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Innate Immune Responses and Gut Microbiomes Distinguish
HIV-Exposed from HIV-Unexposed Children in a
Population-Specific Manner
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In both high- and low-income countries, HIV-negative children born to HIV-positive mothers (HIV exposed, uninfected [HEU]) are
more susceptible to severe infection than HIV-unexposed, uninfected (HUU) children, with altered innate immunity hypothesized to
be a cause. Both the gut microbiome and systemic innate immunity differ across biogeographically distinct settings, and the two are
known to influence each other. And although the gut microbiome is influenced by HIV infection and may contribute to altered
immunity, the biogeography of immune-microbiome correlations among HEU children have not been investigated. To address this,
we compared the innate response and the stool microbiome of 2-y-old HEU and HUU children from Belgium, Canada, and South
Africa to test the hypothesis that region-specific immune alterations directly correlate to differences in their stool microbiomes. We
did not detect a universal immune or microbiome signature underlying differences between HEU versus HUU that was applicable to
all children. But as hypothesized, population-specific differences in stool microbiomes were readily detected and included reduced
abundances of short-chain fatty acid—producing bacteria in Canadian HEU children. Furthermore, we did not identify innate
immune-microbiome associations that distinguished HEU from HUU children in any population. These findings suggest that
maternal HIV infection is independently associated with differences in both innate immunity and the stool microbiome in a

biogeographical population-specific way. The Journal of Immunology, 2020, 205: 2618-2628.

lobally, over 15 million women of reproductive age are
living with HIV (1). The provision of antiretroviral
(ARV) treatment during pregnancy to prevent HIV

transmission to their children increased from 47% in 2010 to 82%
in 2018. With this increase in ARV coverage, the mother-to-child
transmission of HIV has reached the global rate of 6.8% (2).
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Despite this success, HIV-exposed, uninfected (HEU) children are
still more vulnerable to severe infection and mortality in infancy
than HIV-unexposed, uninfected (HUU) children in low-, middle-,
and high-income countries (3-5). The reasons for this vulnera-
bility are not understood and could include a combination of
factors ranging from socioeconomics to in utero exposure to HIV
and ARV medications. A plausible biological mechanism could
involve alterations in innate and adaptive immune responses.
Certain ARV drugs are indeed already known to modulate aspects
of host immunity (6, 7). The few studies that evaluated innate
immune status in HEU compared with HUU children found that
HEU children have fewer circulating innate immune cells (8, 9),
have the tendency to mount higher proinflammatory responses
(10, 11) and have lower antiviral responses (10, 12) compared
with HUU children. Recently, early maternal ARV was associated
with improved clinical outcome and lower immune activation
(11). However, each of these studies involved only single-country
populations. It thus remains unclear if alterations of the immune
system of HEU children in early life are similar around the globe.
This is a crucial aspect to delineate, as immune alterations com-
mon to all HEU child populations would suggest a common
mechanism (such as HIV or ARV exposure), and thus, targeting a
common pathway may be of benefit to all [e.g., based on recent
findings, ARV initiation before conception may improve clinical
outcomes of HEU children (11)]. If the immune differences be-
tween HEU and HUU children are not universally present but
population specific, the likely culprits would not be HIV or ARVs,
and avenues to improve outcomes for HEU children would have to
focus on local factors.

One of the aspects known to differ dramatically among
populations and with profound impact on immunity is the gut
microbiome. Specifically, the microbiome is now a well-established
modulator of mucosal and systemic immune responses (13, 14).
There are several reasons to hypothesize that gut microbiomes of
HEU differ from HUU children. HIV infection is associated with
altered gut microbiomes and even differs between treated and
antiretroviral therapy-naive, HIV-infected adults (15, 16). Hu-
man milk oligosaccharide composition, a key factor modifying
gut microbial composition, is different in HIV-positive compared
with HIV-negative mothers (17). Furthermore, formula feeding
remains a recommendation for HIV-positive mothers living in
some resource-rich nations to reduce risk of HIV transmission
through breastmilk (18), and formula feeding itself is associated
with altered gut microbiomes in infants (19, 20). However, only
one study on gut microbiomes of HEU children has been pub-
lished thus far, finding that the microbiomes of breastfed Haitian
HEU children differed from those of HUU infants and correlated
with certain human milk oligosaccharides in their mothers’
breastmilk (17).

Most immune studies to date contrasting HEU to HUU children
have been performed in African populations living either in Africa
or Europe (8, 10-12) and one population in Haiti (17). Yet, both
microbiomes (21, 22) and immune responses (23, 24) were shown
to differ from one population to another among healthy infants.
Thus, to put in context the effect of HIV exposure on immune
responses and microbiomes and, importantly, the associations
between the two, they must be evaluated simultaneously in diverse
populations to determine any population-specific and universal
differences between HEU and HUU children.

To determine population-level differences between HEU and
HUU children, we recruited three cohorts of HEU and HUU
children from distinct regions and measured both cytokine pro-
duction in response to pattern recognition receptor (PRR) ligands
and stool microbiomes based on 16S amplicon sequencing. Using a
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stringently standardized immune assay designed to eliminate
the effect of site, we previously identified site-specific immune
signatures (23, 24) and microbiome composition (N. Amenyogbe,
P. Dimitriu, K.K. Smolen, E.M. Brown, C.P. Shannon, S.J. Tebbutt,
P.J. Cooper, A. Marchant, T. Ghoetghebuer, M. Esser, B.B. Finlay,
T.R. Kollmann, and W.W. Mohn, submitted for publication)
among HUU children from these cohorts. In the current study,
we identified alterations in immune responses and stool micro-
biomes of HEU versus HUU children in three geographically
distinct populations. Furthermore, using multiomic integration, we
assessed whether a relationship existed between immune and
microbiome data, which are both related to HIV exposure.

Materials and Methods

Ethics statement

This work was done in accordance with ethical principles of the Decla-
ration of Helsinki. This research was approved by The University of
British Columbia Institutional Ethics Board.

Study participants

HEU and HUU children were recruited between January 2011 and March
2012 at all study sites.

Both HUU and HEU children of ~2 y of age were recruited from
Vancouver, Canada; Brussels, Belgium; and Cape Town, South Africa.
Study participants were only included in the study if they were considered
healthy based on medical history. They were excluded if they met one or
more of the following criteria: significant chronic medical condition, im-
mune deficiency, immunosuppression by disease or medication, cancer,
bone marrow or organ transplantation, receipt of blood products within 3
mo, bleeding disorder, major congenital malformation, or genetic disorder.
The only difference in criteria between HUU and HEU children was that
only the latter were born to HIV-positive mothers. Further details of par-
ticipant recruitment were published in a previous study involving only the
HUU children (24).

Innate immune phenotyping

Whole blood cytokine release assay. Innate immune phenotyping for these
cohorts was previously described and published (23, 24). Briefly, peripheral
blood was drawn, and samples were kept at room temperature <4 h and
stimulated with one of five PRR ligands: PAM3CYSK4 (PAM; ligand for
TLR2:1, catalog no. tlrl-pms; InvivoGen) at 0.1 mg/ml, polyinosinic—
polycytidylic acid [Poly(I:C), ligand TLR3, catalog no. 27473201; GE
Healthcare] at 10 mg/ml, LPS (ligand TLR4, catalog no. tlrl-pelps;
InvivoGen) at 1 ng/ml, peptidoglycan (PGN; ligand for TLR2:1
and nucleotide-binding oligomerization domain-containing protein 1/2
[NOD1/2], catalog no. tlrl-pgnsa; InvivoGen) at 1 mg/ml, or R848 (resi-
quimod, ligand for TLR7:8, catalog no. tlrl-r848; InvivoGen) at 1 mM.
Unstimulated controls were not treated with any ligands. Whole blood was
incubated with the ligands for 24 h at 37°C. Supernatant was then har-
vested after centrifugation to pellet cells and stored at —80°C until further
analysis. All samples were analyzed within 1 y of collection at The
University of British Columbia laboratory. The following serum cytokine
concentrations were measured using the Luminex multiplex assay
(Upstate/MilliporeSigma Flex Kit system; Luminex): IFN-a2, IFN-vy,
CXCL10, IL-12p70, IL-12p40, IL-6, TNF-«, IL-1B, CXCLS8, CCL3,
CCLA4, IL-10, and ELISA for IL-23.

Intracellular cytokine flow cytometry assay. Whole blood was stimulated
with PRR ligands in parallel to those described for the cytokine release
assays above and subsequently analyzed via flow cytometry. Detailed
methods of this assay were previously described (23). In addition to the
ligands, brefeldin A (10 pg/ml) was added to each well. Whole blood
diluted 1:1 in RPMI 1640 medium was added to each well. Cells were
incubated for 6 h, then treated with 2 mM EDTA for 10 min at 37°C, and
then suspended in BD FACS Lyse and stored at —80°C until analysis. Flow
cytometric analysis was used to identify proportions of monocytes (HLA—
DR+ and CDI14+), conventional dendritic cells (cDCs; HLA—DR+,
CD14—, CDllc+, and CD123—), plasmacytoid dendritic cells (HLA—
DR+, CD14—, CD11c—, and CD123+), a3 T cells (CD3+ and ydTCR—),
v8 T cells (CD3+ and ydTCR+), B cells (HLA—DR+, CD14—, CDl1c—,
and CD123—), and granulocytes (HLA—DR— and CD14+). Intracellular
production of IL-6, IL-12, IFN-«, IFN-y, and TNF-a were also measured
via median fluorescence intensity of cytokines within the cell type of
interest.
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Child fecal microbiome analysis

Stool sample collection. Stool samples were collected by the children’s
parents at home, kept at 4°C, and brought to the research laboratory during
the study visit within 24 h of the bowel movement. At the laboratory,
samples were aliquoted into 2-ml screw-top tubes except for samples
from Vancouver, which were stored in 50-ml conical tubes. All stool
samples were processed and stored at —80°C within 24 h of arrival to
the laboratory. Stool samples from Brussels and Cape Town were
shipped to the central study site (The University of British Columbia,
Vancouver, Canada) on dry ice with a temperature monitor to ensure all
samples remained below —80°C during transport. Samples were stored
at —80°C in Vancouver for no longer than 24 mo prior to DNA ex-
traction. All stool samples were collected within the same month as the
blood sample, with the exception of two Canadian HEU children,
whose stools were obtained either 5 mo later or 1 mo prior to blood
draw. Among the South African children, four HEU children provided
a stool sample at a previous study visit occurring 5—7 mo prior to the
collection of the blood sample.

Stool DNA extraction. Total DNA was extracted from 180 to 220 mg stool
using the QIAamp DNA Stool Mini Kit (catalog no. 51504; QIAGEN)
following the manufacturer’s protocol for isolation of DNA from stool for
pathogen detection. The following modifications were made: 1) all heated
incubations were at 95°C, and 2) for step two of the protocol, stool samples
were homogenized by adding 1.4 ml ASL buffer to each sample and
shaken in a Disruptor Genie (catalog no. SI-DD238; Scientific Industries)
for 2-3 min or until stool was thoroughly homogenized.

16S amplicon sequencing. PCR amplification and sequencing were per-
formed using previously described protocols and rationale (25). Briefly,
PCR amplification targeting the V6 region of the 16S rRNA gene was
performed using 2-5 ng of template DNA from each sample.

Each PCR contained 2-5 ng template DNA and GoTaq hot start 2X
colorless Master Mix from Promega (catalog no. M5131). The following
primers were added at 0.8 pm/pl: forward primer, 5'-ACACTCTTTCCC-
TACACGACGCTCTTCCGATCTnnn[BC8mer] CWACGCGARGAACCTTACC-
3'; and reverse primer, 5'-CGGTCTCGGCATTCCTGCTGAACCGCTCTTCC-
GATCTnnnn[BC8mer] ACRACACGAGCTGACGAC-3'.

Cycling conditions included 1-min activation of the Taq at 95°C, fol-
lowed by 25 cycles of 95, 55, and 72°C at 1 min each. Amplified samples
were quantified via QBit and the dsSDNA reagent and then pooled at equimolar
amounts. Pooled samples were purified on a PCR cleanup column. The pu-
rified library was diluted 1:100 in deionized water Illumina adapters attached
using the following primers: OLJ139, 5'-AATGATACGGCGACCACCGA-
GATCTACACTCTTTCCCTACACGA-3'; and OLJ140, 5'-CAAGCAGAA-
GACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAAC-3'".

The cycling conditions used were the same as those used for V6-16S
RNA gene amplification, except with an annealing temperature of 60°C
and 10 cycles. The product was purified, and 10% phiX174 DNA was

Table I. Belgian cohort characteristics

added. This library was loaded onto an Illumina MiSeq instrument and
sequenced with a paired-end 2 X 100 cycle format and reagents.

16S amplicon sequence analysis. Paired-end reads were assembled using
XOR-based Read Overlapper (R. J. Dickson and G. B. Gloor, manuscript
posted on arXiv), and only sequences without ambiguous bases were
retained for further analysis. Assembled sequences were quality filtered
and binned into operational taxonomic units (OTUs) with UPARSE v7.1
(26). Briefly, assembled reads were abundance sorted and clustered into
97% similarity OTUs. Representative sequences (excluding singletons)
from each OTU were further chimera filtered against the gold database
(http://drive5.com/uchime/gold.fa). Reads were then mapped backed to
OTUs and converted into an OTU table.

Statistical analysis

Baseline demographics. Baseline demographics between HEU and HUU
children were compared in each cohort separately. For continuous variables,
the data among HEU or HUU cohorts displayed skewedness (outside the
range of —1 to 1) or kurtosis (outside the range of —3 to 3) for some
cohorts but not others. For consistency, we applied the nonparametric
Wilcoxon rank-sum test to all continuous variables and the data presented
as medians and interquartile ranges. For categorical variables, the Fisher
exact test was applied. Unadjusted p values < 0.05 were considered
significant.

Overview of statistical analyses

The goals of this study were to 1) identify differences in both immune
responses and gut microbiomes between HEU and HUU children across
diverse settings, and 2) to determine if the differences in immune responses
correlated to those in the microbiome. The statistical analyses were selected
to determine the global impact of cohort of origin alongside HIV exposure
on cytokine responses by applying data-type specific cluster analyses
(principal component analysis [PCA] for immune data and nonmetric
multidimensional scaling [NMDS] for compositional microbiome data). To
interrogate the effect of HIV exposure on individual features, methods based
on linear regression were used with appropriate p value corrections. This
univariate approach, however, failed to identify features predictive of
phenotype that also covary in a multidimensional space. Hence, we used
the mixOmics framework, which offers tools to extract sparse signatures
from high-dimensional data either from individual datasets (sparse partial
least squares—discriminant analysis [SPLS-DA]) (27) or integrated across
multiple datasets (Data Integration Analysis for Biomarker Discovery
using Latent Variable Approaches for Omics studies [DIABLO]) (28).
Although sPLS-DA was performed to select covarying cytokine responses
or microbial OTUs predictive of HIV exposure, feature selection by
DIABLO was further constrained by covariance between immune cytokine
and microbiome data. By comparing the classification error rate from both

HUU HEU
n=14 n=21 p
Data available Immune, microbiome 7 15
Immune only 5 6
Microbiome 2 0
Child sex Female 1(7.1) 10 (47.6) 0.023
Male 13 (92.9) 11 (52.4)
Delivery mode Caesarean 1(7.1) 10 (47.6) 0.023
Vaginal 13 (92.9) 11 (52.4)
Age (mo) 25.65 [21.50, 27.17] 22.83 [20.50, 26.57] 0.501
Missing 1 0
Gestational age (wk) 39.00 [36.00, 40.00] 38.00 [37.00, 39.00] 0.298
Birthweight (g) 3090.00 [2382.50, 3420.00] 3050.00 [2550.00, 3240.00] 0.796
Missing 3 0
WAZ 0.76 [—0.05, 1.60] 0.87 [—0.01, 1.49] 0.804
Missing 1 0
WLZ 0.02 [—1.29, 0.72] —0.21 [—0.75, 0.87] 0.632
Missing 1 0
HAZ 1.50 [0.69, 1.86] 1.88 [0.68, 2.49] 0.723
Missing 1 0
Maternal age (y) 32.00 [28.00, 37.75] 31.00 [27.00, 33.00] 0.438

Statistical analyses: categorical variables were compared using the Fisher exact test, and data presented are n (in percentages). Continuous variables were compared using the

Wilcoxon rank-sum test, and data presented are median [interquartile range]. Unadjusted p values < 0.05 were considered significant.
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Table II. Canadian cohort characteristics
HUU HEU
n =233 n=16 P
Data availability Immune, microbiome 19 15
Immune only 1 1
Microbiome only 13 0
Child sex Female 16 (48.5) 7 (43.8) 1.000
Male 17 (51.5) 9 (56.2)
Delivery mode Caesarean 16 (48.5) 4 (25.0) 0.136
Vaginal 17 (51.5) 12 (75.0)
Age (mo) 18.87 [18.38, 20.74] 18.29 [18.25, 19.34] 0.041
Gestational age (wk) 39.00 [38.00, 40.00] 38.50 [37.83, 39.35] 0.110
Birth weight (g) 3280.00 [3062.00, 3610.00] 3215.00 [2912.50, 3381.25] 0.176
WAZ 0.32 [—0.30, 1.04] 0.74 [0.43, 0.92] 0.398
Missing 0 1
WLZ 0.33 [—0.33, 0.80] 1.27 [0.75, 1.56] 0.004
Missing 0 1
HAZ 0.27 [—0.50, 1.07] —0.47 [—0.92, —0.27] 0.006
Missing 0 1
Maternal age (y) 35.00 [33.00, 38.00] 28.00 [25.00, 32.25] <0.001

analyses, we addressed our second goal of determining whether differences
in the gut microbiome correlated with systemic innate immune responses.
PCA of cytokine data. Prior to PCA analysis, cytokine values were logg
transformed and scaled. The PCA was constructed with each unique data
point constituting one individual stimulated with one ligand. For each li-
gand, variance explained by site and HIV exposure were determined and,
for each ligand at each site, variance explained by HIV exposure. The
variance explained in each case was determined using permutational
multivariate ANOVA [PERMANOVA; adonis test on Euclidean distance in
the R package vegan (29)].

Univariate analysis of cytokine response data. The effect of HIV exposure
on cytokine responses to PRR ligands was tested within each regional cohort
separately. Cytokine data were logjo transformed prior to univariate
analysis. For cytokine production in response to ligand, we used multiple
linear regression and adjusted for levels produced in the unstimulated
sample and for time of recruitment. For unstimulated cytokine production,
we selected only cytokines in which at least 70% of subjects had unsti-
mulated values above the detection limit, with a median fluorescence in-
tensity >10. Both baseline and stimulation response analysis were
adjusted for recruitment date for the Canadian cohort only, in which HEU
children were recruited at a significantly different point in time compared
with HUU children. Recruitment day was calculated using the number of

Table III.  South African cohort characteristics

days from the recruitment of the first to the last participant in the study.
The p values were adjusted for false discovery across all ligand—cytokine
combinations within each cohort using the Benjamini-Hochberg method.
For all significant findings, multiple linear regression was used and in-
cluded factors that were not balanced within that cohort: child sex and
delivery mode in the Belgian cohort and weight-for-length z-scores
(WLZ), height-for-age z-scores (HAZ), and maternal age for the Canadian
cohort. Because of sample size, each demographic model was tested in a
separate model. Within the Belgian cohort only, multiple linear regression
was used to test whether any significant cytokines differed between HEU
children whose mothers initiated ARV therapy preconception or during
pregnancy.

Analysis of flow cytometry data. Proportions of cells types in HEU and
HUU children, within each regional cohort, were compared using the
Wilcoxon test, and p values were adjusted within each cohort using the
Benjamini—-Hochberg method. Differences in the percent of ¢cDCs, plas-
macytoid dendritic cells, and monocytes producing IL-6, IL-12p40,
TNF-a, IFN-a, and IFN-y were tested using linear regression, adjusted for
percent producers in the unstimulated controls. Both baseline and stimu-
lation response analyses were adjusted for recruitment date for the Ca-
nadian cohort only, as described above for cytokine response analysis. The
p values were adjusted for all ligand—cytokine combinations for each cell
type separately using the Benjamini—Hochberg method.

HUU HEU
n=21 n=16 p
Data availability Innate, microbiome 7 8
Innate only 13 8
Microbiome only 1 0
Child sex Female 11 (52.4) 11 (68.8) 0.500
Male 10 (47.6) 5(31.2)
Delivery mode Caesarean 0 (0.0) 1(6.2) 0.432
Vaginal 21 (100.0) 15 (93.8)
Age (mo) 24.16 [23.74, 24.55] 24.10 [23.93, 24.99] 0.701
Gestational age (wk) 38.00 [37.00, 40.00] 39.00 [38.00, 40.00] 0.546
Missing 0 1
Birth weight (g) 3030.00 [2740.00, 3300.00] 2990.00 [2822.50, 3200.00] 0.794
WAZ —0.46 [—1.16, 0.07] 0.32 [—0.74, 1.28] 0.052¢
Missing 1 0
WLZ 0.06 [—0.56, 0.32] 0.58 [—0.85, 1.47] 0.474
Missing 1 0
HAZ —1.27 [-2.07, —0.03] —0.30 [—-0.78, 0.61] 0.048
Missing 1 0
Maternal age (y) 25.00 [22.00, 28.00] 26.00 [25.50, 29.50] 0.282
Missing 6 4

“p = 0.052, approaching significance.
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Table IV.
HIV-positive mothers

INNATE IMMUNITY AND THE GUT MICROBIOME IN HEU CHILDREN

Initiation of maternal ARV prophylaxis/therapy for

Belgium Canada South Africa

n 21 14 16

No PMTCT 0 (0.0) 0 (0.0) 3(214)
Preconception 7 (38.9) 3 (25.0) 1(7.1)
First trimester” 3(16.7) 2 (16.7) 0 (0.0)
Second trimester” 5(27.8) 7 (58.3) 2 (14.3)
Third trimester” 3 (16.7) 0 (0.0) 8 (57.1)
Missing 3 2 2

“First trimester, 0 to under 13 wk; second trimester, 13 to under 26 wk; and third
trimester, 26 wk or more. In parentheses is percent of cohort. Initiation of ARV
differed significantly among cohorts (X2 test, p < 0.001).

Microbiome analysis

a Diversity. We estimated microbial diversity with abundance-dependent
(Shannon) metrics after subsampling the OTU table to account for un-
equal sampling depth. To test for relationships between host factors and
Shannon diversity, we used the Wilcoxon test.

B Diversity. We used the phyloseq R package (30) to compute 3 diversity
using the Bray—Curtis index. Sample clustering was visualized using
NMDS. To test whether HIV exposure explained community composition
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among all children or within regional cohorts, we used the PERMANOVA
test [Adonis test on Bray—Curtis distance from R package vegan (29)].

Differential abundance. Following analysis of a and  diversity, we
stratified all further analyses by regional cohort. Only OTUs present in at
least 6% of subjects were retained within each site. To identify differen-
tially abundant OTUs between HEU and HUU children, we used the Wald
test implemented in the R package DESeq2 (31). OTUs were considered
significant if the Benjamini—Hochberg adjusted p value was <0.05.

Integrated analysis of cytokine and microbiome data

sPLS-DA. For both microbiome and soluble cytokine datasets, we tested
the ability of significantly different features to classify HEU from HUU
children within each regional cohort using sPLS-DA (27), implemented in
the R mixOmics package. Cytokine data were log;, transformed as per
univariate analysis. OTU count data were first transformed into relative
abundance, then normalized using the centered log-ratio transformation
with an offset of 0.1 times the minimum value for each individual (the
default offset in the mixOmics clr function). Models were first tuned to
select the number of features required to achieve the minimum classifi-
cation error rate, using Mfold validation with at least 10 subjects per fold
and 100 iterations. The final models were run on two components, using
the numbers of features selected by the tuning process. Classification error
was assessed using the maximum error rate.

Cytokine and microbiome data integration. To test whether OTU—cytokine
correlations distinguished HEU from HUU children within each regional
cohort, we used sparse Generalized Canonical Correlation Discriminant
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FIGURE 1.

PCA of whole blood cytokine response profiles. (A) Responses for each subject to each PRR ligand; ligands significantly affected cytokine

responses (PERMANOVA R® = 0.49; p = 0.001). (B) Same PCA as (A), highlighting responses to LPS. (C) Variability of cytokine responses to each
stimulus explained by country of origin (site) and HIV exposure, based on PERMANOVA (adjusted p value <0.05, Bonferroni correction). (D) Variability
of cytokine responses to each stimulus explained by HIV exposure for individual countries of origin, based on PERMANOVA (adjusted p value < 0.05,
Bonferroni correction). (E-G) PCA comparing cytokine profiles in response to LPS in HUU versus HEU children. Sig, significant effect.



The Journal of Immunology

Analysis or DIABLO (28) implemented in the R mixOmics package.
Cytokine and microbiome data were normalized using the same trans-
formations as per sPLS-DA analysis. All data were scaled. We used the
DIABLO full model, in which selected features across data types are
constrained to the discriminant factor (HIV exposure) and to the features
in the other data block (i.e., to maximize correlation across OTU and
microbiome data). We first tuned the model to determine the maximum
number of OTUs and cytokines to achieve the lowest classification error
rate across two components, with a minimum of five features per dataset
and a maximum equal to the number of samples. The final models used
the selected number of features and error assessed using the maximum
error rate.

Data accessibility. Raw 16S amplicon sequencing data have been deposited
at a publicly accessible server; the National Center for Biotechnology
Information Sequence Read Archive and can be access via the following
accession number: https://www.ncbi.nlm.nih.gov/bioproject/PRINA660015/).
Data used for statistical analyses, and associated scripts, are publicly available
and can be accessed on GitHub via the following url:https:/github.com/nelly-
amenyogbe/Global_HEU_immune_microbiome.

Results

Regional cohort characteristics

We recruited 21 HUU and 21 HEU children in Belgium, 33
HUU and 16 HEU children in Canada, and 20 HUU and 16
HEU children in South Africa. For some children, only
immune or only microbiome data were available (Tables I,
II, and I1I). HEU and HUU children differed demographically
in a cohort-specific manner (Tables I, II, and III). Belgian HUU
differed from HEU children in sex and delivery mode (Table I).
Canadian HUU differed from HEU children in age and anthro-
pometric measurements WLZ, HAZ, and maternal age, whereas
HEU were younger and had higher WLZ but lower HAZ than
HUU children. Canadian HEU children were also born to younger
mothers than HUU children (Table II). South African HEU and
HUU children differed for weight-for-age z-scores (WAZ), and
differences in HAZ approached significance. (Table III). Maternal
ARV therapy initiation differed among the three sites (Table IV).

A

Belgium: Higher in HEU:
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The Belgian cohort included the highest proportion of mothers
starting ARV therapy prior to pregnancy. Most Canadian mothers
began ARV in the second trimester, whereas most South African
mothers began ARV in the third trimester. All HIV-positive
mothers in the current study were advised to exclusively for-
mula feed their children from birth to prevent HIV transmission,
whereas all the HUU children in the current study were breastfed.
Duration of breastfeeding was not recorded. Study participants
were recruited between November 2011 and May 2012 (Supplemental
Table I). In Canada only, recruitment period differed for HEU and
HUU children.

Global cytokine responses to PRR ligands

PCA of cytokine responses to PRR ligands revealed that ligands
had the dominant effect on cytokine response profiles, as previously
observed for HUU children (24) (Fig. 1A, Supplemental Fig. 1).
For individual ligands, country of origin contributed significantly
to variance of responses (Fig. 1B, 1C, Supplemental Fig. 1). For
individual ligands, HIV exposure had a much smaller effect than
country of origin, which was significant for only two of the six
ligands and unstimulated controls (Fig. 1C). For individual
countries of origin, the effect of HIV exposure on responses to
each ligand was variable (Fig. 1D-G, Supplemental Fig. 2). That
effect was greatest among Canadians, intermediate for Belgians,
and NS for South Africans.

Supernatant cytokine responses in HEU versus HUU children

We tested the effect of HIV exposure on cytokine responses for each
ligand—cytokine combination separately for each regional cohort
using linear regression. Consistent with PCA analysis, HIV ex-
posure was associated with responses to LPS and PGN in the
Belgian cohort, with greater IL-6 and IL-8 production by HEU
children (Fig. 2A). Timing of ARV initiation during pregnancy has
been reported to account for differences between HEU and HUU
children. In the Belgian cohort, seven mothers initiated ARV prior
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to conception and 11 during pregnancy (Table IV). We tested
whether timing of ARV initiation affected IL-6 and IL-8 responses
in the Belgian cohort, in which seven mothers commenced ARV
therapy prior to conception and 11 after and found no significant
effect. However, it is possible that we were not adequately pow-
ered to detect this. As no mothers in the Canadian cohort and only
three mothers in the South African cohort commenced ARV
therapy prior to conception, we did not test the effect of ARV
initiation on cytokine responses in these cohorts.

Within the Canadian cohort, HEU children had higher levels than
HUU children of IFN-«a2 and IL-23 both at baseline (unstimulated)
and in response to Poly(I:C) (Fig. 2B). Canadian HUU children
had higher levels than HEU children of IL-10 in response to LPS,
PGN, and R848; IL-12p40 in response to LPS and PGN; IL-1( in
response to LPS only; and IL-12p70 in response to R848 only
(Fig. 2C). Findings within Belgian and Canadian cohorts remained
significant after adjusting for unbalanced demographic factors.
Within the South African cohort, HIV exposure was not associ-
ated with responses to any ligands, in agreement with the PCA
(Supplemental Fig. 2).

Intracellular cytokine responses in HEU and HUU children

In all regional cohorts, HEU and HUU children had similar pro-
portions of monocytes, granulocytes, dendritic cells, and T cells
(Supplemental Fig. 3). Canadians had higher proportions of yd
T cells and lower proportions of B cells and T cells in HEU versus
HUU children. Canadian intracellular cytokine responses sup-
ported the trends seen for IL-12p40, as HEU children had fewer
¢DCs producing IL-12p40 in response to PAM, LPS, and R848
and fewer monocytes producing IL-12p40 in response to LPS and
R848 (Fig. 3). Few other differences in intracellular cytokine re-
sponses were found in Canadians; HEU ¢DCs produced less IFN-
v in response to PGN, and fewer monocytes produced IL-6 in
response to LPS (Fig. 3). No differences between HEU and HUU
children were found in the other two cohorts.

Microbiome differences between HEU and HUU children

a And 3 diversity. Country of origin had the greatest effect on fecal
microbiome community composition (Fig. 4A). a Diversity, based
on Shannon index, did not differ between HEU and HUU children
from any country of origin (Fig. 4B). Within each cohort in-
dividually (Fig. 4C, 4D), HIV exposure was only significantly
associated with community composition among the Canadian
children but only accounted for 3.5% of the variance.

OTUs differentially abundant between HEU and HUU children.
We identified differentially abundant OTUs between HEU and
HUU children within each regional cohort (Fig. SA-C), with 17,
63, and three OTUs from Belgium, Canada, and South Africa,
respectively. Belgian HEU children were characterized by in-
creased abundances 12 OTUs, including several Firmicutes
(Eubacterium, Ruminococcus, and Blautia) and Bacteroidetes
(Rikenellaceae and Odoribacter) (Fig. SA, 5D). HUU children had
a higher abundance of only five OTUs, representing Proteobacteria
and Firmicutes. OTUs belonging to the Bacteroides genus had
both higher and lower abundances in Belgian HEU children.
Canadian HEU children had increased abundances of 22 OTUs
(Fig. 5B, 5E). OTUs classified as Firmicutes (phylum), Clos-
tridiales (order), and Bacteroides (genus) had both higher and
lower abundances in Canadian HEU children. Ten taxa contained
OTUs that were exclusively more abundant in HEU children, in-
cluding the Bacteroidetes, Parabacteroides (genus) and Bacter-
oidales (order), and the Firmicutes, Blautia, Dorea, Eubacterium,
Oscillospira, and Streptococcus (genera). Multiple Akkermansia
(genus) OTUs were more abundant in HEU. Conversely, OTUs of
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FIGURE 3. (A and B) Intracellular production of IL-12p40 in response

to four PRR ligands by cDCs (A) and monocytes (B) from HUU and HEU
Canadian infants. (C—E) Proportions of ¢DCs producing IFN-a (C) and
IFN-vy (D) and proportions of monocytes producing IL-6 (E) differ among
HEU and HUU children. Boxplots indicate medians with first and third
quartiles (25-75%). Whiskers extend no further than 1.5X interquartile
range from the hinge. *p < 0.05, **p < 0.01, ***p < 0.001, for linear
regression, adjusted for unstimulated values.

12 taxa were exclusively more abundant in HUU children, in-
cluding the Firmicutes, Veillonella, Ruminococcus, Lachno-
spira, Roseburia, Faecalibacterium, and Clostridium, which
are all known short-chain fatty acid (SCFA) producers. Others
included members of the phyla Proteobacteria, Bacteroidetes,
and Actinobacteria.

Between the South African HEU and HUU children, only three
OTUs were differentially abundant, including one Rikenellaceae
OTU was more abundant in HEU children, and one Succinivibrio
OTU was more abundant in HUU children (Fig. 5C, 5F).

Cytokine—OTU relationships in HEU and HUU children

To test whether any differences in the microbiomes of HEU
children correlated with their cytokine responses to PRR stimu-
lation, we employed DIABLO, a sparse generalized canonical
correlation discriminant analysis designed to select features that
both covary across data types and discriminate between classes of
interest (28), in this study, HEU versus HUU children across cy-
tokine response and microbiome datasets. Because achieving a
minimal classification error rate is a primary goal for this analysis,
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FIGURE 4. The intestinal microbiota is minimally affected by HIV exposure. (A) Microbiome subject clustering is driven by site in NMDS ordination of
all samples. (B) a Diversity computed with the Shannon index is not affected by HIV exposure for any site. (C—E) NMDS ordinations showing microbiome
samples for Belgian (C), Canadian (D), and South African (E) HEU and control infants with inset PERMANOVA R? and p values for effect of HIV exposure

on sample clustering.

we compared classification error rates with each dataset alone
using sPLS-DA and DIABLO models, both tuned to select the
number of features, resulting in the lowest error rate for cytokine
and microbiome data. Using sPLS-DA, cytokine data alone dis-
tinguished between Canadian HEU and HUU children with an
overall error rate of 11%, compared with 30 and 55% for Belgians
and South Africans, respectively. Microbiome data alone distin-
guished HEU from HUU children with 35, 14, and 11% error for
Belgians, Canadians, and South Africans (Fig. 6).

Except for cytokine data for the Canadian cohort, DIABLO
selected features with inferior classification accuracy to sPLS-DA
models. With only five OTUs (the minimum allowed) selected for
each DIABLO model, they discriminated HEU from HUU children
with error rates of 50% or above for each cohort (Fig. 6). Thus, no
OTUs were identified that both correlated with HIV exposure and
discriminated between HEU and HUU children in any regional
cohort.

Discussion
This study measured, for the first time, to our knowledge, immune
and microbiome differences between HIV-exposed and -unexposed
children across geographically diverse settings. Our findings suggest
that country of origin is a stronger driver of innate immune phenotype
than HIV or ARV exposure. However, an effect of HIV exposure
on immune response was still evident within two of three coun-
tries. Notably, the immune differences between HEU and HUU
children were site specific; immune differences in one population
could not simply be extrapolated to another.

Belgian HEU children were distinguished from HUU children by
higher IL-6 and IL-8 production in response to LPS and PGN and
higher IL-8 production in response to TLR2:1 stimulation, and we

determined that child sex and delivery mode did not drive these
associations. Increased inflammatory responses in HEU children
were described previously (10), including children recruited at the
exact same center used in the current study (11). However, this is
the first study, to our knowledge, to report an effect of HIV ex-
posure on immune responses at 2 y of age; previous studies found
the greatest effect at birth, with differences persisting forup to 1y
of age (10, 11). Increased severity to infection and altered im-
munity in HEU infants recruited within the same study site in
Belgium were recently reported to be associated with timing of
ARV initiation (11). Although the immune alterations identified in
our study did not differ between HEU children whose mothers
initiated ARV therapy prior to or during pregnancy, our study
measured different immune parameters later in childhood and with
a very small sample size. Also, we did not attempt to associate
immune differences to clinical outcomes. Thus, although we were
not able to support the hypothesis that ARV initiation associates
with altered immunity, these important differences may account
for the result.

Innate immune responses to PRR stimulation in HEU children
have not been previously measured in any North American pop-
ulations. This study reports that in Canada, HEU children differed
from HUU children by their lower production of IL-10 and IL-12 in
response to LPS, PGN, and R848. Thus, although responses to
similar ligands were affected by HIV exposure in both the Belgian
and Canadian cohorts, the specific cytokines affected were com-
pletely distinct. Canadian HEU and HUU children differed from
one another demographically in several aspects: child age, maternal
age, WLZ, and HAZ. Thus, several host factors independent of HIV
infection may have contributed to the distinct immune responses.
Our findings provide further evidence that HIV/ARV exposure is
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associated with altered immune responses across high-income
countries.

The lack of immune differences between South African HEU
and HUU children is consistent with previous findings from this
cohort, in which different bulk and cell-specific cytokine responses
to LPS and PAM were evident up to 6 mo of life, but not by 1 y (10).
Notably, immune phenotypes of South African children were most
distinct from those of other cohorts because of lower responses to
almost all PRR ligands (24). Thus, it is possible that environment
influences immune responses such that any effects of HIV or ARV
exposure are no longer evident.

This study did not allow us to determine the mechanisms driving
differences in cytokine responsiveness. However, there are several
known mechanisms that have been demonstrated to underlie het-
erogeneity of in vitro cytokine responses to PRR stimulation. For
example, population-level differences in TLR expression have been
shown to contribute to differences in cytokine responses (32).
Altered TLR expression has been observed in HIV-exposed

individuals for TLR2 and TLR4, compared with healthy controls
(33). Given that we detected both TLR-specific and cytokine-
specific differences, potential mechanisms may involve higher-
level regulation of immunity. Epigenetic programming underlies
global differences in innate immune responsiveness, including
TLR expression (34), and differential gene expression of epige-
netic regulators has been observed among HEU children (35).
Thus, future studies employing systems biology approaches may
reveal more holistic differences in the host response beyond cy-
tokine responsiveness.

To our knowledge, this is the first study to measure stool
microbiome composition of HEU children at 2 y of age. Only one
other study has reported stool microbiomes of HEU infants at 3 mo
of age (17). Gut microbiomes in early infancy, prior to addition of
solid foods, are known to be highly distinct from those in later
infancy or toddlerhood, when solid foods are introduced and after
weaning (20, 21). Thus, it is not surprising that taxonomic dif-
ferences in the 3-mo-old infant study did not at all apply to our
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FIGURE 6. Maximum classification error rates for discriminating HEU
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findings in 2-y-old children. Breast versus formula feeding may
have contributed to microbiome differences between HEU and
HUU children in the current study. Given that all HIV-positive
mothers in the current study were advised to exclusively for-
mula feed their infants from birth to prevent HIV transmission,
whereas all the HUU children in the current study were breastfed,
exclusive formula feeding may have contributed to the distinct
microbial composition in HEU children.

Abundances of SCFA-producing bacteria were reduced in Ca-
nadian HEU children compared with Canadian HUU children. We
found that gut microbiomes of Canadian HEU children had lower
relative abundances of SCFA-producing taxa that have been iso-
lated from breast milk and are associated with breastfeeding—
Bifidobacterium and Veillonella (36, 37). As well, other prominent
SCFA producers normally present in adult microbiomes, Rumi-
nococcus, Lachnospira, Clostridia, Faecalibacterium, and Rose-
buria (38), were also less abundant in Canadian HEU children.
Diets rich in nondigestible fibers heavily increase the relative
abundance of SCFA-producing bacteria (39). However, as dietary
composition was not analyzed in this study, we cannot determine
whether this underlies the observed difference. Given the known
roles of SCFAs in maintaining intestinal and immunological
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health, possible effects of reduced SCFA-producing bacteria in
Canadian HEU children deserve further attention. However, this
difference was not apparent in the other two cohorts. In Belgian
HEU children, OTUs representing SCFA-producing Rumino-
coccus and Eubacterium were enriched compared with HUU
children. Several bacterial classes contained both enriched and
depleted OTUs in Belgian HEU children, making any functional
impact of these differences difficult to infer. Only three OTUs
were differentially abundant between South African HEU and
HUU children, suggesting their gut microbiome was not greatly
affected by HIV exposure or the differences were too subtle to
detect with our sample size.

sPLS-DA and DIABLO analyses both demonstrated that al-
though both cytokine and OTU datasets had very similar dis-
criminatory power for Belgian and Canadian cohorts, no discriminatory
multivariate relationships between the two datasets (immune and
microbiome) could be identified using DIABLO, a powerful data
integration tool. This suggests that systemic innate immunity and the
gut microbiome were affected by independent factors associated with
HIV or ARV exposure or that we were not adequately powered to
detect these differences. For instance, although formula feeding may
have contributed to microbial differences seen between Canadian
HEU and HUU children, another aspect of HIV exposure, partly
accounted for by differences in maternal age, could have contributed
to differences in the observed cytokine response.

This study could not assess any relationships between immune
phenotype or gut microbiome and adverse clinical outcomes, such
as severe infections, associated with prenatal HIV exposure. A
much larger number of children would have to be included to
capture such relatively rare clinical outcomes. Further, our HEU
cohorts were at reduced risk of infection because they were almost
all born at full term and normal birth weight. HIV and ARV ex-
posure are both associated with adverse birth outcomes including
low birth weight and preterm birth (40, 41), which are both in turn
associated with increased risk for infection in early life. Further, a
limited set of participant demographic information was available
for this study. Other important variables, such as socioeconomic or
ethnic background of the mothers, or child diet, may have con-
tributed to the observed phenotypes. These important variables
should be considered in future works.

In conclusion, we found that the impact of maternal HIV/ARV
exposure on innate immunity of the child is population specific,
adding to the evidence that immune development is population
specific (23, 24). This concept has important implications for im-
munity to pathogens and interventions across the globe. Similarly,
we found that the impact of HIV exposure on the gut microbiome
composition is population specific. We found no universal signature
of HIV effect on immune status or stool microbiome composition.
Furthermore, the microbiome differences between HEU and HUU
children within each population did not correlate with their re-
spective differences in immune status. This suggests that the
microbiome does not play a major role in mediating the effect of
HIV or ARV exposure on the innate immune system and, con-
versely, that the innate immune system does not play a major role in
mediating the effect of HIV or ARV exposure on the microbiome.
This notion warrants more attention in future studies powered to
detect more subtle effects, alongside relevant clinical outcomes, and
a more integrative assessment of the gut microbiome using meta-
genomics or metatranscriptomic approaches.
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