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BACKGROUND. Bacillus Calmette-Guérin (BCG) vaccine is administered at birth to protect infants against tuberculosis
throughout Africa, where most perinatal HIV-1 transmission occurs. We examined whether BCG vaccination alters the
levels of activated HIV target T cells in HIV-exposed South African infants.

METHODS. HIV-exposed infants were randomized to receive routine (at birth) or delayed (at 8 weeks) BCG vaccination.

Activated and CCR5-expressing peripheral blood CD4* T cell, monocyte, and NK cell frequencies were evaluated by flow
cytometry and immune gene expression via PCR using Biomark (Fluidigm).

RESULTS. Of 149 infants randomized, 92% (n = 137) were retained at 6 weeks: 71 in the routine BCG arm and 66 in the
delayed arm. Routine BCG vaccination led to a 3-fold increase in systemic activation of HIV target CD4*CCR5* T cells

(HLA-DR*CD38") at 6 weeks (0.25% at birth versus 0.08% in delayed vaccination groupsP = 0.029), which persisted
until 8 weeks of age when the delayed arm was vaccinated. Vaccination of the infants in the delayed arm at 8 weeks

resulted in a similar increase in activated CD4*CCR5™" T cells. The increase in activated T cells was associated with
increased levels of [...]
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BACKGROUND. Bacillus Calmette-Guérin (BCG) vaccine is administered at birth to protect infants
against tuberculosis throughout Africa, where most perinatal HIV-1 transmission occurs. We
examined whether BCG vaccination alters the levels of activated HIV target T cells in HIV-exposed
South African infants.

METHODS. HIV-exposed infants were randomized to receive routine (at birth) or delayed (at 8
weeks) BCG vaccination. Activated and CCR5-expressing peripheral blood CD4* T cell, monocyte,
and NK cell frequencies were evaluated by flow cytometry and immune gene expression via PCR
using Biomark (Fluidigm).

RESULTS. Of 149 infants randomized, 92% (n = 137) were retained at 6 weeks: 71in the routine
BCG arm and 66 in the delayed arm. Routine BCG vaccination led to a 3-fold increase in systemic
activation of HIV target CD4*CCR5* T cells (HLA-DR*CD38*) at 6 weeks (0.25% at birth versus
0.08% in delayed vaccination groups; P = 0.029), which persisted until 8 weeks of age when the
delayed arm was vaccinated. Vaccination of the infants in the delayed arm at 8 weeks resulted in
a similar increase in activated CD4*CCR5" T cells. The increase in activated T cells was associated
with increased levels of MHC class Il transactivator (CIITA), IL12RB1, and IFN-a1 transcripts within
peripheral blood mononuclear cells but minimal changes in innate cells.

CONCLUSION. BCG vaccination induces immune changes in HIV-exposed infants, including an
increase in the proportion of activated CCR5*CD4* HIV target cells. These findings provide insight
into optimal BCG vaccine timing to minimize the risks of HIV transmissions to exposed infants
while preserving potential benefits conferred by BCG vaccination.

TRIAL REGISTRATION. ClinicalTrials.gov NCT02062580.

FUNDING. This trial was sponsored by the Elizabeth Glaser Pediatric AIDS Foundation (MV-00-9-
900-01871-0-00) and the Thrasher Foundation (NR-0095); for details, see Acknowledgments.

Introduction
Despite the implementation of wide-scale prevention of mother-to-child transmission of HIV-1 (PMTCT)
programs, perinatal HIV-1 transmission remains a significant contributor to the HIV epidemic. Nearly
half of MTCT occurs during breastfeeding (1). Therefore, an understanding of factors influencing breast-
feeding-associated MTCT is critical to eliminating pediatric HIV.

The live-attenuated bacillus Calmette-Guérin (BCG) vaccine is currently the only licensed tuberculosis
(TB) vaccine; it is usually administered shortly after birth to protect against TB in childhood. BCG vac-
cine is administered to over 100 million children worldwide annually (2), including in sub-Saharan Africa,
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where the majority of MTCT occurs (3). In HIV-unexposed children, BCG vaccination is safe, efficacious,
and cost-effective against TB, particularly cases of disseminated disease (2). However, studies assessing
BCG immunogenicity in HIV- (HEU) infants demonstrate altered cellular responses to BCG and other vac-
cines (4, 5), suggesting that HEU infants might not gain the same benefits from BCG vaccination as infants
that are not HIV exposed.

In addition to altered immunogenicity in HEU infants, the immune activation induced by BCG vac-
cination has the potential to render these neonates more susceptible to HIV infection (6). HIV preferen-
tially infects and replicates in activated CD4" T cells (7, 8). Further, peripheral blood mononuclear cells
(PBMCs) from persons with chronic CD4* T cell activation are more susceptible to in vitro infection with
HIV (8). In contrast, a reduced state of CD4 T cell immune activation is associated with protection against
HIV infection both in vivo and in vitro. Highly exposed, persistently seronegative individuals have relatively
lower levels of CD4* T cells coexpressing the activation markers CD38 and HLA-DR, compared with
persons who become infected with HIV (9). Additionally, because mucosally transmitted HIV is almost
exclusively CCRS5 tropic, activated CD4* target cells expressing the coreceptor CCRS5 are even more likely
to become infected. Indeed, low levels of peripheral and mucosal CCR5-expressing CD4* T cells are associ-
ated with a lack of simian immunodeficiency virus (SIV) acquisition in infant sooty mangabeys following
low-dose oral challenge (10). These results contrast with the pathogenic SIV infection of rhesus macaques,
which have higher frequencies of CCR5*CD4* T cells and higher rates of vertical SIV transmission (10).
Together, these data suggest that CD4*CCR5" T cell activation contributes to HIV/SIV susceptibility and
acquisition. Importantly, BCG vaccination of infant macaques has been associated with persistent CD4 T
cell activation (6). Finally, BCG-vaccinated infant macaques generally required fewer SIV exposures to suc-
cessfully initiate an SIV infection following low-dose oral exposure (6).

The beneficial aspects of BCG vaccination may go beyond TB prevention, as it is also reportedly asso-
ciated with lower all-cause infant mortality (reviewed in ref. 11). Although there is a paucity of random-
ized trial data (11) and there is no confirmed biological mechanism to support this observation, the recent
discovery of BCG vaccination—-induced posttranslational histone modifications in adult innate immune
cells, which are associated with more robust responses to heterologous antigens (termed “trained innate
immunity”), provides one mechanism by which these nonspecific benefits may occur (12). Due to the pos-
sible association of BCG with health in HIV-unexposed infants, it may be important that BCG is retained
in infant vaccine schedules or that novel TB vaccine candidates preserve these benefits conferred by BCG.
However, the potential for BCG and related vaccinations to induce in vivo CD4* T cell activation and influ-
ence HIV susceptibility in HIV-exposed infants has yet to be explored.

Considering the high risk of HIV and TB infection in HIV-exposed infants in sub-Saharan Africa and
the widespread use of BCG in HIV-endemic areas, it is crucial to explore the potential for BCG vaccina-
tion to induce in vivo CD4" T cell activation and influence HIV susceptibility in these populations. To
this end, we performed a randomized clinical trial of routine (at birth) versus delayed (administered at 8
weeks of age) BCG vaccination in HIV-exposed South African infants. Our goal was to evaluate the effect
of BCG on activation of CD4" T cells and innate monocytes and NK cells. We demonstrate for the first
time to our knowledge that BCG vaccination at birth causes a sustained increase in frequencies of activated
CD4*CCRS5* HIV target cells in HIV-exposed infants, which persists until at least 8 weeks of age and, there-
fore, has the potential to increase HIV acquisition in this vulnerable population that is repeatedly exposed
to HIV via breast milk. Our results highlight the importance of further vaccine studies in HIV-exposed
infants. These should aim to carefully evaluate the specific (protection against TB) and the nonspecific
beneficial effects conferred by BCG vaccination as well as its potential for increasing T cell activation asso-
ciated with perinatal HIV transmission.

Results
Cohort. Between June 22, 2010, and November 31, 2011, 178 mother-infant pairs were screened for eligibil-
ity (Figure 1). Of these infants, 149 were enrolled and 29 were excluded from participation. Reasons for
exclusion included maternal refusal to participate (n = 26; 15% of total assessed), receipt of BCG vaccina-
tion prior to randomization (n = 2; 1%), and not meeting study inclusion criteria (n = 1; <1%; Figure 1).
Of the 149 infants ultimately enrolled, 78 (52%) were randomized to receive routine BCG vaccination
and 71 (48%) were randomized to receive delayed vaccination (Figure 1). Median maternal CD4 count of the
enrolled cohort was 362 cells/mm? (interquartile range [IQR] 253-508 cells/mm?). The majority of mothers
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Figure 1. Consort diagram of the in

tent-to-treat population.

received only zidovudine, with single-dose nevirapine for prevention of MTCT (n = 80, 55%); the remain-
der received combination antiretroviral (cART). The median birth weight of the infants was 3,100 g (IQR
2,800-3,320 g), and median gestational age was 39 weeks (IQR 38—40 weeks); 82 infants (55%) were female.
Baseline characteristics of all randomized infants and their mothers by trial arm are found in Table 1.

Five infants who were randomized to the delayed arm were inadvertently vaccinated at birth by the
routine labor ward staff prior to discharge, and one infant randomized to birth BCG was vaccinated at 8
weeks. Six infants tested HIV DNA PCR positive; 4 of 78 (5.1%) in the routine arm and 1 of 71 (1.4%)
in the delayed arm (Figure 1). These infants were excluded from downstream immunological analyses
and referred for immediate initiation of cART therapy. There were 3 infant deaths, all in the routine arm
(i-e., 3.9% mortality in the routine arm and 0% in the delayed arm), one of whom was also HIV infected.
An additional 22 infants were lost to follow-up, such that at 6 and 14 weeks of age, 134 and 120 infants
(90% and 83%, respectively) were retained in the intention to treat immunological analysis. There were
no remarkable differences in baseline characteristics between those retained in the trial and those lost to
follow-up by 6 weeks of age (Table 1). There were 137 other adverse events: 72 in the routine arm and 65
in the delayed arm (i.e., some infants had more than one adverse event; Supplemental Table 2; supple-
mental material available online with this article; https://doi.org/10.1172/jci.insight.91963DS1). There
were no statistically significant differences in frequency of serious adverse events between the routine and
delayed arms, including (P = 0.135) or excluding (P = 0.459) HIV infections. All HIV infections except one
were assumed all to have occurred in utero (i.e., HIV DNA PCR positive within 48 hours of life, ref. 13).
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Table 1. Baseline characteristics of all infants and mothers and those retained at 6 weeks in the intent-to-treat population

Maternal CD4 count (cells/mm?3)
Maternal cART

Birth weight (kg)

Gestational age (wk)

Male gender

Breastfed at birth

Data are n (%) or median (IQR).

At enrollment Retained at 6 weeks
Routine (n =78) Delayed (n = 71) Routine (n =71) Delayed (n = 66)
366 (260-495) 360 (226-548) 366 (271-477) 358 (254-548)
34 (44%) 32 (46%) 32 (44%) 30 (45%)
3.1(2.8-3.4) 31(2.8-3.3) 3.1(2.8-3.4) 3.2(2.9-3.3)
39 (38-40) 39 (38-40) 39 (38-40) 40 (39-40)
33 (42%) 33 (47%) 28 (42%) 28 (44%)
12 (15%) 10 (15%) 12 (18%) 8 (13%)

Likewise, there was no difference in infectious morbidities, including pneumonia, meningitis, cough, chest
infection, abscess, and gastroenteritis (# = 20 in the routine arm and 7 = 19 in the delayed arm, P > 0.999).
No adverse event was deemed related to study intervention or participation.

BCG-vaccinated infants have significantly higher CD4* T cell activation. CD4* T cell activation is associ-
ated with increased risk of HIV infection and disease progression (7, 14). We therefore evaluated T cell
activation in peripheral blood from birth through the end of follow-up in infants randomized to birth ver-
sus delayed BCG vaccination via flow cytometric detection of HLA-DR, CD38, and Ki67 (Figure 2A).
At birth, there was no significant difference in the proportion of HLA-DR expression on CD4* or CD8*
T cells. By 2 weeks of age, a slight increase in CD4* T cell activation was seen in the birth-vaccinated
arm compared with the delayed BCG arm, but this was not significant (median CD4*HLA-DR" cells
1.1%, IQR 0.68%—1.6% for the birth BCG-vaccinated arm, and median CD4*HLA-DR* cells 0.94%,
IQR 0.69%-1.4% in the delayed vaccination arm; P = 0.106). By 6 weeks of age, the infants who had
received routine BCG vaccination, however, had significantly higher levels of CD4* T cells expressing
the activation marker HLA-DR compared with those in the delayed arm who had not yet received BCG
vaccination (median 1.8%, IQR 1.0%—-2.8% versus median 1.3%, IQR 0.81%-2.4%; P = 0.028; Figure
2B). This difference was not evident in CD8" T cells (Figure 2C).

CCRS is highly expressed on activated HLA-DR*CD38* cells in adults and serves as the major core-
ceptor for transmitted HIV variants (15). We therefore compared CCRS5 and activation marker coexpres-
sion on CD4* T cells between the two arms. As with CD4*HLA-DR" cells, the percentage of CCRS5-
expressing, highly activated CD4*CD38"HLA-DR* T cells was similar at baseline and not significantly
different at 2 weeks of age (Figure 3A). By 6 weeks of age, this cell subset was 3.3-fold higher in the infants
who had received BCG vaccination at birth (median 0.253% in the birth-vaccinated arm versus 0.075%
in the delayed, i.e., unvaccinated, arm; P = 0.029; Figure 3A). Although both arms displayed an increase
in CD4" T cell activation at between 6 weeks and 8 weeks of age (infants also received their first doses of
rotavirus; hepatitis B; inactivated polio; Haemophilus influenzae type b; diphtheria, tetanus, acellular pertus-
sis [DTaP], and conjugated pneumococcal vaccinations, as well as their second dose of oral polio vaccine,
at 6 weeks), significantly higher CD4* T cell activation persisted in the routine BCG arm at 8 weeks of
age. As this was the final time point at which the delayed group had not yet received BCG, this suggests
that BCG is the major driver of T cell activation. In a generalized estimating equation population—aver-
aged model, BCG vaccination significantly increased the rate of rise in CD4*CCR5*CD38"HLA-DR* cell
frequency that occurs through time until 8 weeks, whether before (coefficient 0.18, 95% CI 0.09-0.27; P <
0.0001) or after adjusting for maternal CD4 count and gestational age (coefficient 0.18, 95% CI 0.08-0.27,
P < 0.0001). Age in weeks was also independently associated with increased T cell activation but to a
lesser extent than BCG vaccination (coefficient 0.02, 95% CI 0.007-0.03). There were no differences in
CD8* T cell CCR5 and activation marker expression at any time point (Figure 2C and data not shown).

While infants from the routine vaccination arm maintained a similar, elevated level of CD4" T cell
activation between the 8- and 14-week time points, infants from the delayed arm, who were vaccinated
at 8 weeks, had an increase in their CD4" T cell activation profile during this time, effectively diminish-
ing the difference between the groups at 14 weeks (Figure 3A). Furthermore, the increase in CD4"* T cell
activation between birth and 6 weeks after conventional vaccination (Figure 3B, left; median 0.03% at
birth versus 0.25% at week 6; P < 0.0001) was similar to that between delayed vaccination and 6 weeks

insight.jci.org  https://doi.org/10.1172/jci.insight.91963 4



. CLINICAL MEDICINE

A

Live/Dead

CD38 ——»

%CD4+HLA-DR+
E-3
[

Routine

C
304 NS 5]
=]
+ 3 =)
o 5]
g 20+ o Cr
=]
T OCb Om
a 101 .0
o <QQ e
] @
0
Delayed Routine Delayed

Figure 2. BCG vaccination of HIV-exposed infants is associated with an increase in activated CD4" T cells. (A) Representative flow plot depicting gating
strategy for determining the frequency of CD4*HLADR* cells of total (B) CD4* and (C) CD8* T cells in routine (circles; n = 45) or delayed (squares; n = 49)
BCG-vaccinated infants at 6 weeks of age, when only the “routine” arm had received vaccination, while the “delayed” arm was unvaccinated. Only samples
with >1,000 live CD3* cells were included in the analysis. Lines depict medians; whiskers depict interquartile ranges.
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after delayed vaccination (Figure 3B, right; median 0.14% at week 8 vs. 0.41% week 14; P = 0.0008).
Thus, a similar increase in CD4* T cell activation occurred whether infants were BCG vaccinated at
birth or later in infancy.

PBMC gene expression analysis. BCG vaccination of adults has been described to induce a primed innate
immune system, previously termed trained innate immunity, which persists for up to 1 year after vaccina-
tion (12). To measure differences in global or innate immune activation that might accompany the CD4* T
cell activation we identified, we undertook microfluidic high-throughput quantitative RT-PCR (Fluidigm)
on PBMCs 2 weeks after the routine (at birth) BCG group had been vaccinated (Figure 4). Infants vac-
cinated with BCG at birth displayed statistically higher transcript levels of the MHC class II transactiva-
tor (CIITA) (P = 0.019) and lower levels of CCL-2 (P = 0.033) and IL-1a (P = 0.025; Figure 4, A and B),
although these differences did not maintain statistical significance after adjustment for multiple compari-
sons. BCG-vaccinated infants also displayed a trend toward higher levels of IL-18 and CCL5 mRNA and
lower levels of IL-10 and IL-6 mRNA, although these were not significantly different (P < 0.1 for all; Figure
4A). Regression analysis that included infants from both groups showed a positive relationship between
percentage of CD4*CCR5*HLA-DR*CD38* T cells at 6 weeks and the transcript levels of inflammatory
genes, including CIITA (P = 0.019), IFN-a (P = 0.016), and IL12RB1 (P = 0.038), and an inverse relation-
ship between CD4" T cell activation and IL-1a (P = 0.029) (Figure 4C). In addition, CD8a transcript levels
were positively related to CD4*CCR5*HLA-DR*CD38* T cells (P = 0.001).

Innate cell phenotypic distribution and activation. Both monocytes and NK cells display properties of BCG-
mediated innate immune “training,” in which epigenetic reprogramming of cells results in nonspecific pro-
tection from infections (12, 16). Thus, to evaluate the potential for innate immune training and/or activation
and because monocyte and NK cell phenotypes associate with disparate cellular function and activation, we
assessed the phenotypic distribution of these cells at 8 weeks of age (8 weeks after BCG vaccination in the
routine arm, but prior to BCG vaccination of the delayed arm). We also measured expression of PD-1 and
Tim-3 downregulation, both of which indicate activated cellular subsets of monocytes and NK cells (17-19).
We investigated the ex vivo phenotypic distribution of CD16*CD56" (anergic or progenitor), CD16*CD56*
(cytotoxic), and CD56 (cytokine producing) NK cells and NK cell activation status (through HLA-DR,
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Figure 3. BCG vaccination of HIV-exposed infants is associated with an increase of activated CD4*CCR5* HIV target cells. (A) Longitudinal frequency
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PD-1, and Tim-3 expression). We found significantly higher frequencies of CD56 (CD56%*) NK cells
expressing PD-1 in the vaccinated (routine) infants compared with those in the delayed arm who had not
yet been vaccinated (0.76% versus 0.40%; P = 0.045; Figure 5D), although these differences did not persist
after adjustment for multiple comparisons. No other differences in NK cell phenotype and/or activation
status were evident between routine (early) and delayed BCG-vaccinated infants at 8 weeks (Figure 5). When
assessing monocytes, we found no differences in ex vivo monocyte phenotype (as measured via CD14 and/
or CD16 [Fcylll receptor] expression via flow cytometry; Supplemental Figure 1, A and B), or in activation
(as measured by the concentration of plasma sCD163; Supplemental Figure 1C), or in the expression of
Tim-3 or PD-1 (data not shown). Additionally, no association was found between the percentage of CD16*
monocytes or plasma sCD163 and CD4*CCR5*HLADR*CD38* T cells (data not shown).

Plasma inflammatory cytokine concentrations. Low levels of inflammatory cytokines are associated with
low risk of HIV infection (20). We therefore assessed cytokine levels in plasma of infants randomized to
the routine versus delayed BCG arms at 2 and 6 weeks of age using multiplex bead array (Luminex). We
found no significant differences in log-transformed plasma levels of GMCSF, IFN-a, IFN-y, IP-10, MCP1,
TNF-a, or IL-8 at week 2 (n = 58) or week 6 (1 = 62) (Supplemental Figure 2). MIP-1p plasma concentra-
tion was elevated in the delayed BCG arm at 6 weeks (P = 0.039), although this difference was not signifi-
cant after adjusting for multiple comparisons.

Discussion

Although cART therapy during pregnancy and breastfeeding has greatly reduced MTCT in most HIV
endemic countries, transmission still occurs, predominantly due to suboptimal implementation of anti-
retroviral prophylaxis, resulting in 150,000 new pediatric infections annually (1). Further, in many set-
tings in which HIV is prevalent, BCG vaccination is administered shortly after birth to protect against
early childhood TB. Importantly, this often occurs before definitive HIV testing can take place. There-
fore, studies such as the one described here are critical in discerning the risks and benefits associated
with BCG (or other) vaccinations.

Although pathogen-specific immune activation is critical to fighting infection, the timing, magnitude,
and type of activated cells are all important factors in guiding a nuanced immune response that determines
disease outcome. CD4" T cell activation, in particular, has recently been implicated in increased TB dis-
ease risk in two separate populations, including BCG-vaccinated infants and TB-infected adolescents (21).
Moreover, influenza disease severity is exacerbated by excessive CD4* T cell cytokine response to viral anti-
gen (22). Mounting evidence suggests that T cell “quiescence,” or a low level of T cell activation, is associ-
ated with protection against HIV infection (8, 9). Conversely, cord blood lymphocyte activation caused by
maternal parasitic infections correlates with increased HIV MTCT (23). Here, we observed a change in the
percentage of total activated T cells in blood following BCG vaccination that may be clinically relevant in
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Figure 4. Fluidigm immune gene expression analysis in routine and delayed BCG-vaccinated HIV-exposed infants at 2 weeks of age. Expression of
48 genes (including 2 housekeeping genes) was measured via Biomark (Fluidigm) quantitative real-time PCR analysis at 2 weeks of age when only
the “routine” arm had received vaccination. (A) Fold change of gene expression between the routine versus delayed BCG-vaccinated groups. (B) -ACt
(calculated by Ctgene of interest ~ Cleappn) OF geNeES that demonstrated significantly differential expression between the groups. Lines depict the median;
whiskers depict interquartile range. (C) Linear regression of gene expression of CIITA, CD8A, IL12RB1, IFNA1, and IL1A as determined at 2 weeks of
age (-dCt expression value is shown on the x axis) and subsequent activation of activated CD4*CCR5*HLA-DR*CD38* HIV target cells at 6 weeks in all
infants combined (shown on the y axis).

the context of HIV exposure. In HIV-exposed adults, differences in CD4*CD38*HLA-DR* T cell frequen-
cies of less than 1%, representing only 1.3- to 1.5-fold higher target cell frequencies, exist between those
that later become infected and those that remain HIV uninfected (9). The difference we report in systemic
T cell activation here represents, on average, a greater than 3-fold increase in activation in infants who
received BCG vaccination compared with those that had not yet been vaccinated at 6 weeks of age. Further,
expression of the HIV coreceptor CCR5 was included in our analysis, which may impart an even greater
susceptibility of these cells to HIV infection. In support of this, in SIV-exposed infant nonhuman primates,
the availability of HIV target cells is a key factor in determining risk for breast milk SIV transmission (10).
Most importantly, a recent study of intradermal BCG vaccination of infant macaques provides evidence for
BCG-induced increased susceptibility to repeated low-dose oral SIV exposure (6), which mimics exposure
via breastfeeding. Indeed, BCG vaccination was associated with an increase in T cell activation in blood,
as well as in the oral and gastrointestinal tissue, known sites of viral entry during oral HIV/SIV exposure
(6, 24). Additionally, the sustained T cell activation evident in the systemic circulation of BCG-vaccinated
infants in our study suggests that BCG may create a prolonged window of increased HIV susceptibility in
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Figure 5. NK cell phenotype and activation in routine and delayed BCG-vaccinated HIV-exposed infants at 8 weeks of age. (A) Representative flow plot
depicting CD56* and CD16* NK cells in PBMCs, which were previously gated on singlets, live, and Lin populations (CD3-CD19-CD14-). (B) Graphs depicting
the overall NK cell phenotypic distribution in routine (white triangles; n = 26) or delayed (gray inverted triangles; n = 25) BCG-vaccinated infants at 8 weeks
of age and (C) activation status of each subset, as measured by the percentage of HLA-DR-expressing NK cells. Only infants in the routine arm received
vaccination at this point, while the delayed arm was unvaccinated. Lines depict the median of each group; whiskers represent the interquartile range.
Statistics were generated using a Mann-Whitney test for nonparametric data.
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HIV-exposed human infants. The potential consequences of these immunological effects must be weighed
against the high risk of TB early in life in HIV-exposed infants, with incidence rates of 41 per 1,000 child
years (95% CI 31-52 per 1,000 child years) among HIV-uninfected, exposed South African children (25).
In addition to the potential for increased susceptibility to HIV, increases in T cell activation can acceler-
ate HIV disease progression. Intravenously administered BCG drives T cell activation, resulting in an asso-
ciated increased in SIV viral load and more rapid disease progression in macaques (26, 27). Although in
these studies BCG was administered intravenously, which contrasts standard clinical intradermal vaccination
procedures, they provide proof of principle that BCG activation of T cells can lead to cellular susceptibility
to SIV/HIV and, therefore, accelerate disease pathogenesis. Indeed, intradermally BCG-vaccinated infant
macaques that became SIV infected demonstrated a significantly higher viral load than unvaccinated controls
during the acute phase of infection (6). In humans, other infections, such as CMV and TB, hasten HIV disease
progression in HIV-1-infected adults (28). Additionally, some vaccinations, such as pneumococcal polysac-
charide vaccines, can cause transient immune activation—associated viral load increases (29, 30). In contrast
to these vaccines, which have proven efficacy during HIV infection (31, 32), the benefits of BCG vaccination
are not yet clear in HIV-infected infants, in whom there is also an increased risk of BCG immune reconstitu-
tion inflammatory syndrome and disseminated BCG disease in the absence of early cART initiation (33-35).
BCG vaccination induces nonspecific protection from infections through epigenetic reprogramming of
monocytes in adult volunteers, termed trained innate immunity (12). The increased ability of innate and adap-
tive immune cells to produce cytokines in response to in vitro stimulation after BCG vaccination in adults is
sustained for up to 1 year after vaccination. Whether trained innate immunity occurs in infants is not currently
known. Observational data and one randomized clinical trial in HIV-unexposed infants suggest that BCG
may improve all-cause morbidity and mortality in West African infants (36-38), but this benefit has not been
assessed in high HIV prevalence settings, and systematic reviews of the literature have not shown any clear
beneficial nonspecific effects associated with BCG vaccination, which may be setting specific (39). Although
Jensen et al. demonstrated higher cytokine responses to heterologous antigens in BCG-vaccinated low-birth-
weight infants (40), these infants had additional comorbidities associated with being either small for gestational
age or premature. Using unstimulated PBMCs, we found significantly higher transcript levels of CIITA, which
acts as a positive regulator of class II MHC gene transcription, in BCG-vaccinated infants at 2 weeks of age.
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Because MHC class II molecules are primarily expressed on professional antigen-presenting cells, this may be
indicative of early phagocyte activation. However, we found no further difference in monocyte phenotype or
activation, as measured by plasma soluble CD163 levels, between routine and delayed BCG-vaccinated infants
at 8 weeks of age (i.e., before the delayed group received their vaccination). Because monocytes play a major
role in the response to Mycobacteria spp (reviewed in ref. 41) and because monocyte activation has the poten-
tial to activate CD4* T cells, we hypothesized that increased monocyte activation in routine BCG-vaccinated
infants compared with unvaccinated (delayed) controls would be apparent. However, differences in monocyte
activation were not detected at 8 weeks of age between the routine and delayed BCG arms. This result was
surprising since monocytes are known responders to Mycobacteria and display activation following BCG vac-
cination of infant macaques (6). It is possible that the increase in monocyte activation is subtle (and therefore
we were unable to detect any with the sample size or the markers used) or is transient and not observable at
the time points that we examined. Finally, a lack of detectable innate responses may be a reflection of the
impaired vaccine-specific cellular responses previously described in HEU infants (4, 5). Interestingly, CIITA
expression has been shown to enhance viral attachment to CD4" cells, independent of HLA-DR expression
(42), providing another potential route for BCG vaccine-induced increase in HIV susceptibility. We found a
higher frequency of PD-1—expressing CD56™" NK cells, known for their ability to produce cytokines (43), in
routinely vaccinated infants compared with those who had not yet been vaccinated. Increased PD-1 expression
on CD56™e NK cells is known to occur following IFN-y production in response to mycobacterial stimulation
(18). In this setting, increased PD-1 expression on CD56" NK cells 8 weeks after BCG vaccination may
be indicative of NK cell-trained innate immunity (16). Further studies that more thoroughly evaluate innate
immune cell changes, including epigenetics and/or RNAseq, as well as a long-term follow-up on the cohort
will enable a full assessment of BCG-mediated trained innate immunity in HIV-exposed infants.

While infant vaccinations (including BCG) are a critical component of disease prevention, the benefits
of vaccinating HIV-exposed babies should be carefully weighed in the context of the risk of increasing
vertical transmission and increased risk of exposure to other pathogens. Although cART prophylaxis has
successfully reduced rates of vertical transmission in many areas, our findings are particularly relevant in
two scenarios that are commonly observed in developing countries: (a) instances of suboptimal implemen-
tation of cART therapy and (b) for women who seroconvert during pregnancy or early postpartum. In these
situations, delaying BCG vaccination could decrease the window of HIV vulnerability as well as allow
more time for maternal viral control. In conclusion, our findings provide impetus for further evaluating the
timing of standard infant vaccinations in HIV-exposed infants to identify both the nonspecific benefits as
well as immunologic changes that may affect HIV transmission. These data also provide valuable immu-
nological insights to inform the development of TB and HIV vaccines that are based on recombinant or
attenuated mycobacteria.

Methods
Study design. This was a randomized, open-label trial, performed at a primary care midwife obstetric unit in
Khayelitsha, Western Cape Province, South Africa, between June 2010 and December 2011.

Participants. Eligibility requirements included mothers (legal guardian) willing and able to provide
informed consent, confirmed maternal HIV infection, gestational age >36 weeks and birth weight >2.4 kg,
no acute illness or pregnancy or delivery complications, and no known current maternal TB or known TB
exposure in the household. At the time of this study, pregnant women were either prescribed dual therapy
for prevention of MTCT or cART therapy if CD4 count was below 350 cells/mm?. In total, 178 infants
were assessed for study participation eligibility (Figure 1). Of these infants, 149 were enrolled and 29 were
excluded from participation. Reasons for exclusion included maternal refusal to participate, receipt of BCG
vaccination prior to randomization, and not meeting study inclusion criteria.

Neonates were enrolled within 12 hours of birth. Infant blood was obtained at enrollment, and HIV
DNA PCR testing was performed. Infants returned at day 2 or 3 of life for HIV DNA PCR results, and
BCG was administered intradermally to HIV DNA PCR-negative infants only who were randomized
to the routine BCG arm. Thereafter, infants were followed up at 2, 6, 8, and 14 weeks of age, when a
detailed medical, social, and demographic questionnaire was completed, and physical examination and
phlebotomy was performed. Infants in the delayed arm were vaccinated at 8 weeks of age, provided their
6-week HIV DNA PCR was negative. Based on WHO recommendations at the time, infants testing HIV
DNA PCR positive were not vaccinated with BCG and were referred immediately for cART therapy. All

https://doi.org/10.1172/jci.insight.91963 9



. CLINICAL MEDICINE

other routine infant vaccinations were administered according to the South African vaccination sched-
ule, including oral poliovirus vaccination at birth. PBMCs at all time points were extracted from blood
obtained in sodium heparin tubes at birth and 2, 6, 8, and 14 weeks of age within 6 hours and stored on
liquid nitrogen (LN,) in FCS containing 10% DMSO. Plasma and an aliquot of PBMCs in RNAProtect
(Qiagen) were stored at —80°C.

Randomization. Infants were randomized to routine (i.e., early, before 3 days of age, per local standard
of care) versus delayed (at 8 weeks of age) intradermal Danish strain BCG 1331 (Statens Serum Institut)
vaccination via a statistician-generated randomization list. Sequentially numbered folders were prepopu-
lated according to randomization arm. After randomization, neither study personnel nor participants were
blinded. All laboratory assays were performed by laboratory staff who were blinded to infant randomiza-
tion status.

Flow cytometric analysis. PBMCs stored on LN, from all time points were thawed, washed, and stained
in 96-well plates. PBMCs were incubated with LIVE/DEAD Fixable Violet Dead Cell Stain or Aqua Dead
Cell Stain (Invitrogen) for 20 minutes at room temperature and then washed twice with 1% FCS PBS.

Measurement of T cell activation. Extracellular staining was performed for 20 minutes at room tempera-
ture with PerCP-Cy5.5-labeled anti-CD4 (BD), QDot605-labeled anti-CD8 (Invitrogen), APC-labeled
CCRS5 (BD), PE-Cy7-labeled anti-CD38 (E-Biosciences), and PE-labeled anti-HLA-DR (BD). Cells were
washed twice with 1% FCS PBS, centrifuged, fixed, and permeabilized using BD CytoFix/CytoPerm for
20 minutes at room temperature and washed twice with Permawash (BD). Cells were then stained with
Alexa Flour700-labeled anti-CD3 (BD) and FITC-labeled anti-Ki67 (BD). Samples with fewer than 1,000
live CD3* events were excluded from analysis.

Measurement of monocyte and NK cell activation. Extracellular staining was performed for 20 minutes at
room temperature with PE Cy5-labeled anti-CD3 and anti-CD19 (clones UCHT1 and H1B19, respec-
tively, BD), Qdot605-labeled anti-CD14 (clone TUK4, Life Technologies), V450-labeled anti-CD16 (clone
3GS8, BD), PE-Cy7-labeled anti-CD56 (NCAM 16.2, BD), FITC-labeled anti-HLA-DR (clone G46-6,
BD), APC-labeled anti-PD-1 (clone MIH4, BD), and PE-labeled anti-Tim3 (clone 344823, R&D Systems).
Cells were washed with BD Permawash, centrifuged, and fixed with BD Cell Fix.

Cell fluorescence was measured using an LSRII (BD Immunocytometry Systems), and compensation
and analysis were performed using FlowJo (Tree Star Inc.). Fluorescence minus one (FMOs) were used to
distinguish positive and negative cell populations. Boolean gating was used to determine cells that were
coexpressing markers, such as CD4, CCR5, CD38, and HLA-DR.

Measurement of monocyte activation gene transcripts in PBMCs. PBMCs from the 2-week time point were
used to measure early differences in global or innate activation that might precede T cell activation at 6
weeks. RNA was extracted from PBMCs stored in RNAProtect (Qiagen) at —80°C using the RNAEASY kit
(Qiagen). Total RNA was reverse transcribed into first-strand cDNA using a QuantiTect Reverse Transcrip-
tion Kit (Qiagen). cDNA (2.5 ul) was mixed with TagMan Preamp Master Mix (5 ul, Applied Biosystems)
and 2.5 pl of STA Multiplex Primer Pool. Subsequently, cDNA was preamplified using sequence-specific
primers by denaturation at 95°C and annealing and amplification at 60°C for 4 minutes for 14 cycles.
Primer lists for gene expression analyses are listed in Supplemental Table 1. These preamplified products
were diluted 5-fold prior to analysis with Fast Start TagMan Probe Master Mix and inventoried Tagman
gene expression assays (Applied Biosystems) in 48.48 Dynamic Arrays on a Biomark System (Fluidigm).
Ct values were calculated from the system software (Biomark Real-Time PCR Analysis, Fluidigm). The
expression value of each gene relative to GAPDH was also calculated using the AACt methods. Both GAP-
DH and HPRT were initially selected for use as endogenous control genes. While both candidates yielded
similar gene expression patterns using the Ct method, GAPDH alone was selected for use in the final data
analysis, as its ubiquitously higher expression level permitted the inclusion of more infants in the analysis.

Measurement of plasma cytokines. Plasma samples from week 2 and week 6 were thawed on ice. Prior to
cytokine measurements, plasma was centrifuged at 10,000 g for 10 minutes to remove debris. GMCSF, IFN-a,
IFN-y, IL-8, IP-10, MCP-1, MIP-1B, TNF-a, and IL-10 concentrations in plasma samples were determined
using Milliplex Human Cytokine kits (Millipore). The sensitivity of these kits ranges between 0.2 and 0.7 pg/
ml for the cytokines measured, and all cytokines were measured in duplicate. Data were collected using a Bio-
Plex Suspension Array Reader (Bio-Rad Laboratories). Data were analyzed using Bio-Plex manager software
(version 4; Bio-Rad Laboratories). Cytokine levels that were below the lower limit of detection of the assay
were reported as the mid-point between the lowest concentrations measured for each cytokine and 0.
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Plasma samples from the 8-week time point were thawed on ice. Prior to analyses, samples were cen-
trifuged at 10,000 g for 10 minutes to remove debris. The sCD163 (R&D Systems) ELISAs were performed
according to the manufacturer’s instructions. Optical densities were measured at 450 nm, and the concen-
tration of protein in each sample was calculated by averaging the optical density of the duplicate samples
and plotting against a standard curve.

Statistics. Data analysis was based on intent to treat, i.e., randomization status and post-hoc data analy-
sis were also performed on a per-protocol basis. Results were generally consistent between analyses. The
sample size calculation was based on frequencies of CD4" T cells expressing HLA-DR at 6 weeks of age
from a previous cohort. Using a rank-sum (Mann-Whitney U) test, a sample size of 48 infants in each arm
would allow 90% power to detect a 0.5% difference in frequency (2-tailed test at o = 0.05). Therefore, the
primary outcome measure was the HLA-DR*CD4* T cell frequency at 6 weeks of age (before the delayed
group received their vaccination) between infants receiving routine BCG vaccination and those receiving
delayed vaccination. A P value of less than 0.05 was considered statistically significant. Secondary out-
comes included frequency of CD4*CCR5*HLA-DR*CD38* T cells (activated HIV target cells) throughout
the study period. Data were analyzed using Stata version 11 (Statcorp). Nonnormally distributed data were
log transformed prior to statistical testing. Where appropriate, adjustments for multiple comparisons were
performed using the Holm step-down approach. Multiple linear and nonparametric regression models were
used to examine the differences in immune activation between groups after making statistical adjustments
for demographic and immunological covariates. Generalized estimating equation population—averaged
models were used to determine the difference between groups longitudinally.

Study approval. This study was approved by the University of Cape Town and Stellenbosch Univer-
sity Research ethics committees (protocols 405/2009 and N10/04/125, respectively) and the University of
‘Washington institutional review board (protocol 38213). Written informed consent was obtained from all
mothers prior to inclusion of their infants in the study.
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