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Structural characterization of the HIV-1 Envelope (Env) glyco-
protein has facilitated the development of Env probes to isolate
HIV-specific monoclonal antibodies (mAbs). However, pre-
clinical studies have largely evaluated these virus-specific
mAbs against chimeric viruses, which do not naturally infect
non-human primates, in contrast to the unconstrained simian
immunodeficiency virus (SIV)mac239 clone. Given the paucity
of native-like reagents for the isolation of SIV-specific B cells,
we examined a method to isolate SIVmac239-specific mAbs
without using Env probes. We first activated virus-specific B
cells by inducing viral replication after the infusion of a
CD8b-depleting mAb or withdrawal of antiretroviral therapy
in SIVmac239-infected rhesus macaques. Following the rise
in viremia, we observed 2- to 4-fold increases in the number
of SIVmac239 Env-reactive plasmablasts in circulation. We
then sorted these activated B cells and obtained 206 paired
Ab sequences. After expressing 122 mAbs, we identified 14
Env-specific mAbs. While these Env-specific mAbs bound to
both the SIVmac239 SOSIP.664 trimer and to infected primary
rhesus CD4+ T cells, five also neutralized SIVmac316. Unfortu-
nately, none of these mAbs neutralized SIVmac239. Our data
show that this method can be used to isolate virus-specific
mAbs without antigenic probes by inducing bursts of contem-
porary replicating viruses in vivo.
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INTRODUCTION
Thirty-eight percent of HIV-infected people worldwide remain un-
treated despite the existence of antiretroviral therapy (ART).1,2

Currently, ART needs to be taken daily to control HIV replication.
However, multiple strategies are being evaluated as alternatives to
ART for prevention, therapy, and long-term remission, including vi-
Molecular Therapy: Methods & C
This is an open access article under the CC BY-NC-
rus-specific monoclonal antibodies (mAbs).3,4 Unlike ART, Abs have
the ability to not only block viral infection, but to induce killing of in-
fected cells by recruitment of cytolytic effector cells.5 Several studies
have highlighted the importance of Ab-mediated viral suppression
using Fc effector mechanisms, including Ab-dependent cellular cyto-
toxicity (ADCC).6–9 Ab-mediated elimination of infected cells could
therefore play a critical role not only in controlling HIV replication
but also in reducing the size of the viral reservoir. Understanding
the role of Abs and their in vivo mechanisms of action could greatly
facilitate the development of HIV/AIDS cure strategies.

A single injection of neutralizing mAbs, administered either individ-
ually or as a cocktail, has been shown to be capable of preventing
infection and suppressing simian-human immunodeficiency virus
(SHIV) replication in Indian rhesus macaques.10–15 While these re-
sults are promising, these chimeric SHIV strains are considered con-
strained viruses, which do not naturally infect non-human pri-
mates.16 In contrast, challenging rhesus macaques with simian
immunodeficiency virus (SIV) results in robust infection with
extremely fit and pathogenic viruses,17,18 especially when using the
pathogenic SIVmac239 clone.19 In fact, the live attenuated SIV and
the recombinant near full-length SIV rhesus rhadinovirus vaccines
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are the only vaccine strategies that have effectively provided
protection from acquisition after challenge with this pathogenic
clone.20–22 Additionally, the infusion of CD4-immunoglobulin (Ig)
G2, eCD4 Ig, and 5L7 IgG1 also protected rhesus macaques against
SIVmac239.23–25 Adeno-associated virus (AAV)-delivered 5L7 IgG1
prevented infection of a single macaque, presumably through
ADCC activity, since 5L7 IgG1 does not detectably neutralize
SIVmac239.25 To date, there are only three clonally related
SIVmac239-specific neutralizing mAbs available.26 Unfortunately,
the paucity of virus-specific Abs with therapeutic potential limits
our ability to test Ab-based therapies with the tier 3 SIVmac239 chal-
lenge virus.

Methods for isolating virus-specific mAbs have been revolutionized
in the past decade.27 Indeed, a better understanding of HIV Envelope
(Env) structure has facilitated the design of stabilized soluble trimers
that have been used as probes to sort HIV-specific B cells.28–30 While
von Bredow et al.31 have recently generated a soluble SIVmac239
SOSIP.664 Env trimer, other soluble recombinant SIV probes were
previously available, although they were not conformationally
authentic.32 Unfortunately, these tools have not yet been successfully
employed to isolate additional SIVmac239-specific mAbs with pre-
ventative or therapeutic capabilities in vivo.

In this study, we used an alternative strategy to isolate SIV-specific B
cells that does not require prior knowledge of the SIVmac239 Env
structure. We reasoned that rapid and transient viral replication,
and the associated viral antigen production, would lead to the activa-
tion and recirculation of SIV-specific B cells. We therefore induced
viral replication in three SIVmac239-infected rhesus macaques by
treating them with a CD8b-depleting mAb or interrupting ART.
We detected increased frequencies of SIV-specific plasmablasts in
all three animals, and we isolated 206 paired Ab sequences from single
B cells. Fourteen of the 122 screened mAbs were specific for
SIVmac239 Env, targeting the different variable loops (V loops)
and the gp41 fusion protein. Five of them neutralized the related
SIVmac316 strain. Interestingly, all of these Env-specific mAbs also
bound to the recently developed SIVmac239 SOSIP.664 trimer and
to SIVmac239-infected primary rhesus CD4+ T cells, suggesting
that these mAbs could possess antiviral activity in vivo.

RESULTS
Selection of Animals with SIVmac239-Neutralizing Serum Titers

To identify animals with serum neutralizing reactivity against
SIVmac239, we screened 34 SIVmac239-infected Indian rhesus ma-
caques (Table 1). Twenty-five of these macaques belonged to our elite
controller (EC) cohort, and nine were conventional progressors
(CPs). The EC cohort was comprised of animals that had been
controlling SIV replication to below 1,000 viral RNA (vRNA)
copies/mL of plasma for up to 17 years (Table 1). We reasoned that
long-term ECs might possess Abs with high levels of somatic hyper-
mutation (SHM) given their prolonged exposure to low levels of an-
tigen. CPs with high viral loads were also selected due to their high
levels of circulating antigen, which may enhance SHM.
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Although most animals exhibited marginal serum neutralizing
activity, three EC and five CP macaques had moderate-to-high
SIVmac239-neutralizing titers (>1:200; Table 1). Of these macaques,
r04135 and r09037 also had low levels of neutralizing activity against
the heterologous strain SIVsmE543, a divergent molecular clone
from an independent SIV isolate.33 Macaque r10051, a CP macaque
that experienced a chronic phase viral load set point of >106

vRNA copies/mL, generated the highest neutralizing titers against
SIVmac239. We therefore selected r04135, r09037, and r10051 for
subsequent experiments due to their potent serum neutralization ac-
tivity against both SIVmac239 and SIVsmE543.

Induction of Viral Rebound by CD8b+ T Cell Depletion and ART

Interruption

Previous studies have shown that CD8+ T cell responses are critical
for suppression of viremia in EC macaques.34–39 Our group, and
others, have successfully induced SIV replication after the infusion
of the anti-CD8b mAb CD8b255R1, which specifically targets rhe-
sus CD8ab+ T cells but not natural killer (NK), NKT, or gd

T cells.40 Replication of acute viruses is usually followed by a surge
of viral antigen-specific plasmablasts in the peripheral blood of in-
fected individuals.41–43 Abs produced by these antigen-specific plas-
mablasts are thought to be associated with the development of nAb
titers for the cognate viruses.41 Since SIV-infected ECs control viral
replication after the acute phase of infection, we reasoned that the
depletion of CD8+ T cells using the anti-CD8b mAb CD8b255R1
would increase viral replication and antigen exposure and, in
turn, reactivate SIV-specific B cells. Accordingly, we treated
r04135 and r09037 with the anti-CD8b mAb, and then confirmed
depletion of CD3+ CD8ab+ T cells by flow cytometry. The absolute
counts of CD3+ CD8ab+ T cells were significantly reduced in
r09037, while CD8aa+ T cell and NK cell counts remained near
or slightly above baseline levels (Figure S1). Next, we assessed viral
replication kinetics in these macaques (Figures 1A and B). Both an-
imals had detectable viral loads at 1 week after depletion and
reached peak viremia of 104 vRNA copies/mL on day 14 after
CD8b+ T cell depletion. However, while r04135 required 35 days
to control SIVmac239, r09037 did not establish control of viral
replication to <1,000 vRNA copies/mL until more than 1 year after
CD8b depletion.

Of all the animals initially screened for neutralization activity, r10051
had the highest SIVmac239-nAb serum titers (Table 1). At 47 weeks
post-infection, we administered ART for 5 months until plasma
viremia reached <15 vRNA copies/mL to prevent progression to
AIDS (Figure 1C). We reasoned that removal of ART would result
in viral rebound and a consequent burst of recalled SIV-specific plas-
mablasts in circulation. Viral loads became detectable 2 days after
ART discontinuation and slowly increased, reaching peak viremia
of >104 vRNA copies/mL on day 14 after ART interruption (Fig-
ure 1C). ART was then resumed for 2 days. Viremia dropped from
104 to 103 vRNA copies/mL in 1 week (21 days after initial ART
discontinuation), and then progressively increased until reaching
>104 vRNA copies/mL again on day 35.
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Table 1. SIVmac239- and SIVsmE543-Specific Neutralizing Serum Titers of 34 SIVmac239-Infected Macaques

Animal Sex MHC Class I Alleles Weeks after Infection SIVmac239 ID50 Titers SIVsmE543 ID50 Titers EC/CP

r01068 M Mamu-B*08+ 728 1:14 <1:10 CP

r06029 F negative for relevant alleles 41 1:23 ND EC

r08019 F Mamu-A*01+ 136 1:23 ND EC

rh2358 M Mamu-A*01+, -B*08+ 278 1:36 <1:10 EC

r08009 M Mamu-A*01+, -B*08+, -B*17+ 70 1:36 ND EC

r08024 M Mamu-A*01+, -B*08+ 82 1:40 ND EC

r09029 M Mamu-B*08+ 728 1:42 <1:10 EC

r08046 M Mamu-B*17+ 75 1:42 ND EC

r09062 F Mamu-A*02+, -B*17+ 73 1:50 ND EC

r08054 M Mamu-B*08+ 171 1:61 <1:10 EC

r08034 M Mamu-B*17+ 75 1:65 ND CP

r05007 F Mamu-B*17+ 79 1:83 ND EC

r02019 F Mamu-B*08+ 291 1:85 <1:10 EC

r08062 M Mamu-B*17+ 75 1:88 ND EC

r07032 M Mamu-B*08+ 143 1:90 ND EC

r08047 M Mamu-A*02+, -B*17+ 75 1:96 ND EC

r09083 F Mamu-B*17+ 68 1:99 ND EC

r02075 M Mamu-B*08+ 8 1:115 ND EC

r00008 F Mamu-A*02+, -B*08+ 74 1:129 ND EC

r95061 F Mamu-A*01, -A*02+, -B*17+ 886 1:131 <1:10 EC

r04132 F Mamu-B*08+ 139 1:141 ND EC

r10072 M Mamu-B*08+ 82 1:145 ND CP

r08016 M Mamu-B*08+ 173 1:151 <1:10 CP

rh2365 M Mamu-A*02+, -B*08+ 728 1:171 <1:10 EC

r09001 M Mamu-B*17+ 77 1:192 ND EC

r08038 M Mamu-A*01+, -B*08+ 80 1:193 ND EC

r11002 F Mamu-A*02+ 88 1:263 <1:10 CP

rhBB35 F Mamu-B*08+ 74 1:337 ND CP

r09089 M Mamu-B*08+ 168 1:344 <1:10 EC

r11021 M Mamu-A*01+ 85 1:411 <1:10 CP

r09037 F Mamu-B*08+ 172 1:426 1:207 EC

r11039 M Mamu-A*01+ 84 1:1,141 <1:10 CP

r04135 F Mamu-A*02+, -B*08+ 422 1:2,060 1:129 EC

r10051 F Mamu-B*08+ 80 1:2,157 ND CP

Serum reactivity against SIVmac239 and SIVsmE543 was determined in 34 SIVmac239-infected macaques using the TZM-bl neutralization assay. Three of these CP macaques were
treated with ART to control viral replication. Eight animals had moderate-to-high serum-neutralizing activity; five of these were CPs and three were ECs. Note that macaques r04135
and r09037 also made mAbs against the heterologous strain SIVsmE543. ID50, inhibitory plasma dilution at which 50% virus neutralization was attained; ND, not determined; EC, elite
controller; CP, conventional progressor.
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SIV-Specific Plasmablasts Recirculate following CD8b+ T Cell

Depletion and ART Interruption-Induced Viral Rebound

After CD8b depletion, we detected increased frequencies of
SIVmac239-specific plasmablasts in peripheral blood mononuclear
cells (PBMCs) by IgG enzyme-linked immunospot (ELISPOT). We
observed this increase from day 6 to 21 after CD8b depletion in
both ECs, and from day 14 to 42 after ART interruption in the CP
Molecular
(Figure 2A–2C). Plasmablast expansion peaked at day 14 after
CD8b depletion and at day 35 after ART withdrawal. We confirmed
the phenotype of the spot-forming population by sorting PBMCs
based on a previously described plasmablast phenotype (CD3�

CD20� CD14� CD16� human leukocyte antigen [HLA]-DR+

CD11c� CD123� CD80+ cells)44 and demonstrated that these sorted
plasmablasts were actively secreting IgG by ELISPOT (Figure 2D).
Therapy: Methods & Clinical Development Vol. 16 March 2020 227
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Figure 1. Viral Loads after CD8b T Cell Depletion and

ART Interruption

Weadministered theCD8b-depleting AbCD8b255R1 to the

SIVmac239-infected ECs (A) r09037 and (B) r04135, which

induced viral replication in vivo. (C) After the ART discontin-

uation, we detected SIVmac239 replication in r10051.
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Of the total PBMCs in circulation, less than 0.2% of cells were actively
secreting IgG in all three animals at the time of the interventions. At
40,000 cells/well, a small percentage of these IgG-secreting cells were
SIVmac239-specific: 11.4% in r09037, 9.5% in r04135, and 20.3% in
r10051 (Figure 2). During the peak of plasmablast expansion, the
number of SIVmac239-specific B cells increased by 2- to 4-fold
compared to baseline (29.2%, 31.9%, and 51.4% of the total IgG-
secreting cells in r09037, r04135, and r10051, respectively) (Figure 2E).

Recalled Plasmablasts Expressed Mutated Abs, Some of Them

with Long CDRH3s

To understand the characteristics of the Ab repertoire induced by
SIVmac239 infection in Indian rhesus macaques, we sorted single
plasmablasts from r10051, r09037, and r04135 before and during
228 Molecular Therapy: Methods & Clinical Development Vol. 16 March 2020
peak plasmablast expansion. From these time
points, we amplified a total of 304 variable heavy
(VH) chains and 261 variable light (VL) chains,
resulting in 206 plasmablast-derived VH/VL se-
quences: 26 mAbs from r04135, 45 mAbs from
r09037, and 135 mAbs from r10051. We then
examined the amplified sequences and identified
one allele (IGHV4-2*01) present in the 62.2%
and 50.4% of the mAbs isolated from r09037
and r10051, respectively. In r04135, this allele
was the second most prevalent (23.1%), along
with IGHV3-7*01, which was present in 26.9%
of the isolated mAbs (Figure 3A).

HIV-specific human neutralizing mAbs usually
share some commoncharacteristics: atypically long
VHCDR3 loops and greatlymutated sequences (as
high as 39 aa long and 29.7% nucleotide divergence
from germline).45,46 In contrast, typical human
mAbs have a median VH CDR3 length of 14 aa
and 5% nucleotide divergence from germline.47

Of the 206 plasmablast-derived VH/VL sequences,
we identified 92mAbswithVHCDR3s longer than
14 aa, with the highest being 26 aa long (Figure 3B),
and 194 mAbs with a nucleotide divergence >5%.
The most mutated mAbs reached 22% nucleotide
divergence from germline (Figure 3C).

AbsBind toDifferentEnvRegions,SIVmac239

SOSIP.664, and Primary Infected CD4+ T Cells

Of the 206 plasmablast-derived VH/VL se-
quences, we expressed 122 mAb pairs and
determined their specificity. Fourteen of these mAbs bound to the
SIVmac239 gp140 foldon trimer (FT) protein.32 We then tested their
binding to the following viral Env subunits: gp120, gp41, gp140
FT DV1/V2/V3, gp140 FT DV4, and the SIVmac239 SOSIP.664
(Table 2). 5L7 IgG1, which has previously been shown to bind the
SIVmac239 Env and induce ADCC, was also included in our
screening.25 While P1E09 and 5L7 IgG1 bound to the V4 loop, four
other mAbs targeted the V1/V2/V3 loops. Binding specificity of
one of the V1/V2/V3-specific mAbs, P5C08, was later verified by
Pepscan, which targeted a linear epitope in the V1/V2 loops (Fig-
ure S2). We also identified one mAb, P2A12, with reactivity against
gp140 FT that failed to bind when tested against both DV1/V2/V3
and DV4 constructs. Interestingly, all mAbs isolated from r10051,
in addition to one from r09037, were gp41-specific. Lastly, all but
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Figure 3. Characteristics of the VH from Recalled Plasmablasts from r04135, r09037, and r10051 after Induction of Viremia

(A) V-GENE distribution. (B) Histogram representation of VH CDR3 length distribution for all three macaques. (C) Histogram representation of SHM (% nucleotide difference

from germline). Note that among 206 plasmablast-derived sequences from all three animals, we detected heavy chains with CDRH3 lengths of up to 26 aa and with >22%

nucleotide divergence to their rhesus V-GENE germline sequences (IMGT). After CD8b depletion, plasmablasts were sorted at days 8 and 14 in r09037 and at days 14 and 16

in r04135. Following ART withdrawal, plasmablasts of r10051 were sorted at days 7, 9, 14, 16, and 21. The genetic analyses for each animal were performed with pooled

samples from all time points after viremia induction.
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one gp140 FT-specific mAb, P1G08, detectably bound SIVmac239
SOSIP.664 (Table 2). Since most of these mAbs bound SIVmac239
SOSIP.664, we assessed the neutralization activity of these mAbs. Sur-
prisingly, none neutralized SIVmac239. However, five mAbs did
neutralize SIVmac316, which differs from SIVmac239 by only 8 aa
in Env.48 Interestingly, only the V1/V2/V3-specific mAbs and
P2A12 neutralized the SIVmac316 variant. P2A12, whose epitope
lies somewhere in the V loops, completely neutralized SIVmac316,
whereas the other four neutralizing mAbs exhibited a maximum per-
centage neutralization (Vmax) of less than 80% at the highest concen-
trations tested (Table 2).
Figure 2. Recall of SIVmac239-Specific Plasmablasts after CD8b+ T Cell Deple

Of the total PBMCs, we detected an increased number of SIVmac239-specific plasmab

Upper rows indicate the total Ab-secreting cells; middle and bottom rows show SIV-sp

secreting cell population as shown by ELISPOT comparison among unsorted total PBM

cells and SIV-specific plasmablasts per 40,000 PBMCs (ELISPOT) from days 0 and 14
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Ab effector functions that mediate antiviral immunity in vivo often
depend on the ability of a mAb to bind Env on the infected cell sur-
face. Rather than overexpressing recombinant Env in an immortal-
ized cell line, we chose to study the interaction of mAbs with cell
surface Env in the context of natural SIVmac239 infection—that is,
in primary rhesus CD4+ T cell cultures—to provide a more accurate
representation of what might occur when a mAb encounters an in-
fected cell in vivo. In contrast to conventional cell-binding assays,
our assay accounts for other variables that may affect mAb-Env inter-
actions and mAb specificity for infected cells, including Env shedding
and virus-induced cytopathic effects. Thus, we employed a flow
tion and ART Interruption

lasts by IgG ELISPOT in circulation in (A) r09037, (B) r04135, and (C) r10051. (A–C)

ecific responses. (D) Sorting for plasmablast surface markers enriched for the Ab-

Cs, sorted cells, and the remaining cell fraction. (E) Frequency of total IgG-secreting

after CD8b+ T cell depletion or ART withdrawal from all three animals.
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Table 2. Functional Characteristics of the Env-Specific Abs Isolated from r04135, r09037, and r10051

gp140 FT
gp140 FT
DV1–V3

gp140 FT
DV4 gp120 gp41

SIVmac239
SOSIP.664

SIVmac239
IC50 (mg/mL)

SIVmac316
IC50 (mg/mL) SIVmac316 Vmax

Binding to Infected
CD4+ T Cells

P2E04 ++ � ++ ++ � ++ >50 1.33 72% +++

P2A12 ++ � � ++ � ++ >50 0.0082 100% +++

P4D07 ++ ++ ++ � ++ ++ >50 >50 ND ++

P5C08 ++ � ++ ++ � ++ >50 0.129 85% +++

P1C08 ++ � ++ ++ � ++ >50 0.0755 85% +++

P1E09 ++ ++ � ++ + ++ >50 >50 ND +++

P5H02 ++ + ++ ++ + ++ >50 8.078 54% +++

P2A04 ++ ++ ++ � ++ ++ >50 >50 ND +

P4A09 ++ ++ ++ � ++ ++ >50 >50 ND +

P2A11 ++ ++ ++ � ++ ++ >50 >50 ND +

P1G09 ++ ++ ++ � ++ ++ >50 >50 ND +

P1D12 ++ ++ ++ � ++ ++ >50 >50 ND +

P1G08 ++ ++ ++ � + � >50 >50 ND +

P2E05 ++ ++ ++ � ++ ++ >50 >50 ND +

5L7 ++ ++ + ++ � ++ >50 0.011 100% +++

Of the 122 plasmablast-derived screened mAbs from all three macaques, 14 bound gp140 FT by ELISA. We determined the target region by using gp140 FT, gp140 FT DV1V2V3,
gp140 FT DV4, gp120, gp41, and SIVmac239 SOSIP.664 in an ELISA format. None of the 14 SIV-specific mAbs exhibited neutralization activity against SIVmac239 at 50 mg/m, but 5
were capable of neutralizing SIVmac316 in a TZM-bl neutralization assay. We also assessed the ability of these Env-specific mAbs to bind SIVmac239-infected primary rhesus CD4+

T cells. IC50, inhibitory mAb concentration at which 50% virus neutralization was attained; Vmax, maximum percentage neutralization; ND, not determined. At 1 mg/mL: ++, optical
density 450 (OD450) R 0.5; +, 0.5 < OD450 R 0.1, �, OD450 < 0.1. At 10 mg/mL: +++, binding R 40%; ++, 40% < binding R 20%; +, binding < 20%.
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cytometry-based assay to evaluate the affinity of the isolated mAbs for
bona fide SIVmac239-infected cells. We assessed mAb binding to in-
fected CD4+ T cells at 48 h post-spinoculation, using intracellular Gag
p27 staining as a marker of bona fide infection. Because spinoculation
results in the infection of only a portion of the total CD4+ T cells in
culture (generally 20%–30% for rhesus CD4+ T cells), most cells are
uninfected. All of the isolated mAbs exhibited very high specificity
for Gag p27+ cells, as none of the mAbs bound the uninfected cells
in the cultures. Interestingly, the mAbs with the strongest binding
strength (i.e., highest affinity), P1E09 and P2A12, were the ones
directed against either the V4 loop or a shared epitope that was dis-
rupted in both DV1/V2/V3 and DV4 constructs (Figure S3). These
two mAbs had nearly identical binding profiles to 5L7 IgG1, which
binds the V4 loop (Figure S3), although they do not bind overlapping
epitopes. We also identified two distinct Env-binding profiles in our
group of isolated mAbs. gp120-specific mAbs bound a significantly
higher proportion of infected cells than did gp41-specific mAbs
(Table 2). Interestingly, the gp41-specific mAb that had not shown
detectable reactivity against SIVmac239 SOSIP.664 by ELISA,
P1G08, bound the lowest proportion of infected primary CD4+

T cells of all of the mAbs (Figure S3).

DISCUSSION
In this study, we show that CD8b+ T cell depletion in SIV-infected
ECs or ART discontinuation in CPs induces transient increases in
viral replication that, in turn, is associated with recirculation of
SIV-specific Ab-secreting B cells. Using this methodology, we isolated
206 plasmablast-derived VH/VL paired sequences from these
Molecular
recently activated B cells and generated 122 mAbs. Fourteen of these
122 mAbs were SIVmac239 Env-specific and targeted different parts
of the Env glycoprotein, including the V loops and the gp41 fusion
protein. Additionally, these mAbs bound SIVmac239 SOSIP.664
trimer, primary rhesus CD4+ T cells infected with SIVmac239, and
five of them also neutralized SIVmac316, suggesting that these
mAbs may contribute to control of viral replication in vivo.

Although both interventions successfully induced viral rebound and
recirculation of SIV-specific plasmablasts, the plasmablast recall
rate observed in the ART-treated animal was slower compared to
that of the CD8b-depleted ECs. While rebound from these two ECs
peaked at day 14, plasmablasts from r10051 took 35 days to reach
peak expansion after ART interruption. One possibility for the de-
layed viral rebound and appearance of SIV-specific plasmablasts
could be due to the presence of ART drugs and the time needed to
eliminate them from the organism, including phosphorylated intra-
cellular active metabolites. The slower viral replication kinetics
observed in this animal is also consistent with this explanation. It is
also possible that SIV-specific CD8 T+ cells could have been devel-
oped while this animal was receiving ART. These cells would have
been able to eliminate the circulating wild-type virus, and, therefore,
the delayed appearance of SIV-specific plasmablasts would have been
due to the emergence of escape variants.

Of the SIV strains commonly used in the macaque model of AIDS,
SIVmac239 is the most difficult to protect against. SIVmac239
replicates to high levels during the acute phase (up to 109 vRNA
Therapy: Methods & Clinical Development Vol. 16 March 2020 231
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copies/mL) and reaches a set point of approximately 106 vRNA
copies/mL during the chronic phase. Even though macaques mount
high-frequency SIV-specific CD8+ T cell responses, the virus is still
able to escape.40,49,50 Most animals develop AIDS-like symptoms
and have to be euthanized within 1–2 years post-infection. Although
most SIVmac239-infected macaques develop detectable serological
neutralizing activity against this tier 3 virus, the titers are typically
low (<1:100) and strain-specific, closely resembling a primary HIV
isolate. Notably, Gorman et al.26 have recently reported the isolation
of the first three SIVmac239-neutralizing mAbs. These mAbs bind a
new epitope in the SIV gp120 core and are the first full-length mAbs
capable of completely neutralizing SIVmac239 and other tier 2 SIV
variants. Previously, CD4-IgG2 and eCD4-Ig were the only Ab-like
molecules that could neutralize SIVmac239 and had provided protec-
tion against infection in vivo.23,24 Interestingly, CD4-IgG2-mediated
protection against SIVmac239 was the first evidence of protection
from acquisition ever achieved by a mAb or an Ab-like molecule
against this virus. Unfortunately, there are currently no in vivo data
available for the new SIVmac239-neutralizing mAbs. In summary,
these examples show that the isolation of mAbs against SIVmac239
greatly expands the number of tools for use in prophylaxis and ther-
apy studies in non-human primate models using pathogenic SIV,
complementing studies previously conducted using SHIVs that may
be subject to artificial constraints in vivo.

The majority of SIV-reactive mAbs described to date are not
capable of neutralizing SIVmac239.25,32,51–53 Because these mAbs
lacked neutralization, their antiviral potentials were often assessed
by the ability to neutralize related viruses as a surrogate measure-
ment. For example, the 5L7 immunoadhesin, which neutralizes
SIVmac316, protected animals against challenges with this clone
in vivo.54 Despite the inability to neutralize SIVmac239, 5L7 pro-
tected a single macaque from SIVmac239 infection when delivered
as an authentic full-length IgG1, and it was present in plasma at
high concentrations.25 It is possible, therefore, that the mAbs iso-
lated in our study could similarly exert antiviral activity. In partic-
ular, we have identified two mAbs, P1E09 and P2A12, that have
nearly identical binding profiles to 5L7 IgG1 in our infected CD4+

T cell binding assay. These Abs also bound to the native-like
SIVmac239 SOSIP.664 trimer. Taken together, these reactivity
data suggest that our SIV-specific mAbs recognize conformationally
authentic SIVmac239 Env trimers. Thus, it is possible that some of
our isolated mAbs, even though they do not neutralize SIVmac239,
might have in vivo antiviral effects when present at sufficiently high
concentrations.

Our ability to isolate only SIVmac239-specific binding mAbs is not
completely unexpected based on the small number of screened
mAbs reported herein. The frequency of B cells secreting HIV-specific
neutralizing Abs is thought to be less than 1% of all HIV-specific B
cells.55 In fact, Walker et al.56 used an antigen-agnostic approach
and screened 30,300 memory B cells from 1,800 HIV-infected pa-
tients for neutralization activity. Only 2% of cultured cells bound to
HIV-1 Env, and 0.6% neutralized one or both of the HIV-1 primary
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isolates utilized in this study (JR-CSF and SF162). Thus, a higher
throughput screening might be required for the isolation of neutral-
izing mAbs against SIVmac239 from infected animals. Similarly, Ma-
son et al.32 did not isolate SIVmac239 nmAbs when using SIVmac239
scaffolded probes and competitive probe-binding techniques. It is
possible that the authors would have achieved this goal had they
used animals with higher neutralization titers or screened a greater
number of mAbs. In fact, this group has later isolated the first
mAbs that fully neutralize SIVmac239 after screening a much larger
number of cells.26 Alternatively, in our study, the contemporary
rebound virus might be mostly represented by Env sequence variants
that had escaped recognition of the SIVmac239 neutralizing Abs de-
tected by our assays, particularly variations contained in the Env V
loops. Thus, most of the rebound plasmablasts might be encoding
Abs that recognize these contemporary sequence variants, but not
the original SIVmac239. It has been shown that the isolation of vi-
rus-specific mAbs after infection from non-persistent acute vi-
ruses—which present little sequence variation in comparison to
SIV—is relatively straightforward. For example, Wrammert et al.57

isolated mAbs from plasmablasts after influenza vaccination, 71%
of which had high affinity to viral ligands. Similarly, our group iso-
lated plasmablast-derived flavivirus-specific mAbs from a dengue
vaccinee and a Zika virus-infected individual, where 90% of the
mAbs neutralized the target virus.43,58 Our current data, conse-
quently, highlight the difficulty of isolating the infrequent neutral-
izing mAbs elicited during HIV and SIVmac239 infections.

In conclusion, we have shown that CD8b+ T cell depletion and ART
withdrawal strategies can be used to enrich for circulating
SIVmac239-specific B cells. In contrast to memory or plasma B cell
isolation approaches, we identified activated B cell clones responding
to contemporary replicating viruses in vivo. These B cells encoded
diverse mAbs that recognize both the native-like SIVmac239
SOSIP.664 trimer and infected primary CD4+ T cells. While the
in vivo antiviral potential of these Abs remains undetermined, our
data show that it is possible to isolate B cells encoding viral-specific
Abs without using antigenic probes. In addition, this technique could
provide new insights into the rhesus humoral responses against SIV,
and allow the isolation of B cells from other persistent pathogens that
lack structural characterization.

MATERIALS AND METHODS
Research Animals and Ethics Statement

The Indian rhesus macaques (Macaca mulatta) utilized in this study
were kept at the Wisconsin National Primate Research Center
(WNPRC), cared for in strict accordance with the Weatherall report
guidelines (i.e., housing, feeding, environmental enrichment, and
steps to minimize suffering), and adhered to the recommendations
in the Guide for the Care and Use of Laboratory Animals of the Na-
tional Institutes of Health.59 All procedures were performed accord-
ing to approved protocols by the University of Wisconsin Graduate
School Animal Care and Use Committee (animal welfare assurance
no. A3368-01; protocol numbers G005654, G00703, and G00729).
Macaques from this study were housed in temperature-controlled
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facilities, maintained in a 12 h light/12 h dark schedule, and moni-
tored daily for overall health.

Three macaques were selected for this study due to their high neutral-
izing titers against SIVmac239.40,60,61 During the length of this study,
two macaques underwent CD8b+ T cell depletion, and the third ma-
caque was discontinued from ART for 35 days. All procedures,
including mAb infusions, were performed under anesthesia, and all
efforts were made to minimize potential suffering. Additional animal
information, including major histocompatibility complex (MHC)
class I alleles, age, and sex, is shown in Table 1.
SIV Viral Loads

SIV viral load measurements were based on a previously published
protocol.62 Total RNA was extracted from 0.5 mL of EDTA-anticoa-
gulated Indian rhesus macaque plasma samples using QIAGEN
DSP virus/pathogen Midi kits on a QIASymphony SP laboratory
automation instrument platform. A two-step RT-PCR reaction was
performed using random hexamers in a reverse transcription
reaction, followed by 45 PCR cycles. Each sample had six replicates,
and the limit of reliable quantification in a 0.5 mL vol of plasma
was 15 vRNA copies/mL. The primers and probe utilized for this
procedure are as follows: forward primer SGAG21, 50-GTCT
GCGTCAT(dP)TGGTGCATTC-30; reverse primer SGAG22,
50-CACTAG(dK)TGTCTCTGCACTAT(dP)TGTTTTG-30; probe,
PSGAG23, 50-FAM-CTTC(dP)TCAGT(dK)TGTTTCACTTTCTCT
TCTGCG-BHQ1-30.
Pseudovirus Neutralization Assay

The replication-incompetent SIVmac239 and SIVmac316 pseudovi-
ruses were produced by transfection of human embryonic kidney
(HEK)293T cells with the SIVmac239 or SIVmac316 env plasmids
with an env-deficient backbone plasmid (pSG3Denv) at a ratio of
1:2, using the X-tremeGENE 9 transfection reagent (Roche).

The cell culture supernatants were harvested after 72 h and filter-ster-
ilized (0.22 mm). Neutralization was tested later by incubating pseu-
dovirus and mAbs at 37�C for 1 h before transferring them onto
TZM-bl cells, as previously described.63 Each sample was tested in
duplicate wells. SIVmac239 neutralization started at 100 mg/mL fol-
lowed by six serial 2-fold dilutions, while SIVmac316 neutralization
was set up at 12.5 mg/mL and subsequently 4-fold diluted seven times
to ensure high sensitivity and range of detection. Neutralization IC50

(inhibitory mAb concentration at which 50% virus neutralization was
attained) titers were calculated using non-linear fit of the transformed
data in GraphPad Prism v7.0.
CD8b Depletion

CD8b chain-expressing lymphocytes were transiently depleted using
rhesus IgG1 anti-CD8b mAb clone CD8b255R1 (NIH Nonhuman
Primate Reagent Resource catalog no. PR-2557, RRID:AB_2716321).
The Ab was administered intravenously at 50 mg/kg dose to animals
r04135 and r09037.
Molecular
ART

The ART cocktail consisted of tenofovir (20 mg/kg) and emtricita-
bine (40 mg/kg), which were given daily at 60 mg/kg via subcutane-
ous injection. To prepare 4 L of the formulation, 2 initial L of sterile
water were added to a flask, containing a stir bar, and placed onto a
stirrer/hot plate. Four hundred grams of tenofovir was slowly added
to the flask and let stir with heat until the drug went into solution.
An additional liter of sterile water was then added, along with 160 g
of emtricitabine. To facilitate emtricitabine going into solution,
NaOH was added. Five hundred mLs of sterile water was then
added in the flask and the solution was let stir continuously until
all powder was in solution. The pH was adjusted with NaOH or
HCl to 7.0–7.2 if necessary. Under sterile conditions, the final solu-
tion was doubled filtered using Nalgene sterile filters, aliquoted, and
stored at �20�C.

Plasmablast Sort

We sorted single plasmablasts at various time points after either
depletion of CD8b+ T cells or interruption of ART. Plasmablasts
were defined as CD3� CD20� CD14� CD16� HLA-DR+ CD11c�

CD123� CD80+. Prior to staining, PBMCs were isolated using a
Ficoll-Paque gradient (GE Healthcare). Fresh PBMC samples were
sorted on a BD FACSJazz sorter (Becton Dickinson). Single plasma-
blasts were sorted into 96-well plates containing a lysis buffer to pre-
serve the RNA (250 mM Tris-HCl [pH 8.3], 375 mM KCl, 15 mM
MgCl2, 6.25 mM dithiothreitol [DTT], and 250 ng/well of yeast
tRNA [Life Technologies]; 20 U of RNase inhibitor [New England
Biolabs]; and 0.0625 L/well of IGEPAL CA-630 [Sigma]). The RNA
plates were immediately frozen and stored at�80�C until subsequent
cloning.

Env-Specific ELISPOT

ELISPOT assays were performed as previously described on PBMCs
or sorted plasmablasts at the indicated time points to determine plas-
mablast frequencies.64 All total IgG and SIV Env-specific ELISPOT
assays were performed with 120,000 or 40,000 cells per well, in dupli-
cate, according to the manufacturer’s instructions (Mabtech). For the
total IgG assay, we used a purified anti-human IgGmAb at 15 mg/mL.
To determine frequencies of SIV-specific plasmablasts, the wells were
coated with gp120 or gp140, each at a concentration of 1 mg/mL. Each
animal was tested individually with each plate including at least two
separate positive control wells and two ormore negative control wells.
Wells were imaged and spots were enumerated with an AID ELISPOT
reader (Autoimmun Diagnostika).

mAb Amplification, Cloning, Expression, and Purification

Sorted plasmablasts were immediately frozen on dry ice for subse-
quent amplification of the reverse-transcribed RNA encoding the
variable region of the heavy (H), lambda (L), and kappa (K) Ab
chains, as previously described.27 First, cDNA was synthesized in
a 25 mL reaction mixture using the original sorted plates. Each
reaction had 1 mL of 150 ng random hexamers (IDT), 2 mL of
10 mM deoxynucleotide triphosphate (dNTP; Life Technologies),
1 mL of SuperScript III reverse transcriptase (Life Technologies),
Therapy: Methods & Clinical Development Vol. 16 March 2020 233

http://www.moleculartherapy.org


Molecular Therapy: Methods & Clinical Development
1 mL of molecular biology-grade water, and 20 mL of single-sorted cell
sample in lysis buffer (described above). The reaction was set up at
42�C for 10 min, 25�C for 10 min, 50�C for 60 min, and 94�C for
10 min. Upon completion, cDNA was stored at �20�C.

Three nested PCRs were performed using a mix of 50 V gene-specific
primers with matching 30 primers, which were designed to specifically
bind encoding the constant regions of the H, K, and L chains. PCRs
were prepared using HotStarTaq Plus DNA polymerase (QIAGEN).
The last round of PCR was carried out with primers adapted (and
modified) from Sundling et. al,27 which contained ends compatible
with Gibson Assembly subcloning and the rhesus IgG1 expression
vectors (InvivoGen). After cloning, the plasmids encoding heavy
and light chains of each mAb were co-transfected using the
Expi293 expression system (Thermo Fisher Scientific) that includes
suspension-adapted HEK293 cell lines. Sixteen to 18 h post-transfec-
tion, we boosted the reaction by adding enhancers and then harvested
the secreted mAb-containing supernatants 5 days later. All mAbs
were purified using protein A columns (GE Healthcare), and purified
protein concentrations were determined by measuring absorbance at
280 nm (NanoDrop, Thermo Scientific).

ELISA

The specificity of the isolated mAbs was determined by ELISA. All
mAbs were initially screened using purified SIVmac239 gp140 FT
at 1 mg/mL. If reactive, the mAbs were then tested against gp120 (Im-
mune Technologies), gp41 (ImmunoDX), SIVmac239 SOSIP.664,
SIVmac239 DV1/V2/V3 gp140 FT, and SIVmac239 DV4 gp140 FT
(based on Mason et al.32). ELISA plates were coated with 100 mL of
the SIV Env protein at 5 mg/mL and incubated overnight at 4�C. How-
ever, the SOSIP.664 trimer plates were coated with 100 mL of strepta-
vidin at 5 mg/mL. On the following day, the SOSIP.664 plates were
first washed with 1� PBS with Tween 20, and then SOSIP.664 at
5 mg/mL was added to the wells for 1 h at 37�C. Subsequently, all
plates were then washed with 1� PBS with Tween 20 and blocked
with 300 mL of 5% powdered milk in PBS for 1 h at 37�C. The plates
were washed again, and 100 mL of the isolated mAbs, at a final con-
centration of 1 mg/mL, was added to the corresponding wells prior
to incubating for 1 h at 37�C. The plates were washed again and
100 mL of a 1:10,000 dilution of goat anti-human IgG horseradish
peroxidase (HRP) (SouthernBiotech) was added to all wells prior to
the final incubation for 1 h at 37�C. Lastly, the plates were washed
and then developed using 100 mL of 3,30,5,50-tetramethylbenzidine
(TMB) (MilliporeSigma).When the reaction was stopped after a short
incubation with 100 mL of TMB Stop Solution (MilliporeSigma), the
plates were read at 450 nm (Biotek Synergy 2). To determine the reac-
tivity of the mAbs, the background wells were averaged and extracted
from all samples.

Flow Cytometry Analysis of mAb Binding to Infected Cells

Weassessed the ability of the isolatedmAbs to bind native Env confor-
mations on the surface of SIVmac239-infected rhesus CD4+ T cells
using a flow cytometry-based assay. Our protocol for generation of
rhesus CD4+ phytohemagglutinin (PHA) blasts permissive for SIV
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replicationwas adapted from that of Sacha andWatkins.65 Briefly, rhe-
sus PBMCs were isolated from EDTA-anticoagulated blood by Ficoll-
Paque Plus (GEHealthcare) density centrifugation. CD4+ T cells were
isolated from PBMCs using a non-human primate CD4+ T cell isola-
tion kit (Miltenyi Biotec) andmagnetic-activated cell sorting (MACS).
CD4+ T cells were stimulated for 48 h in a T cell activation cocktail
containing 2.5 mg/mL anti-CD3 (clone 6G12, NIH Nonhuman Pri-
mate Reagent Resource), 2.5 mg/mL anti-CD28 (clone L293, BD Bio-
sciences), 2.5 mg/mL anti-CD49d (clone 9F10, BD Biosciences), 5 mg/
mL PHA-P (Sigma-Aldrich), and 100 U/mL IL-2 (Roche) in R15 me-
dium. Following the 48 h stimulation period, CD4+ T cells were resus-
pended and cultured in R15-100 medium (R15 with 100 U/mL IL-2).
CD4+ T cells were infected with SIVmac239 by spinoculation (2 h,
1,800 � g, 23�C, 250 ng of p27 antigen per 106 cells), washed twice
in R15 medium, and then cultured in R15-100 medium for 48 h at
37�C. Prior to staining, dead cells and debris were removed by Fi-
coll-Paque Plus density centrifugation. Cells were first stained with
the isolatedmAbs at the indicated concentrations. After washing, cells
were stained with a cocktail containing the following fluorophore-
conjugated mAbs and amine-reactive dye: anti-monkey IgG Alexa
Fluor 647 (clone SB108a, SouthernBiotech), anti-humanCD4Brilliant
Violet (BV)605 (clone OKT4, BioLegend), anti-human CD8 BV785
(clone RPA-T8, BioLegend), aqua live/dead dye (Live/Dead fixable
aqua dead cell stain kit, Invitrogen). Cells were washed and then fixed
and permeabilized using Cytofix/Cytoperm (BD Biosciences) and
Perm/Wash buffer (BD Biosciences), respectively. Finally, intracel-
lular staining was conducted with anti-human CD3 peridinin chloro-
phyll protein (PerCP)-Cy5.5 (clone SP34-2, BDBiosciences) and anti-
SIVmac Gag p27 fluorescein isothiocyanate (FITC) (clone 55-2F12,
NIH AIDS Reagent Program, FITC conjugated at WNPRC) to permit
identification of bona fide infected cells. Following a final wash in
Perm/Wash buffer, at least 35,000 events per sample were acquired
on a BD LSR II flow cytometer. Data analysis was conducted with
FlowJo 9.9.6. To determine the relative binding affinities of the isolated
mAbs, we compared the proportions of infected cells (live CD3+ Gag
p27+ cells) bound by rhesus IgG (Alexa Fluor 647+ cells) for each
sample.
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