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Cryptosporidium causes significant diarrhea worldwide, especially among children and immunocompromised individuals, and
no effective drug treatment is currently available for those who need it most. In this report, previous volunteer infectivity studies
have been extended to examine the association between fecal indole and indole-producing (IP) gut microbiota on the outcome of
a Cryptosporidium infection. Fecal indole concentrations (FICs) of 50 subjects and 19 taxa of common gut microbiota, including

six IP taxa (11 subjects) were determined in stool samples collected before and after a challenge with Cryptosporidium oocysts.
At the baseline, the mean FIC (* the standard deviation) was 1.66 = 0.80 mM in those who became infected after a challenge
versus 3.20 = 1.23 mM in those who remained uninfected (P = 0.0001). Only 11.1% of the subjects with a FIC of >2.5 mM be-
came infected after a challenge versus 65.2% of the subjects with a FIC of <2.5 mM. In contrast, the FICs of infected subjects at
the baseline or during diarrhea were not correlated with infection intensity or disease severity. The relative abundances (per-
cent) of Escherichia coli, Bacillus spp., and Clostridium spp. were greater =2.5-fold in volunteers with a baseline FIC of >2.5
mM, while those of Bacteroides pyogenes, B. fragilis, and Akkermansia muciniphila were greater in those with a baseline FIC of
<2.5 mM. These data indicate that some IP bacteria, or perhaps indole alone, can influence the ability of Cryptosporidium to
establish an infection. Thus, preexisting indole levels in the gut join the oocyst dose and immune status as important factors that

determine the outcome of Cryptosporidium exposure.

Cryptosporidium exposure is a health hazard in almost all pop-
ulations, particularly among children (1, 2). While the infec-
tion is typically self-limited in immunocompetent adults, the very
young and the immunocompromised often experience persistent
and sometimes life-threatening infections. The only approved
drug (nitazoxanide) is largely ineffective, particularly in immuno-
compromised persons (reviewed in reference 3). Thus, there is
renewed interest in new treatment and prevention strategies.

The human gut microbiota exerts a significant influence in a
variety of illnesses and conditions, but few studies regarding gut
bacteria have been done with Cryptosporidium. Early work noted
that young animals are susceptible to Cryptosporidium infection
but become refractory after maturation of the gut with attendant
changes in the microbiota (4). Cryptosporidium studies using pro-
biotic formulations reported varied results but generally showed a
decreased intensity and/or duration of oocyst shedding rather
than prevention of infection. For example, a delay in oocyst pro-
duction was seen in SCID mice colonized with a mixture of anaer-
obic bacteria (5). Further, immunosuppressed adult mice fed lac-
tobacilli became infected after a Cryptosporidium parvum
challenge but had reduced numbers of oocysts and enhanced
clearance (6, 45). In contrast, feeding of probiotics containing
lactobacilli to neonatal immunocompetent rats had no effect on
oocyst shedding (7).

The only positive effect on a human was in a young celiac
patient with persistent cryptosporidiosis. A 4-week treatment
with Lactobacillus GG and Lactobacillus casei was associated with
resolution of diarrhea and oocyst shedding (8), but no positive
effect on duration or severity of diarrhea was found when lacto-
bacilli were fed to infants (9) or children with cryptosporidiosis
(10). However, other gut microbiota and/or their products may be
important. Although limited, evidence suggests an active role for
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gut microbiota in the host response. In neonatal mice, control of
and protection from Cryptosporidium infection depended on in-
nate responses requiring microbiota (11). Further, in Toxoplasma,
a TLRY response that contributed to Ty;1 development depended
on bacterial antigens (12). Similarly, neonatal mice fed TLR9 ago-
nists had an enhanced Ty 1 response after a Cryptosporidium chal-
lenge (13).

The human gut is host to >1,000 taxa, which vary in abun-
dance and composition among individuals. Thus, the identifica-
tion of particular microbial species that influence Cryptospo-
ridium infections is daunting. One approach is to use a biomarker
such as indole, which represents the 85 known Gram-positive and
Gram-negative gut bacteria capable of producing it (reviewed in
reference 14). In a recent study, the fecal indole concentrations
(FICs) in a majority (75%) of 53 healthy persons ranged from 1.0
to 4.0 mM (15), presumably reflecting differences in the number
of indole-producing (IP) bacteria or the regulatory microenviron-
ment controlling indole expression (16, 17). Indole’s effects in-
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clude regulation of bacterial motility, epithelial barrier integrity,
and biofilm formation (reviewed in references 14 and 18), as well
as changes in the virulence and drug resistance of enteric patho-
gens (19-22). Further, oral administration of indole to germfree
mice enhanced intestinal integrity (23) and indole added to cell
cultures was anti-inflammatory (24). Lastly, cells exposed to in-
dole showed differential regulation of >4,000 genes involved in a
variety of functions, including barrier enhancement (25, 26).

Little is known about any direct or indirect effect of indole on
Cryptosporidium, although some aspects of the related tryptophan
metabolism have been examined. Interestingly, Cryptosporidium
is one of the few protists that can utilize indole to synthesize tryp-
tophan (27). Parasite replication is inhibited by gamma interferon
(IFN-vy) treatment of enterocytes, which depletes intracellular
tryptophan (28). However, exogenous tryptophan did not en-
hance Cryptosporidium survival after invasion (29) nor did the
parasite apparently synthesize tryptophan to replace depleted lev-
els in IFN-vy-treated enterocytes. Instead, during infection, Cryp-
tosporidium circumvents the host response by inhibiting IFN-y
production and thus avoids tryptophan depletion (30).

We hypothesized that if the parasite is not using available in-
dole as a substrate, then high indole levels might exist in the gut
and play a role at some stage of the life cycle. To investigate this
hypothesis, we assessed IP gut bacteria by measuring the FIC at the
time of a Cryptosporidium challenge and then examined the clin-
ical and microbiological outcomes of the challenge. To this end,
we examined stool samples from 50 well-characterized, healthy
individuals previously challenged with Cryptosporidium (re-
viewed in references 31 and 32). Specifically, we (i) examined the
association of baseline FICs with exposure outcomes, (ii) mea-
sured changes in the FIC at two time points during infection and
illness, (iii) explored associations between the FICs at the baseline
and during illness by using various infection and disease parame-
ters, and (iv) determined the percent relative abundances (%RAs)
of common gut bacterial taxa in infected and uninfected subjects
at the baseline and at postchallenge time points.

MATERIALS AND METHODS

Study population and selection of samples. The stool samples used in the
present study were selected from volunteers who were originally enrolled
in Cryptosporidium infectivity studies from 1993 to 2004 (reviewed in
references 31 and 32). Selected subjects had received one Cryptosporidium
hominis isolate or one of five C. parvum isolates. The volunteer study
number, challenge isolate, challenge outcome, and day of stool sample
collection are shown in Fig. S1 in the supplemental material. A full set of
three stool samples was available for 49 (98%) of the volunteers. All stool
samples collected from infected subjects during the illness period were
obtained at the time of diarrhea, except for that of one subject (number
81), who had diarrhea on the day prior to stool sample collection. The
ages, genders, and ethnicities of all of the subjects were known. The Cryp-
tosporidium volunteer studies were approved by the Committee for Pro-
tection of Human Subjects at The University of Texas Health Science
Center at Houston and the U.S. Food and Drug Administration Research
Involving Human Subjects Committee.

The present study was limited to two groups, uninfected and asymp-
tomatic (i.e., no oocysts detected and no gastrointestinal symptoms) ver-
sus infected with diarrhea (i.e., oocysts detected in one or more stool
samples and a diarrheal illness). Two other groups ([i] oocyst positive and
asymptomatic and [ii] oocyst negative with diarrhea) from the original
Cryptosporidium volunteer study were not included. Of the 50 subjects
included in the present study, 32 were uninfected after a Cryptosporidium
challenge, while 24 were infected. Stool samples were selected from time
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periods corresponding to the following stages: baseline (prechallenge to
day 2 postchallenge; stage 1), illness period (days 3 to 10; stage 2), and
resolution of the infection and illness (day =27; stage 3). Eleven volun-
teers were further studied for 19 bacteria common in the human gut. Six
(volunteers 5, 29, 119, 120, 132, and 178) were infected, and five (volun-
teers 9, 123, 130, 156, and 185) were uninfected. Full sets of stool samples
from nine volunteers were available. Stage 1 and 3 data from volunteers
123 and 178, respectively, were missing because of failed PCR amplifica-
tion.

Indole measurement. Stool samples collected from subjects were
stored at —80°C. Stage 1 samples were previously tested for FIC (15),
while samples from stages 2 and 3 were tested for the present study. All
samples were prepared for indole testing immediately after thawing.
Briefly, a 250-mg stool sample was diluted in 750 .l of 70% ethanol (1:4,
wt/vol) and extracts were assayed in duplicate. Absorbances (530 nm)
were compared to a standard curve of known indole concentrations (0 to
100 wM). All standard curves for indole measurement had an r* value of
=0.98.

Selection of bacteria, DNA extraction, and 16S rRNA gene amplifi-
cation. Common bacterial taxa (7 = 19) found in adults (33-35) were
selected for this study (Table 1). Genomic DNA was isolated from 250-mg
stool samples with the QIAamp DNA Stool minikit (Qiagen, German-
town, MD) according to the manufacturer’s instructions. The 16S rRNA
gene was amplified with broad-range, bacterium-specific primers 8F (5'-
AGAGTTTGATCMTGGCTCAG-3") and 1391R (5'-GACGGGCGGTG
TGTRCA-3") (36), which amplify 90% or more of the full-length bacterial
16S rRNA gene sequence (~1,400 bases). Extracted DNA (2 p.l) was used
as the template in 20-pl PCR mixtures containing 1X MyTaq mix (Bio-
line USA, Inc., Taunton, MA) and 0.5 pmol each of the forward and
reverse primers. The PCR conditions used were 5 min at 95°C; 22 cycles of
30 s at 94°C, 30 s at 55°C, and 90 s at 72°C; and 8 min at 72°C (36).
Amplification was done with a Thermo Hybaid PCR Express Thermal
Cycler (ThermoFisher Scientific, Waltham, MA). Two 50-p.l recondition-
ing PCRs were done under the same conditions with 5 pl of the first PCR
product mixture. The products of the two reconditioning PCRs were
pooled and purified with 96-well, 0.7-ml filter plates filled with Sephacryl
S-300 high-resolution suspension (GE Healthcare, Chicago, IL). Purified
products were quantitated with a NanoDrop ND-1000 spectrophotome-
ter (ThermoFisher Scientific, Wilmington, DE) and stored at —20°C.

Preparation of sequencing library. PCR products were concatenated
via ligation before the construction of a resequencing library. Concate-
nated products (~1 pg) were digested with the NEBNext dsDNA Frag-
mentase kit (New England BioLabs, Inc., Ipswich, MA) as instructed by
the manufacturer. Fragmented DNA was end repaired with the NEBNext
End Repair Module (New England BioLabs, Inc.). End-repaired DNA was
ligated with the P1 and unique barcode adaptors (5500 SOLiD Fragment
Library Barcode Adaptors 1 to 96; Applied Biosystems, ThermoFisher
Scientific); this was followed by purification and size selection as recom-
mended. All reaction products were purified with the Isolate II PCR kit
(Bioline USA, Inc.). Agencourt AMPure XP beads (Beckman Coulter,
Inc., Brea, CA) were used to selectively capture DNA between 100 and 250
bp. These libraries underwent nick translation and seven cycles of ampli-
fication. Experion DNA chips (Bio-Rad Laboratories, Inc., Hercules, CA)
were used to confirm fragment lengths and concentrations. Equal molar
amounts of all libraries were pooled and subjected to resequencing anal-
ysis on a 5500W Series Genetic Analysis System (ThermoFisher Scientific)
to generate sequence reads of 55 bp.

Data analysis. (i) Indole measurements. The cumulative percent in-
fection of each of the various FIC categories was estimated (37). The mean
(* standard deviation [SD]) FICs of the outcome groups (infected and
uninfected) were compared by using the Mann-Whitney test. The FIC
changes during stages 2 and 3 were calculated by subtracting the postchal-
lenge FIC from the stage 1 FIC. The percent change for each individual
and time point was calculated by dividing the postchallenge FIC by the
stage 1 value. Student’s ¢ test was used with or without Welch’s correction
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TABLE 1 Common human gut microbiota detected in stool samples from healthy adults®

Organism(s) Code rRNA copy no. ~ Target sequence

Acidaminococcus intestinalis/intestini R1,2 3 GAAGGTCTTCGGATTGTAAAACTCTGTTGTTAGGGACGAAAGCACCGT
Akkermansia muciniphila R3 3 TGAAGGTCTTCGGATTGTAAACCCCTGT

Anaerostipes butyraticus R4 6 GAAGTATTTCGGTATGTAAAGC

Bacillus spp. R5 9.5¢ GAAGGTTTTCGGATCGTAAAACTCTGTTGTGAGGGAAGAACAAGTAC
Bacteroides fragilis R6 6 GAAGGCTCTATGGGTCGTAAACTTCTTTTATATAAGAATAAA
Bacteroides pyogenes R7 6 GACTGCCCTCTGGGTTGTAAACTTCTTTTATACGGGAATAACA
Bifidobacterium longum R8 4 GGAGGCCTTCGGGTTGTAAACCTCTTT

Citrobacter gillenii R9 7 GAAGGCCTTCGGGTTGTAAAGTACTTTCAGCGAGGAGGAAGGGGATG
Clostridium spp. R10 7b AGGCCTTCGGGTCGTAAAGC

E. coli CFT073 R11 7 AAGAAGGCCTTCGGGTTTGTAAAGTACTTTCAGCGGGGAGGAAGGGAGTA
Faecalibacterium prausnitzii R12 1 GAAGGTCTTCGGATTGTAAACT

Lactobacillus plantarum R13 5 GAAGGGTTTCGGCTCGTAAAACTCTGTTGTTAAAGAAGAACATATCT
Prevotella bryantii R14 4 GACGGCCCTATGGGTTGTAAACTGCTTTTTTAGGGGAATAAA
Raoultella spp. R15, 16 8 GAAGGCCTTCGGGTTGTAAAGTACTTTCAGCGAGGAGGAAGGCGTTA
Ruminococcus albus R17 4 GAAGGTTTTAGGATTGTAAACC

Subdoligranulum variable strain BI 114~ R18 6 GAAGGTTTTCGGATTGTAAACTCC

Uncultured Dorea R19 6.5° GAAGTATTTCGGTATGTAAACT

Uncultured Firmicutes R20 12.57 GAAGGCTTTCGGGTTGTAAACTTCT

Uncultured Mollicutes R21 2 GACGTATTTCGGTATGTAAAATTCTTTTATTAGGGAAGAAC

“ Range of 6 to 14 genes, with the majority having 8 to 11 genes. The median value is shown.

b Range of 4 to 15 genes, with the majority having 6 to 11 genes. The value shown is for the predominant species.

¢ Range of 5 to 8 genes. The median value is shown.

4 Range of 2 to 15 genes, with the majority having 6 to 15 genes. The value shown is for the predominant species.
¢ Identifications of bacterial species/groups were based on the target sequences listed. The copy number of ribosomal genes for each bacterial species/group was determined on the

basis of data from the NCBI database.

to compare measurements of change and to analyze various parameters
describing the severity of illness and the intensity of infection. A P value of
<0.05 was considered significant. All statistical analyses were done with
Prism 6 software (GraphPad Instat 3.01; GraphPad Software, Inc.).

(ii) Sequence analysis. Data analyses were performed with LifeScope
software (version 2.5.1; ThermoFisher Scientific). Sequence reads were
aligned with a reference sequence of each bacterial species downloaded
from the National Center for Biotechnology Information (NCBI) data-
base. The sequencing reads were passed through quality filters to reduce
the overall error rate, and reads shorter than 25 nucleotides were dis-
carded from the alignment with the reference genome. The unique target
region of each bacterial species was generated by reducing 55 nucleotides
from each end of the V3 region to identify the individual read.

(iii) %RA measurements. To represent the %RA of each taxon, the
read depth (RD) was divided by the number of ribosomal genes present.
When a range of copy numbers occurred within a genus, the predominant
number was used. When there was no predominance, the median value
was calculated from the range. The adjusted RD was then used to calculate
the %RA of each taxon. The median %RAs of the two outcome groups
were calculated and compared by using the Mann-Whitney test since a
limited number of individuals were studied and there was a nonnormal
distribution of values within each group.

RESULTS

Earlier Cryptosporidium volunteer studies provided a unique bank
of stool samples for use with new indole assays and techniques to
study microbiota. Subjects whose stool samples were collected
before and after a challenge were selected to represent two out-
come groups, those with no evidence of infection and those exhib-
iting both infection and illness. Demographic information for
each Cryptosporidium challenge outcome group indicated that the
groups were similar in age but had more females than males, es-
pecially in the infected group (Table 2). Ethnic representation was
similar for Caucasian and Hispanic/Asian subjects, but black sub-
jects were slightly underrepresented in the infected group. Stage 1
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FICs did not significantly differ between the outcome groups ac-
cording to age, gender, or ethnicity or among the C. parvum iso-
lates used (data not shown). Therefore, the data from all C. par-
vum isolates were collapsed into one group for analyses.

TABLE 2 Numbers of subjects in the study population in different age,
sex, and ethnicity groups”

No. (%) of subjects

Mean baseline indole

Characteristic Uninfected” Infected® concn (mM) * SD
Total 32 (64.0) 18 (36.0)
Age (yr)
<20 0 (0.0) 1(5.6) 1.36
20-29 16 (50.0) 9 (50.0) 2.74 = 1.55
30-39 8 (25.0) 4(222) 231+ 1.07
>40-50 8 (25.0) 4(22.2) 2.84 + 0.99
Sex
Male 15 (46.9) 8 (44.4) 2.65 * 1.55
Female 17 (53.1) 10 (65.6) 2.64 = 1.14
Ethnicity
Caucasian 15 (46.9) 9 (50.0) 2.70 = 1.49
Black 10 (31.3) 4(22.2) 2.84 * 091
Hispanic/Asian 7 (21.9) 5(27.8) 2.30 = 1.35
Challenge species/isolate
C. parvum 26 (81.3) 15(83.3) 2.57 £ 1.41
C. hominis 6 (18.8) 3(167) 296 = 0.73

@ Total n = 50. Volunteers were challenged with C. parvum or C. hominis and
monitored for outcomes (no oocysts or diarrhea, oocysts plus diarrhea). One Asian
subject was grouped with Hispanic volunteers. Mean FICs and standard deviations were
measured in stool samples collected before or within 48 h of the challenge.

b No oocysts or diarrhea.

¢ Oocysts plus diarrhea.
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FIG 1 FICs in healthy adults at stage 1 (before or within 48 h of a challenge)
and outcomes of a challenge with Cryptosporidium oocysts. (A) Cumulative
percent infection was calculated as described previously (40) and plotted
against the mean indole concentration. The number of subjects at each indole
concentration stratum is in parentheses. (B) The indole concentrations and
outcome categories of the subjects are shown. The mean indole concentra-
tion = the standard error of the mean are indicated for the infected (oocysts
plus diarrhea; n = 18) and uninfected (no oocysts or diarrhea; n = 32) chal-
lenge outcome groups. Outcome groups were compared by using the Mann-
Whitney test (P = 0.0001).

Stage 1 FICs and infection outcomes. New information re-
garding the various effects microbiota and their products have on
many illnesses has expanded dramatically in the last few years. We
could now examine if indole, the product of several common gut
bacteria, could have an effect on the susceptibility of individuals to
infection and/or illness caused by Cryptosporidium. Previously,
healthy subjects showed a wide distribution of FICs, with ~75%
in the 1 to 4 mM range (15), and 80% of the baseline indole levels
in a subset of 50 subjects used in the present study were in the same
range. We then went a step further and examined stage 1 FICs with
regard to the outcome of a Cryptosporidium challenge (Fig. 1A and
B). The percentage of volunteers who became infected after a chal-
lenge decreased as preexisting FICs increased (Fig. 1A). Fifteen
(65.2%) subjects with a stage 1 FIC of =2.5 mM versus three
(11.1%) with a FIC of >2.5 mM became infected after a challenge.
Further, none of 11 subjects with a FIC of =4.0 mM became in-
fected. The mean (£ SD) stage 1 FICs in infected versus unin-
fected subjects after Cryptosporidium exposure were 1.66 * 0.80
and 3.20 = 1.23 mM, respectively (Fig. 1B, P = 0.0001). These
data suggest that the stage 1 FIC may be a marker of susceptibility
to Cryptosporidium infection.

To check for unintended bias, we further examined the oocyst
dose received by the subjects in the FIC categories (i.e., =2.5 mM
and >2.5 mM) and found no differences in the number of oocysts
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received in the challenge (data not shown). Also, stage 1 FICs were
similar for volunteers who received any of the C. parvum isolates
used in the study. Finally, we compared eight pairs of volunteers
given the same isolate and oocyst dose and observed that 75% with
an FIC of >2.5 mM remained uninfected, while volunteers with
an FIC of =2.5 mM became infected and ill.

FIC after a challenge. Changes in the FIC during the course of
the study were examined (Table 3). The FICs of 17 infected sub-
jects and 32 uninfected, asymptomatic subjects were determined
during stage 2. In addition, stool samples were collected at stage 3.
Like the stage 1 FICs, the differences between the two outcome
groups at stages 2 and 3 were also significant (P = 0.0001). FICs
remained relatively stable in the uninfected group during the
study. However, at stage 2, infected individuals had a decrease in
the FIC (P = 0.053), a trend that reached statistical significance
(P = 0.028) when the percent change in the FIC was calculated. At
stage 3, indole levels increased and were not significantly different
from those at stage 1.

FICs in infected subjects were further examined for various
outcome parameters. Stage 1 FICs showed no significant associa-
tion with any illness severity (onset or duration of diarrhea, num-
ber of unformed stool samples, total stool weight) or infection
intensity (onset or duration of oocyst shedding, total oocysts
shed) measurements (see Table S1 in the supplemental material).
The same analyses of stage 2 FICs were done, and no significant
effects were noted, except for higher FICs, which were associated
with a delayed onset of shedding (P = 0.017). Thus, the FIChad an
association with susceptibility to infection rather than with the
course of the infection once it was established.

Gut microbiota prior to a challenge. Given the FIC findings,
we examined the stool samples of 11 volunteers for the most com-
mon bacteria in the human gut, including five IP taxa (Table 1).
These included bacteria from five phyla (Firmicutes, Bacteroidetes,
Proteobacteria, Actinobacteria, and Verrucomicrobia). The Firmic-
utes were dominant (45 to 79%RA) in both outcome groups and at
all stages (see Fig. S2 in the supplemental material). Except for
Actinobacteria, the other phyla varied between outcome groups,
especially at stage 1, with distinct patterns noted. The uninfected
group had a greater abundance of Proteobacteria (5.5%) with

TABLE 3 Change in FIC after a Cryptosporidium challenge®

Illness Resolution
Outcome category period® Pvalue period® P value
Indole concn (mM)
No oocysts or diarrhea 343+ 120  0.0001 2.92*130  0.0001
Oocysts + diarrhea 1.41+ 091 1.60 = 0.68
Change in indole concn (mM)
No oocysts or diarrhea 0.023 £1.21 0.053 —0.31=* 144 0.61
Oocysts + diarrhea —0.34 = 0.75 —0.13 £0.92
Change in indole concn (%)
No oocysts or diarrhea 7.9 *+93 0.028  —2.10 =43.1 0.41
Oocysts + diarrhea —16.3 £9.5 33.1 = 39.5

@ Subjects in each outcome category (no oocysts or diarrhea, n = 32; oocysts plus
diarrhea, n = 18) were tested during the illness period and/or after resolution of the
infection and diarrhea. The median indole concentration, change in indole
concentration, and percent change are shown along with 95% confidence intervals for
each parameter. For each volunteer, the change and percent change in indole
concentration were calculated on the basis of the baseline indole concentration. P
values were calculated by using Student’s ¢ test with or without Welch’s correction.

b Values are means = standard deviations.

August 2016 Volume 84 Number 8


http://iai.asm.org

A. .
12, E. coli CFT073

1.0
0.8
0.6
0.4
0.2
0.0

B.
1.2 1

1.0
0.8 -
0.6 -
04 -
0.2
0.0 -

C.
05 , Clostridium spp.

L

f

Bacillus spp.

% Relative Abundance

04 -
0.3 1
0.2
0.1 -

0.0 -
Inf  Uninf

FIG 2 Fecal bacteria associated with protection from Cryptosporidium infec-
tion. Species with =2.5-fold difference in %RA are shown. Stool samples from
healthy adults were collected prior to (or within 48 h of) exposure to Crypto-
sporidium oocysts. The median %RAs of the infected (Inf; n = 6) and unin-
fected (Uninf; n = 5) outcome groups are shown. IP bacteria include those in
panels A and B.

lower Bacteriodetes (3.4%) and Verrucomicrobia (0.5%) levels
than infected subjects, who had greater abundances of Bacterio-
detes (16.2%) and Verrucomicrobia (1.6%) and a lower abundance
of Proteobacteria (2.2%). The ratio of Firmicutes to Bacteriodetes at
stage 1 was approximately 27:1 in uninfected subjects versus 4:1 in
infected subjects.

The median %RA (stage 1) per taxon in the two outcome
groups was calculated. Seven taxa showed differences of =2.5-fold
between the two groups. Specifically, uninfected subjects had in-
creased %RAs of two IP bacteria, Escherichia coli CFT073 and
Bacillus spp., as well as Clostridium spp. (Fig. 2). In contrast, in-
fected subjects had increased %RAs of Bacteroides fragilis, B. pyo-
genes, and Prevotella bryantii (all IP bacteria), as well as Akkerman-
sia muciniphila (Fig. 3). Thus, E. coli and Bacillus were the only IP
bacteria studied that were associated with high FICs, indicating
that one or both may be the major, but not necessarily the only,
source of fecal indole.

Gut microbiota during and after diarrhea. The median %RAs
of all 19 taxa were compared between the two outcome groups and
at stages 2 and 3 (see Fig. S3 in the supplemental material). Faeca-
libacterium prausnitzii was dominant (>27%) in both outcome
groups and at each stage. Shifts in the microbial population were
most prominent during stage 2. Infected subjects had a 6-fold
decrease in Clostridium spp., while all other taxa remained rela-
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FIG 3 Fecal bacteria associated with susceptibility to Cryptosporidium infec-
tion. Species with =2.5-fold difference in %RA are shown. Stool samples from
healthy adults were collected prior to (or within 48 h of) exposure to Crypto-
sporidium oocysts. The median %RAs of the infected (Inf; » = 6) and unin-
fected (Uninf; n = 5) outcome groups are shown. IP bacteria include those in
panels A to C.

tively unchanged from stage 1. Appreciable (i.e., =3-fold) changes
were also noted in uninfected subjects, including increases in the
%RA of Acidaminococcus spp. and decreases in those of Citrobac-
ter gillenii, E. coli CFT073, and Raoultella spp. This suggests that
oocyst exposure may influence the microbiota either directly or
perhaps via a successful host response to the challenge. By stage 3,
outcome groups were more similar to each other than previously
with the levels of only two taxa, Bifidobacterium longum and Lac-
tobacillus plantarum, =3-fold higher in the uninfected group.
Further, the overall %RA of IP bacteria decreased from stage 1
values, especially in uninfected subjects, and were in contrast to
the little change in the FICs over the same time. Lastly, there were
too few infected subjects for meaningful comparisons between
%RAs and the various outcome parameters.

DISCUSSION

In this study, we compared the FICs in healthy adults with the
outcomes of a subsequent challenge with Cryptosporidium
oocysts. Our findings demonstrate a highly significant association
(P = <0.0001) between the stage 1 FIC and exposure outcome.
Specifically, FICs of >2.5 mM were associated with protection
from infection even when the oocyst dose exceeded the 50% in-
fective dose (ID5,). However, the association was strong but not
absolute. That is, there were three infected individuals who had
high stage 1 FICs (>2.5 mM) and three uninfected subjects with
low FICs (<1.5 mM). The former received an oocyst dose in the
ID 4 to ID,, range, possibly sufficient in number to overcome the
“protective” effect of the FIC noted in these subjects. In compar-
ison, the latter three received relatively small challenge doses (IDg
to ID,g), suggesting that the dose may have been insufficient to
result in infection despite the low FICs.

We then examined a subset of these same stool samples for
common gut bacteria found in humans. While six of these taxa
were capable of producing indole, only two, E. coli and Bacillus
spp., were associated with increased FICs. Interestingly, both are
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aerobic and expected to be in greater abundance in the small
bowel, the typical site of Cryptosporidium infection. Thus, we pre-
sume that one or both could be the major source of fecal indole
associated with protection. However, we cannot rule out the FIC
contributions of other, less abundant, taxa. In contrast, two IP
taxa, Bacteroides spp. and Prevotella bryantii, were associated with
alow FIC. Both of these are anaerobic bacteria that mainly popu-
late the colon.

Our earlier dose-response studies concluded that the variabil-
ity found in the Cryptosporidium ID5, was indicative of differences
in the diverse Cryptosporidium isolates used. We now suggest that
IP microbiota and perhaps indole itself have important roles in the
outcome. Dose-response curves were based on groups of volun-
teers whose FICs were unknown at the time. The present study
consisted of subjects selected from each of these groups and is thus
an incomplete representation of any one dose-response curve.
Thus, the degree of influence that fecal indole has on the estima-
tion of ID5, cannot be known at this point and will require the
evaluation of stool samples from all of the volunteers included in
each isolate’s dose-response curve.

Our current findings support the notion that IP microbiota
and/or indole are important but do not point to a particular
mechanism. Several possibilities exist. First, indole may have a
direct adverse effect on the parasite and/or invasion, an idea that is
testable in cell culture. In this regard, we also recognize that diet
plays an important role in the FIC by providing the necessary
substrate (tryptophan) for indole production. Unfortunately, no
dietary information was collected during the Cryptosporidium vol-
unteer studies, so no further analysis of these individuals is possi-
ble. Alternatively, indole may have an indirect effect by acting as a
regulatory molecule for other species of gut microbiota. This may
have been evident, at least in part, in the positive effects seen pre-
viously in some studies testing probiotics (5, 6, 8, 11). Another
possibility is that indole acts on host tissues to enhance the innate
response by increasing epithelial integrity (23) and/or stimulating
anti-inflammatory pathways (24).

Finally, it is possible that a high FIC alone is insufficient to
provide protection and other factors or non-IP bacterial species
are also required. Interestingly, under some conditions, Clostrid-
ium can regulate IP bacteria to increase indole production in vitro
(C.D., unpublished data). This notion is supported by the in-
creased abundance of Clostridium bacteria seen in uninfected sub-
jects, which may be needed to reach the high levels of indole asso-
ciated with protection. We further noted an increased abundance
of A. muciniphila in infected subjects. This bacterium has been
implicated in mucin degradation (38, 39) and increased suscepti-
bility to infection (40, 41). Since Cryptosporidium sporozoites ini-
tiate infection via contact with enterocyte membranes, an increase
in the %RA of Akkermansia found may erode the protective mucin
covering, thus increasing the opportunity for sporozoite binding.
Lastly, we cannot exclude the possibility that indole has no effect
butis simply a convenient and easily measured biomarker of other
unknown factors that impact host susceptibility to Cryptospo-
ridium infection.

Changes in the microbial population were seen in both out-
come groups despite the fact that indole levels remained remark-
ably stable in each group. The microbiota disturbances seen in
infected individuals are consistent with recent observations in
mice, where changes in gut microbiota were noted during infec-
tion but reverted to a prechallenge profile after the infection was
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resolved (42). However, the changes seen in mice were indepen-
dent of symptoms since mice do not develop diarrhea and their
infection may be quite different from human infection.

There are several limitations to our study. The stool samples we
used had been stored at —80°C for 10 to 20 years, and to our
knowledge, there is no published literature regarding indole sta-
bility under such conditions. However, our stage 1 indole levels
were consistent with values from control individuals in two earlier
studies using freshly collected stool samples (43, 44), although
direct comparisons could not be made since stool samples were
prepared, extracted, and tested by different techniques. Further,
all of the stool samples we used were stored under the same con-
ditions and the indole concentrations in samples from 1993 to
1998 were no different from those in samples from 1999 to 2004.
Thus, we conclude that indole is relatively stable under these con-
ditions. Second, we selected two groups of subjects based on the
outcome of a Cryptosporidium challenge and reasoned that if no
differences between these two extreme outcomes were seen, then
any differences in those who were infected but asymptomatic were
unlikely. Given the findings of the present study, we plan to fur-
ther examine a group of infected, asymptomatic individuals. A
pilot experiment with three individuals from the latter group
showed that the stage 1 FICs (mean of 1.66 mM) were consistent
with the group of infected subjects with diarrhea. Finally, we were
unable to compare substrate (tryptophan) availability to the FIC
since no dietary information was collected during the original
study. We do know, however, that these subjects were healthy,
well-nourished adults. The relevance of these data to undernour-
ished children is not known and would depend on the availability
of foodstuffs, such as meats, eggs, fish, lentils, tofu, and other
foods that are significant sources of tryptophan.

In summary, the present study indicates that the FIC existing in
the gut at the time of Cryptosporidium exposure is an important
predictor of the outcome of the encounter between the host and
parasite. The FIC can be added to two other factors (oocyst dose
and host immune status) previously demonstrated to influence
susceptibility to infection. We believe the findings presented here
should stimulate further in vitro and in vivo investigations that
may eventually lead to new nonantibiotic treatments (e.g., indole)
and/or prevention strategies by altering the microbial community
and/or its products.
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