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Transient Immune Activation in BCG-Vaccinated Infant

Rhesus Macaques Is Not Sufficient to Influence Oral
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(See the Editorial Commentary by Kilapandal Venkatraman et al., on pages 1-3.)

BCG vaccination has been demonstrated to increase levels of activated CD4" T cells, thus potentially influencing mother-to-child
transmission of human immunodeficiency virus (HIV). To assess the risk of BCG vaccination in HIV infection, we randomly as-
signed newborn rhesus macaques to receive BCG vaccine or remain unvaccinated and then undergo oral simian immunodeficiency
virus (SIV) challenges 3 weeks later. We observed elevated levels of activated peripheral CD4" T cells (ie, HLA-DR*CD38"CCR5"
CDA4" T cells) by week 3 after vaccination. BCG was also associated with an altered immune gene expression profile, as well as with
monocyte activation in both peripheral blood and the draining axillary lymph node, indicating significant BCG vaccine-induced
immune activation. Despite these effects, BCG vaccination did not increase the rate of SIV oral transmission or disease progression.
Our findings therefore identify patterns of T-cell and monocyte activation that occur after BCG vaccination but do not support the

hypothesis that BCG vaccination is a risk factor for postnatal HIV transmission or increased pathogenesis in infants.
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Despite reductions in human immunodeficiency virus (HIV)
transmission due to early HIV testing and antiretroviral therapy,
mother-to-child transmission of HIV remains responsible for
nearly 160 000 new infections each year [1]. Consequently,
>1 million children aged <5 years continue to die from HIV-
associated causes every year [2]. Early in the HIV epidemic, the
perinatal period was when infants were at the greatest risk of ac-
quiring HIV. However, the risk of mother-to-child transmission
of HIV is now greatest during breastfeeding, owing to transmis-
sion through the oral route [2].

Risk factors for HIV acquisition include mucosal inflam-
mation and T-cell activation, both of which can be influ-
enced by immunologic and environmental factors [3-7].
Pediatric vaccinations, which prevent life-threatening infec-
tious illnesses, also have the potential to modulate the acti-
vation status of HIV target cells. Vaccination with Bacillus
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Calmette-Guérin (BCG), which reduces infant morbidity and
mortality associated with Mycobacterium tuberculosis infec-
tion, is an immunomodulatory, live-attenuated vaccine that
has the potential to induce activation of multiple immune cell
subsets, including HIV-susceptible T cells [8, 9]. BCG vaccine
is currently administered to >120 million infants annually and
is given within hours to days after birth in M. tuberculosis—en-
demic areas. In a recent study, HIV-exposed uninfected South
African infants from a periurban settlement outside of Cape
Town were randomly assigned to undergo routine BCG vacci-
nation at birth or after an 8-week delay [7]. Elevated levels of
HIV target cells (ie, CCR5'CD38"HLA-DR" CD4" T cells) were
found in blood specimens from BCG-vaccinated infants 6 and
8 weeks after vaccination [7]. Given the wide administration
of BCG vaccine, any potential impact on infant HIV acquisi-
tion necessitates further exploration and was the impetus for
the studies outlined here, which used the infant rhesus macaque
model of simian immunodeficiency virus (SIV) infection.

The rhesus macaque SIV infection model is particularly well
suited to directly test our hypothesis that BCG vaccination in-
creases susceptibility to HIV infection, since infant macaques
respond similarly to humans to standard intradermal BCG
vaccination [10-12]. Here we demonstrate that BCG vaccine
caused elevated peripheral T-cell activation, increased mon-
ocyte activation, and altered transcriptomic profiles of circu-
lating immune cells (ie, peripheral blood mononuclear cells
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[PBMCs]) during the weeks after receipt. We also observed a
relationship between CD83" monocytes and mycobacteria-
specific T-cell responses. However, BCG vaccination did not af-
fect SIV transmission rates or short-term pathogenic outcomes
in the first 10-12 weeks after infection in infant macaques.

METHODS

Study Animals

Eighteen infant rhesus macaques were purchased and trans-
ported from the Oregon National Primate Center and were
housed in the specialized infant primate care wing of the
Washington National Primate Research Center (WaNPRC). All
infant macaques were either intradermally vaccinated in the
right deltoid with 0.05 mL (approximately 1.0 x 10° —4.0 x 10°
colony-forming units) of BCG Danish 1331 (Statens Serum
Institut, Copenhagen, Denmark, via Aeras, Rockville, MD) at
1-2 weeks of age (n = 9) or left unvaccinated (n = 9). All vac-
cine recipients exhibited a papule and erythema at the site of in-
jection 1-2 weeks after vaccination and had enlarged draining
right axillary lymph nodes 2-4 weeks after vaccination. Three
weeks after vaccination or at age-matched time points in unvac-
cinated infant macaques, up to 8 oral challenges with SIV were
administered, ranging from 1000 to 20 000 median tissue culture
infectious doses (TCID,;) of SIVmac251 (rhesus macaque pe-
ripheral blood mononuclear cell [PBMC]-grown supernatant,
obtained from Dr Nancy Miller through the National Institutes
of Health AIDS Reagent Program). Virus was diluted to 0.25 mL
in Roswell Park Memorial Institute 1640 medium and de-
livered dropwise across the oral mucosa via needleless syringe.

Infection was confirmed by assaying for plasma viral loads at the
WaNPRC Virology Core. Three infant macaques that remained
uninfected after 8 oral challenges (defined as a plasma viral load
of <30 SIV RNA copies/mL for 2 weeks after each challenge)
were infected intravenously with 500 TCID, | of the same chal-
lenge stock allowing for the evaluation of disease pathogenesis
in all infant macaques; 2 were in the vaccinated group, and 1 was
in the unvaccinated group. Infant macaques were monitored for
9-12 weeks after SIV infection before being euthanized. Rhesus
major histocompatibility complex (MHC) class 1 typing did not
identify any association between MHC genotype and skewed
susceptibility to SIV infection in either study group (Table 1).

Phenotypic Analysis of Inmune Cell Subsets

Phenotypic analyses of PBMC and lymph node cell populations
were performed by multiparametric flow cytometry. Freshly iso-
lated PBMCs were counted and stained as previously described
[13]. Briefly, activation of T cells (CD3"CD20 CD14"), classical
monocytes (HLA-DR'CD14'CD16 CD20 CD3"), and CD16"
monocytes (HLA-DR'CD14"CD16'CD20 CD3") was assessed
using gating strategies outlined in Supplementary Figures 1 and
2. The following antibodies were used: CD3(SP34-2)-Pacific
Blue and APC, CD4(OKT4)-BV650 and APC-Cy7, CD8(SK1)-
APC-H7, CD20(2H7)-BV570 and PE, CD14(M5E2)-BV785
and APC-H7, CDI16(3G8)-BV605, CDI11c(S-HCL-3)-APC,
CD123(7G3)-PerCP-Cy5.5, CCR5(3A9)-APC, CXCR3(1C6)-
PE-CF594, CD38(AT-1)-FITC, Ki-67(B65)-PE and FITC,
HLA-DR(L243)-BV711 and PE, CD80(L307.4)-PE-Cy7,
CD83(HB15¢)-PE-CF594, and CD86(2331)-BV711 (BD

Table 1. Characteristics of Infant Rhesus Macaques in the Study

BCG Age at SIV Posi- SIVTCID,, Resulting in Peak Viral  Viral Load

Identifier Sex MHC Class | Alleles Vaccinated tivity, wk Positivity/No. of Challenges Load at Necropsy

A16079-2Z F A1%*004, A1*023, B*001, B*012 No 12 20 000/8 2.43E+08  2.43E+08
A16080-AA F A1*002, B*015 No 10 12 000/6 5.05E+07  6.03E+06
A16081-AB F A1*002, A1*006, B*012, B*024 No 15 IV 3.91E+08 3.91E+08
A16082-AC? F . No 8 4000/4 - -
A16083-AD M A1%*026, A1*002, B*001, B*055 No 1 15 000/7 1.06E+08  3.88E+05
A17151-FT F No 1 12 000/6 3.29E+07  2.14E+06
A17152-FU F A1*004, A1*011, B*001, B*066 No 13 20 000/8 4.04E+08  4.04E+08
A17153-FV F A1%*023, A1*025, B*008, B*028 No 6 1000/2 2.68E+06  3.85E+05
A17154-FW F A1*002, A1*004, B*001 No 10 12 000/6 4.90E+07  1.41E+07
A16185-AT F A1*008, A1*032, B*012, B*068 Yes 10 12 000/6 1.07E+07  6.18E+06
A16186-AU° F Yes
A16187-AV M A1*002, A1*001, B*015, B*002 Yes 8 4000/4 729E+07  729E+07
A16188-AW M A1*004, B*012 Yes 15 IV 2.64E+08  2.55E+08
A16189-AX M A1*012, A1*025, B*008 Yes 15 Y 2.82E+07  5.95E+05
A17097-FA F A1%*008, A1*011, B*001, B*008 Yes 10 12 000/6 5.74E+07  2.23E+06
A17098-FB M A1*008, A1*023, B*012, B*015 Yes 13 20 000/8 1.74E+08 1.51E+08
A17099-FC F A1*011, A1*023, B*012, B*024 Yes 10 12 000/6 3.29E+08  1.22E+08
A17100-FD M A1*001, A1*023, B*002, B*028 Yes 13 20 000/8 1.09E+06  2.63E+06

Abbreviations: MHC, major histocompatibility complex; SIV, simian immunodeficiency vwrus;TClDED, median tissue culture infectious dose.

“Infant died prematurely 1 week after SIV challenge.
PInfant died prematurely 6 weeks after BCG vaccination and remained uninfected.
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Life Sciences). Stained cells were washed and fixed in 1%
paraformaldehyde before analysis on a BD LSR-II flow
cytometer. Compensation and analysis were performed using
FlowJo, version 10 (Treestar, Woodburn, OR).

Analysis of Plasma Protein and Specific Immunoglobulin G (lgG)/
Immunoglobulin A (IgA) Concentrations

Plasma samples were collected after centrifugation of whole-
blood specimens collected in ethylenediaminetetraacetic acid-
coated tubes at 200 xg for 15 minutes. Plasma samples collected
1 week before, 4-5 weeks after, and 10-12 weeks after SIV in-
fection were analyzed. Plasma interferon o (IFN-a) concen-
trations were measured by an enzyme-linked immunosorbent
assay (ELISA; human IFN-a ELISAP® kit [Mabtech]) in ac-
cordance with the manufacturer’s instructions. Measurement
of plasma anti-SIVgp140 IgG and IgA concentrations was per-
formed using a custom ELISA containing wells coated with
rGP130 (catalog no. 12797; National Institutes of Health AIDS
Reagent Program). Samples were serially diluted, and absorb-
ance values were fit to standard curves generated using either
purified rhesus macaque IgG or IgA.

Measurement of Mycobacteria-Specific T-Cell Cytokine Responses
Production of cytokines in response to stimulation with a BCG
peptide pool was assayed by intracellular cytokine staining (ICS).
ICS experiments were performed on PBMC samples stored in
liquid nitrogen with either a positive control (50 ng/mL phorbol
12-myristate 13-acetate with 1 pg/mL ionomycin) or 2 pg/mL
M. tuberculosis—derived MTB300 peptide pool, as described
previously [14, 15]. The MTB300 megapool was developed by
Lindestam Arlehamn et al [14] and contains 300 peptides ran-
ging from 15 to 20 amino acids in length and representing 125
reactive epitopes identified in M. tuberculosis. Following stim-
ulation for 9 hours (8 hours with brefeldin A; Sigma), cultures
were stained with Fixable Live-Dead Green (Thermo-Fisher),
CD20(2H7)-PE, CD14(M5E2)-PE, CD4(OKT4)-BV650, tumor
necrosis factor a (TNF-a; MAb11)-BV785, IL17(BL168)-BV421
(Biolegend), CD8(SK1)-APC-H7, CD3(SP-342)-APC, and IFN-y
(4S.B3)-BV711 (BD Life Sciences). Before cells were stained for
cytokine analysis, they were permeabilized with BD FACS lysis
buffer. Stained PBMCs were analyzed as described above.

Immune Gene Expression Profiling

RNA samples were prepared from PBMC lysates (3 x 10° cells)
by using an RNA Nucleospin kit (Takara Bio) and were di-
luted to a concentration of 20 ng/uL before being analyzed
at the WaNPRC Primate Diagnostic Services Laboratory.
Transcriptomic profiles using 770 immune genes were ac-
quired from infant rhesus macaque PBMCs collected 0 and
3 weeks after BCG vaccination, using an nCounter MAX
platform (Nanostring Technologies). RNA (100 ng) was di-
rectly hybridized for 18 hours, using the Non-Human Primate
Immunology chipset, version 2.0. Images were acquired from

280 fields of view for each sample, and data were tabulated
and differential expression analysis performed with nSolver
software (version 4.0) [16].

Tissue Imaging

Tissue specimens were collected at necropsy and transferred im-
mediately to neutral buffered formalin. Fixed tissue specimens
were washed in 70% ethanol and embedded in paraffin blocks.
Embedded tissue specimens were cut into 5-pm sections and
mounted on positively charged glass slides. Immunofluorescent
staining was then performed as described previously [17]. Right
axillary lymph nodes were stained for acid-fast bacilli to identify
mycobacteria or with mouse anti-CD68 and rabbit anti-purified
protein derivative (Abcam) for immunofluorescence analysis.

Statistical Analysis

All statistical analyses were performed using either Prism, ver-
sion 8 (Graph Pad), or R, version 3.5.1. Proportions of immune
populations in BCG vaccine recipients and controls were com-
pared using either 2-tailed Mann-Whitney U tests, Wilcoxon
matched-pairs signed ranks tests, or t tests when appropriate.
For gene expression data, the animal identifier was set as a
confounder for analysis of matched samples. Differences in
gene expression between weeks 0 and 3 after BCG vaccination
were calculated using nSolver analysis software (Nanostring).
For these data, either mixed or simplified negative binomial
models or log-linear models were used, depending on the data
collected for each gene. Adjusted P values were calculated using
the Benjamini-Yekutieli correction [18].

RESULTS

BCG Vaccination Increases T-Cell Activation in Blood

To evaluate the impact of BCG vaccination on immune cells and
oral HIV/SIV infection, a longitudinal study was performed
by using the rhesus macaque model of oral SIV transmission
(Figure 1A and Table 1). Neonatal macaques were randomly as-
signed at 2 weeks of age to undergo BCG vaccination (n = 9)
or remain unvaccinated (n = 9), with peripheral immune ac-
tivation monitored weekly in both groups. Peripheral CD4"
T-cell activation has been observed in infants 6 and 8 weeks
after BCG vaccination [7, 19] and as late as 9 weeks after vac-
cination in infant macaques [7]. To evaluate the dynamics of
BCG vaccine-associated CD4" T-cell activation, frequencies of
cell surface markers of immune activation were measured in
peripheral blood specimens by flow cytometry (Supplementary
Figure 1). Frequencies of both CCR5" CD4" T cells (Figure 1B)
and activated CD4" T cells (defined as triple-positive CD4" T
cells [ie, CCR5"HLA-DRCD38"]; Figure 1C) were significantly
increased 3 and 5 weeks after BCG vaccination. By 6 weeks after
BCG vaccination, levels of activated CD4" T cells were similar
between the BCG-vaccinated and control infant macaques.
Importantly, this was not due to the presence of SIV infection, as
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Infant macaques that received BCG vaccine had elevated levels of activated CD4* T cells. A, Infants were assigned to receive BCG vaccine (n = 9) or remain un-

vaccinated (n = 9) before receiving a series of oral simian immunodeficiency virus (SIV) challenges. Following SIV infection, infants were monitored for 10-12 weeks before
necropsy. Band C, T-cell activation was evaluated in peripheral blood mononuclear cells (PBMCs) from unvaccinated (open circles) and BCG-vaccinated (closed circles; red
in color version) infants at specified weeks following BCG vaccination. Proportions of CCR5* (B) and CCR5"HLA-DR*CD38" (C) CD4" T cells among PBMCs are shown at the
indicated weeks following BCG vaccination. Dashed arrows beneath the x-axis indicate initiation of weekly oral SIV challenges. Horizontal bars represent medians, with error
bars representing interquartile ranges. To account for variations across time points in both groups, differences were assessed between BCG-vaccinated and control groups.
Comparisons were calculated using the Mann-Whitney Utest. *P< .05 and **P<.01.

only 1 infant macaque was infected in the unvaccinated group,
and none were infected in the vaccinated group. The transient
activation of CD4" T cells was therefore associated with BCG

vaccination of these infant macaques.

BCG Vaccination Induces Monocyte Activation in Infant Macaques
Bacillus Calmette-Guérin replicates in monocytes/macro-
phages, and therefore we examined this population in periph-
eral blood specimens from infant macaques (Supplementary
Figure 2). Administration of BCG vaccine increased peripheral
monocyte activation, characterized by an increase in the per-
centage of CD80'CD16™ monocytes 6 and 7 weeks after BCG
vaccination (Figure 2A) and the percentage of CD83"CD16"
monocytes 7 weeks after BCG vaccination, compared with un-
vaccinated controls (Figure 2B). We also observed a significant
increase in the population of monocytes that were HLA-DR™
at weeks 3, 6, and 7 after BCG vaccination (Figure 2C). HLA-
DR"™ monocytes have been shown previously to have important
roles in inflammatory and antibacterial responses [20, 21]. This
result suggests that BCG vaccine polarizes monocytes toward
phenotypes associated with increased T-cell costimulation and
inflammatory signaling in the weeks following vaccination.
Bacillus Calmette-Guérin persists in the draining lymph
nodes [22, 23], which act as potential sites for monocyte/mac-
rophage activation and sources of systemic BCG infection in

the setting of SIV or HIV infection. Therefore, monocyte acti-
vation was also evaluated in right axillary lymph node biopsy
specimens collected 4 weeks after SIV infection (8-12 weeks
after BCG vaccination). BCG-vaccinated infant macaques had
a significantly (2.6-fold) higher mean level of classical mono-
cytes (CD80"CD16") at this site (Figure 2D), compared with
unvaccinated infant macaques. Further, the presence of myco-
bacteria in the vaccine-draining lymph node was observed at
necropsy (Supplementary Figure 3), suggesting that BCG per-
sists for weeks to months within the draining lymph node of
SIV-infected infant macaques.

BCG-Vaccinated Infant Macaques Develop Mycobacteria-Specific T-Cell
Responses

In BCG-vaccinated infant macaques, variations in mycobacteria-
specific T-cell responses and protection have been reported
within and across vaccinated populations [24-26]. Mycobacteria-
specific T-cell responses in peripheral blood specimens were
assessed 9 weeks after vaccination, following stimulation with
M. tuberculosis—derived T-cell epitopes that cross-react with
BCG proteins/peptides [14]. Similar to responses following BCG
vaccination in humans, infant macaques that received BCG vac-
cine developed mycobacteria-specific CD4" T-cell responses
that were polyfunctional, producing both TNF-a and IFN-y
(Figure 3A and Supplementary Figure 4) [27]. Furthermore,
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Figure 2. Infant macaques that received BCG vaccine sustained higher levels of activated monocytes. Monocyte activation was monitored in peripheral blood mononuclear
cells (PBMCs) (A-C) and axillary lymph nodes (D) from unvaccinated (open circles) and BCG-vaccinated (closed circles; red in color version) infants at specified weeks fol-
lowing BCG vaccination. Proportions of CD80*CD16™(4), CD83*CD16" (B), and HLA-DR™ (£) CD14* monocytes among PBMCs are shown. Levels of activated CD16™ CD80*CD14*
monocytes were assessed in biopsy specimens from draining lymph nodes collected 4 weeks after simian immunodeficiency virus (SIV) infection (8—12 weeks after BCG
vaccination). D, Dashed arrows beneath the x-axes indicate initiation of weekly oral simian immunodeficiency virus challenges. Horizontal bars represent medians, with error
bars representing interquartile range. Comparisons between groups were calculated using the Mann-Whitney U test. AXLN, axillary lymph node. *P<.05 and **P<.01.

the frequency of mycobacteria-specific CD4" T-cell responses BCG-vaccinated infant macaques (Figure 3B). This correlation
significantly correlated with monocyte activation/matura- suggests a role for this monocyte population in eliciting BCG
tion (based on the percentage of CD83"CD16'CD14" cells) in  vaccine-specific CD4" T-cell responses.
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[FNy*IL-17"TNF-0.* CD4" T cells at week 9 after BCG vaccination and levels of CD83°CD16" CD14" monacytes at week 6 after BCG vaccination.
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BCG Vaccination Influences Global Gene Expression 3 Weeks After
Vaccination

Transcriptomic analysis was performed on RNA that was ex-
tracted from freshly isolated, unstimulated PBMCs from
BCG-vaccinated and unvaccinated infant macaques. By using
the Nanostring platform, 770 rhesus macaque immune genes
were assessed to compare gene expression patterns before vac-
cination to patterns at week 3 after vaccination in both the
BCG-vaccinated and unvaccinated macaques. Week 3 was
chosen because it corresponds to the specific elevation of the
CD4" target cell count in BCG-vaccinated infant macaques
and is the time point at which SIV oral challenges were ini-
tiated. While levels of numerous transcripts were increased
in both the BCG-vaccinated and unvaccinated groups, our
focus was on genes that were specifically upregulated in the
BCG-vaccinated macaques. At the 3-week time point, 15 of 39
upregulated genes (ie, those with a >1.5-fold increase in expres-
sion; P < .05) were uniquely upregulated in BCG-vaccinated

infant macaques, compared with prevaccination levels (Figure
4A and Supplementary Tables 1 and 2). Of the transcripts with
elevated levels only in BCG-vaccinated infant macaques, there
was a 4.2-fold increase in expression of PTGS2 (COX2), the
key inducible enzyme involved in prostaglandin biosynthesis.
PTGS?2 has previously been associated with inflammatory and
immunosuppressive effects associated with BCG vaccination
[28-30] (Figure 4A). A majority of the genes with increased
transcript levels in both BCG-vaccinated and unvaccinated in-
fant macaques were linked to adaptive immunity and specifi-
cally B-cell responses (CD19, CD79A, CD79B, MS4Al, and
BLK; Figure 4B and Supplementary Tables 1 and 2). Assessment
of IFN signaling pathways identified increased levels of the pos-
itive regulator of MHC-II expression CIITA in BCG-vaccinated
but not unvaccinated infant macaques (Figure 4C). Levels of
transcripts of IFNG (which encodes IFN-y) were also more ele-
vated in BCG-vaccinated infant macaques, compared with un-
vaccinated macaques (3.86-fold vs 1.86-fold increases; Figure
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Figure 4. Transcriptional changes in immune genes associated with BCG vaccination. Differential expression of 770 immune genes in infant macaque peripheral blood
mononuclear cells (PBMCs) was assessed 0 weeks and 3 weeks after BCG vaccination. A, Changes from baseline (ie, week 0) to week 3 after BCG vaccination are shown in
volcano plots for BCG-vaccinated infants (n = 6). Colored points represent genes whose expression significantly increased or decreased by >1.5-fold (P < .05; dashed lines),
with blue points indicating genes with levels that were reduced or elevated in all infants and red points indicating genes that were only changed in BCG-vaccinated infants.
Band C, Genes labeled in panel A with increased or decreased expression within adaptive immunity (B) and interferon-related (C) signaling pathways are shown with fold
changes for BCG-vaccinated (red bars) or unvaccinated (gray) bars. Statistical measurement of differentially expressed genes is described in the Methods. IFN, interferon.
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4C). Moreover, 55 of 68 genes were uniquely downregulated
in BCG-vaccinated infant macaques, including type I IFN-in-
duced genes OASL (6.06-fold decrease) and OAS2 (2.86-fold
decrease; Figure 4A and 4C). These results demonstrate tran-
scriptional changes in immune genes within PBMCs that are
unique to BCG-vaccinated infant macaques by 3 weeks after
vaccination.

BCG Vaccination Did Not Influence Oral SIV Transmission in Infant
Macaques

At 3 weeks after vaccination, both groups of infant macaques
received weekly, escalating-dose oral challenges from 1000 to
20 000 TCID,, of SIVmac251 until testing positive for plasma
SIV RNA. The rate (median, 8 weeks after BCG vaccination)
and dose (mean, 12 571 TCID,)) when infant macaques ac-
quired SIV was similar in the BCG-vaccinated and unvaccinated
groups (Figure 5A and 5B). Our findings, therefore, suggest that
despite significant activation of circulating immune cells, BCG
vaccination does not influence oral SIV acquisition in infant
rhesus macaque macaques.

BCG Vaccination Was Not Associated With an Altered Rate of SIV Disease
Progression

The ability of BCG vaccination to influence key indicators of
SIV disease progression was evaluated in the infant macaques
infected orally, as well as in 3 other infant macaques (2 vaccin-
ated and 1 unvaccinated) that were infected intravenously with
100 TCID,,. SIV-infected infant macaques were monitored,
and animals were euthanized 10-12 weeks after SIV infection.
Evaluation of SIV-specific antibody (ie, IgG and IgA) responses
did not identify any differences between the BCG-vaccinated
and unvaccinated infant macaques (Supplementary Figure 5).
Peak plasma viral loads occurred 2-3 weeks after SIV infection
(Figure 6A) for all infant macaques in the study, with similar
average plasma viral loads measured in both groups. While
there was a significant reduction in the ratio of CD4" to CD8"
T cells in all infant macaques, as expected with SIV infection,

BCG vaccination had no significant impact on this measure
of SIV disease (Figure 6B). Furthermore, while significant in-
creases in levels of HLA-DR" CD8" T cells occurred after in-
fection, indicating SIV-mediated immune activation, there were
no significant differences between the BCG-vaccinated and un-
vaccinated groups (Figure 6C). Finally, the plasma IFN-a level
was similarly increased in both groups (Figure 6D). Therefore,
BCG vaccination did not appear to influence indicators gener-
ally associated with disease progression in SIV-infected infant
macaques.

DISCUSSION

Strategies to reduce the impact of HIV infection in infants
and children will require a greater understanding of factors
influencing transmission and progression to AIDS, including
those that have been shown to influence CD4" T-cell activa-
tion. Here, experiments using the infant macaque SIV infection
model were performed to assess the impact of BCG vaccine on
oral SIV transmission and disease progression. The goal of this
study was to provide insight into BCG vaccination and its in-
fluence on HIV infection of infants. The experiments evaluated
the role of BCG vaccine in immune activation at the cellular and
transcriptomic level, rates of oral SIV transmission, BCG vac-
cine-induced immune responses, and SIV disease progression.

With growing evidence that BCG vaccine influences innate
immune development, it is particularly relevant to explore a
potential relationship between innate responses to BCG vac-
cine and the impact of these responses on T-cell activation and
HIV transmission [12, 31]. Previous studies assessed bacillus
Calmette-Guérin stimulation of cord blood cells and observed
an innate response that was characterized by increased IFN-
v, interleukin 10, and TNF-a release and partially mediated
by CD14" monocytes [8]. In addition, other studies demon-
strated that BCG-vaccinated infants have greater T-helper type
1 responses to nonmycobacterial infections than unvaccinated
infants, thus supporting the trained immunity hypothesis,
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whereby BCG vaccine induces epigenetic reprogramming of
monocytes [32, 33]. Here, evaluation of the immune responses
following BCG vaccination identified elevated levels of acti-
vated monocyte populations in blood specimens 6-7 weeks
after vaccination and in draining lymph node specimens 8-12
weeks after vaccination (4 weeks after SIV infection). These re-
sults support the hypothesis that BCG vaccine induces immune
changes with long-lasting consequences for the infant immune
system. Specifically, elevated levels of HLA-DR"™, CD83", and
CD80" monocytes were present in the weeks following vacci-
nation. Our findings also identify monocyte activation in BCG-
vaccinated infants as a potential contributor to the increased
mycobacteria-specific IFN-y- and TNF-a-expressing CD4"
T-cell responses (Figure 3). Therefore, our results demonstrate
elevated baseline monocyte activation in vaccinated infant ma-
caques in blood and lymph nodes both before and following
SIV infection.

Our results show that BCG vaccination induced significant
monocyte and T-cell activation and a transcriptomic pro-
file associated with immune activation in blood. However, we
did not observe any clear influence of these effects on the im-
mune response to and susceptibility to infection with SIV in

infant macaques. It is also important to note that infant ma-
caques in our study began receiving oral SIV challenges 3 weeks
after BCG vaccination and that infection occurred 4-12 weeks
after vaccination. In a previous study, infant macaques began
receiving oral SIV 9 weeks after receiving BCG vaccine or re-
maining unvaccinated [12]. The vaccinated macaques exhib-
ited elevated peak viral loads and required on average fewer
challenges to become infected, compared with unvaccinated
macaques, although the differences were not statistically signif-
icant [12]. This result is in contrast to our observations, which
detected no relationship between BCG vaccination and viral
acquisition or disease. These results suggest that the timing be-
tween BCG vaccination and HIV/SIV exposure may be a key
element influencing outcome.

In a South African infant cohort, BCG vaccine recipients
had elevated levels of activated CD4" T cells (CD38"HLA-
DR'CCR5"), compared with levels at 6 and 8 weeks of age in
a group in which BCG vaccine was delayed by 8 weeks, sug-
gesting that BCG vaccine increases this HIV-susceptible T-cell
population [7]. While we observed an increase in this same
population of activated CD4" T cells, immune activation was
not associated with SIV transmission or disease progression.
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The delivery modality of BCG vaccine was an important con-
sideration when designing this study. Indeed, other recent
rhesus macaque studies, in which BCG vaccine was delivered
through the pulmonary and intravenous routes, consistently
induced strong T-cell responses and protected recipients from
subsequent M. tuberculosis challenge [10, 11]. Although, the
intradermal route is generally not associated with strong T-cell
responses in macaques [34], the goal of our study was to re-
capitulate human intradermal BCG vaccination to most accu-
rately assess any associated risks.

As our vaccination/SIV infection model recapitulates key
aspects of bacillus Calmette-Guérin infection and oral HIV
infection, these findings have implications for vertical HIV
transmission. It is important to note that our model does not
completely replicate infection by human breast milk exposure
because the SIV doses are administered weekly rather than
daily. In addition, our macaques were not exposed to SIV be-
fore birth, which influences infant immune development, as
demonstrated in a number of studies of HIV-exposed, unin-
fected children [35, 36]. Overall, from the studies described
here, using the infant macaque model of SIV infection, we
conclude that BCG vaccination increased immune activation
but that this effect did not translate to an increase in the rates
of oral SIV transmission or postpartum SIV disease course.
These findings provide evidence that BCG vaccination is not
a major contributor to HIV transmission when infants in
tuberculosis-endemic regions are breastfed by HIV-infected
mothers.

Supplementary Data

Supplementary materials are available at The Journal of Infectious
Diseases online. Consisting of data provided by the authors to
benefit the reader, the posted materials are not copyedited and
are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.
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