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ABSTRACT Dominant antibody responses in vaccinees who received the HIV-1 mul-
ticlade (A, B, and C) envelope (Env) DNA/recombinant adenovirus virus type 5 (rAd5)
vaccine studied in HIV-1 Vaccine Trials Network (HVTN) efficacy trial 505 (HVTN
505) targeted Env gp41 and cross-reacted with microbial antigens. In this study,
we asked if the DNA/rAd5 vaccine induced a similar antibody response in rhesus
macaques (RMs), which are commonly used as an animal model for human HIV-1
infections and for testing candidate HIV-1 vaccines. We also asked if gp41 immu-
nodominance could be avoided by immunization of neonatal RMs during the
early stages of microbial colonization. We found that the DNA/rAd5 vaccine elic-
ited a higher frequency of gp41-reactive memory B cells than gp120-memory B
cells in adult and neonatal RMs. Analysis of the vaccine-induced Env-reactive B
cell repertoire revealed that the majority of HIV-1 Env-reactive antibodies in both
adult and neonatal RMs were targeted to gp41. Interestingly, a subset of gp41-
reactive antibodies isolated from RMs cross-reacted with host antigens, including
autologous intestinal microbiota. Thus, gp41-containing DNA/rAd5 vaccine in-
duced dominant gp41-microbiota cross-reactive antibodies derived from blood
memory B cells in RMs as observed in the HVTN 505 vaccine efficacy trial. These
data demonstrated that RMs can be used to investigate gp41 immunodominance
in candidate HIV-1 vaccines. Moreover, colonization of neonatal RMs occurred
within the first week of life, and immunization of neonatal RMs during this time
also induced a dominant gp41-reactive antibody response.

IMPORTANCE Our results are critical to current work in the HIV-1 vaccine field eval-
uating the phenomenon of gp41 immunodominance induced by HIV-1 Env gp140 in
RMs and humans. Our data demonstrate that RMs are an appropriate animal model
to study this phenomenon and to determine the immunogenicity in new HIV-1 Env
trimer vaccine designs. The demonstration of gp41 immunodominance in memory B
cells of both adult and neonatal RMs indicated that early vaccination could not over-
come gp41 dominant responses.
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Recombinant monoclonal antibodies (MAbs) isolated from blood plasmablasts of
individuals with acute HIV-1 infection predominantly targeted Env gp41 and were

polyreactive with both host and environmental antigens, including members of the
intestinal microbiota (1–3). Polyreactive gp41-binding MAbs can also be isolated from
blood of uninfected individuals, suggesting that the HIV-1 Env gp41-reactive Abs
induced during acute HIV-1 infection originated from a subset of gp41 cross-reactive
memory B cells previously activated by non-HIV-1 antigens (2, 3). Similarly, in the
terminal ileum in HIV-1 infected and uninfected individuals, mutated Env gp41-reactive
MAbs were found to cross-react with members of the intestinal microbiota (3).

In the setting of vaccination, the multiclade (A, B, and C) DNA/recombinant adeno-
virus virus type 5 (rAd5) vaccine in phase 2a and 2b trials (4, 5) induced Env-reactive Ab
responses that were dominated by gp41-reactive Abs (6). Vaccine-induced gp41-
reactive Abs were nonneutralizing and cross-reacted with host antigens as well as
with bacterial proteins RNA polymerase and pyruvate-flavodoxin oxidoreductase,
which shared sequence similarities with the heptad repeat 1 region of HIV-1 gp41 (6).
Interestingly, pre- and postvaccination clonally related Abs from DNA/rAd5-vaccinated
individuals were reactive with both gp41 and members of the intestinal microbiota,
but the postvaccination Ab was more affinity matured than the prevaccination Ab,
suggesting that the vaccine-induced Ab response originated from a preexisting pool of
gp41-microbiota cross-reactive B cells (6). In a second human clinical trial, HIV-1 Vaccine
Trials Network (HVTN) trial 205, a DNA prime and MVA boost with gp140 also induced
gp41-dominant plasma responses in humans, with titers of gp41-specific IgG higher
than those of gp120-specific IgG (7). These studies indicated that two gp41-containing
immunogens induced a dominant gp41-reactive Ab response in humans.

Rhesus macaques (RMs) are widely used to investigate human HIV-1 pathogenesis
and have utility for testing preclinical efficacy of prevention strategies, including
candidate vaccines (8–11). Thus, determining if gp41-containing immunogens in HIV-1
vaccines induce a dominant gp41 response in RMs is key to defining if RMs are an
appropriate animal model for evaluation of Env-containing vaccines.

Studies have suggested that microbial antigens can stimulate immune cells and
expand CD4� T cells and B cell repertoires (12–19). For example, the intestines of
germfree mice have low numbers of lamina propria CD4� T cells compared to bacte-
rially colonized mice (12). Microbial colonization also influences early B-lineage devel-
opment and leads to increased receptor editing, suggesting that the gut microbes may
shape the preimmune repertoire in gut lamina propria (16). Thus, a hypothesis is that
vaccination early in bacterial imprinting of the B cell repertoire may shape the immune
response to vaccine immunogens.

Here we demonstrate that the DNA/rAd5 vaccine induced a dominant gp41-reactive
Ab response in RMs. Vaccine-induced gp41-reactive RM MAbs were cross-reactive with
autologous intestinal microbiota, similar to gp41-microbiota cross-reactive human
MAbs induced by DNA/rAd5 vaccine. Moreover, neonatal RMs immunized during the
time of postnatal microbial colonization also manifested a gp41-dominant Ab response
to the DNA/rAd5 vaccine.

RESULTS
Neonatal and adult RM vaccination with the DNA/rAd5 trivalent Env vaccine.

The plasma of both neonatal and adult RMs immunized with the DNA/rAd5 vaccine
displayed similar reactivities with HIV-1 gp41 and gp120 recombinant proteins at 4
weeks after rAd5 boost (P value was not significant [NS]; Wilcoxon signed-rank test)
(Fig. 1A, B, and C), the identical time point studied with this vaccine in humans (6).
However, one adult RM showed lower titers of plasma Ab to gp120 than to gp41. Thus,
the DNA/rAd5 vaccine induced similar plasma levels of HIV-1 Env gp41 and gp120-
targeted Abs in RMs. We also compared the plasma neutralizing Ab responses elicited
by DNA/rAd5 vaccine in neonatal and adult RMs and found that neonates responded
as well as or better than adults to the DNA/rAd5 vaccine and in the TZM-bl assay
neutralized more easy-to-neutralize (tier 1) virus isolates, such as SF162 and Bal.26, than
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FIG 1 Plasma Ab binding and neutralization profiles of DNA/rAd5-vaccinated RMs. (A) DNA/rAd5
vaccinations in 4 neonatal RMs and 4 adult RMs. RMs were immunized with DNA prime 3 times, with an
rAd5 boost. PBMCs and plasma were collected on the vaccination day and at 2 weeks after each
vaccination, with sampling time points indicated on the vaccination timeline; vaccine-induced Ab
repertoires of blood memory B cells were studied 4 weeks after rAd5 boost. (B) Plasma Ab binding (AUC,
area under the curve) to VRC-A, VRC-B (B.HxB2/BaL), and VRC-C (C.97ZA012) HIV-1 gp120 proteins and
B.MN gp41 proteins in 4 neonatal (red) and 4 adult (blue) RMs at 4 weeks after rAd5 boost using the
BAMA assay. Each symbol represents one animal. (C) Plasma antibody binding (mean) kinetics in
DNA/rAd5-vaccinated RMs at 2 weeks after each DNA prime and 4 weeks after rAd5 boost using
ELISA. The arrow represents the time of immunization. (D) Plasma samples from DNA/rAd5-
vaccinated adult and neonatal RMs were screened for a panel of autologous and heterologous virus
isolates via TZM-bl assay. Murine leukemia virus (MuLV) was used as control. The neutralization key
is shown at the bottom.
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adult RMs (Fig. 1D). Similar to the human HVTN trials with the DNA/rAd5 vaccine, no
difficult-to-neutralize (tier 2) virus plasma neutralization activity was observed for either
adult or neonatal groups (6).

Analysis of vaccine-induced memory B cell repertoires. Next, we performed
single memory B cell sorting by flow cytometry. Vaccine Env VRC-A (A.92RW020) gp140
and a consensus group M (CON-S) gp140 Env were used as fluorophore-labeled
recombinant proteins to identify Env-specific memory B cells present in peripheral
blood mononuclear cells (PBMCs) of neonatal and adult RMs 4 weeks after final
vaccination as described previously (6). MAbs produced from blood IgD� memory B
cells of RMs were assayed for binding to autologous HIV-1 Env gp120, gp140, and HIV-1
MN gp41 proteins. For our study, we defined gp120-reactive MAbs as those binding
both Env gp140 and gp120 recombinant proteins and gp41-reactive MAbs as those
binding recombinant MN gp41 protein or binding to CON-S and/or VRC-A gp140 Envs
but not to their autologous gp120 counterparts as described previously (6).

We analyzed 151 HIV-1 Env-reactive MAbs from neonates and 39 HIV-1 Env-reactive
MAbs from adults in Env enzyme-linked immunosorbent assay (ELISA) (Fig. 2A). In both
cases, the dominant Ab specificity was to gp41 (83% gp41-reactive and 17% gp120-
reactive in neonates; 92% gp41-reactive and 8% gp120-reactive in adults), similar to
data seen in human trials using the DNA/rAd5 vaccine (Fig. 2A). The results were
also the same when we analyzed numbers of unique VHDJH rearrangements that
represent the clonal lineages of MAbs. We found that 88% of the 86 unique VHDJH

rearrangements in neonates and 92% of the 25 unique heavy-chain sequences in adults
induced by the vaccine were gp41 reactive (Fig. 2B). gp41-reactive and gp120-reactive
MAbs had similar mean immunoglobulin heavy-chain variable region (IGHV) nucle-
otide mutation frequencies (P � 0.781; sign test) and heavy-chain complementarity-
determining region 3 (HCDR3) lengths (P � 0.156; sign test) (Fig. 2C and D). Regarding
light-chain usage, the vaccine-induced gp41-reactive MAbs used predominantly V�1
genes, while gp120-reactive MAbs used predominantly V�2 genes (Fig. 2E).

We next asked if the lack of gp120-reactive MAbs was due to an artifact of sorting with
gp140 fluorophore-labeled Env proteins. That is, if we had used gp120 fluorophore-labeled
proteins to decorate memory B cells, would we have labeled as many gp120-reactive
memory B cells as gp41-reactive memory B cells? We compared the flow cytometric
staining of memory B cells using fluorophore-labeled CON-S and VRC-A gp120 Envs
with that of fluorophore-labeled gp140 Envs for 8 RMs. We found in both cases that the
number of gp120-reactive memory B cells was significantly lower than the number of
gp140-reactive memory B cells (Fig. 3). We found that VRC-A gp120 bound to 0.11% of
memory B cells compared with 0.67% of memory B cells by VRC-A gp140 (mean
frequency; P � 0.016; Wilcoxon signed-rank test). Similarly, CON-S gp120 bound to
0.08% memory B cells, in comparison with 0.97% by CON-S gp140 (mean frequency;
P � 0.016; Wilcoxon signed-rank test). Thus, the dearth of isolated gp120-reactive MAbs
was mirrored by low frequencies of gp120-reactive memory B cells in the blood of RMs
and was not an artifact of gp140 fluorophore-labeled sorting of memory B cells.

Cross-reactivity of vaccine-induced gp41-reactive and gp120-reactive MAbs
with fecal bacterial antigens. In HIV-1-infected and Env-vaccinated individuals, gp41-
reactive Ab responses developed from preexisting B cells that can cross-react with
intestinal microbiota (2, 3, 6). In this study, we first examined the intestinal microbiota
composition of RMs by 16S rRNA analysis of vaccinated macaque fecal samples. The
fecal microbiota composition of neonatal RMs at the first collection time was not
significantly different from that of the mothers (dams) after birth, controlling for the
neonate-dam pairing (P � 0.625; permutational multivariate analysis of variance
[PERMANOVA]) (Fig. 4A). Streptococcus was abundant in both neonatal and dam fecal
samples at early time points. Alpha diversity was also not significantly different be-
tween dams (Shannon index, 4.00 � 1.00) and neonatal RMs (Shannon index, 4.00 �

0.91) throughout the experimental time frame (P � 0.54; Wilcoxon rank sum test). Early
(2 to 4 weeks) and late (�4 weeks) composition differences were identified between
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FIG 2 Blood memory B cell repertoire of DNA/rAd5-vaccinated RMs. (A) HIV-1-reactive MAbs were isolated from single memory B cells of
neonatal and adult RMs and assayed for binding gp120 and gp41 proteins by ELISA. The percentages of MAb binding to gp41 (teal) and
gp120 (orange) are indicated in the pie charts. The total numbers of MAbs generated from neonatal and adult RMs are indicated in the
center of the pie chart. (B) When only unique VHDJH rearrangements were considered, the dominant specificity was still gp41 reactive.
The total numbers of unique VHDJH rearrangements generated from neonatal and adult RMs are indicated in the centers of the pie charts.
(C and D) The IGHV nucleotide mutation frequency (percent) (C) and amino acid HCDR3 length (D) of gp41-reactive, gp120-reactive, and
non-HIV-1 MAbs from neonatal and adult RMs inferred by the Clonalyst software program. Each symbol represents one MAb, and symbols
are color coded for each study: neonatal RMs (red) and adult RMs (blue). The black symbols represent the mean IGHV mutation frequency
and HCDR3 length for each RM per study. (E) Distribution of IGHV, IGKV, and IGLV gene families for MAbs isolated from DNA/rAd5-
vaccinated RMs. Heavy-chain genes were statistically inferred for 162 gp41-reactive, 28 gp120-reactive, and 33 non-HIV-1-reactive MAbs.
Kappa light-chain genes were statistically inferred for 80 gp41-reactive, 24 gp120-reactive, and 8 non-HIV-1-reactive MAbs. Lambda
light-chain genes were statistically inferred for 82 gp41-reactive, 4 gp120-reactive, and 25 non-HIV-1-reactive MAbs.
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FIG 3 Flow cytometric staining of blood memory B cells using fluorophore-labeled CON-S and VRC-A gp120 Envs
compared with fluorophore-labeled gp140 Envs. (A) Flow plots of gp140 and gp120 (CON-S or VRC-A) staining of
Env-reactive memory B cells in 4 neonatal RMs and 4 adult RMs. Memory B cells which bound both BV421-labeled

(Continued on next page)

Han et al. Journal of Virology

November 2017 Volume 91 Issue 21 e00923-17 jvi.asm.org 6

http://jvi.asm.org


dams and their neonate pairs by smoothing spline ANOVA (Fig. 4). In the early fecal
samples, Prevotella (P � 0.029), Slackia (P � 0.03), Erysipelotrichaceae UCG-004 (P �

0.012), and Lactobacillus (P � 0.024) were more abundant in dam samples, while
Veillonella (P � 0.027) and Quinella (P � 0.001) were among organisms more abundant
in neonatal fecal samples than dam samples (Fig. 4C). Among the multiple late
differences in the dam and neonatal RM microbiota were Streptococcus (dam � neonate;
P � 0.011), Treponema (dam � neonate; P � 0.013), Bifidobacterium (neonate � dam; P �

0.006), and Catenibacterium (neonate � dam; P � 0.015) (Fig. 4C).
In human bacterial culture whole-cell lysates (WCLs), two of the candidate gp41-

microbiota cross-reactive antigens were bacterial RNA polymerase (Escherichia coli) and
pyruvate-flavodoxin oxidoreductase (Megasphaera elsdenii), which had a sequence
similar to LLRAIE (amino acids 555 to 560) of the gp41 heptad repeat 1 region (6). We
have previously shown that human gp41-reactive MAb 558_2 cross-reacted with the
amino acid sequence NALRAIL of bacterial RNA polymerase and human gp41-reactive
MAbs DH438, DH440, and DH432 cross-reacted with a similar sequence, LLRGIK, of
pyruvate-flavodoxin oxidoreductase (6). We asked if these cross-reactive epitopes
existed in macaque intestinal microbiota. We determined if human gp41-reactive
MAbs were cross-reactive with macaque fecal bacterial culture WCLs and found
that, indeed, gp41 MAbs from HIV-1-infected or Env-vaccinated individuals bound
bacterial proteins of macaque fecal bacterial culture WCLs (Fig. 5A). These data
demonstrated that human gp41-reactive MAbs could cross-react with protein(s) in
macaque intestinal microbiota. Interestingly, we found in RM fecal samples the
presence of Escherichia and Megasphaera that have BLASTp hits of the LLRAIE
sequence by 16S rRNA sequencing (Fig. 5B)— candidates for the observed cross-
reactivity of human gp41 MAbs with macaque bacterial antigens. To directly test if
the gp41 cross-reactive epitope existed in the intestinal microbiota of neonatal and
adult RMs, we performed nested PCR to amplify the DNA sequence encoding cross-
reactive epitope from fecal DNA samples. The cross-reactive epitope of amino acids
NALRAIL of bacterial RNA polymerase was detected both at the time of the first
immunization (0 week) and at 4 weeks after rAd5 boost (28 weeks) in all neonatal and
adult RMs we examined (Fig. 5C and D). In neonatal RMs, we detected the presence of
amino acids NALRAIL at the earliest time point (0 week: 5 days after birth for neonate
45436 and 6 days after birth for neonate 45433) when the fecal samples were first
collected (Fig. 5D). Thus, colonization of the neonate RM gut by bacteria that contained
the gp41 cross-reactive epitope of amino acids NALRAIL occurred early after birth.

Next, we asked if macaque gp41-reactive or gp120-reactive MAbs were reactive with
their autologous fecal bacterial WCLs. We chose 14 gp41-reactive (representing 13
clonal lineages) and 10 gp120-reactive (representing 10 clonal lineages) macaque MAbs
for recombinant Ab production and characterization (Table 1). Five (3 gp41-reactive
and 2 gp120-reactive MAbs) of these MAbs were from vaccinated adults and 19 (11
gp41-reactive and 8 gp120-reactive MAbs) were from vaccinated neonates. We used
autologous anaerobic and aerobic bacterial WCLs from each RM’s fecal culture for
Western blot analysis. For the entire group of gp41-reactive and gp120-reactive MAbs,
an equal number of MAbs were reactive with autologous fecal bacterial WCLs, �40%
for both groups (Fig. 6A and Tables 2 and 3). None of the gp41-reactive MAbs mediated
neutralization against a panel of pseudotyped tier 1 and tier 2 HIV-1 isolates (Fig. 6B).
In contrast, 50% (5/10) of vaccine-induced gp120 MAbs neutralized at least 1 HIV-1
isolate in the panel (Fig. 6B). Finally, we examined the polyreactivity of these HIV-1-
reactive MAbs by assaying their binding to non-HIV-1 antigens (20, 21). Of the gp41-
reactive MAbs, 21% reacted with �1 of 9 non-HIV-1 host proteins and nucleic acids and
7% reacted with non-HIV-1-infected cells (HEp-2 cells) in an immunofluorescence

FIG 3 Legend (Continued)
Envs (x axis) and AF647-labeled Envs (y axis) were defined as double positive Env-reactive memory B cells. (B) Table
showing the frequencies of double positive Env-reactive memory B cells in each RM and the mean frequencies of
the 8 RMs. For statistics, theWilcoxon signed-rank test was used.
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Time (weeks) Time (weeks)

[Eubacterium] brachy group 44
[Eubacterium] coprostanoligenes group 1173
[Eubacterium] coprostanoligenes group 983
Alloprevotella 38
Anaerotruncus 635
Anaerovibrio 16
Bacteroidales S24−7 group 205
Bacteroidales S24−7 group 512
Bacteroides 245
Bacteroides 750
Bifidobacterium 234
Bradyrhizobium 5
Catenibacterium 94
Christensenellaceae R−7 group 1004
Christensenellaceae R−7 group 1897
Christensenellaceae R−7 group 244
Clostridiales 902
Clostridium sensu stricto 1 334
Collinsella 108
Coriobacteriaceae 240
Coriobacteriaceae UCG−003 35
dgA−11 gut group 10
Dialister 200
Dialister 349
Dialister 424
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Lactobacillus 155
Lactobacillus 1857
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reactivity assay (Fig. 6C and Table 2). Of the gp120-reactive MAbs, 20% were reactive
with �1 of 9 host proteins and nucleic acids and 10% reacted with HEp-2 cells (Fig. 6C
and Table 2). Thus, similar percentages of vaccine-induced macaque gp41-reactive and
gp120-reactive MAbs were polyreactive (Table 3).

DISCUSSION

In this study, we found that the DNA/rAd5 trivalent Env vaccine that induced a gp41
immunodominant Ab response in humans also did so in RMs, as determined by single
memory B cell repertoire analysis. In DNA/rAd5-vaccinated neonatal and adult RMs, the
majority of anti-HIV-1 Ab specificities of blood memory B cells were gp41 reactive. In
contrast, the gp41-reactive plasma Ab response was not significantly different from the
gp120-reactive plasma Ab response. Since the plasma binding reflects the sum of
the multiple Ab specificities produced by plasmablast/plasma cells, a direct measure of
the ratio of gp41-reactive to gp120-reactive Ab levels in plasma is not always a direct
measure of the memory B cell repertoire. Thus, an appropriate strategy for analysis of
whether new immunogens induce gp41 dominance is to study the memory B cell
repertoire. We also noted that neonatal RMs had better neutralizing Ab responses, with
higher neutralization titers and better response rates, than adult RMs. Other studies
demonstrated that the induction of broadly neutralizing antibodies in HIV-1-infected
infants occurs at least as commonly as in adults, and with faster kinetics than in adults
(22, 23). The mechanism of better responses in infants compared with adults remains
unclear.

Microbial colonization of the gut is a complex multistep process that can imprint
both the CD4� T cells and B cell pools of cells (12–16). In our 16S rRNA analysis, the
fecal microbiota composition of a neonatal RM at the first sampling time point after
birth was similar to that of its mother, demonstrating the rapid influence of the
maternal microbiota on colonization of the neonatal gut. Streptococcus was among the
first abundant colonizers of the intestines of the neonatal RMs in our study. Strepto-
coccus organisms are facultative anaerobes, and these bacteria decrease the oxidation
potential and facilitate the growth of obligate anaerobes such as Bifidobacterium
(24–27). Several organisms with abundance differences between neonates and dams
were identified at early time points, perhaps resulting from opportunistic colonization
of the neonatal gut from environmental exposures. At later time points, we demon-
strated the presence of major taxa in the fecal microbiota of both neonatal and adult
RMs, such as Bifidobacterium, Streptococcus, and Catenibacterium, which were also
found in humans (28–33). Treponema was identified in the fecal microbiota of RMs in
our study, consistent with a previous study showing that Treponema was one of the
taxa abundant in the macaque gut microbiota but generally absent in samples from
humans (34). The human microbiota composition within the first year of life is less
stable, with low diversity and high variations among individuals, compared with the
more adult-like intestinal microbiota in humans by 3 years of age (35, 36). In our
nonhuman primate model, we found similar alpha diversity between dams and neo-
natal RMs but time-dependent variation in composition. Primary B cell development in
the intestine was shown to be regulated by extracellular signals from the intestinal
microbiota (16), which may allow both luminal antigens and peripheral host mucosal
components opportunities to influence the preimmune repertoire. In this study, similar
to adult RMs, DNA/rAd5-vaccinated neonatal RMs showed dominant gp41-reactive
memory B cells in the blood, some of which reacted with intestinal microbiota. One

FIG 4 Changes in the fecal microbial communities of neonatal RMs and dams over time. (A) Changes in the relative proportion of the 25 most abundant
assigned taxa over time in neonatal RMs and dams as groups by 16S rRNA sequencing. The lowest meaningful taxonomic assignment (“LastTax”) is shown
for each OTU. Taxa were agglomerated using single-linkage phylogenetic clustering at h (cutoff height of the hierarchically clustered phylogenetic tree
where organisms with a cophenetic distance smaller than h are agglomerated into one taxon) of 0.2. (B) Relative proportions of the 80 most abundant
assigned taxa over time in individual pairs of RM dams and neonates (pairs A to D) by 16S rRNA sequencing. (C) Representative taxon changes over time
with windows of statistical differences (yellow) between dams and neonates, controlling for dam-neonate pairs and multiple intraindividual testing using
smoothing spline ANOVA. The gray area indicates the confidence intervals, and the blue line indicates the mean percentage of each group. The x axis
represents time, in weeks. Each dot represents one animal.
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FIG 5 gp41-microbiota cross-reactive epitope existed in the intestinal microbiota of neonatal and adult RMs. (A)
Reactivity of human gp41-reactive Abs with macaque fecal anaerobic (An) and aerobic (A) bacterial WCLs tested
by SDS-PAGE Western blotting under both nonreducing and reducing conditions (reducing gel is shown). Fifty

(Continued on next page)
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possible explanation is that the expansion of the intestinal microbiota occurred suffi-
ciently early in neonatal RMs (3.8 days after birth) to shape the B cell repertoire in
neonatal RMs before the B cell repertoire could be imprinted by other neutralizing or
subdominant gp120 Env antigenic sites. Indeed, we demonstrated that the cross-
reactive sequence NALRAIL of bacterial RNA polymerase was present by the time the
first samples were taken in neonatal RMs, at 5 (RM45436) or 6 (RM45433) days after
birth. It will be of interest to determine if earlier or intrauterine immunization of fetal
RMs can alter the Env-reactive repertoire.

In summary, our results suggest that the RM model can be used to study the
question of gp41 dominance induced by new Env-containing HIV-1 experimental
immunogens, provided that the memory B cell repertoire is probed. Future studies of
HIV-1 Env designs should consider deleting or modifying regions of gp41 that are
cross-reactive with microbiota to avoid dominant nonneutralizing gp41 responses.

FIG 5 Legend (Continued)
micrograms of anaerobic and aerobic bacterial WCLs was loaded in individual lanes, and MAbs were tested at 20
�g/ml. DH432, DH477, and DH476 were from HVTN505 (6), DH308 and DH309 were from chronically HIV-1-infected
individuals (3), and 558_2 was from acutely HIV-1-infected individuals (2). CH65 (anti-influenza virus) MAb was used
as a negative control. (B) Changes in the relative proportions of assigned taxa Escherichia-Shigella and Megasphaera
over time in individual neonatal RMs (blue, A to D) and dams (red, A to D) by 16S rRNA sequencing. One assigned
taxon for Escherichia-Shigella (Escherichia-Shigella 205) and two assigned taxa for Megasphaera are shown (circles,
Megasphaera 224; triangles, Megasphaera 35). The x axis represents time, in weeks. (C) Design of nested PCR
amplifying the cross-reactive sequence NALRAIL of bacterial RNA polymerase. The yellow region indicates the
cross-reactive epitope NALRAIL sequence. Sequences of external PCR primers are underlined; the blue region
indicates the locations of internal PCR primers. GenBank accession number for protein sequence, WP_001162094.1
(DNA-directed RNA polymerase subunit alpha); GenBank accession number for nucleotide sequence,
NZ_CP014070.1 (region: reverse complement 82961.0.83950). (D) Nested PCR amplifying the cross-reactive epitope
NALRAIL of bacterial RNA polymerase in equal amounts (60 ng) of fecal DNA from neonatal and adult RMs. Gel
electrophoresis of nested PCR amplicons is shown. The sample identifier (ID), group, RM ID, and time point
information are listed on the right. M, 100-bp DNA markers; �, negative control PCR without DNA template (blank
control); �, positive control PCR using 60 ng genomic DNA extracted from E. coli as the template. Another negative
control was used for the DNA extraction (molecular-grade water instead of fecal sample), but data are not shown.

TABLE 1 Immunogenetics of selected vaccine-induced 14 HIV-1 gp41-reactive MAbs representing 13 clonal lineages and 10 gp120-
reactive MAbs representing 10 clonal lineages which were generated as purified MAbs via large-scale transfectiona

MAb ID Specificity VH DH JH
VH mutation
(%, nt)

HCDR3
length (aa) VL JL

VL mutation
(%, nt)

LCDR3
length (aa) RM ID

DH782 gp41 IGHV3-S IGHD2-11 IGHJ6-1 6.8 15 IGLV1-D IGLJ2-2 4.5 12 45431
DH783 gp41 IGHV4-F IGHD5C-18 IGHJ1-1 4.8 21 IGKV1-S6 IGKJ4-LC1 6.1 9 45431
DH785 gp41 IGHV1-E IGHD6-10 IGHJ4-1 0.7 15 IGLV1-B IGLJ2-2 6.4 10 45431
DH786 gp41 IGHV7-B IGHD2C-20 IGHJ5-1 4.9 13 IGLV3-J IGLJ2-2 7.3 11 45431
DH787 gp41 IGHV3-Y IGHD3-21 IGHJ5-1 7.8 13 IGLV2-F IGLJ2-2 4.1 10 45436
DH788 gp41 IGHV4-F IGHD2-13 IGHJ4-1 9.3 16 IGKV1-S7 IGKJ3-2 6.4 9 45436
DH789 gp41 IGHV4-L IGHD3-12 IGHJ4-1 8.3 14 IGKV1-S8 IGKJ3-2 12.9 9 45436
DH790 gp41 IGHV4-E IGHD1-3 IGHJ4-1 8.9 17 IGKV3-9 IGKJ2-4 1.9 8 45433
DH791 gp41 IGHV1-E IGHD4-17 IGHJ2-1 7.7 13 IGLV2-D IGLJ1-LC1 5.6 9 45433
DH792 gp41 IGHV1-E IGHD1-8 IGHJ5-1 8.7 12 IGLV11-A IGLJ2-2 3.8 10 45443
DH793 gp41 IGHV4-L IGHD7-23 IGHJ4-1 8.0 13 IGKV1-15 IGKJ1-5 2.7 9 45443
DH794 gp41 IGHV4-F IGHD2-13 IGHJ4-1 8.2 14 IGLV2-D IGLJ1-LC1 4.8 10 41177
DH795.1 gp41 IGHV4-H IGHD1-8 IGHJ4-1 4.5 15 IGLV2-E IGLJ1-LC1 4.1 11 41177
DH795.2 gp41 IGHV4-H IGHD1-8 IGHJ4-1 7.6 15 IGLV2-E IGLJ1-LC1 3.0 11 41177
DH796 gp120 IGHV4-I IGHD4C-17 IGHJ5-1 10.0 12 IGKV2-S20 IGKJ3-2 2.1 9 45431
DH797 gp120 IGHV3-L IGHD2-16 IGHJ4-1 3.1 5 IGKV2-S10 IGKJ3-2 8.6 9 45431
DH798 gp120 IGHV3-AA IGHD6-19 IGHJ4-1 3.7 8 IGKV2-S18 IGKJ2-4 1.4 9 45431
DH799 gp120 IGHV5-A IGHD3C-12 IGHJ6-1 0.0 20 IGKV1-22 IGKJ2-4 3.4 9 45431
DH800 gp120 IGHV4-K IGHD4-17 IGHJ1-1 7.9 13 IGLV1-F IGLJ1-LC1 3.4 11 45436
DH801 gp120 IGHV3-Q IGHD6-15 IGHJ2-1 6.6 10 IGKV4-3 IGKJ2-4 4.3 9 45436
DH802 gp120 IGHV4-H IGHD3-12 IGHJ4-1 5.5 13 IGLV1-F IGLJ6-LC1 3.4 11 45433
DH803 gp120 IGHV4-J IGHD4-22 IGHJ4-1 6.2 14 IGKV2-S12 IGKJ4-LC1 2.5 9 45443
DH804 gp120 IGHV4-J IGHD2-20 IGHJ5-1 2.4 19 IGKV2-S20 IGKJ4-LC1 6.0 9 41177
DH805 gp120 IGHV4-D IGHD7-23 IGHJ5-1 7.6 7 IGKV2-S17 IGKJ1-5 3.9 9 41177
aHeavy chain V (VH), D (DH), J (JH) segment, VH mutation frequency, HCDR3 length, light chain V (VL), J (JL) gene usage, VL mutation frequency, and LCDR3 length
are shown. aa, amino acids.
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FIG 6 Polyreactivity of vaccine-induced gp41-reactive and gp120-reactive MAbs in DNA/rAd5-vaccinated RMs. (A) Cross-
reactivities of representative gp41-reactive (DH785 and DH787) and gp120-reactive (DH798 and DH802) MAbs isolated
from blood memory B cells of DNA/rAd5-vaccinated RMs against autologous anaerobic (An) and aerobic (A) fecal bacterial
WCLs by SDS-PAGE Western blotting. A total of 50 �g each of anaerobic and aerobic bacterial WCLs was loaded in
individual lanes, and MAbs were tested at 20 �g/ml under both nonreducing and reducing conditions. Examples of
Western blots of macaque Env MAbs under reducing conditions are shown. (B) Neutralization profile of HIV-1 gp41-reactive
and gp120-reactive MAbs. Env-reactive MAbs were screened for HIV-1 neutralization via a TZM-bl assay. The control virus
was murine leukemia virus (MuLV). The neutralization color key is shown at the bottom. (C) HEp-2 epithelial cells were
stained with gp41-reactive (DH794) and gp120-reactive (DH802) MAbs at a concentration of 50 �g/ml, followed by
incubation with FITC-labeled goat anti-human Ab. Images were acquired for 8 or 12 s (DH794 and DH802). � ctl, MAb
Ab901062Rh (gp41); � ctl, DH570.30 (gp41). Scale bars, 25 �m. Data are representative of results from at least two
separate experiments.
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MATERIALS AND METHODS
Animals, vaccine, and procedures. All rhesus macaques (Macaca mulatta) were housed indoors at

the California National Primate Research Center (CNPRC) and were maintained in accordance with the
Association for Assessment and Accreditation of Laboratory Animals with the approval of the Animal
Care and Use Committees of the UC Davis. Research was conducted in compliance with the Animal
Welfare Act and other federal statutes and regulations relating to animals and experiments involving
animals and adhered to principles stated in the Guide for the Care and Use of Laboratory Animals (37). The
neonatal RMs were dam-reared and were up to 6 days of age at the time of the first immunization.
Dam-reared neonates were selected because dam-rearing is most natural and because it was previously
shown that nursery-reared infants have differences in microbiome and immune function (38, 39). The 4
adult animals were 3 to 8 years old at enrollment. When necessary, adult animals were immobilized with
ketamine hydrochloride (10 mg/kg of body weight) administered intramuscularly; when feasible, neo-
natal RMs were handheld for the procedures and sample collections. Blood samples were collected via
venipuncture. Stool was collected from the cage pan, or from the neonatal RMs when they were
handheld.

TABLE 2 Polyreactivities of vaccine-induced gp41-reactive and gp120-reactive MAbs from
DNA/rAd5-vaccinated RMsa

MAb ID Specificity
Anaerobe WCL
reactivity

Aerobe WCL
reactivity

Autoantigen
binding by
ELISA HEp-2 cell reactivity

DH782 gp41 � � RNP �
DH783 gp41 � � � �
DH785 gp41 � � RNP �
DH786 gp41 � � � �
DH787 gp41 � � � �
DH788 gp41 � � � �
DH789 gp41 � � � �
DH790 gp41 � � Histone �
DH791 gp41 � � � �
DH792 gp41 � � � �
DH793 gp41 � � � �
DH794 gp41 � � � Cytoskeletal,

perinuclear coil,
vimentin

DH795.1 gp41 � � � �
DH795.2 gp41 � � � �
DH796 gp120 � � Histone �
DH797 gp120 � � � �
DH798 gp120 � � � �
DH799 gp120 � � � �
DH800 gp120 � � � �
DH801 gp120 � � � �
DH802 gp120 � � SSA, SSB, Scl-70,

Sm, RNP
Nuclear �, cytoplasmic

�, surface � (rim),
nucleoli �

DH803 gp120 � � � �
DH804 gp120 � � � �
DH805 gp120 � � � �

aMAbs were assayed for cross-reactivity with anaerobic and aerobic bacterial WCLs of autologous macaque
fecal samples, host antigens (autoantigens binding by ELISA), and HEp-2 cells (indirect fluorescence
antibody assay [IFA]; Zeus Scientific).

TABLE 3 Percentages of polyreactive vaccine-induced gp41-reactive and gp120-reactive
MAbs from DNA/rAd5-vaccinated RMsa

Antigen

No. of polyreactive gp41-reactive
MAbs/total no. of gp41-reactive
MAbs (%)

No. of polyreactive gp120-reactive
MAbs/total no. of gp120-reactive
MAbs (%)

Anaerobe WCLs 6/14 (43) 4/10 (40)
Aerobe WCLs 5/14 (36) 3/10 (30)
Autoantigens (ELISA) 3/14 (21) 2/10 (20)
HEp-2 cells (IFA) 1/14 (7) 1/10 (10)
aSee footnote a to Tables 2 for details. The P values, generated by means of Fisher’s exact test (SAS v9.4),
were 1 in all cases.

gp41 Antibody Immunodominance in Rhesus Macaques Journal of Virology

November 2017 Volume 91 Issue 21 e00923-17 jvi.asm.org 13

http://jvi.asm.org


The 6-plasmid DNA vaccine (expressing HIV-1 gag, pol, and nef genes as well as a trivalent mixture
of clade A, B, and C env gp145 genes) was administered via the intramuscular route at weeks 0, 4, and
8, and the rAd5 vector boost (expressing clade B Gag-Pol fusion protein and gp140 Env glycoproteins
from clades A, B, and C) was administered via the intramuscular route at week 24 (4–6). Blood samples
were collected at 2 weeks after each immunization. Vaccine-induced Ab repertoires were studied 4 weeks
after rAd5 boost in blood-derived memory B cells of four neonatal RMs and four adult RMs.

Flow cytometry memory B cell single-cell sorting. B cell sorting was performed as described
previously (6, 40). Briefly, PBMCs of immunized RMs were stained with AquaVital dye, CD14 (BV570), CD16
(phycoerythrin [PE]-Cy7), CD3 (peridinin chlorophyll protein [PerCP] Cy5.5), CD20 (fluorescein isothio-
cyanate [FITC]), CD27 (allophycocyanin [APC]-Cy7), and IgD (PE). Single-cell isolation of memory B cells
(AquaVital dye�, CD14�, CD16�, CD3�, IgD�, and CD20�) decorated with both Alexa Fluor 647 and
brilliant violet 421-tagged VRC-A (A.92RW020) or CON-S Env gp140s (41) was performed using a FACSAria
II fluorescence-activated cell sorter (BD Biosciences, San Jose, CA), and the flow cytometry data were
analyzed using FlowJo (Treestar, Ashland, OR).

PCR isolation of heavy- and light-chain genes. Heavy-chain (IGHV) and light-chain (IGKVand IGLV)
genes were amplified as described previously (42). The PCR-amplified genes were then purified and
sequenced with 4 �M forward and reverse primers. Sequences were analyzed by using the macaque
library in Clonalyst (43) for the VDJ arrangements of the immunoglobulin IGHV, IGKV, and IGLV sequences,
mutation frequencies, and CDR3 length (40, 44). Sequences were subject to statistical analysis for lineage
membership as described previously (6).

Transient and recombinant antibody expression. Transient and recombinant MAb expressions
were performed as previously described (2, 40, 42). Briefly, an aliquot of the purified PCR amplicon was
used for overlapping PCR to generate a linear expression cassette. The expression cassette was trans-
fected with ExpiFectamine (Thermo Fisher Scientific) into 293T cells. The supernatant containing recom-
binant Abs were used for binding assays. The genes of selected heavy chains and kappa/lambda chains
were synthesized as IgG1 and cloned into pcDNA3.1 plasmid (GenScript). Recombinant MAb expressions
and purification were performed as previously described (2, 40).

Antibody binding. Plasma Abs and recombinant MAbs were assayed for binding specificities to
multiclade HIV-1 gp120 Envs and clade B.MN gp41 (product 10911; ImmunoDX, Woburn, MA) by means
of standard ELISA as previously described (1, 6). The binding antibody multiplex assay (BAMA) was used
to determine reactivity of plasma Abs with antigens as previously described (1).

Neutralization assays. Neutralization activity of plasma Abs and recombinant MAbs was measured
in 96-well culture plates by using Tat-regulated luciferase reporter gene expression to quantify reduc-
tions in virus infection in TZM-bl cells as previously described (45–48).

Antibody polyreactivity. Bacterial WCLs were prepared as previously described (2, 3, 6). Reactivity
with 50-�g anaerobic or aerobic WCLs of fecal bacterial culture was determined by Western blotting. A
20-�g/ml concentration of MAbs was used to test reactivity with WCLs. Fecal bacterial WCLs from each
RM (RM45436, RM45433, RM45431, RM45443, and RM41177) were used for testing cross-reactivity of
gp41 and gp120 MAbs from the corresponding RM. Fecal bacterial WCLs from RM45436 were used for
testing the cross-reactivity of human gp41 MAbs. CH65 (anti-influenza virus) MAb was used as a negative
control.

Vaccine-induced MAbs were tested for binding autoantigens by ELISA. The ELISA panel consisted of
nine autoantigens: Sjogren’s syndrome antigen A (SSA), Sjogren’s syndrome antigen (SSB), Smith antigen
(Sm), ribonucleoprotein (RNP), scleroderma 70 (Scl-70), Jo-1 antigen, double-stranded DNA (dsDNA),
centromere B (Cent B), and histone. Direct binding ELISAs were conducted in 384-well ELISA plates
(Costar; number 3700) coated with 2 �g/ml of autoantigens in 0.1 M sodium bicarbonate overnight at
4°C (for dsDNA, the plates were coated with poly-L-lysine and washed, and then 10 �l of dsDNA diluted
to 20 �g/ml in 1% bovine serum albumin [BSA] in phosphate-buffered saline [PBS]– 0.05% Tween 20 was
added and incubated at room temperature for 1 h). Plates were washed with PBS– 0.05% Tween 20 and
blocked with 3% BSA in PBS at room temperature for 1 h. MAb samples were incubated for 45 min in
3-fold serial dilutions beginning at 50 �g/ml, followed by washing with PBS– 0.05% Tween 20. Ten
microliters of horseradish peroxidase (HRP)-conjugated goat anti-monkey secondary Ab was diluted to
1:8,000 in 1% BSA in PBS– 0.05% Tween 20 and incubated at room temperature for 1 h. These plates were
washed four times and developed with tetramethylbenzidine substrate (20 �l per well) (SureBlue
Reserve) for 15 min. The HRP reaction was stopped with 1 M HCl (20 �l per well), and optical density at
450 nm (OD450) was determined. The positivity cutoff for binding for each autoantigen in the autore-
activity assay was (i) an OD450 of �0.5, (ii) an OD450 that was �8 times the standard deviation of
predetermined background reactivity of 40 MAbs that are not autoreactive, or (iii) at least positive at
concentrations of 50 and 16.7 �g/ml. CH65 (anti-influenza virus) MAb was used as a negative control.
Polyclonal human origin plasma against each antigen was used as a positive control.

Indirect immunofluorescence binding of MAbs to HEp-2 cells (Inverness Medical Professional Diag-
nostics, Princeton, NJ) was determined as described previously (2, 3, 6, 21, 49). Briefly, 20 �l of MAb at
50 and 25 �g/ml was placed on a predetermined spot on the surface of an ANA HEp-2 kit slide, incubated
for 25 min at room temperature, washed, and developed with 20 �l of goat anti-monkey Ig-FITC at 20
�g/ml (Southern Biotech, Birmingham, AL) for 25 min. Incubations were performed in humid chambers
in the dark. Slides were then washed and dried; a drop of 33% glycerol was placed on each spot prior
to the fixing of coverslips. Images were taken on an Olympus AX70 with a SpotFlex FX1520 charge-
coupled device (CCD) with a UPlanFL 40� (numerical aperture, 0.75) objective at 25°C in the FITC channel
using SPOT software. Images were acquired for 8 s or 12 s. Image layout and scaling were performed in
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Adobe Photoshop without image manipulation. MAbs Ab901062Rh (gp41) and DH570.30 (gp41) were
used as positive and negative controls, respectively. Reactivity patterns were defined by Zeus Scientific.

Stool DNA extraction, PCR amplification, and DNA sequencing. For nested PCR amplification of
cross-reactive epitope, genomic DNA from fecal sample was extracted according to the instructions of
the QIAamp DNA stool minikit (Qiagen, Hilden, Germany). For 16S rRNA sequencing, total genomic DNA
was extracted from fecal samples using a commercial bead-beating method (Zymo Research Soil Microbe
DNA kit, Irvine, CA). PCR amplification of the V4 region of the 16S rRNA gene and gel extraction of
the PCR amplicons were performed as previously described (50). Sequencing was performed on the
Illumina HiSeq Platform (Illumina, Inc., San Diego, CA) with the use of 150-nucleotide (nt) single-end
reads. Sequences were filtered, clustered into operational taxonomic units (OTUs), and aligned to the
Greengenes database (version 13.8.99) as previously described (50). Representative sequences of the
clusters were assigned to a particular level of taxonomy using BLAST against the SILVA bacterial
database (release 111).

Nested PCR. Nested PCR amplifications were performed using iProof DNA polymerase (Bio-Rad). The
PCR master mixture of the first-round PCRs included 60 ng of fecal DNA as the template, deoxynucleoside
triphosphates (dNTPs) with each at 200 �M, 0.5 �l of iProof DNA polymerase, and each primer at 0.5 �M
in a total volume of 50 �l. The second-round amplifications used 0.5 �l of the amplicon from the first
round PCR as the template in a total volume of 50 �l. The primer sequences used in the first round PCR
were 5=-CTGGTAGATATCGAGCAAGT-3= (forward primer) and 5=-GCCAGATTTATTCAAGGTAA-3= (reverse
primer), and those in the second round were 5=-GTAGATATCGAGCAAGTGAG-3= (forward primer) and
5=-ACTTCATCTTTACCCTGAAC-3= (reverse primer). Cycling conditions involved denaturation at 98°C for
30 s, followed by 30 cycles, each consisting of denaturing at 98°C for10 s, annealing at 57°C for 20 s, and
extension at 72°C for 20 s, followed by extension at 72°C for 10 min. PCR products were then stained with
SYBR Safe DNA gel stain (Invitrogen), electrophoresed with a 1% agarose gel, and visualized under UV
light. Negative controls included one for the PCR (blank control) and another for the DNA extraction
(molecular-grade water instead of fecal sample), and the positive control was 60 ng of genomic DNA
extracted from E. coli. PCR products were purified from a 1% agarose gel with a gel extraction kit
(Qiagen), and the sequence was confirmed by DNA sequencing (Genewiz).

Microbial composition and diversity. Microbial composition and diversity were determined by the
use of tools within the phyloseq (version 1.14.0), vegan (version 2.4-1), gss (version 2.1-6), and meta-
genomeSeq (version 1.12.0) packages as previously described (50). All analyses were performed with R
statistical software (R Foundation for Statistical Computing, Vienna, Austria). Statistical analysis of
neonate versus dam community relatedness was performed using PERMANOVA. Wilcoxon rank sum test
was performed to compare the alpha diversity of neonate and dam fecal samples. Analysis of taxon
changes overtime with windows of statistical differences between dams and neonates controlling for
dam-neonate pairs and multiple intraindividual testing was performed using smoothing spline ANOVA
(51). A P value of 	 0.05 was considered statistically significant, with Benjamini-Hochberg correction for
multiple testing.

Statistical analysis. Wilcoxon signed-rank test was performed to compare differences in (i) plasma
Ab responses to gp41 and gp120 and (ii) frequencies of gp120-reactive and gp140-reactive memory B
cells. Sign test was performed to compare the heavy-chain mutation frequency and HCDR3 length of
gp120-reactive and gp41-reactive MAbs. Fisher’s exact test was performed to compare the polyreactivity
profile of gp120-reactive and gp41-reactive MAbs. Descriptive statistics were used to describe immune
responses. Statistics were calculated with SAS v9.4.

Accession number(s). Sequences for the antibodies isolated in this study are available in GenBank
(accession numbers MF535578 to MF535625).
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