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SUMMARY
Although progress has been made on constructing potent bi-specific broadly neutralizing antibody (bi-
bNAb), few bi-bNAbs have been evaluated against HIV-1/AIDS in non-human primates (NHPs). Here, we
report the efficacy of a tandem bi-bNAb, namely BiIA-SG, in Chinese-origin rhesus macaques (CRM) against
the CRM-adapted R5-tropic pathogenic SHIVSF162P3CN challenge. Pre-exposure BiIA-SG injection prevents
productive viral infection in 6 of 6 CRMs with unmeasurable proviral load, T cell responses, and seroconver-
sion. Single BiIA-SG injection, at day 1 or 3 post viral challenge, significantly reduces peak viremia, achieves
undetectable setpoint viremia in 8 of 13 CRMs, and delays disease progression for years in treated CRMs. In
contrast, 6 of 8 untreated CRMs develop simian AIDSwithin 2 years. BiIA-SG-induced long-term protection is
associated with CD8+ T cells as determined by anti-CD8b antibody depletion experiments. Our findings pro-
vide a proof-of-concept that bi-bNAb treatment elicits T cell immunity in NHPs, which warrant the clinical
development of BiIA-SG for HIV-1 prevention and immunotherapy.
INTRODUCTION

The promotion of combined antiretroviral therapy (cART) among

HIV-1 infected people has resulted not only in a significant

reduction of acquired immunodeficiency syndrome (AIDS)-asso-

ciatedmortality but also in the decrease of viral spread especially

after the global efforts of treatment as prevention (Deeks et al.,

2016; Brault et al., 2019). However, due to the unlikely life-long

sustainable cost and compliance of cART, new approaches for

preventing and curing HIV-1 remain urgently needed to fight

the global HIV/AIDS pandemic (Deeks et al., 2016). Given the

extreme difficulty in generating effective HIV-1 vaccines to elicit

broadly neutralizing antibodies (bNAbs) in both pre-clinical and

clinical studies, passive immunization using newly discovered

or engineered bNAbs for HIV-1 prevention and immunotherapy

has been actively explored as a promising alternative modality.

Since 2009, many potent bNAbs have been isolated directly

from infected patients by the advent of single B cell sorting

and cloning (Tiller et al., 2008; Smith et al., 2009; Huang et al.,
This is an open access article und
2012; Seeds et al., 2011; Wu et al., 2010; Zhou et al., 2018;

Huang et al., 2016a; Walker et al., 2011). Studies using non-hu-

man primates (NHP) have shown that mono or combined sec-

ond-generation bNAbs prevent macaques from high-dose or

serial low-dose mucosal challenges with various simian-human

immunodeficiency virus (SHIV) strains. The bNAbs immuno-

therapy, however, only suppressed viremia transiently during

chronic infection, followed by the generation of bNAbs resistant

viruses or anti-drug antibodies (ADA) (Liu et al., 2016; Gautam

et al., 2018; Mascola, 2002; Moldt et al., 2012; Shingai et al.,

2013). One exception was that 3 out of 18 Indian-origin rhesus

macaques (IRMs) remained no viral rebound for more than

100 days after receiving bNAb PGT121 treatment 9 months

post-infection (Barouch et al., 2013). Moreover, combined

PGT121 with toll-like receptor (TLR7) agonist vesatolimod (GS-

9620) during cART delayed viral rebound and reduced viral

reservoir in a subset of IRMs after cART discontinuation (Borduc-

chi et al., 2018). Recent studies demonstrated that early short-

term bNAbs treatments, given at 1–3 days post-infection (dpi),
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Figure 1. Characteristics of BiIA-SG in vitro

(A and B) Neutralization efficacy of BiIA-SG compared with its parental bNAbs (A) and a panel of bNAbs (B) against SHIVSF162P3CN.

(C–E) Binding of soluble gp120 and CD4 molecules on CD4+ T cells derived from human (Hu) or Chinese rhesus macaques (CRM) by BiIA-SG. AF647-labeled

BG505.SOSIP trimer was first incubated with VRC01, PGT128, or left untreated, followed by mixing with Hu-PBMCs or CRM-PBMCs that were pretreated with

BiIA-SG, PGT128, Hu5A8, or left untreated. PBMCs were then stained with anti-CD3, anti-CD4, and anti-CD8 antibodies for fluorescence-activated cell sorting

(FACS) analysis. Frequencies of SOSIP+/CD4+ T cells (%) in Hu-PBMCs (D) and CRM-PBMCs (E) of different treatment groups are shown.
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could block virus acquisition or achieve the sustainable control

of SHIV infection (Nishimura et al., 2017; Hessell et al., 2016). It

remains unknown, however, if other types of bNAbs or bi-

bNAb would have similar efficacy in the SHIV/NHP models.

Besides NHP studies, some clinical trials have evaluated indi-

vidual or combined anti-gp120 CD4 binding site antibody (e.g.,

VRC01 and 3BNC117) and anti-V3 glycan antibody (e.g., 10-

1074 and PGT121) for HIV-1 prevention and immunotherapy

(Gilbert et al., 2017). Consistently, bNAb monotherapy resulted

in transient viral suppression among chronically infected pa-

tients, followed frequently by the occurrence of antibody-resis-

tant viruses during viral rebound (Ledgerwood et al., 2015; Lynch

et al., 2015; Bar et al., 2016; Caskey et al., 2015; Scheid et al.,

2016; Caskey et al., 2017). The combined 3BNC117 and 10-

1074 treatment was more effective in suppressing viremia and

maintaining viral suppression for a longer period of time, espe-

cially in infected individuals with lower viremia and antibody-sen-

sitive viral strains (Bar-On et al., 2018; Cohen et al., 2019; Men-

doza et al., 2018). These findings suggest that bNAbs not only

neutralize HIV-1 to suppress viremia and prevent viral acquisition

but also accelerate the clearance of distal infected foci and in-

fected cells. Although bNAb interventions during the acute

phase of infection may mitigate deleterious events, attenuate

the establishment of viral infection, and induce host immunity

(Schoofs et al., 2016; Igarashi et al., 1999; Lu et al., 2016; Liu

et al., 2016), the underlying correlates of protection remain

incompletely understood.

Although some bNAb combination immunotherapies display

promising efficacy in preclinical and clinical settings, bi- and

tri-specific bNAbs have not been well studied in SHIV/NHP

models. Based on in vitro experiments, bi-bNAbs and tri-bNAbs
2 Cell Reports 36, 109611, August 24, 2021
might target distinct epitopes simultaneously with extensively

enhanced synergy in breadth and potency as well as in avidity

(Pace et al., 2013; Huang et al., 2016b; Bournazos et al., 2016;

Xu et al., 2017; Steinhardt et al., 2018; Khan et al., 2018).

Some of these recombinant antibody designs might also reduce

manufacturing cost, simplify treatment regimens, and avoid

regulatory complicity. To date, however, only the VRC01/

PGDM1400-10E8v4 tri-bNAb was able to prevent SHIVBalP4

and SHIV325c infections, yet its therapeutic potency remains

elusive (Xu et al., 2017). We recently reported that a tandem bi-

bNAb, BiIA-SG, which combined the anti-V3 glycan bNAb

PGT128 and the humanized bNAbHu5A8 directed to the domain

2 of human CD4, prevented diverse HIV-1 infections and elimi-

nated infected cells by adeno-associated virus (AAV)-transferred

immunotherapy in some humanized mice (Wu et al., 2018).

Although humanized mice are widely used to study bNAb effi-

cacy (Klein et al., 2012; Diskin et al., 2011), their short lifespan

and lack of host immunity limit the translation of the study results

for clinical development. Therefore, we sought to examine the ef-

ficacy of BiIA-SG in Chinese-origin rhesus macaques (CRMs)

against the pathogenic SHIVSF162P3CN, a CRM-adapted tier-2

R5-tropic challenge strain, aiming to obtain experimental evi-

dence in NHPs to support clinical investigation of BiIA-SG for

HIV-1 prevention and immunotherapy.

RESULTS

BiIA-SG blocks gp120 on viruses andCD4 on the surface
of cells and is pharmacokinetically bioavailable in CRMs
The efficacy of bi-bNAb has not been studied in the SHIV/NHP

models. In this study, we first determined the potency of BiIA-SG



Figure 2. Pharmacokinetics and pharmacodynamics of BiIA-SG in CRMs

Four naive CRMs were injected with 10 mg/kg BiIA-SG intramuscularly, whereas the other 4 macaques were injected with 10 mg/kg HuIgG as controls.

(A) In vivo BiIA-SG half-life in the CRMs.

(B) In vitro neutralization titers (shown as ID50) of sera derived from BiIA-SG-injected CRMs against SHIVSF162P3CN.

(C) The correlation of in vitro ID50 titers and BiIA-SG concentrations among the samples collected from the 4 BiIA-SG-injected CRMs at various time points.

Correlation analyses were performed by linear regression. Data are expressed as means ± SEM.
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against the live pathogenic R5-tropic SHIVSF162P3CN, which was

derived fromaSHIVSF162P3-infected IRMat theendstageof simian

AIDS (Harouse et al., 2001), and was subsequently adapted for

growth in CRM peripheral blood mononuclear cells (PBMCs).

BiIA-SG consistently exhibited the strongest potency with 50%

inhibitory concentration (IC50) and 90% inhibitory concentration

(IC90) values of 0.010 mg/mL and 0.034 mg/mL as compared with

parental bNAbs PGT128 and Hu5A8 or their combination (Fig-

ure 1A). PGT128 displayed IC50 and IC90 values of 0.156 mg/mL

and 0.567 mg/mL, respectively, whereas Hu5A8 showed barely

any neutralizing activity because it did not have direct neutralizing

effect on the virus. BiIA-SG, therefore, had a greatly enhanced

neutralizing ability (15.6-fold of IC50 and 16.7-fold of IC90) as

compared to PGT128. This finding suggested that the anchoring

of BiIA-SG via CD4 on target cells may ambush the invading

viruses more effectively (Huang et al., 2016b; Wu et al., 2018).

Moreover, by testing a largepanel of bNAbs, SHIVSF162P3CN is sus-

ceptible to theneutralizationofbNAbsmainlydirected toV3glycan

(e.g., 10-1074, PGT121, and PGT126) but not to other regions

(Figure 1B), which is similar to the phenotype of the parental

SHIVSF162P3 strain (Hsu et al., 2003; Julg et al., 2017b).

BiIA-SG has the same two complete binding domains as

each of its parental bNAbs. This design protects the binding

avidity of two PGT128 arms, allowing the possible intra-trimer

or inter-trimer interaction as suggested previously (Wu et al.,

2018; Ferrari, 2018). However, the binding affinity of BiIA-SG

to CD4 molecule is reduced �229-fold when compared with

the parental Hu5A8 antibody (Wu et al., 2018). For this reason,

we sought to determine how BiIA-SG interacts with both rhesus

CD4 molecule and HIV-1 glycoprotein using the fluorescence-

labeled BiIA-SG and BG505 SOSIP trimer for detection. We

found that BiIA-SG binds to both human and rhesus CD4 mol-

ecules on primary CD4+ T cells by flow cytometry (Figure S1).

Moreover, BiIA-SG was able to bridge the binding to the V3

glycan domain on the BG505 SOSIP trimer after its binding

site to human or CRM CD4 was completely blocked by the

VRC01 antibody (Figures 1C–1E). These results demonstrated

that BiIA-SG blocks two portals of viral entry, the V3 glycan

domain on the virus and the CD4 molecule on the target cell

simultaneously, as a mode of action.
We then inoculated intramuscularly 10 mg/kg BiIA-SG into 4

naive CRMs. Animal plasma samples were collected over time

for measuring BiIA-SG pharmacokinetics and bioavailability

against SHIVSF162P3CN. Although the calculated peripheral half-

life of BiIA-SG was 2.34 days, the antiviral plasma concentration

could maintain above 1 mg/mL for around 7–10 days (Figure 2A).

There was a strong positive correlation between plasma BiIA-

SG concentration and neutralizing titer against SHIVSF162P3CN

(Figures 2B and 2C). These results indicated that the engineered

BiIA-SG displays potent anti-SHIVSF162P3CN activities ex vivo

and the intramuscular injection is practical, allowing its bio-distri-

bution in CRMs from the site of administration into lymphatic

drainage and peripheral blood similar to conventional antibodies

(Zhao et al., 2013; Ryman and Meibohm, 2017).

High-dose intravenous SHIVSF162P3CN challenge results
in high mortality in CRMs
To determine the potency of BiIA-SG in the SHIVSF162P3CN/CRM

model, we conducted pre-exposure and post-exposure experi-

ments with a total of 27 CRMs. In two experiments, a total of 8

CRMs (group A, A1–A8) were challenged intravenously by

SHIVSF162P3CN alone at a high-dose of 5,000 tissue infectious

dose 50 (TCID50) (Figure 3A). All CRMs were infected, reaching

the peak viremia to 1.8 3 107 copies/mL on average within 10–

14 dpi (Figure 3B). Strikingly, although 8 of 8 (100%) CRMs dis-

played persistent high viremia, 6 of 8 (75%) infected CRMs

developed the CD4/CD8 ratio drop (Figure 3C), progressive diar-

rhea, anorexia, bodyweight loss, and subsequent progression to

death (Figure 3D). During the experimental period, only 2 surviv-

ing macaques displayed anti-HIV-1SF162 gp120 humoral

response after 42 dpi (Figure 3E). Therefore, we demonstrated

that high-dose intravenous challenge of the CRM-adapted R5-

tropic SHIVSF162P3CN led to persistent infection, simian AIDS,

and high mortality in the majority of CRMs.

Prior BiIA-SG injection confers protection against high-
dose intravenous SHIVSF162P3CN infection
To determine if the prophylactic injection of BiIA-SG would pre-

vent viral infection in NHPs, we inoculated 6 CRMs (group B)

with 10 mg/kg BiIA-SG either intramuscularly (B1–B3) or
Cell Reports 36, 109611, August 24, 2021 3



Figure 3. Pathogenicity of high-dose intra-

venous SHIVSF162P3CN challenge in CRMs

(A) Establishment of SHIVSF162P3CN infection in

CRMs. A group of 8 CRMs were intravenously

challenged with 5,000 TCID50 SHIVSF162P3CN.

(B–E) Characterization of high-dose intravenous

(i.v.) SHIVSF162P3CN challenge in CRMs without

treatment (gray, group A). (B) Kinetics of plasma

viral loads were determined over time. The red line

represents the mean log RNA copies/mL. (C) CD4/

CD8 T cell ratios weremeasured in CRMperipheral

blood over time. The red line represents the mean

CD4/CD8 T cell ratio. (D) Body weight changes

were measured after SHIVSF162P3CN challenge. (E)

Endpoint titers of anti-HIV-1SF162 gp120 antibody

were determined by ELISA in animal plasma

samples over time. CRMs that were euthanized

during the experimental period were marked

with +.
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intravenously (B4–B6) 24 h before the intravenous SHIVSF162P3CN

challenge (Figure 4A). As compared to the untreated CRMs in

group A (A1–A8), there was no productive plasma viral RNA de-

tected longitudinally after the challenge among 6 of 6 (100%)

CRMs in group B (Figure 4B). A minor viral blip was detected in

one animal initially, but importantly, all animals showed no

detectable plasma viral load subsequently. The CD4/CD8 ratios

were fluctuated initially but stabilized 28 dpi in group B CRMs

(Figure 4C). Consistent to the pharmacokinetic experiment,

plasma BiIA-SG maintained at levels exceeding the in vitro

neutralization IC50 value against SHIVSF162P3CN for around 7–14

dpi (Figure 4D). Interestingly, the average half-life of BiIA-SG in

the challenged animals is 1.32 days, shorter than those

measured in antibody treated but uninfected animals (Figure 2A).

Virions might adsorb some amounts of BiIA-SG in these chal-

lenged animals. Proviral DNA loads remained undetectable

over 12 weeks in 6 of 6 (100%) group B CRMs by digital PCR

(Figure 4E). In addition, Env-specific humoral responses and

T cell responses against viral Gag and Nef were also undetect-

able in these CRMs (Figure 4F and 4G). Although antibody in-

jected intravenously might have less on-site loss and faster

bioavailability (Miller et al., 2005; Liu et al., 2016), prior intramus-

cular injection of BiIA-SG is equally effective in preventing high-

dose pathogenic SHIVSF162P3CN infection in CRMs. Collectively,

our results demonstrated that there was lack of productive infec-

tion in all BiIA-SG pre-treated macaques.
4 Cell Reports 36, 109611, August 24, 2021
Post-exposure BiIA-SG converts
pathogenic SHIVSF162P3CN infection
into long-term viremia control
A previous NHP study showed that cART,

as early as 3 dpi, was too late to stop the

rapid viral reservoir seeding as evidenced

by the viral rebound after treatment

disruption (Whitney et al., 2014). We

sought to investigate if post-exposure

BiIA-SG monotherapy at 1 dpi and 3 dpi

would prevent latency establishment

and SHIVSF162P3CN infection. After the
intravenous SHIVSF162P3CN challenge, a single injection of

20 mg/kg BiIA-SG was administrated intramuscularly on 1 dpi

for 7 CRMs in group C and on 3 dpi for 6 CRMs in group D (Fig-

ure 5A). All 13macaques became infected, reaching their plasma

viral RNA load peaks from 14 to 28 dpi (Figures 5B and 5C). Their

CD4/CD8 ratio dropped during peak viremia and then stabilized

(Figures 5D and 5E). Importantly, none of the treated CRMs

developed progressive diarrhea, body weight loss, or significant

CD4 lymphocytopenia. In addition, there were significantly

decreased peak viral loads in group D CRMs (Figure 5F), post-

poned date of peak viremia occurrence (Figure 5G), as well as

reduced set-point viral RNA and proviral loads (Figures 5H and

5I) in both C and D groups, as compared to the untreated

CRMs in group A. Most importantly, the single-dose of BiIA-

SG post-exposure treatment saved 13 of 13 (100%) infected

CRMs from death with a significant survival advantage (Fig-

ure 5J). Crucially, 8 of 13 (61.5%) treated CRMs became control-

lers with undetectable plasma viral loads around 84 dpi,

including 5 of 7 (71.4%) in group C and 3 of 6 (50%) in group

D. The rest of the 5 CRMs in these two groups were considered

as non-controllers. These results demonstrated that although

single intramuscular injection of BiIA-SG did not achieve com-

plete post-exposure prevention even administrated at 1 dpi,

this treatment could actively suppress pathogenic infection

and prevent disease progression in all 13 BiIA-SG-treated

CRMs.



Figure 4. Protection against pathogenic SHIVSF162P3CN challenge by BiIA-SG pre-treatment

(A) Experimental schedule of BiIA-SG pre-treatment against pathogenic SHIVSF162P3CN infection. A group of 6 CRMswere pre-treated with BiIA-SG (10mg/kg) via

intramuscular (B1-B3) or intravenous (B4-B6) injection, followed by i.v. challenge with the 5,000 TCID50 of SHIVSF162P3CN 1 day later (red, group B).

(B) Kinetics of plasma viral loads were compared with CRMs in group A.

(C) CD4/CD8 T cell ratios were determined in peripheral blood over time. The black line represents the mean CD4/CD8 T cell ratio.

(D) BiIA-SG concentrations were determined in plasma.

(E) Proviral DNA loads were determined in PBMCs.

(F) Endpoint titers of anti-HIV-1SF162 gp120 antibody were determined in plasma over time.

(G) T cell responses were measured by IFN-g+ ELISpot assay against viral Gag and Nef overlapping peptide pools at 8 weeks post-challenge. PMA/ionomycin

(PMA/ion) was included as a positive control for each sample. CRMs that were euthanized during the experimental period were marked with +. Data are ex-

pressed as means ± SEM. Significance of differences was determined by Wilcoxon rank-sum test. *p < 0.05; **p < 0.01, ***p < 0.001.
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Possible mechanisms underlying BiIA-SG-mediated
long-term viremia control
To investigate BiIA-SG-mediated protection among the treated

CRMs, we first measured peripheral BiIA-SG concentration.

Consistently, the infused BiIA-SG maintained for 7–14 days

in plasma (Figure 6A). The short half-life of BiIA-SG was found

due to the rapid development of ADA response because BiIA-

SG, as a human bi-bNAb, was immunogenic in CRMs (Figures

6A and S2). HIV-1SF162 gp120-specific humoral responses

were induced after 28 dpi and remained at high levels (Figures

6B and S2). In contrast, all CRMs in groups C and D did not

develop autologous neutralizing antibodies (ID80 <1:100)

against SHIVSF162P3CN within 84 dpi (Figure 6C). The early

neutralization activity detected in the plasma of the BiIA-SG-

treated animals within the first 3 weeks post-challenge was

caused by the presence of BiIA-SG. Env- and Gag-specific

T cell responses, however, were elicited in the treated CRMs

(Figures 6D and 6E).
Because there were no measurable autologous NAbs within

3 months of infection, we determined the protective role of

CD8+ T cells in mediating the sustained viral suppression by

administering the CD8 T cell depleting anti-CD8b monoclonal

antibody (mAb), which targets more specifically CD8+ T cells

than anti-CD8a mAb (Nishimura et al., 2017) in four controllers

(C2, C3, D2, and D3) as compared with the other four controllers

(C1, C5, C6, and D1). Although the infusion of anti-CD8bmAb led

to a moderate decline of CD8+ T cells (Figure S3A), it resulted in

the immediate rebound of plasma viral loads in all 4 tested CRMs

(Figure 7A). After viremia returned to undetectable levels 6 weeks

after the injection of anti-CD8bmAb, two CRMs, C2 and D2, un-

derwent viral rebounds once and twice on 210 dpi and 327 dpi,

respectively, eventually resulting in wasting and death. Envelope

sequences of peripheral rebound viruses by single genome anal-

ysis (SGA) did not reveal any X4-tropic or PGT-128 resistant var-

iants (Figure S3B). The remaining 4 controllers (C1, C5, C6, and

D1), which did not receive anti-CD8bmAb, displayed sustainable
Cell Reports 36, 109611, August 24, 2021 5



Figure 5. Protective efficacy of early BiIA-SG treatment against SHIVSF162P3CN challenge

(A) Experimental schedule of early BiIA-SG treatment against SHIVSF162P3CN infection. CRMs were challenged with 5,000 TCID50 of SHIVSF162P3CN intravenously,

followed by intramuscular BiIA-SG treatment (20 mg/kg) at 1 dpi (orange, group C; n = 7) or 3 dpi (blue, group D; n = 6).

(B and C) Kinetics of plasma viral loads were determined in group C (B) and group D (C). Mean plasma viral load kinetics was shown as a red line for each group.

(D and E) CD4/CD8 T cell ratios were determined in peripheral blood from group C (D) and group D (E). The red line represents the mean CD4/CD8 T cell ratio.

(F) Comparison of peak viremia levels was made among different treatment groups.

(G) Comparison of peak viremia occurrence date was made post-infection.

(H) Setpoint viral loads were determined in peripheral blood samples. Geometric means were calculated for each macaque based on the viral loads between 14–

84 days post-challenge.

(I) Proviral DNA loads were determined in PBMCs at the indicated time points.

(J) Precent survival was determined for BiIA-SG treated and untreated CRMs. Data are expressed as means ± SEM for each group. Statistical significance was

determined by the Wilcoxon rank-sum test (F–I) or the log-rank test (J). *p < 0.05; **p < 0.01, ***p < 0.001.
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viremia control except for one animal (C1) that had low levels of

viral blips on 385 and 432 dpi (Figure 7B). These findings demon-

strated that CD8+ T cells played critical roles in the control of viral

replication in controller CRMs.

Although plasma viral loads fluctuated at various levels among

five non-controllers (C4, C7, D4, D5, and D6), these CRMs sur-

vived for 649 dpi without any sign of simian AIDS (Figure 7C).

We measured T cell responses from 4 and 3 macaques from

groups C and D, respectively, at the later phase post viral chal-

lenge at 503 dpi. They developed long-term anti-Gag and Nef

memory T cell responses (Figures S4A–S4E). There was a trend

of higher CD4+ T cell responses against Gag and Nef in non-con-

trollers than controllers (Figure S4F). In comparison, levels of

Gag- and Nef-specific CD8+ T cell responses varied among the

macaques. Moreover, there was a significant positive correlation

of plasma viral loads to Nef-specific CD4+ T cells and a trend of
6 Cell Reports 36, 109611, August 24, 2021
positive association of plasma viral loads to Gag-specific CD4+

T cells, suggesting that active viral replication might activate

CD4+Tcells. In comparison, therewasnoclear correlation of viral

loads to the levels of viral-specific CD8+ T cell responses at the

timeofmeasurement (FigureS4G). Interestingly,whenwecontin-

uously measured their antibody responses, all macaques had

high autologous gp120 binding antibody titers (Figure S5). Four

of eight controller CRMs with either anti-CD8b-induced (3 of 4)

or spontaneous viral replication (1 of 4) developed autologous

NAbs (Figures 7D and 7E). Similarly, 4 of 5 non-controller CRMs

with active viral loads also developed autologous NAbs against

the challenge virus (Figure 7F). In comparison, most of the

CRMs in group A did not survive past 12 weeks post-challenge,

and a much lower autologous NAb activity was detected from

these animals (Figure 7G). Moreover, we found that controller

CRMs had less CD4/CD8 ratio decrease as compared with



Figure 6. Induction of humoral and cellular responses by early BiIA-SG treatment against SHIVSF162P3CN challenge

(A) Plasma BiIA-SG concentrations were measured for CRMs in groups C and D over time post viral infection.

(B) Endpoint titers of anti-HIV-1SF162 gp120 antibody were determined for CRMs in groups A, C, and D.

(C) Plasma neutralization titers were determined against challenge virus stock SHIVSF162P3CN.

(D and E) T cell responses were measured by the IFN-g+ ELISpot assay in PBMCs against Env (D) and Gag (E) antigens. Data are expressed as means ± SEM.

Statistical significance was determined by the Wilcoxon rank-sum test. *p < 0.05.
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untreated and non-controller CRMs within 3 months of infection,

indicating better preservation of CD4 T cells by early BiIA-SG

treatment (Figure 7H). Our results demonstrated that BiIA-SG

treatment might be able to trigger germline NAb response, which

was boosted subsequently by viral replication.

DISCUSSION

Here, we presented what is, to the best of our knowledge, the

first study on a bi-bNAb in a pathogenic SHIV/NHP model for

both prophylactic and immunotherapeutic efficacy. We showed

that BiIA-SG could block two portals of viral entry simulta-

neously, allowing anchoring of the tandem bispecific antibody

via CD4 on target cells to block the invading viruses with greatly

enhanced potency and breadth (Huang et al., 2016b; Wu et al.,

2018). We also demonstrated that single intramuscular or intra-

venous injection not only made BiIA-SG bioavailable pharmaco-

kinetically, but also prevented pathogenic SHIVSF162P3CN infec-

tion in CRMs under pre-exposure conditions with undetectable

or very low levels of plasma viral RNA, cell-associated proviral

DNA or seroconversion. Furthermore, although single intramus-

cular injection of BiIA-SG did not achieve post-exposure preven-

tion even administrated at 1 dpi, the BiIA-SG treatment sup-

pressed pathogenic SHIVSF162P3CN infection and prevented

disease progression to simian AIDS in treated CRMs, as

compared to 6 rapid progressors in the 8 untreated CRMs in

the control group. Mechanistically, we found that post-exposure

BiIA-SG promoted the induction of protective CD8+ T cells for

durable viral suppression and development of NAbs in many

antibody-treated CRMs, which were determined by CD8+T cell
depleting antibody and longitudely plasma neutralizing activities,

respectively. Since it is feasible to produce BiIA-SG under GMP

conditions, our findings warrant its clinical investigation for HIV-1

prevention and immunotherapy.

CRMs infected intravenously with the high dose of pathogenic

SHIVSF162P3CN did not progress spontaneously into controllers

with undetectable viral loads, but rather into progressors with

persistent viremia and subsequent simian AIDS. In this study,

we generated our SHIVSF162P3CN challenge stock using CRM

PBMCs, which is different from the SHIVSF162P3 challenge stock

obtained directly from the NIH reagent program. SHIVSF162P3

as a tier-2 virus has been extensively used for various vaccine

and antibody efficacy studies primarily using IRMs (Shingai

et al., 2013; Hessell et al., 2016; Liu et al., 2016; Julg et al.,

2017a; Nishimura et al., 2017; Xu et al., 2017; Gautam et al.,

2018). There was a concern that CRMs infected by IRM-

PBMC derived SHIVSF162P3 might progress spontaneously into

controllers and, therefore, were not suitable for vaccine and

immunotherapeutic studies. Using the CRM-adapted patho-

genic SHIVSF162P3CN, we demonstrated that none of the infected

CRMs became spontaneous viremia controllers. Instead,

although all 8 infected CRMs developed persistent infections,

6 of them progressed into simian AIDSwith weight loss, diarrhea,

anorexia, and gradual CD4 lymphocytopenia. This finding vali-

dates the practice of host cell-adaptation for enhanced viral

pathogenicity probably by avoiding adaptive immune responses

against cellular components in challenge virions derived from a

different host species (Chen, 2018).

Post-exposure BiIA-SG monotherapy results in significantly

prolonged viremia control and survival. A previous study
Cell Reports 36, 109611, August 24, 2021 7



Figure 7. Long-term virological and humoral effect of early BiIA-SG treatment against SHIVSF162P3CN challenge

(A–C) Plasma viral RNA loads were monitored up to 649 days post-infection in CRMs, including (A) 4 controller CRMs (C2, C3, D2, and D3) that received the anti-

CD8b depleting antibody CD8b255R1 at day 119, (B) 4 controller CRMs (C1, C5, C6, and D1) without the CD8b255R1 treatment, and (C) 5 non-controller CRMs

(C4, C7, D4, D5, and D6).

(D–G) Plasma neutralization ID80 titers were determined against the challenge SHIVSF162P3CN stock for CRMs, including 4 controller CRMs that received anti-

CD8b depleting antibody (D), 4 controller CRMs without the CD8b255R1 treatment (E), 5 non-controller CRMs (F), and 8 control CRMs (G).

(H) The changes of CD4/CD8 ratios were determined in untreated (U), controller (C), and non-controller (NC) CRMs within 84 days of infection. Data are shown as

means ± SEM. Statistical significance was determined by the Wilcoxon rank-sum test. *p < 0.05; **p < 0.01.
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demonstrated that 2-week immunotherapy starting at 3 dpi with

three consecutive doses of cocktail bNAbs (3BNC117 and 10-

1074) could facilitate the induction of potent CD8+ T cell immu-

nity to convert the acute SHIV infection into prolonged control

in �50% of the macaques examined (Nishimura et al., 2017).

Moreover, a short-term combinational bNAb immunotherapy

provided as early as 1 dpi halted oral SHIVSF162P3 infection in in-

fant macaques, showing that bNAbs are effectively involved in

the clearance of infectious virus in blood and distal tissues during

the earliest stage of HIV penetration (Liu et al., 2016; Hessell

et al., 2016). However, bNAb treatment combined with cART

starting at 10 dpi could not induce viral remission (Bolton et al.,

2015). Before our study, it remained unknown if a bi-specific

bNAb would achieve similar antiviral immunity in NHPs. Using

a different NHP species, we showed that a single post-exposure

BiIA-SG injection even as early as 1 dpi did not prevent the

establishment of viral infection in all CRMs, despite delayed

and reduced peak and set-point viremia as well as decreased

proviral loads. This result was likely relatedmainly to two factors.

One was the high dose of intravenous viral challenge used in our

study because this might promote the rapid establishment of
8 Cell Reports 36, 109611, August 24, 2021
viral reservoir and make it more difficult for the post-exposure

treatment as compared to low dose mucosal challenge regime.

The other factor was the short half-life of BiIA-SG in CRMs.

This was at least partially due to the rapid induction of ADA.

This outcome also prevented us from doing repeated injections

of BiIA-SG for immunotherapy. Importantly, the post-exposure

BiIA-SG monotherapy resulted in the induction of protective

host immunity that led to complete plasma viral control in 8 of

13 treated CRMs and prevented all 13 treated CRMs from fatal

disease progression. This was in great contrast to the occur-

rence of 6 rapid progressors and deaths in the 8 untreated

CRMs. A reduced provirus load (in PBMCs) could explain that

the treatment had limited the potential viral reservoir size, which

could cause decreased pathogenesis and a better-preserved

immunity. Moreover, prolonged viral control was achieved in

11 of 13 BiIA-SG-treated CRMs for 649 days with the exception

of 2 deaths due to viral bound and clinical wasting after the CD8+

T cell depletion.

BiIA-SG-mediated induction of protective immune responses

is essential for immunotherapeutic efficacy. Similar to previous

studies, we found that BiIA-SG-treated CRMs elicited generally
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earlier and higher cellular and humoral responses compared to

untreated CRMs. On one hand, we verified the T cell function

in viremia control directly by infusing CD8+ T cell depleting anti-

body into 4 of 8 controller CRMs when they had not developed

autologous NAbs at the time of anti-CD8b treatment. These re-

sults indicated that CD8+ T cells might indeed play a significant

role in controlling viremia and disease progression. These find-

ings also indicate that latent reservoirs remain in controller

CRMs. On the other hand, by monitoring adaptive humoral re-

sponses, we found that anti-gp120 antibody titer and the autol-

ogous neutralizing activity of monkey plasma was unlikely corre-

lated with plasma viral load control. This finding might be related

to virus-NAb co-evolution because higher levels of autologous

NAbs against the challenge stock were found in non-controllers

having persistently low viral loads, as compared to controllers.

Because autologous NAbs were barely found in untreated pro-

gressor CRMs as compared with BiIA-SG-treated CRMs, BiIA-

SG treatment clearly promoted the induction of NAbs. Previous

studies showed that bNAb-HIV-1 immune complexes may

mediate host immunity as immunoregulators (Wen et al., 2016),

and future studies should investigate if BiIA-SG immune

complexes are actually involved in the induction of protective im-

mune responses, especially of bNAbs. Moreover, the early treat-

ment of BiIA-SG likely reduced the loss of CD4 T cells in acute

phase of infection, which probably also protected T follicular

helper (TFH) cells (Yamamoto et al., 2015). Future studies should

also investigate how passive immunization of bispecific antibody

preserves the TFH cells. Since the CD4 binding affinity of BiIA-SG

was reduced by 229-fold (Wu et al., 2018), there was unlikely a

major CD4 depletion during single intramuscular injection.

BiIA-SG Fc-mediated effector functions, including antibody-

dependent cell cytotoxicity (ADCC) and antibody-dependent

cell phagocytosis (ADCP), still should be investigated in the

future (Parsons et al., 2019; Hessell et al., 2007).

One limitation for BiIA-SG clinical development is its short

half-life in CRMs, which is similar to that in humanized mice

(Wu et al., 2018). We found that the short half-life in CRMs might

be due to fairly rapid ADA responses. As an engineered bi-

bNAb for human use, this problem may be relieved when

BiIA-SG is tested in human trials. We will monitor ADA re-

sponses in future human studies because the immunogenicity

of engineered human antibodies has been documented in

some human subjects (Caskey et al., 2015, 2017). Meanwhile,

we may introduce two amino acid substitutions, lysine-serine

(LS) mutation (M428L and N434S mutation), in the crystallizable

fragment (Fc) domain of BiIA-SG, which could increase not only

the antibody binding to neonatal Fc receptor (FcRn) for pro-

longed half-life but also improve its distribution into gut mucosal

tissues (Ko et al., 2014). The bioavailability and efficacy of these

BiIA-SG variants are currently being evaluated. Future testing of

BiIA-SG in intrarectal SHIVSF162P3CN challenge will be needed to

demonstrate the potency of this antibody drug against mucosal

infection.
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Antibodies

BiIA-SG produced from Chinese hamster

ovary cells

This paper N/A

Human IgG for isotype control for in vivo

half-life study using CMRs

Guizhou Taibang Biological Products N/A

Anti-CD8bmAb CD8b255R1 for in vivo CD8

depletion

National Institutes of Health Nonhuman

Primate Reagent Resource Program

Cat# AB_271632; RRID: AB_2716321

Horseradish peroxidase-conjugated goat

anti-human IgG antibody for ELISA

Invitrogen Cat# 62-8420; RRID: AB_2533962

Horseradish peroxidase-conjugated

anti-monkey immunoglobulin G antibody

for ELISA

Southern Biotech Cat# 4700-05; RRID: AB_2796069

Anti-CD28 (CD28.2) for activation BioLegend Cat# 302934; RRID: AB_11148949

Anti-CD49d (9F10) for activation BioLegend Cat# 304301, RRID; AB_314427

Anti-CD3 (SP34-2; Horizon V450) BD Biosciences Cat# 560351; RRID: AB_1645168

Anti-CD4 (OKT4; PerCP-Cy5.5) BioLegend Cat# 317427; RRID: AB_1186124

Anti-CD8a (RPA-T8; APC) BioLegend Cat# 300912; RRID: AB_314116

Anti-IFN-g (B27; PE) BioLegend Cat# 506506; RRID: AB_315439

Anti-TNFa (Mab11; FITC) BioLegend Cat# 502906; RRID: AB_315258

Anti-IL-2 (MQ1-17H12; PE-Cy7) BD Biosciences Cat# 560707; RRID: AB_1727542

Bacterial and virus strains

SHIVSF162P3 Prof. Cecilia Cheng-Mayer

(ADARC, Rockefeller University)

N/A

SHIVSF162P3CN This paper N/A

Biological samples

SHIVSF162P3CN infected or uninfected

macaque PBMCs

This paper N/A

Chemicals, peptides, and recombinant proteins

HIV-1JRFL gp120 for BiIA-SG ELISA SinoBiological Cat# 40404-V08H

HIV-1 SF162 gp120 for endogenous antibody

ELISA

NIH AIDS Reagents Program Cat# ARP-12026

SIVmac239-p27 for endogenous antibody

ELISA

In-house N/A

SIVmac239 Gag-p57 peptide array NIH AIDS Reagents Program Cat# 6204

SIVmac239 Nef peptide array NIH AIDS Reagents Program Cat# 8762

SIVmac239 Env peptide array (HIV

consensus B)

NIH AIDS Reagents Program Cat# ARP-9480

Cell Activation Cocktail (without Brefeldin A) BioLegend Cat# 423302

Brefeldin A Sigma-Aldrich Cat# B6542-25MG

Cytofix/Cytoperm Fixation/

Permeabilization Kit

BD Biosciences Cat# 554714; RRID: AB_2869008

Zombie Aqua fixable viability stain BioLegend Cat# 77143

Critical commercial assays

QIAamp Viral RNA Minikit QIAGEN Cat# 52904

QIAamp DNA Mini Kit QIAGEN Cat# 51304

PrimeScript 1st strand cDNA synthesis kit Takara Cat# 6110A
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Superscript IV Reverse Transcriptase Invitrogen Cat# 18090010

TB Green Premix Ex TaqII Takara Cat# RR820A

QuantStudio 3D Digital PCR Master Mix v2 Applied Biosystem Cat# A26358

Q5 High-Fidelity DNA Polymerase BioLabs Cat# M0491L

Monkey IFN-g T cell ELISPOT kit Mabtech Cat# 3421M-2A

Nano-Glo� Luciferase Assay System Promega Cat# N1130

Non-human primate CD8+ T cell Isolation

Kit (for CD8+ T cell depletion in SHIV stock

generation)

Miltenyi Biotech Cat# 130-092-143

Experimental models: Cell lines

TZM-bl NIH HIV Reagent Program Cat# 8129-442; RRID: CVCL_B478

Experimental models: Organisms/strains

Rhesus macaques (M.mulatta) of Chinese

genetic origin

Foshan University N/A

Oligonucleotides

SIV-Gag-specific primers for plasma viral

load: Forward: 50-GTAGTATGGGCAGCA

AATGAAT-30 Reverse: 50- CACCAG
ATGACGCAGACAGTAT-30

Lu et al., 2012 N/A

SIV-Gag specific primers for proviral:

Forward: 50-GTCTGCGTCATYTGGT

GCATTC-30 Reverse: 50-CACTAGY

TGTCTCTGCACTATRTGTTTTG-30, Probe:
50-FAM-CTTCRTCAGTYTG

TTTCACTTTCTCTTC-TGCG-BHQ1-30

Cline et al., 2005 N/A

SHIV SGA reverse transcription primer:

SHIV SGA EnvR1: 50-CAATAATTGTCT

GGCCTGTACCGTC-30

Julg et al., 2017a N/A

SHIV SGA nested PCR 1st round primer:

Forward (SHIV SGA EnvF1): 50-TATGGGG

TACCTGTGTGGAA-30 Reverse: SHIV SGA

EnvR1

Julg et al., 2017a N/A

SHIV SGA nested PCR 2nd round primer:

Forward (SHIV SGA EnvF2): 50-GCCTG

TGTACCCACAGAC-30 Reverse (EnvR2):

50-ATAGTGCTTCCTGCTGC-30

Julg et al., 2017a N/A

Software and algorithms

FlowJo v9.9 BD Biosciences RRID: SCR_008520

Prism v7 GraphPad RRID: SCR_002798

Other

QuantStudio 3D Digital PCR system Applied Biosystem Cat# 44-890-84

FACSAria III BD Biosciences RRID: SCR_016695
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d The data that support the findings of this study are available upon request from the lead contact.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals and study design
The overall objective of this study was to investigate the prophylactic and therapeutic efficacy of BiIA-SG against the high-dose of

SHIVSF162P3CN challenge. 35 3 year-old female rhesus macaques (M.mulatta) of Chinese genetic origin were housed and cared in the

Department of Veterinary Medicine at the Foshan University. Four sub-studies were performed including (1) to determine the phar-

macokinetics study of BiIA-SG in CRMs, (2) to characterize infectivity and pathogenicity of SHIVSF162P3CN challenge stock by high-

dose intravenous challenge in CRMs, (3) to test the prophylactic efficacy and (4) to test the therapeutic activity of BiIA-SG in acute

SHIVSF162P3CN-infected macaques. All of the macaques used in this study were genotyped as previously described (Wiseman et al.,

2013). Major histocompatibility complex class I (MHC-I) class I and tripartite motif-containing protein 5 (TRIM5) polymorphisms were

balanced equally among groups/were randomly allocated in each group. Blood was collected regularly to monitor viral infection,

passively transferred monoclonal antibody concentrations and serum neutralizing activity. For the half-life study, 4 naive CRMs

were injected 10mg/kg BiIA-SG intramuscularly, whereas 4 control CMRs were injected the same dose of human IgG (Guizhou Tai-

bang Biological Products). The rest of 27 CRMs were all inoculated with 5000TCID50 SHIVSF162P3CN intravenously. The inoculum of

5000 TCID50 contains about 2.5x10
6 copies/ml of viral RNA. Eight untreated CRMs received saline and were used as control for the

pathogenesis study. For the prophylactic study, 3 CRMswere intramuscularly and 3 CRMs were intravenously infused with 10mg/kg

BiIA-SG 24 hours before viral challenge. For the therapeutic study, 7 CRMs were treated with 20mg/kg BiIA-SG intramuscularly 24

hours post-infection, whereas 6 CRMs were treated with the same dose of BiIA-SG 72 hours post-infection.

Study approval
All animal studies were performed in accordance with protocols approved by the Institutional Animal Care and Use Committee of the

Department of Veterinary Medicine at the Foshan University.

METHOD DETAILS

Preparation of SHIVSF162P3CN challenge stock
Our parental R5-tropic SHIVSF162P3 strain was a gift from Prof. Cecilia Cheng-Mayer. This strain was isolated from a R5-tropic

SHIVSF162P3-infected Indian rhesus macaque DV60 at the end stage of simian AIDS (Harouse et al., 2001). Accordingly, this strain

maintained its CCR5-tropism. The SHIVSF162P3CN challenge stock was then generated by expansion in IL-2-treated Chinese (CN) rhe-

sus macaque PBMCs that were depleted of CD8+ T cells by magnetic bead separation (Miltenyi Biotech). TCID50 of the

SHIVSF162P3CN stock was determined by TZM-bl cells based luciferase reporter assays (Montefiori, 2004). Amino acid sequence

alignment of HIV-1SF162, SHIVSF162P3 and challenge stock SHIVSF162P3CN gp120 and mutations generated in challenge stock during

preparation (B) are shown in Figure S6.

Antibodies
BiIA-SG was produced by contract manufacture by GLP-grade manufacturing company from Chines hamster ovry cells standard as

previously described (Wu et al., 2018) and purified by chromatography and sterile filtration and were endotoxin-free. Plasma BiIA-SG

antibody concentration was measured by enzyme-linked immunosorbent assays (ELISA) (Walker et al., 2011). HIV-1JRFL gp120 was

used as a capture protein for BiIA-SG. Bound antibodies were detected horseradish peroxidase-conjugated goat anti-human IgG

antibody (Santa Cruz Biotechnology).

Viral quantitation assays
Viral RNA isolated frommonkey plasma using a QIAamp Viral RNAMinikit (QIAGEN) was reversed transcribed into viral complemen-

tary DNA (cDNA) using a PrimeScript 1st strand cDNA synthesis kit (Takara) with random hexamers. Plasma viral RNA copy number

was determined by real-time quantitative PCR (qPCR) with a SYBR green premix Ex Taq (Takara) and SIV-Gag-specific primers

50-GTAGTATGGGCAGCAAATGAAT-30 and 50- CACCAGATGACGCAGACAGTAT-30 (Lu et al., 2012). The limit of detection is 200

copies/ml for this viral load determination. To determine cell-associated DNA viral load, DNA was first isolated from PBMCs using

a QIAamp DNA Mini Kit (QIAGEN). Digital PCR was then performed on the QuantStudio 3D Digital PCR system (Thermo Fisher) to

determine proviral loads, with primers 50-GTCTGCGTCATYTGGTGCATTC-30 and 50-CACTAGYTGTCTCTGCACTATRTGTTTTG-

30, and probe 50-FAM-CTTCRTCAGTYTGTTTCACTTTCTCTTCTGCG-BHQ1-30 (Cline et al., 2005). The results were normalized
e3 Cell Reports 36, 109611, August 24, 2021
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with cell numbers calculated based on albumin gene copy numbers determined by real-time quantitative PCR (Chung et al., 2008).

Accordingly, the limit of digital PCR detects single copy of proviral DNA.

Humoral response
Detection of endogenous antibodies titers was performed by ELISA as previously described (Gautam et al., 2018; Wu et al., 2018). In

brief, high-binding 96-well plates were coated with 50ng BiIA-SG, SIVmac239-p27 or HIV-1 SF162 gp120 protein overnight at 4�C and

blocked at 37�C for 2 hours. Heat inactivated serum were fivefold serial diluted in blocking buffer and were added to plates for incu-

bating 1h at 37�C, followed by 3 times of PBS-0.05%Tweenwashing. Bound antibodies were detected by using a horseradish perox-

idase-conjugated anti-monkey (SouthernBiotech) immunoglobulin G antibody with minimal cross-reactivity to human mAb. Blank

wells containing assay diluent of each plate were used as background. Fivefold of blank wells mean optical density (OD) were

used as a cutoff. The log values of these antibodies were reported as the endpoint dilution of endogenous antibodies titers.

Cellular immune assays
T cell immune responses were examined by IFN-g ELISpot or intracellular cytokine staining (ICS) assays. In ELISpot assays, PBMC

responses were measured by in vitro 1 mg/ml of 15-mer overlapping peptide pools spanning the full-length SIVmac239 Gag-p57 an-

tigens, Nef, Env (HIV consensus B) (NIH AIDS Reagents Program), and the T cell responses were determined using monkey IFN-g

T cell ELISPOT kit (Mabtech) as previously described (Liu et al., 2018; Sun et al., 2013). In ICS assays, up to 1x106 PBMCswere stim-

ulated with 1 mg/ml of 15-mer overlapping Gag-p57 or Nef peptide pools in the presence of 0.5 mg/ml of anti-CD28 (CD28.2) and anti-

CD49d (9F10) antibodies (Biolegend). Backgrounds were determined in co-stimulated cells without the presence of antigens.

Phorbol-12-myristate 13-acetate (81nM) and ionomycin (1.3mM) were used as positive control stimulant (Biolegend). After 2-hour in-

cubation at 37�C with 5% CO2, Brefeldin A (7.5 mg/ml; Sigma-Aldrich) was added, and the cells were further incubation overnight.

Cells were then surface stained, fixed and permeabilised using Cytofix/Cytoperm kit (BD Biosciences), and stained for intracellular

cytokines. The following antibodies were used: anti-CD3 (SP34-2; Horizon V450), anti-CD4 (OKT4; PerCP-Cy5.5), anti-CD8a (RPA-

T8; APC), anti-IFN-g (B27; PE), anti-TNFa (Mab11; FITC), anti-IL-2 (MQ1-17H12; PE-Cy7). The antibodies were from BD Biosciences

or Biolegend. Zombie Aqua fixable viability stain was used during the surface staining step to discriminate against dead cells. Data

were acquired with a BD FACSAria III instrument and analyzed using FlowJo v9.9 software.

Neutralization antibody assay
In vitro neutralization activity of bNAbs or bi-bNAbs wasmeasured against the SHIVSF162P3CN challenge strain by a standard protocol

using TZM-bl target cells and a luciferase reporter assay as previously described (Li et al., 2005). The antibodies tested were first pre-

incubated with an inoculum of 200 TCID50 SHIVSF162P3CN, followed by addition of TZM-bl target cells. Infection was measured by the

luciferase assay 48 hours later. The 50% inhibitory dilution (ID50) or 80% inhibitory dilution (ID80) of monkey serum was calculated to

reflect antiviral potency.

CD8+ T cell depletion in vivo

Four out of eight controller macaques were intravenously injected with a single dose (50mg/kg) of anti-CD8bmAb CD8b255R1 (Na-

tional Institutes of Health Nonhuman Primate Reagent Resource Program).

Single-genome amplification (SGA)
SGA followed by direct sequencing of the Env gene was performed as previously described (Julg et al., 2017a). In brief, viral RNAwas

isolated from monkey plasma by QIAamp viral RNA kit (QIAGEN) and reverse transcribed to cDNA by using Superscript IV Reverse

Transcriptase (Invitrogen) with gene-specific primer, SHIV SGA EnvR1 (50-CAATAATTGTCTGGCCTGTACCGTC-30). The cDNA tem-

plates were serially diluted until less 30% amplicons are positive after the two-round nested PCR. The first-round PCRwas conduct-

ed by using Q5 High-Fidelity DNA Polymerase along with SHIV SGA EnvF1 (50-TATGGGGTACCTGTGTGGAA-30) and SHIV SGA

EnvR1. After that, the first-round PCR product was diluted for 100 times and only use 1 microliter as template for the second-round

PCR with primers SHIV SGA EnvF2 (50-GCCTGTGTACCCACAGAC-30) and EnvR2 (50-ATAGTGCTTCCTGCTGC-30). For each sam-

ple, around 25-35 amplicons were sequenced and analyzed.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses of data were performed using Prism v7 (GraphPad).Two-tailed Wilcoxon rank sum test or Kruskal-Wallis test fol-

lowed by the Dunn’smultiple comparisons test were performed for the comparisons between two treatment groups ormore than two

treatment groups, respectively. Survival analysis was performed using the log-rank test. Probability value (p) of smaller than 0.05 was

considered statistically significant.
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