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Background. Rotavirus vaccine efficacy (VE) estimates in low-resource settings are lower than in developed countries. We
detected coinfections in cases of severe rotavirus diarrhea in a rotavirus VE trial to determine whether these negatively impacted
rotavirus VE estimates.

Methods.
tive diarrhea episodes and all severe episodes (Vesikari score 211), from a phase 3 VE trial of Rotavac, a monovalent human-bovine

We performed TagMan Array Card assays for enteropathogens on stools from rotavirus enzyme immunoassay-posi-

(116E) rotavirus vaccine, carried out across 3 sites in India. We estimated pathogen-specific etiologies of diarrhea, described associ-
ated clinical characteristics, and estimated the impact of coinfections on rotavirus VE using a test-negative design.

Results.
cause of severe diarrhea even among vaccinated children, followed by adenovirus 40/41, Shigella/enteroinvasive Escherichia coli,

A total of 1507 specimens from 1169 infants were tested for the presence of coinfections. Rotavirus was the leading

norovirus GII, sapovirus, and Cryptosporidium species. Bacterial coinfections in rotavirus-positive diarrhea were associated with a
longer duration of diarrhea and protozoal coinfections with increased odds of hospitalization. Using the test-negative design, rotavi-
rus VE against severe rotavirus gastroenteritis increased from 49.3% to 60.6% in the absence of coinfections (difference, 11.3%; 95%
confidence interval, =10.3% to 30.2%).

Conclusions.
etiologies was identified. Accounting for coinfections led to an 11.3% increase in the VE estimate. Although not statistically signif-

While rotavirus was the dominant etiology of severe diarrhea even in vaccinated children, a broad range of other

icant, an 11.3% decrease in VE due to presence of coinfections would explain an important fraction of the low rotavirus VE in this

setting.
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Rotavirus is the leading cause of diarrhea in children <5 years of
age, with >215000 deaths in 2013 due to rotavirus, and 37% of
the under-5 diarrhea deaths attributable to rotavirus according
to the latest estimates by the World Health Organization
and Centers for Disease Control and Prevention [1, 2].
Approximately 22% of all rotavirus-associated deaths were from
India. Since 2006, implementation of rotavirus vaccination in
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>70 countries has led to substantial decreases in hospital-
izations due to rotavirus and all-cause diarrhea [3]. In India,
4 licensed rotavirus vaccines are currently available: Rotarix
(GlaxoSmithKline Biologicals), Rotateq (Merck Vaccines),
Rotavac (Bharat Biotech International Ltd), and ROTASIIL
(Serum Institute India Ltd). The last 2 vaccines, developed by
Indian companies, have made rotavirus vaccination inclusion
in the universal immunization program in India possible be-
cause of the affordable price.

Clinical trials done in low- and middle-income countries
(LMICs) have revealed the suboptimal efficacy and effective-
ness of rotavirus vaccines in these settings compared to devel-
oped countries [4-6]. In India, the efficacy of the oral rotavirus
vaccine 116E strain (Rotavac) against severe rotavirus diarrhea,
reported in a phase 3 clinical trial, was 53.6% (95% confidence
interval [CI], 35.0%-66.9%) [7], whereas the efficacy estimate of
the pentavalent ROTASIIL vaccine was 39.5% (95% CI, 26.7%-
50%) [8]. For the other 2 rotavirus vaccines, immunogenicity
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studies have indicated suboptimal performance in Indian set-
tings [9]. A number of host- and vaccine-associated factors
might contribute to this impaired response to oral rotavirus
vaccines and other orally administered vaccines [10]. Presence
of coinfections with one or more enteric pathogens, even in
apparently healthy infants in LMIC settings, is common [11],
and recent studies have looked at associations between their
presence and impaired immune response to rotavirus vaccines
[12, 13]. However, the possibility of misattribution of diar-
rheal episodes to rotavirus in rotavirus vaccine efficacy (VE)
studies, by not testing diarrheal samples for other pathogens,
has not been addressed in a systematic manner until recently.
It is clear from recent diarrheal etiology studies from Asia and
Africa that the presence of multiple pathogens in episodes of
diarrhea, both hospitalized cases as well as the less severe com-
munity diarrhea, is common, especially when molecular diag-
nostic assays are used [14, 15]. Therefore, in settings with high
enteropathogen burden, detecting an enteropathogen using
a particular diagnostic test is not enough to ascribe causality
for diarrheal disease. This might have implications while calcu-
lating the efficacy of a rotavirus vaccine, whereby only rotavirus
is assayed. In doing so, we might be misattributing a number of
episodes where other enteropathogens were also present. The
presence of multiple coinfecting pathogens in diarrheal epi-
sodes, and failure to detect them, might be responsible for the
lower-than-expected efficacy of rotavirus vaccines reported in
clinical trials in settings where such coinfections are common.

We used a TagMan Array Card (TAC) platform to detect
and quantify major enteropathogens [16] in stool samples by
quantitative polymerase chain reaction (QPCR) from diarrheal
episodes during the phase 3 efficacy trial of the monovalent
human-bovine (116E) rotavirus vaccine, Rotavac [7, 17]. In
the primary 116E trial, positivity by rotavirus antigen enzyme-
linked immunosorbent assay was the criterion for classify-
ing severe to very severe diarrhea due to rotavirus. Here, we
estimate the burden of coinfections with specific enteropatho-
gens within the follow-up period of the clinical trial, describe
the clinical features and disease severity associated with these
pathogens, and estimate whether accounting for the presence
and quantity of enteropathogens other than rotavirus modifies
the rotavirus VE measurements from the primary trial.

METHODS

Clinical Study Data

The phase 3 placebo-controlled efficacy trial for the monovalent
human-bovine (116E) vaccine, Rotavac, was conducted between
2012 and 2014 in Delhi, Vellore, and Pune, India (Clinical Trials
Registry — India number 2010/091/000102) [7, 17]. In brief,
infants were enrolled at 6-8 weeks of age, given 3 doses of the
Rotavac vaccine or placebo at a 2:1 ratio at ages 6, 10, and 14
weeks, and prospectively followed by weekly home visits until
2 years of age to identify cases of diarrhea. Diarrhea was defined

as the occurrence of >3 watery or looser-than-normal stools
within a 24-hour period with or without vomiting. For any epi-
sode of diarrhea, stool samples were collected as soon as possible
but no later than 7 days after the last day of gastroenteritis [7].
Clinical characteristics such as duration of diarrhea, vomiting
(number of episodes per day and duration), temperature, degree
of dehydration, presence of blood in stool, and hospitalization
were noted. The Vesikari scoring system was used to calcu-
late the severity of each diarrheal episode [18, 19]. In the clin-
ical trial, VE was determined against severe rotavirus diarrhea,
defined as rotavirus positivity by antigen enzyme immunoassay
(EIA) in a case of diarrhea with Vesikari score >11.

To study the contribution of enteropathogens other than
rotavirus, we tested samples from episodes of severe diarrhea, as
well as all rotavirus EIA-positive samples, irrespective of sever-
ity by the molecular methods described below. Specimens from
eligible episodes were included for testing if sufficient sample
was available, storage history was verified, and informed con-
sent allowed for future testing of stored specimens.

Molecular Diagnostics

Stool samples were tested for the presence of enteropathogens
other than rotavirus using TAC assays as previously described
[14]. In brief, samples were transferred to a -70°C freezer
from the clinical study site and stored frozen until tested.
Following testing for rotavirus by EIA at the Translational
Health Sciences and Technology Institute, specimens were
transferred to Christian Medical College, Vellore, for testing by
TAC assays for enteropathogen targets. Total nucleic acid was
extracted using the QIAamp Fast DNA Stool mini kit (Qiagen,
Hilden, Germany), with additional steps including spiking with
extraction controls (10 copies of MS2 bacteriophage and pho-
cine herpes virus) and bead beating. Each batch of extractions
also included one extraction blank. All TAC assays were per-
formed on the QuantStudio 12K Flex real-time PCR system.
Because rotavirus testing had already been performed, and our
purpose was to examine nonrotavirus enteropathogens, the
custom-designed TAC assays included enteropathogen targets
other than rotavirus (see Supplementary Table 1 for included
targets). For a valid result, the spiked extraction controls should
have been in the expected range with a cycle threshold value
<35 and the blank extraction control should not be positive for
any of the pathogen targets. We also excluded any data flagged
by the PCR software QuantStudio 12K Flex version 1.1.

Data Analysis

Because detection of enteropathogens is common by qPCR
even in stools collected from children without diarrhea in
LMIC settings [14, 15], we attributed etiology of diarrhea to a
specific pathogen by calculating an adjusted attributable frac-
tion (AF) [20]. Because nondiarrheal stools were not collected
in this vaccine trial, we used models from the qPCR reanalysis
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of a large multisite case-control study that included India to
derive quantity-specific odds ratios (ORs) [14]. Specifically,
using qPCR data from 5304 cases of moderate to severe acute
diarrhea and age-, sex-, and village-matched controls, we fit
a multivariable conditional logistic regression model to de-
scribe the association between pathogen quantity and diarrhea
while adjusting for the presence of other pathogens. We then
calculated AFs by summing the attributable fraction for each

episode (AFe) across each of j cases in the present study—that
J

is, E(l / jxAFe;), where AFe,=1—1/OR;, and OR, is the
1

quantity-specific OR derived from the regression model. To es-

timate the variance for the model-based attribution, ORs were
estimated 1000 times using random perturbations of the model
coefficients in accordance with their sampling variance covari-
ance, coefficients being drawn equally from each of the Global
Enteric Multicenter Study (GEMS) sites. The 95% Cls were de-
rived from the 2.5th and 97.5th quantiles of the AF distribution,
and point estimate of the AF was calculated using the original
model coefficients.

Using data from the vaccine trial follow-up period, we
evaluated associations between enteropathogens and clini-
cal characteristics in severe diarrhea episodes of any etiology
and rotavirus-positive diarrheal episodes of any severity score.
We modeled each clinical characteristic as a binary or ordinal
response with enteropathogen attribution to each episode as
predictors. We fit logistic or ordinal logistic regression mod-
els, using generalized estimating equations (GEEs) with robust
variance to account for correlation among multiple episodes in
some children. We modeled nonrotavirus pathogens both indi-
vidually and summed in categories (bacteria, viruses other than
rotavirus, protozoa). Pathogens other than rotavirus were mod-
eled as continuous AFe values for each episode, such that the
OR for a one-unit change in AFe corresponded to an episode
wholly attributable to that pathogen or pathogen category. In
analyses of severe diarrhea episodes of any etiology, rotavirus
detection by EIA was a binary predictor. In analyses of the set
of rotavirus EIA-positive diarrhea of any severity, the rotavirus
vaccine treatment arm was included as a binary predictor. All
models were adjusted for study site for the vaccine trial as well
as age with a linear and quadratic term.

To allow for regression-based adjustment of nonrotavirus
enteric coinfections in severe diarrheal episodes, we used the
test-negative design, which has been shown to reproduce VE
estimates in several rotavirus vaccine clinical trials [21]. First,
we calculated the total contribution of nonrotavirus pathogens
to each episode of severe diarrhea in the per-protocol group as
the sum of the nonrotavirus pathogen-specific AF estimates for
each episode using the quantity-specific GEMS model coefhi-
cients. We then used GEE:s to fit a logistic regression model with
the rotavirus EIA test result as the response and vaccination
status, study site, a linear and quadratic age term, and quarter of

the calendar year as predictors. Vaccine efficacy was calculated
as (1 — OR;)x100, where OR is the exponent of the model co-
efficient for vaccination status. Next, we fit the same model, but
added an interaction between vaccination status and the sum
attribution to nonrotavirus enteropathogens. We then calcu-
lated VE as above but without including the interaction term,
which we interpreted as the VE when the sum attribution to
nonrotavirus enteropathogens was zero. The difference in VE
estimates between the 2 models was calculated by bootstrap
with 1000 iterations.

RESULTS

A total of 1283 specimens met criteria for testing, of which 1271
(99.1%) had valid qPCR results and were included in the analysis
(Figure 1). This included samples from 704 episodes of severe
diarrhea (Vesikari score 211) from 603 children, of which 196
(27.8%) were rotavirus positive by EIA. Supplementary Table 2
lists the proportion of episodes positive for enteropathogens at
diarrhea-associated quantities. Rotavirus, as detected by EIA,
had the highest AF for severe diarrhea in both placebo and

11409 stool specimens
collected from 4561 children in
the ROTAVAC trial

9902 excluded
>« Nonrotavirus, nonsevere

diarrhea
4
1507 specimens from 1169
children
* 251 - Severe rotavirus
* 647 — Severe nonrotavirus
* 609 — Nonsevere rotavirus 224 excluded
* Amount not sufficient,

consent for future testing
not obtained, or duplicate
sample from single diarrheal

A4

episode
v
1283 specimens from 1099
children tested using TagMan
Array Card (TAC)
12 excluded

¢ Invalid TAC data

v

v
1271 specimens from 1090
children with TAC data for
statistical analyses

* 196 — Severe rotavirus
* 508 — Severe nonrotavirus
* 567 — Nonsevere rotavirus

Figure 1.  Selection and testing of stool specimens for enteropathogen coinfec-
tions from the ROTAVAC trial. Abbreviation: TAC, TagMan Array Card.
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Rotavac-vaccinated children, although there was a clear benefi-
cial impact of vaccination (Figure 2). Adenovirus 40/41, Shigella/
enteroinvasive Escherichia coli (EIEC), norovirus GII, sapovirus,
and Cryptosporidium species detected by TAC assay were the
next most important pathogens when the pathogen-specific at-
tribution of severe diarrhea was determined (Figure 2). Even in
severe episodes of rotavirus diarrhea, the attribution to nonro-
tavirus pathogens as determined by the presence of these other
pathogens at “diarrhea-associated” quantities was substantial
(Figure 3). There was a trend toward increased attribution to
nonrotavirus pathogens in rotavirus-vaccinated infants (sum
AF, 33.6%; 95% CI, 22.9%-44.8%) compared with infants in the
placebo arm (sum AF, 22.8%; 95% CI, 14.1%-31.0%).

Clinical Phenotypes and Pathogens

Attribution to specific pathogens was associated with distinct
clinical phenotypes among severe diarrhea episodes (Table 1). For
example, whereas rotavirus was associated with watery diarrhea
with vomiting and dehydration, Shigella/EIEC was associated
with dysentery (adjusted OR [aOR], 17.01; 95% CI, 6.11-47.36),
a longer duration of diarrhea and dehydration without vomit-
ing. Rotavirus was associated with more severe diarrhea (higher
Vesikari score) than other viral pathogens, and Shigella was as-
sociated with more severe diarrhea than other bacterial patho-
gens. We then evaluated whether the presence of coinfections at
diarrhea-associated quantities altered the phenotype of rotavirus
EIA-positive diarrhea of any severity (Table 2). In this subset,
attribution to bacterial enteropathogens was associated with
a longer duration of diarrhea, and attribution to protozoa with
hospitalization. Receiving rotavirus vaccine was associated with a
decreased duration of diarrhea (aOR, 0.58; 95% CI, .41-.83) and
less frequent vomiting (aOR, 0.69; 95% CI, .53-.92).

Coinfections and Calculated Rotavirus Vaccine Efficacy

Because of evidence that rotavirus-positive severe diarrhea was
partially attributable to other enteropathogens, and because
this attribution was more common in vaccinated children, we
assessed whether coinfections impacted VE estimates. This
analysis was performed in the per-protocol group for children
followed until 2 years of age (704 episodes of severe diarrhea).

Supplementary Table 3 presents the unadjusted VE estimates
for children included in the analysis for severe rotavirus gas-
troenteritis and “pure” severe rotavirus gastroenteritis, defined
as rotavirus EIA positivity without any other enteropathogen
detection at diarrhea-associated quantities by TAC assay.

We calculated the VE using the test-negative design, to allow
adjustment for the impact of nonrotavirus enteropathogens.
Rotavac VE against severe diarrhea in the per-protocol popu-
lation was 49.3% (95% CI, 26.2%-65.2%), comparable to the
previous 53.6% efficacy estimate from the overall trial. We then
estimated the efficacy in the absence of coinfections to be 60.6%
(95% CI, 26.5%-76.8%). The efficacy difference was estimated
by bootstrapping to be 11.3% (95% CI, -10.3% to 30.2%).

DISCUSSION

Although the beneficial impact of rotavirus vaccination and
overall decrease in diarrheal rates was clear, rotavirus con-
tinued to be the most important diarrheal pathogen even in
the vaccinated group. Although the impact of rotavirus vac-
cination in reducing the burden and mortality due to rota-
virus diarrhea is proven [3, 22], in effectiveness studies from
settings such as Africa, rotavirus continues to be a common
etiology of diarrhea after rotavirus vaccine introduction
[23]. By contrast, similar studies in other LMIC settings such
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Figure 2.
enterotoxigenic Escherichia coli; tEPEC, typical enteropathogenic Escherichia coli.

Pathogen-specific attribution of severe diarrhea by rotavirus vaccination status. Abbreviations: EIEC, enteroinvasive Escherichia col; ST-ETEC, Stable toxin
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Figure 3. Attribution to nonrotavirus enteropathogens in rotavirus enzyme immunoassay—positive severe diarrhea. Abbreviations: EIEC, enteroinvasive Escherichia colr,
ST-ETEC, stable toxin enterotoxigenic Escherichia coli.

as Nicaragua have shown a significantly lower contribution  revealed that enteric adenovirus, Shigella, norovirus, sapovi-
of rotavirus in the postvaccine era, and other pathogens such rus, and Cryptosporidium were the next most important di-
as norovirus and sapovirus become more prominent [24]. arrheal pathogens, after rotavirus, in children <2 years of age.

The primary objective of the study, the estimate of patho- Attribution to enterotoxigenic E. coli (ETEC) was low, and the
gen-specific burdens of severe diarrhea in this vaccine trial, overall prevalence was also low for this pathogen for which

Table 1. Association Between Severe Diarrhea Attribution to Specific Enteric Pathogens and Clinical Characteristics (704 Episodes)

Maximum
Vomiting Episodes
per Day (0: n = 29
[4.1%];1:n =54

[7.7%]; 2-4:
n = 446 [63.4%]; Very Severe
Diarrhea > 5 Days >5:n=175 Dehydration, Any Hospitalization Blood in Stool (VS >15) (n = 133
(n =443 162.9%]) [24.9%] (n =366 [62.0%]) (n =444 163.1%]) (n =55 [78%]) [18.9%])
Pathogen aOR (95% CI) aOR (95% CI) aOR (95% CI) aOR (95% CI) aOR (95% CI) aOR (95% ClI)
Individual pathogen?
Rotavirus 0.80  (.564-1.18) 145 (1.00-2.11) 2.21  (1.46-3.36) 3.02  (1.97-4.65) 032  (11-91) 1.57 (.96-2.58)
Adenovirus 40/41 0.76  (.31-1.88) 2.10 (.90-4.92) 1.21 (.48-3.05) 1.68 (.67-4.24) 240  (.51-11.16) 0.86  (.27-2.75)
Shigella/EIEC 3.67 (1.64-8.23) 0.38 (.19-.77) 2.04  (1.01-4.14) 1.65 (.79-3.45) 1701 (6.11-4736) 2.20  (.97-5.00)
Norovirus Gl 113 (.45-2.84) 2.19 (.95-5.02)  0.45 (.18-1.12) 0.62 (.24-1.61) 0.69  (13-3.74) 0.73  (.22-2.42)
Cryptosporidium 2.61  (.90-755) 0.72 (.32-1.63) 1.48 (.61-3.56) 1.76 (.67-4.62) 0.09  (.01-1.08) 1.10 (.36-3.38)
Sapovirus 3.95 (.80-19.37) 132 (.36-4.81)  0.27 (.07-1.06) 0.50 (.13-1.96) 1.08  (.13-9.14) 1.32 (.23-742)
ST-ETEC 239 (.66-8.63) 0.73 (.22-2.43) 0.81 (.21-3.16) 0.70 (.19-2.52) 0.75  (.06-8.80) 0.69  (.13-3.65)
Pathogen category®
Rotavirus 0.68  (.46-1.00) 155  (1.07-2.24) 0.76 (.565-1.05) 3.16  (2.04-4.88) 0.26  (.09-.74) 163  (.95-2.46)
Bacteria® 112 (.68-1.87) 0.91 (.67-1.45) 0.98 (.69-1.39) 1.51 (.96-2.37) 246  (1.42-4.24) 1.70  (1.02-2.82)
Virus (nonrotavirus)®  1.05  (.60-1.85) 1.66  (1.02-2.71) 0.73 (.44-1.20) 0.94 (.63-1.67) 1656 (.62-3.92) 0.87 (.41-1.85)
Protozoa® 2.08 (.79-5.46) 0.78  (.35-1.73) 0.52 (.23-1.17) 2.13 (.82-5.51) 0.15 (.01-1.47) 1.03  (.35-3.02)

Adjusted odds ratios and 95% confidence intervals for each clinical characteristic were estimated from multiple logistic or ordinal logistic (for vomiting episodes) regression models, with
age, study site, and pathogens or pathogen categories as predictors.

Abbreviations: aOR, adjusted odds ratio; Cl, confidence interval; EIEC, enteroinvasive Escherichia coli; STETEC, stable toxin enterotoxigenic Escherichia coli; V'S, Vesikari score.
®Rotavirus detection by enzyme immunoassay was a binary predictor, while other pathogens and pathogen categories were modeled as continuous attributable fraction (AF) values.
°Sum of AFs for Shigella/EIEC, Vibrio cholerae, STETEC, Campylobacter jejuni/coli, typical enteropathogenic Escherichia coli, Aeromonas, and Salmonella.

°Sum of AFs for adenovirus 40/41, norovirus Gll, sapovirus, and astrovirus.

9Sum of AFs for Cryptosporidium and Entamoeba histolytica.
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Table 2. Clinical Characteristics Among Rotavirus-positive Diarrhea With Enteric Coinfections (763 Episodes)
Maximum Vomiting
Episodes per Day
(0:n=291[4.1%I; 1:
n =54[77%]; 2-4:
Diarrhea >5 Days n = 446 [63.4%]; >5: Dehydration, Any Hospitalization
(n =443 162.9%]) n =175 [24.9%]) (n =366 [52.0%]) (n =444 [63.1%])
Pathogen aOR (95% CI) aOR (95% CI) aOR (95% CI) aOR (95% CI)
Individual pathogen?
Adenovirus 40/41 1.61 (.41-6.27) 1.47 (.41-5.24) 1.18 (.32-4.44) 1.59 (.42-5.98)
Shigella/EIEC 2.88 (.96-8.65) 0.53 (.20-1.46) 1.80 (.53-6.03) 1.32 (.42-4.21)
Norovirus GlI 2.10 (.39-11.29) 0.50 (.13-1.88) 0.77 (.10-5.72) 0.40 (.05-3.16)
Cryptosporidium 1.82 (.09-38.50) 0.80 (.04-17.07) 6.55 (.42-101.41) 8.24 (.46-148.18)
Sapovirus 5.19 (.81-33.32) 0.25 (.04-1.56) 1.61 (.20-13.03) 114 (.16-8.18)
STETEC 2.21 (.67-7.35) 1.01 (.26-3.90) 1.79 (.44-7.34) 1.31 (.34-5.10)
Pathogen category?
Bacteria® 2.01 (1.07-3.76) 0.95 (.51-1.76) 1.43 (.68-3.02) 0.97 (.46-2.01)
Virus (nonrotavirus)® 2.05 (.89-4.68) 0.62 (.32-1.19) 1.27 (.51-3.18) 1.06 (.43-2.57)
Protozoa® 1.16 (.08-15.82) 2.77 (.13-60.54) 351 (.33-36.71) 15.39 (1.41-167.81)

The aORs and 95% Cls for each clinical characteristic were estimated from multiple logistic or ordinal logistic (for vomiting episodes) regression models, with age, study site, treatment arm

(RV or placebo), and pathogen or pathogen categories as predictors.

Abbreviations: aOR, adjusted odds ratio; Cl, confidence interval; EIEC, enteroinvasive Escherichia coli; STETEC, stable toxin enterotoxigenic Escherichia coli.

®Rotavirus detection by enzyme immunoassay was a binary predictor, while other pathogens and pathogen categories were modeled as continuous attributable fraction (AF) values.

°Sum of AFs for Shigella/EIEC, Vibrio cholerae, STETEC, Campylobacter jejuni/coli, typical enteropathogenic Escherichia coli, Aeromonas, and Salmonella.

°Sum of AFs for adenovirus 40/41, norovirus Gll, sapovirus, and astrovirus.
9Sum of AFs for Cryptosporidium and Entamoeba histolytica.

vaccines are advancing into efficacy trials [25]. The lower attri-
bution to ETEC may be because of the use of the Vesikari score
to identify severe diarrhea, which may not be appropriate for
ETEC or other bacterial diarrhea. It is important to note that
although ETEC was one of the pathogens with a high AF for
diarrhea in the GEMS study when the overall data was consid-
ered, AF estimates for this pathogen varied from site to site with
low AF for certain Asian sites such as India and Bangladesh
[14]. In contrast, Shigella/EIEC was associated with a relatively
high burden of severe diarrhea in this trial. The use of sensi-
tive molecular diagnostic tests help overcome the low sensitivity
of traditional culture methods for detection of Shigella species
and have revealed the considerably high burden of severe di-
arrhea attributable to this pathogen in the first 2 years of life
in Asia and Africa [14]. In prior work, most of these Shigella/
EIEC detections can be traced to Shigella species and not EIEC
[14, 26], and several vaccines are now under development [27].
Adenovirus serotypes 40/41 had the highest AF among all the
nonrotavirus pathogens for severe diarrhea. Significant associ-
ation of adenovirus 40/41 serotypes with severe diarrhea has
been highlighted in recent studies using both EIA [11] and mo-
lecular methods similar to those used in our study [14].
Clinical phenotypes associated with different enteropatho-
gens were in line with expected profiles. We evaluated whether
the presence of coinfections with other enteric pathogens in at-
tributable quantities altered the phenotype of rotavirus-positive
severe diarrhea. Rotavirus coinfections with attribution to bac-
terial enteropathogens were associated with a longer duration

of the diarrheal episodes, although not with the overall severity
of diarrhea. While the accentuation of rotavirus disease severity
in the presence of copathogens has been discussed previously
based on in vitro studies, animal studies, and a few clinical
studies [28-30], some studies have failed to show a difference in
the disease severity in mixed infections compared to rotavirus
monoinfections [31, 32].

Reevaluation of rotavirus VE after accounting for the presence
of nonrotavirus enteropathogen coinfection at diarrhea-attrib-
utable quantities showed an increase from 49.3% to 60.6% in the
absence of coinfections. A recent Rotarix effectiveness study from
Botswana estimated an increase in vaccine effectiveness of 8% to
14% when coinfections with 5 other pathogens were considered
[33]. A similar study from South Africa described an increase in
adjusted vaccine effectiveness of 8% after considering coinfections
with additional enteric viruses [34]. Neither increase was statisti-
cally significant. Our analysis is among the few where a compre-
hensive evaluation of coinfecting pathogens in diarrhea-associated
quantities has been considered to calculate an adjusted VE for a
rotavirus vaccine. In a study in Peruvian infants for an attenu-
ated bovine rotavirus vaccine, Lanata et al evaluated the presence
of common bacterial pathogens and reported that the particular
vaccine had no efficacy against mixed infections [35]. The 11.3%
increase observed in Rotavac efficacy against severe rotavirus gas-
troenteritis (49.3% to 60.6%) after accounting for coinfections is
consistent with the vaccine effectiveness studies mentioned earlier.
Despite the large sample size, the increase in VE was not statisti-
cally significant. This could be a function of the inherently wide
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ClIs associated with a VE calculation. Even in the parent phase 3
Rotavac trial for licensure that analyzed 6541 infants, the VE Cls
broadly spanned from 35.0% to 66.9% (95% CI) [7]. To visualize
a statistically significant, nonoverlapping superior rotavirus VE of
any sort, whether by accounting for coinfections or comparing 2
vaccines, would require sample sizes of many thousands. However,
we would conclude, given the consistency with the above-men-
tioned studies, that coinfections do have an impact, explaining
about 10% of the suboptimal rotavirus VE seen in LMIC settings
with high transmission of enteropathogens. Although the 11.3%
increase in efficacy accounted by coinfections only explains a frac-
tion of the poor rotavirus VE noted in LMIC settings, and low im-
munogenicity remains an important problem, the public health
impact of this increase is likely considerable [36, 37]. Efficacy trials
of future rotavirus vaccine should take these coinfections with
other enteropathogens into account in the efficacy study designs.
This study had limitations. We did not have resources to test
samples from rotavirus EIA-negative nonsevere diarrheal epi-
sodes. Also, due to the lack of a control population, we had to
use mathematical models based on the GEMS qPCR reanalysis
to estimate pathogen-specific AFs. In addition, because of the
active surveillance in this vaccine trial, early detection and care
may have affected presentation and severity of diarrhea. These
caveats notwithstanding, our analysis highlights the considera-
bly high rates of coinfections with other important enteropatho-
gens such as Shigella species, adenovirus 40/41, and norovirus
at diarrhea-associated quantities in cases of rotavirus-positive
severe diarrhea in the Rotavac VE trial. Shifts in the clinical
phenotypes of these rotavirus-positive cases when coinfections
were considered were apparent. The adjusted VE estimate for
the Rotavac vaccine against severe diarrhea using the test-nega-
tive design showed a trend toward improvement, which will be
important for future rotavirus VE studies to consider.
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Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the authors to benefit the reader, the posted
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