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New concepts in diagnostics for infectious
diarrhea
JA Platts-Mills', J Liu' and ER Houpt'

Conventional approaches to the diagnosis of infectious diarrhea must include several modalities to detect an array of
potential viruses, bacteria, and parasites. We will provide a general overview of the wide range of diagnostic modalities
available for enteropathogens, briefly discuss some of the limitations of conventional methods, and then focus on new
molecular methods, including real-time PCR and next-generation sequencing. In particular, we will discuss quantitation
of pathogen load with these techniques. We will then describe examples whereby novel diagnostics may help illuminate
the etiology of infectious diarrhea, where they may not, and how they may benefit studies of immunity to enteric

infections.

INTRODUCTION

Infectious diarrhea remains an enormous global health
problem and a leading cause of death in children <5 years
of age." Infections with many diarrhea-associated pathogens
have also been associated with substantial additional morbidity
in the form of intestinal barrier dysfunction, malnutrition, and
cognitive impairment.” Traditionally, enteric infection is con-
ceptualized as a binary state—the pathogen is either present in
the gut or it is not. The goal of this review is an understanding of
the broad range of diagnostics available for enteropathogen
infections associated with diarrhea and how molecular
diagnostics might help provide a more nuanced picture of
infection and immunity. For example, studies of children in
developing countries suggest frequent asymptomatic low-level
infection as well as mixed infection. We expect that quantitative
diagnostics will be helpful in interpreting this complex picture.

CONVENTIONAL APPROACHES TO DETECTING
ENTEROPATHOGENS

A wide range of etiological agents have been associated with
infectious diarrhea, including viruses, bacteria, and parasites.’
Diagnostically, a patchwork of modalities is available, including
culture, microscopy, and antigen-based tests. Each combina-
tion of pathogen and test has distinct performance character-
istics, and there are limitations to all available modalities.
Culture methods are often low yield for enteropathogens,

particularly in the setting of antibiotic use.* Microscopy for
parasites is widely used because it is inexpensive, but it is
insensitive and requires substantial time, equipment, and
training. Antigen-based tests have represented a substantial
advance for diarrheal diagnostics; however, the test character-
istics are variable, and commercial assays are not available for
all relevant pathogens.>® Molecular tests will be detailed below.
In the context of epidemiological studies of diarrhea as well as
syndromic testing, standardization of a work-flow involving
this wide range of modalities is challenging.”

CULTURE-BASED DIAGNOSTICS: THE EXAMPLE OF
CAMPYLOBACTER SPECIES

Bacterial stool culture is an integral part of the standard
microbiological work-up of a clinical sample but is limited by a
low yield.® Techniques that improve the yield can limit the
isolation of potentially important pathogens. For example,
Campylobacter species are difficult to isolate in the presence of
normal stool flora, thus selective techniques are commonly
employed. Such techniques, in particular the use of antibiotic-
containing selective media, proved critical for an under-
standing of the epidemiology of Campylobacter jejuni, the
species most commonly implicated in human disease.” In
addition to the use of antibiotic-containing media, selective
techniques for the growth of Campylobacter species take
advantage of their evolution in avian hosts by modifying the
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thermal and atmospheric conditions.'® Although these selec-
tive techniques have clearly improved the isolation of C. jejuni
and Campylobacter coli, they have limited detection of other
Campylobacter species. Alternative strategies, including filtra-
tion techniques, have led to the characterization of additional
emerging Campylobacter species whose clinical relevance is
beginning to be understood, most clearly for Campylobacter
upsaliensis."' "> In Cape Town, South Africa, using less
selective culture techniques, C. jejuni isolates represent only
about 40% of all Campylobacter isolates from children with
diarrhea."* Molecular approaches, including the use of 16S
ribosomal RNA (rRNA) sequencing, suggest that an even
broader range of Campylobacter species can be isolated from
human stool samples but that relatively few of them have been
demonstrated to be pathogenic.'*'> The example of Campy-
lobacter emphasizes that diagnostic techniques are not agnostic.
They represent the cumulative experience of microbiology
laboratories and potential associated biases, which can hinder
the ability of broad diagnostic work-ups to provide a level
playing field.”

ANTIGEN-BASED DIAGNOSTICS

Antigen-based testing represents a substantial advance for
diarrheal diagnostics, in particular for viral and protozoal
pathogens. For example, enzyme immunoassay (EIA)-based
detection was universally used for case ascertainment in
rotavirus vaccine clinical trials.'"'* However, there is some
evidence that these tests are insensitive in comparison to a PCR
gold standard. One comparison of PCR and EIA-based
detection of rotavirus on clinical samples suggested a sensitivity
of roughly 50%.*° Norovirus immunoassays have historically
demonstrated poor sensitivity when used on clinical speci-
mens.”' During the 2011 outbreak of Shiga toxin-producing
Escherichia coli (STEC) in Germany, EIA sensitivity was 76.8%
compared with a culture gold standard.** Specificity can also be
unacceptably low with EIA tests, especially in low-prevalence
settings. For example, this has prompted a transition to PCR-
based testing for Clostridium difficile infection.”® All of these
tests are reported as positive or negative based on an optical
density cutoff, typically representing the mean optical density
of negative samples plus three standard deviations. Above the
cutoft, the optical density value is thought to be a semi-
quantitative measure of antigen level.

SEROLOGICAL DIAGNOSTICS AND BIOMARKERS

Serological diagnostics are used extensively in infectious
diseases, typically for pathogens that are difficult to isolate
directly. Due to the need to test both acute and convalescent
sera, the practicality of serological diagnostics for acute
infectious diarrhea is limited. Additionally, the accuracy of
any serological test is dependent on the specificity of capture
antigen (e.g., crude extracts vs. specific proteins), the titer of
antibodies for that antigen in serum, and the detection modality
used (e.g., EIA vs. Western blot). That said, serological tests may
have value for epidemiological studies. In studies of pneumonia
etiology, serological studies frequently are more sensitive than
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direct sample testing, in particular for viral etiologies.** In
epidemiological studies of the relationship between infection
with enteric pathogens and long-term outcomes, longitudinal
serological measurements could provide a more comprehensive
view of exposure to enteric pathogens by identifying exposures
missed by intermittent stool sampling. Steinberg et al>
measured immunoglobulin G antibodies by an enzyme-linked
immunoassay to characterize exposure to waterborne patho-
gens enterotoxigenic E. coli, norovirus and Cryptosporidium
parvum in children in rural Guatemala. They demonstrated a
high seroprevalence of antibodies to each pathogen by 3 years of
age, suggesting that this is a sensitive marker of exposure.
Priest et al*® have developed a multiplex bead assay for
Cryptosporidium and Giardia intestinalis. It is likely that such
tests will be available for a broader range of pathogens
in the near future. Such tests may improve our understanding
of the association between early exposure to specific enter-
opathogens and long-term outcomes such as malnutrition and
poor vaccine response.

MASS SPECTROMETRY-BASED DIAGNOSTICS

Another promising avenue for clinical microbiology is the
development of mass spectrometry-based identification of
pathogens, which broadly fall into two categories. The first is
matrix-assisted laser desorption ionization time-of-flight mass
spectrometry-based systems for rapid pathogen identification
directly from colonies. Such systems offer species-level
identification of organisms in less than an hour. This is
particularly appealing for blood culture, where detection
can be performed directly on positive blood culture broths.>”
For the detection of pathogens from stool, this method
is still limited by the need for successful isolation of
the pathogen. The second, PCR-electrospray ionization
mass spectrometry, identifies the nucleic acid composition
of multiple PCR-amplified, broadly conserved regions of
bacterial, viral, or fungal genomes, which is then compared
with a composition database for a wide variety of organisms.
Such an approach has been used recently for identification of
influenza and funga pathogens from respiratory specimens as
well as direct detection of bacterial and fungal pathogens from
heart valve tissue.”®>°

MOLECULAR DIAGNOSTICS

Molecular diagnostics have an emerging role in the diagnosis of
infectious diseases. These tests generally involve the amplifica-
tion of DNA or RNA. US FDA (Food and Drug Adminis-
tration)-approved nucleic acid amplification tests now exist for
a number of bacterial, mycobacterial, and viral infections.
These molecular tests have consistently demonstrated excellent
sensitivity when compared with traditional diagnostics. There
is a great promise for molecular diagnostics for diarrhea in
particular, where enhanced sensitivity is desirable and diag-
nostic yield is typically poor. Recently, the first PCR-based
multiplex panel for etiologies of gastroenteritis was approved by
the FDA, which can detect Campylobacter, C. difficile, E. coli

877



REVIEW

0157, enterotoxigenic E. coli, Salmonella, Shigella, STEC,
norovirus, rotavirus, Cryptosporidium, and Giardia.>'

The first critical step for any molecular-based test is the
extraction of nucleic acid from the sample. Stool is a complex
mixture rich in background nucleic acid and amplification
inhibitors. The detection of a known amount of nucleic acid is
often several logs reduced when placed in a stool mixture. There
is some evidence that magnetic bead-based extraction systems
yield less inhibitors than column-based systems.”>** Inclusion
of an extrinsic control before extraction can identify false-
negative results and allow for an estimation of the combined
extraction and amplification efficiency.**

PCR is, by far, the most common technique for nucleic acid
amplification. Molecular targets have been reported for the
majority of known enteropathogens.” The sensitivity of PCR
has started to change our understanding of diarrheal disease.
For instance, in a study of 127 fecal samples from patients with
symptoms of acute gastroenteritis, 18 were culture positive for
Campylobacter, whereas 58 were PCR positive.”® An investiga-
tion of real-time PCR detection of microsporidia demonstrated
a lower limit of detection of 10* spores per ml stool compared
with 10° spores per ml for microscopy.”’ Amar et al’*®
employed PCR to re-examine the English case-control
Infectious Intestinal Disease Study. This increased the enter-
opathogen detection rate from 53% to 75% of cases as well as
from 19% to 42% of controls. The detection rate increased for
both viral and bacterial enteropathogens and, not surprisingly,
the number of samples with multiple pathogens detected
increased. Although the potential for increased diagnostic yield
is substantial, the clinical significance of isolated PCR findings
can become less clear.

MULTIPLEX AND ARRAYED SINGLEPLEX PCR

The wide variety of potential pathogens mandates the ability to
efficiently amplify multiple targets. This can be accomplished
using either multiplex or arrayed singleplex PCR. The former
allows for the detection of multiple targets in a single reaction.
Discrimination requires target-specific probes, determination
of the relative size or composition of the DNA amplicons by gel
analysis, or analysis of the melting characteristics of ampli-
cons.”®™** Our group has used multiplex PCR reactions with
detection using Luminex beads as a means to increase multiplex
testing.*>** The future will see more multi-target amplification
tests to offer syndromic testing for agents that currently require
multiple testing modalities. These will include multiplex and
arrayed singleplex systems, which have been recently employed
to determine the etiology of respiratory infections.*>*® Several
multiplex panels for enteropathogens, including a broad
enteropathogen panel and a STEC serotyping assay, have
been developed.’"*” Arrayed singleplex PCR is not limited by
the available range of fluorescent dyes for differential detection
in a multiplex reaction. It may also offer improved sensitivity
and quantitation by avoiding competition for the available
nucleic acid substrate between targets in a single reaction. Our
group has developed a TagMan Array Card-based assay for the
detection of 19 diarrhea-causing enteropathogens.*®
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QUANTITATIVE PCR

Molecular strategies, though highly sensitive, may result in the
detection of low levels of enteropathogens of unclear clinical
significance, particularly in developing countries where certain
enteropathogens such as Giardia, E. coli, Campylobacter, and
many viruses are widespread.*® Ultimately, approaches that can
offer quantitative detection may prove useful to infer clinical
significance. “Real-time” PCR is a method whereby fluorescent
probes emit a signal proportional to the amount of synthesized
nucleic acid. The number of cycles at which the fluorescence
exceeds a defined background level (quantification cycle (Cq))
is thus a proxy for nucleic acid quantity. Alternatively,
mechanistic models have recently been developed that may
improve quantitation by minimizing the influences of baseline
adjustment errors, varying reaction efficiencies, and low initial
template concentrations.’®”" Further refinements to quantita-
tion include use of standard curves of known quantities of
targets, and use of spiked controls that control for sample-to-
sample variability in nucleic acid extraction and amplification
efficiency. Because stool is an inhibitory matrix, it is likely that
absolute quantitation has limitations not present in other
milieus, such as plasma. For example, a spiked control can be
used as a marker of amplification efficiency, but inhibitors
present in stool may inhibit some targets and not others, and it
is possible that normalization with a spiked control will
introduce bias.”* For a given target, the correlation between
extrinsic control and target inhibition is likely dependent on the
target concentration. For example, coliphage MS2 RNA has
been used as a non-competitive control for the detection of
RNA viruses in stool. Shulman et al® found that the
correlation between MS2 and enteroviral reverse-transcription
PCR inhibition increased inversely in relation to the amount of
enteroviral RNA in the sample. This could lead to over-
adjustment of high-level detection of the molecular target.
Thus, it might be prudent to choose an extrinsic control
detection cutoft Cq, above which quantification is not possible,
rather than performing a log-linear normalization of the target
quantity using the extrinsic control. Several groups have
suggested that viral PCR results in the setting of MS2 inhibition
of more than three Cq should not be quantified for clinical
purposes.”>> Alternatively, competitive internal controls that
share primer sequences with the target of interest are more
likely to be inhibited to a similar extent but may have a
substantial effect on assay sensitivity and are unwieldy for
assays with multiple targets.”**

CHOICE OF PATHOGEN-SPECIFIC MOLECULAR TARGETS

Molecular diagnostics offer the possibility of homogenizing the
test characteristics of a broad array of pathogens; however, the
appropriate selection of molecular targets is critical. The ideal
target would be a well-conserved gene with a known number of
copies, but the identification of such a target is not always
possible. Uncertainty in the target copy number, in particular
for ribosomal RNA and plasmid-borne targets, may impair the
accuracy of quantitation. In some cases, targets are virulence
factors, which may be the only clear targets to distinguish
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pathogenic strains. For example, the emergence of pathogenic
E. coli species likely represented the acquisition of virulence
factors by previously commensal organisms.’® Various viru-
lence factors have been described but are variably present in
enteroaggregative E. coli (EAEC) isolates, and no single factor is
a clear prerequisite for pathogenicity.”” Boisen et al.”>® utilized
genome hybridization to identify potential virulence factors
among EAEC strains isolated from a case-control study of
moderate-to-severe diarrhea in Mali. Neither of the molecular
targets used to identify EAEC isolates, aatA and aaiC, were
detected significantly more frequently in diarrheal samples.
The virulence gene most strongly associated with diarrhea,
sepA, was found in one-third of EAEC diarrheal isolates.
However, it is likely that this gene is sufficient but not necessary
to cause disease. In this context, the epidemiology of EAEC is
dependent on the molecular targets chosen and is clearly
dynamic, as we would expect new virulence factors to be more
pathogenic when they emerge in a population. It is possible that
quantitation will help here, in that the detected quantity of
conserved genes may be higher when EAEC is the causative
pathogen, but this has not been investigated.

PREFERENTIAL DETECTION OF VIABLE PATHOGENS

A limitation to all currently available non-culture-based
diarrheal diagnostics is the inability to distinguish between
viable and nonviable pathogens. Although successful isolation
of a pathogen in culture is a clear marker of viability, alternate
markers include evidence of metabolic activity, active RNA
transcription, or intact membranes. Detection of mRNA
suggests active replication, but degradation can occur due
to freeze-thaw cycles or contamination with RNA-degrading
enzymes. The amount of non-genomic RNA is widely variable,
which hinders the interpretation of quantitative PCR
results.”** Alternatively, differential amplification of viable
organisms can be achieved by introducing membrane-imper-
meant nucleic acid intercalating dyes before DNA extraction to
suppress detection of DNA from cells that lack intact
membranes. However, concerns persist about the sensitivity
and specificity of this approach.’ We would argue that the
quantity of genomic DNA or RNA is a more useful and
consistent surrogate for viability, though this relies upon the
assumption that viable, disease-associated pathogens should be
present in a higher quantity. In settings where exposure to
enteropathogens is common and multiple pathogens are
frequently isolated from both symptomatic and asymptomatic
specimens, quantitation may not be sufficient to implicate one
pathogen over another, but the clinical data available to
understand this question are very limited.

NEXT-GENERATION SEQUENCING

Next-generation sequencing (NGS) is characterized by the
ability to rapidly and deeply sequence mixed populations of
DNA or RNA genomes and has already had a substantial
impact on our understanding of the epidemiology of many
diarrhea-associated bacterial pathogens. Recently, whole-
genome sequencing and phylogenetic analysis was used to
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examine the origin of the Haitian cholera outbreak.®> A similar
approach suggested that two independent epidemic lineages
with distinct patterns of global spread of the C. difficile 027/B1/
NAPI strain emerged almost simultaneously from North
America.®” During the European outbreak of hemolytic-uremic
syndrome in 2011, Mellmann et al.** compared the complete
genome sequence of an outbreak isolate with a previously-
sequenced isolate as well as banked sequences of core E. coli
genes. This phylogenetic analysis suggested that horizontal
gene exchanged facilitated the emergency of a novel, highly
virulent strain of STEC. Bielaszewska et al.®® utilized the
molecular analysis of an early isolate to develop a multiplex
PCR specific to the strain, which was then used for
characterization of additional isolates. NGS has also been
shown to be an effective approach for the identification of novel
pathogens and has been used to identify several putative
diarrheal pathogens.®®”° These findings have yet to be
validated in clearly phenotyped diarrheal cases and controls,
but large archives of clinical stools from multisite studies of
diarrhea now exist and afford an excellent opportunity to
explore this further.”' Broad molecular testing for known
causes of diarrhea can pre-screen diarrheal samples and
increase the efficiency of such an approach.

Ultimately, it is possible that probe-based detection will be
replaced by sequencing for the detection of known pathogens as
well.”>”> This represents an even more agnostic approach, in
that results will no longer be dependent on the selection of a
solitary or, at best, a small number of molecular targets. 16S
rRNA-based phylogenies do not provide sufficient resolution
for identifying all bacterial species. Instead, multilocus
sequence typing may be needed to provide a universal approach
to species-level identification, but the selection of appropriate
loci can be cumbersome. For example, identification of
emerging Campylobacter species requires the analysis of
different sets of loci depending on the species of interest.”*
Alternatively, multilocus sequence typing based on ribosomal
proteins can provide significantly more resolution than
phylogenies based on 16S rRNA while still offering a universal
set of loci for identification of all bacteria down to the level of an
individual strain.”>”® Similar approaches should be possible for
other classes of pathogens.”

There is some evidence that specific diarrheal pathogens can
cause characteristic changes in the composition and diversity of
normal flora. This has been shown for rotavirus, where changes
in Bacteroides species composition can distinguish rotavirus-
infected subjects from healthy controls.”” Nelson et al’®
showed that a subset of children with norovirus-associated
diarrhea had significantly altered microbiota characterized by a
reduction in Bacteriodetes and an increase in Proteobacteria. A
reduction in the diversity of the microbiota has been associated
with an increased risk for recurrent C. difficile disease in mice
and humans, and the restoration of diversity using targeted
bacteriotherapy or stool transplant is profoundly effective in
reducing this risk.””"®" Although it may be unlikely that a
microbiotic footprint can be identified that is sufficiently
sensitive or specific to be used diagnostically, measurements of
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diversity or the absence of certain “keystone” species might
predict disease severity as well as the risk of long-term sequelae,
such as malnutrition, altered gut function, and impaired
mucosal immunity.

MOLECULAR DIAGNOSTICS FOR ANTIBIOTIC
SUSCEPTIBILITY TESTING

Phenotypic antibiotic susceptibility testing relies on the
assessment of in vitro growth in the presence of antibiotics.
Molecular diagnostics, on the other hand, interrogate for
known genetic markers of resistance. Resistance to many
bacterial pathogens, including Shigella, Salmonella, and
Campylobacter, is increasing.*” Detection of resistance markers
in stool DNA extracts is challenging, because the multiplicity of
organisms in stool hinders the attribution of detection of a
resistance marker to a particular pathogen. However, these
methods can be used on pure cultures, for example, identifica-
tion of fluoroquinolone-resistant strains of E. coli and Shigella
spp. via detection of gyrA and parC mutations.* NGS may
improve the virtual detection of antimicrobial resistance but
will still rely upon validated correlations between specific
mutations and phenotypic resistance.”> The potential for rapid
identification of resistance with these approaches is more likely
to complement, rather than replace, phenotypic testing.
Another potential consequence of the change to non-culture
diagnostic tests for infectious diarrhea is that fewer clinical
isolates will be available for testing by public health laboratories
to assist in outbreak detection.** Indeed, in both cases, it is
unclear how clinical laboratories will be reimbursed for
continuing to culture isolates after transitioning to a new test.
That said, molecular screening has been shown to substantially
improve the efficiency and sensitivity of pathogen detection by
guiding the conventional microbiological work-up.*

UTILITY OF QUANTITATIVE DIAGNOSTICS FOR STUDIES OF
DIARRHEA AND MUCOSAL IMMUNOLOGY

Traditionally, a host has been characterized as susceptible or
resistant based on the presence or absence of detectable
pathogen. However, it is becoming clear that a more nuanced
understanding of pathogenesis is required, which conceives of
pathogenicity as an emergent property of the dynamic
interaction between host and pathogen.*® This requires a
reconsideration of the basic concepts of colonization, infection,
and disease.”” Casadevall and Pirofski*®® have proposed a
classification system for describing the relative contribution of
host- and pathogen-mediated damage in disease pathogenesis.
These dynamics may have implications for the relevance of
pathogen quantitation. For example, if disease pathogenesis is
primarily mediated by the pathogen, we might expect pathogen
quantity to correlate with disease severity, although host factors
may attenuate this association. If disease is primarily host
mediated, the relationship between pathogen quantity and
disease may be less clear (Figure 1). Therefore the association
between quantity and disease will likely be host and pathogen
specific. Fredericks and Relman® have proposed a revision of
Koch’s postulates for molecular diagnostics, whereby the
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Figure 1 Relationship between pathogen load, disease pathogenesis,

and disease severity. Pathogen quantity may be more clearly associated
with disease for pathogen-mediated rather than host-mediated disease
pathogenesis.

presence of nucleic acid belonging to a putative pathogen
should vary not only quantitatively but also temporally with the
clinical manifestations of the disease. That is, more pathogen
should be detected during the disease state at the time and
location of pathology.

There are numerous examples where the quantity of
pathogen in biological samples can be used to differentiate
between contamination, colonization, and infection. Threshold
colony counts are used to reduce false-positive urine cultures
due to contamination.”® Fujisawa et al.”' showed that a real-
time PCR quantitative threshold, validated against a clinical
gold standard, was superior to conventional PCR for the
diagnosis of Pneumocystis pneumonia in HIV-negative
immunocompromised patients. In the gut, fecal egg counts
have been used as markers of burden and have demonstrated
clinical endpoints for anti-helminthic therapy and helminth
vaccine trials.”>™® Several studies have examined the value of
quantitative molecular diagnostics for diarrheal pathogens.
Kang et al.”” demonstrated a significant correlation between
rotavirus PCR Cq and disease severity in children with acute
gastroenteritis. Similarly, norovirus stool viral load may help
distinguish between incidental low-level carriage and higher-
burden, norovirus-associated disease.”® PCR is likely to
continue to detect diarrhea-associated pathogens for extended
periods after disease resolves; however, the peak viral loads
should associate temporally with disease. Serial samples from
subjects experimentally challenged with norovirus were
assayed by both EIA and PCR to determine the duration of
shedding.”® EIA detected virus shedding for a median of 7 days,
whereas PCR continue to detect virus for a median of 28 days.
In the majority of subjects, the stool viral load peaked 1-2 days
after resolution of symptoms. The stool viral load fell by 2-3
orders of magnitude by 1 week, which corresponds to a change
of roughly 6-10 Cq units. The interesting observation that
norovirus stool viral load frequently peaked after resolution of
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Figure 2 Hypothetical range of detection of different diagnostic
modalities. Here, only quantitative PCR detects all infections above the
threshold quantity associated with clinical disease. When appropriate,
quantitative PCR results can be “detuned” to an empirically derived clinical
threshold to avoid detection of clinically irrelevant levels of pathogen.

diarrhea could be a consequence of the dilutional effect of water
present in diarrheal samples. Thus, a diarrheal stool may under
detect the true quantity of a pathogen in the gut. For studies of
diarrhea etiology, this could lead to a failure to detect a real
difference in pathogen quantity between diarrheal and control
specimens. It is also possible that dilution of inhibitors will
increase the amplification efficiency in liquid stools, leading to
over detection. Normalization with an extrinsic control can
potentially correct for these factors. In any case, we would expect
that either of these effects will be relatively small, given that the
relative difference in pathogen quantity between samples can be
more than a million fold. To date, it is perhaps not surprising
that the value of quantitation has been demonstrated most
clearly for viral pathogens given the central role of replication in
viral pathogenesis.'® There is some evidence that the utility will
extend to bacterial pathogens as well. Barletta et al.'®" compared
the quantity of the intimin gene (eaeA) of enteropathogenic E.
coli isolated from healthy and diarrheal stools from Peru. They
showed that the amount of eaeA DNA was higher in diarrheal
samples, as well as among samples for which enteropathogenic
E. coli was the only pathogen isolated.

We expect that additional evidence of the relationship
between quantitation and virulence will emerge, but it is quite
possible that this relationship does not exist for some diarrheal
pathogens or that such a relationship is dynamic. Clearly,
molecular tests will lead to a substantial increase in detection of
uncertain significance. If the quantity of pathogen detected is
strongly correlated with the presence of disease, quantitation
may be helpful to empirically derive the cutoff detection
quantity that is associated with disease (Figure 2). For example,
community-matched controls in case-control studies are
usually required to be diarrhea free for some period of
time.'? The time frame is important, because a PCR test for
many pathogens (including norovirus) would still be positive at
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Conventional detection
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Figure 3 A hypothetical child infected over time with four
enteropathogens. Periods of diarrhea are shown in grey. Mixed infection
as well as asymptomatic infection is seen. Although each causative
pathogen will still be detected in asymptomatic stools, the burden will be
markedly lower. Controlling for age is clearly critical for inferring disease
association from pathogen quantity.

that time, and thus detection in controls will increase. However,
a quantitative comparison between cases and controls would
show a significant association of high-level detection with
disease (Figure 3). This may substantially improve the power of
such studies for detecting a real association of less common
pathogens with diarrhea. More study is needed to determine
whether persistent post-disease and asymptomatic carriage of
the wide range of diarrhea-associated pathogens can be
differentiated based on quantity.

Similar principles can be applied to studies of mucosal
immunology. Although in mouse models, it is often possible to
give direct estimates of pathogen quantity,'” "% studies in
humans have often been limited to binary detection of pathogen.
A classic example is the increased risk for cholera and norovirus
in individuals with blood group 0.'”"'* Below, we consider
how molecular diagnostics might add to our understanding of
the mucosal immunology of three specific diarrheal pathogens.

CASE STUDY 1: ROTAVIRUS

Rotavirus vaccine efficacy has been consistently found to be
lower in low socioeconomic settings.'®'®''” Though the basis
for this reduced efficacy is unclear, it is consistent with the
reduced efficacy of other oral vaccines (e.g., polio, typhoid, and
cholera) in these settings. Possible reasons for this phenomenon
include malnutrition, competing intestinal infection, inter-
ference by maternal antibodies, and tropical enteropathy.
Concomitant helminth and viral infections appear to attenuate
the immune response to vaccine challenge.!'™''* Tropical
enteropathy, in part mediated by early and persistent exposure
to enteropathogens, may be triggered by persistent enter-
opathogen exposure early in life.''> Molecular diagnostics may
be helpful for our understanding of rotavirus vaccine efficacy in
several ways. First, they might provide better estimates of
exposure to other enteropathogens both before and at the
time of immunization. Second, they can determine whether
immunization is associated with complete “sterilizing”
immunity or low-level, asymptomatic carriage, which has
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implications for disease transmission. Finally, they may alter
estimates of disease burden. As discussed previously, most
vaccine trials use EIA for case ascertainment and do not look for
other etiologies of diarrhea. If low-level rotavirus is detected
during episodes of diarrhea due to another pathogen, this
theoretically could lead to overestimation of rotavirus-asso-
ciated diarrhea. Braeckman et al.''"* used PCR-based detection
of adenovirus, astrovirus, and norovirus to show that efficacy is
not impaired by co-infection with other viruses, which suggests
that rotavirus was still the primary etiology in these cases.
However, such a study has not been performed in a setting of
reduced rotavirus efficacy and high endemicity for other
enteropathogens. A re-analysis of archived stools from a
rotavirus vaccination trial with a broad molecular diagnostic
panel could help explore this further.

CASE STUDY 2: CRYPTOSPORIDIUM

Cryptosporidium is a protozoa first described in humans in
1976 from electron microscopy studies of stool from an
immunocompromised patient with severe diarrhea.''> Human
infection is now known to span several species, predominantly
C. hominis in most studies. Human volunteer challenge studies
in the 1990s established the pathogenicity of C. parvum,
describing a dose-dependent association between exposure and
infection, as well as a strong correlation between oocyst
excretion and disease.”''® Disease in AIDS patients has also
been associated with increased oocyst loads."'” The mechan-
isms of protective immunity to Cryptosporidium are uncertain.
Certainly, CD4 + T cells are important in control as evidenced
by the increased severity of disease in patients with advanced
HIV; however, many patients with advanced HIV are
asymptomatically infected, suggesting other mechanisms of
protection.''® Interferon gamma and intraepithelial lympho-
cytes are of major importance in mouse models."'*'** The role
of antibody is even less clear. Bovine anti-cryptosporidium
oocyst immunoglobulin can partly prevent or limit disease in
calves,'*! but the evidence for a benefit in AIDS patients is
limited."** High titers of serum antibodies to Cryptosporidium
are seen in patients with HIV but are a marker of exposure and
not clearly associated with protection.'*® Cryptosporidium is
now frequently detected using one of the several commercially
available EIAs. There is some evidence that individual
Cryptosporidium species as well as C. hominis subtypes induce
different clinical manifestations, in which case detection of
molecular subtypes will be important for understanding the
immune response.'”* Given the nuances associated with
immunity to this organism, it is also likely that a quantitative
assay would be a useful adjunct in studies of disease
pathogenesis and mechanisms of protection, as well as for
vaccine development.

CASE STUDY 3: C. DIFFICILE

Testing for C. difficile is now largely performed with EIA or
PCR specific for toxin. A comparison of nine commercially
available EIAs yielded an average sensitivity and specificity of
82.8% and 95.4%, respectively, compared with a stool culture
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gold standard.'*> The test characteristics also appear to vary
significantly by C. difficile strain type.'*® Recently, PCR-based
tests on stool targeting the toxin B gene have been adopted by
some institutions, for use either as a stand-alone test or as
confirmation after a high-sensitivity screening test. These tests
are highly sensitive and specific;'>” however, clinical suspicion
remains an important part of the testing algorithm. Due to the
increased sensitivity, the additional cases detected by PCR alone
may be lower burden than those also detected by EIA. Longtin
et al.'*® found that cases detected by PCR alone in the setting of
a surveillance program were much less likely to develop a
complication, including death, intensive care unit admission,
and hospital readmission. Traditionally, the pathogenesis of
C. difficile-associated disease is described as a state of pathogen
overgrowth and an associated increase in toxin production. In
this model, the quantity of nucleic acid might help distinguish
colonization from disease and provide a marker of disease
severity. A non-PCR method of toxin quantitation showed a
correlation between toxin concentration and disease severity,
but studies of PCR-based quantitation and clinical outcomes
have not been performed to our knowledge.'*” It is possible that
reverse-transcription PCR will be the best approach for
quantitating toxin production.”® Adaptive immunity, in
particular production of serum antibodies against toxin A
and B, is protective against C. difficile-associated disease. This
has been demonstrated by the benefit of both intravenous
gamma globulin and monoclonal anti-toxin antibodies.">"'**
Quantitative diagnostics could assess the association between
antibody levels and pathogen load as well as the association
between load, clinical severity, and risk of disease
complications.

CONCLUDING REMARKS

The advent of molecular diagnostics is bringing new insights
into etiologies of infectious diarrhea. Features to be better
understood include the importance of mixed infections and the
role of quantitative diagnostics in studies of diarrheal disease.
We expect these diagnostics to refine our understanding of the
epidemiology of diarrheal disease and be of particular benefit
for case ascertainment during vaccine efficacy trials. Studies of
mucosal immunology should follow closely behind, offering a
more nuanced and accurate picture of the pathogenesis of
infectious diarrhea.
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