to the previous Clinical Focus box.

Disease Profile

Fungal and Protozoan Reproductive Tract Infections

Figure 23.25 summarizes the most important features of candidiasis and trichomoniasis.
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\
Fungal and Protozoan Infections of the Reproductive Tract
Disease Pathogen Signsand | Transmission | Diagnostic | Antimicrobial
Symptoms Tests Drugs
Trichomoniasis | Trichomonas Urethritis, Sexual contact | Wet mounts, Metronidazole,
vaginalis vaginal or NAAT of urine | tinidazole
penile or vaginal
discharge; samples;
redness or OsOM
soreness of Trichomonas
female genitalia Rapid Test,
Affirm VPII
Microbial
Identification
Test
Vaginal Candida spp., | Dysuria; vaginal | Transmissible Culture, Affirm | Fluconazole,
candidiasis especially C. burning, itching, | by sexual VPII Microbial miconazole,
(yeast infection) | albicans discharge contact, but Identification clotrimazole,
typically only Test tioconazole,
causes nystatin
opportunistic
infections after
immunosuppre-
sion or
disruption of
vaginal
microbiota
Figure 23.25
J

Link to Learning
~

e N Take an online quiz (https:/lopenstax.orglli22quizstireview) for a review of
[E— sexually transmitted infections.
openstax
|
- J
Summary

23.1 Anatomy and Normal Microbiota of the Urogenital Tract

The urinary system is responsible for filtering the blood, excreting wastes, and helping to regulate electrolyte
and water balance.

The urinary system includes the kidneys, ureters, urinary bladder, and urethra; the bladder and urethra are
the most common sites of infection.

Common sites of infection in the male reproductive system include the urethra, as well as the testes, prostate
and epididymis.

The most commons sites of infection in the female reproductive system are the vulva, vagina, cervix, and
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fallopian tubes.

Infections of the urogenital tract can occur through colonization from the external environment, alterations
in microbiota due to hormonal or other physiological and environmental changes, fecal contamination, and
sexual transmission (STIs).

23.2 Bacterial Infections of the Urinary System

Bacterial cystitis is commonly caused by fecal bacteria such as E. coli.

Pyelonephritis is a serious kidney infection that is often caused by bacteria that travel from infections
elsewhere in the urinary tract and may cause systemic complications.

Leptospirosis is a bacterial infection of the kidney that can be transmitted by exposure to infected animal
urine, especially in contaminated water. It is more common in tropical than in temperate climates.
Nongonococcal urethritis (NGU) is commonly caused by C. trachomatis, M. genitalium, Ureaplasma
urealyticum, and M. hominis.

Diagnosis and treatment for bacterial urinary tract infections varies. Urinalysis (e.g., for leukocyte esterase
levels, nitrite levels, microscopic evaluation, and culture of urine) is an important component in most cases.
Broad-spectrum antibiotics are typically used.

23.3 Bacterial Infections of the Reproductive System

Bacterial vaginosis is caused by an imbalance in the vaginal microbiota, with a decrease in lactobacilli and
an increase in vaginal pH. G. vaginalis is the most common cause of bacterial vaginosis, which is associated
with vaginal discharge, odor, burning, and itching.

Gonorrhea is caused by N. gonorrhoeae, which can cause infection of the reproductive and urinary tracts
and is associated with symptoms of urethritis. If left untreated, it can progress to epididymitis, salpingitis, and
pelvic inflammatory disease and enter the bloodstream to infect other sites in the body.

Chlamydia is the most commonly reported STI and is caused by C. trachomatis. Most infections are
asymptomatic, and infections that are not treated can spread to involve the epididymis of men and cause
salpingitis and pelvic inflammatory disease in women.

Syphilis is caused by T. pallidum and has three stages, primary, secondary, and tertiary. Primary syphilis is
associated with a painless hard chancre lesion on genitalia. Secondary syphilis is associated with skin and
mucous membrane lesions. Tertiary syphilis is the most serious and life-threatening, and can involve serious
nervous system damage.

Chancroid is an infection of the reproductive tract caused by H. ducreyi that results in the development of
characteristic soft chancres.

23.4 Viral Infections of the Reproductive System

Genital herpes is usually caused by HSV-2 (although HSV-1 can also be responsible) and may cause the
development of infectious, potentially recurrent vesicles

Neonatal herpes can occur in babies born to infected mothers and can cause symptoms that range from
relatively mild (more common) to severe.

Human papillomaviruses are the most common sexually transmitted viruses and include strains that cause
genital warts as well as strains that cause cervical cancer.

23.5 Fungal Infections of the Reproductive System

Candida spp. are typically present in the normal microbiota in the body, including the skin, respiratory tract,
gastrointestinal tract, and female urogenital system.

Disruptions in the normal vaginal microbiota can lead to an overgrowth of Candida, causing vaginal
candidiasis.

Vaginal candidiasis can be treated with topical or oral fungicides. Prevention is difficult.

23.6 Protozoan Infections of the Urogenital System

Trichomeoniasis is a common STI caused by Trichomonas vaginalis.
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* T vaginalis is common at low levels in the normal microbiota.

* Trichomoniasis is often asymptomatic. When symptoms develop, trichomoniasis causes urinary discomfort,
irritation, itching, burning, discharge from the penis (in men), and vaginal discharge (in women).

* Trichomoniasis is treated with the antiflagellate drugs tinidazole and metronidazole.

Review Questions

Multiple Choice

1. When it first leaves the kidney, urine flows through
a. the urinary bladder.
b. the urethra.
c. the ureter.
d. the glomeruli.

2. What part of the male urogenital tract is shared by
the urinary and reproductive systems?

a. the prostate gland

b. the seminal vesicles

c. the vas deferens

d. the urethra

3. Which species is not associated with NGU?
a. Neisseria gonorrhoeae
b. Mycoplasma hominis
c. Chlamydia trachomatis
d. Mycoplasma genitalium

4. A strain of bacteria associated with a bladder
infection shows gram-negative rods. What species is
most likely to be the causative agent?

a. Mpycoplasma hominis

b. Escherichia coli

c. Neisseria gonorrhoeae

d. Chlamydia trachomatis

5. Treponemal and non-treponemal serological testing
can be used to test for

a. vaginosis.

b. chlamydia.

c. syphilis.

d. gonorrhea.

6. Lymphogranuloma venereum is caused by serovars
of

Neisseria gonorrhoeae.

Chlamydia trachomatis.

Treponema pallidum.

Haemophilis ducreyi.

/N o

7. The latent stage of syphilis, which may last for years,
can occur between

a. the secondary and tertiary stages.

b. the primary and secondary stages.

c. initial infection and the primary stage.

d. any of the three stages.

8. Based on its shape, which microbe is this?

Figure 23.26 (credit: modification of work by Centers
for Disease Control and Prevention)

a. Neisseria gonorrhoeae
b. Chlamydia trachomatis
c. Treponema pallidum
d. Haemophilis ducreyi

9. Genital herpes is most commonly caused by
a. herpes simplex virus 1.
b. wvaricella-zoster virus.
c. herpes simplex virus 2.
d. cytomegalovirus.

10. Koilocytes are characteristic of

cells infected with human papillomavirus
cells infected with herpes simplex virus 2
cells infected with all forms of herpesviruses
cervical cancer cells

/en o
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11. Which oral medication is recommended as an initial
topical treatment for genital yeast infections?

12.

d.

b.
c.
d

penicillin
acyclovir
fluconazole
miconazole

What is the only common infection of the

reproductive tract caused by a protozoan?

d.

b.
c.
d

gonorrhea
chlamydia
trichomoniasis
candidiasis

13. Which test is preferred for detecting T. vaginalis
because of its high sensitivity?

a.
b.
c.
d.

NAAT

wet mounts

Pap tests

all of the above are equally good

Fill in the Blank
14. The genus of bacteria found in the vagina that is important in maintaining a healthy environment, including an
acidic pH, is

15.
16.
17.
18.

19.

Pyelonephritis is a potentially severe infection of the _____.

Soft chancres on the genitals are characteristic of the sexually transmitted disease knownas
Condylomata are ______

The most common Candida species associated with yeast infections is ______

Trichomoniasis is caused by

Short Answer

20.

When the microbial balance of the vagina is disrupted, leading to overgrowth of resident bacteria without

necessarily causing inflammation, the condition is called

21. Explain the difference between a sexually transmitted infection and a sexually transmitted disease.
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22, 1In the figure shown here, where would cystitis occur?

23. What is pyuria?

24. Compare gonococcal and nongonoccocal urethritis with respect to their symptoms and the pathogens that cause
each disease.

25. Is it true that human papillomaviruses can always be detected by the presence of genital warts?
26. How is neonatal herpes transmitted?

27. Name three organisms (a bacterium, a fungus, and a protozoan) that are associated with vaginitis.

Critical Thinking
28. Epidemiological data show that the use of antibiotics is often followed by cases of vaginosis or vaginitis in
women. Can you explain this finding?

29. What are some factors that would increase an individual’s risk of contracting leptospirosis?

30. Chlamydia is often asymptomatic. Why might it be important for an individual to know if he or she were
infected?

31. Why does the CDC recommend a two-drug treatment regimen to cover both C. trachomatis and N. gonorrhoeae
if testing to distinguish between the two is not available? Additionally, how does the two-drug treatment regimen
address antibiotic resistance?

32. Recently, studies have shown a reduction in the prevalence of some strains of HPV in younger women. What
might be the reason for this?
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