
ll
OPEN ACCESS
iScience

Article
Anti-viral efficacy of a next-generation CD4-
binding site bNAb in SHIV-infected animals in the
absence of anti-drug antibody responses
BEFORE AFTER

SHIV-infected NHP

bNAb
infusion 

Uninhibited
virologic effect

Little or no
virologic effect

NHP blood

bNAb clearance from plasma

NHP blood

No ADA

Anti-drug antibody (ADA) responses

Short bNAb
half-life 

B cell depletion

Anti-CD20
infusions

bNAb
infusion 

SHIV-infected NHP

Long bNAb
half-life 

bN
A

b 
pl

as
m

a
co

nc
en

tr
at

io
n 

(
g/

m
L)

100

10

1

0.1
0 20 40 60

Days post infusion

bN
A

b 
pl

as
m

a
co

nc
en

tr
at

io
n 

(
g/

m
L)

100

10

1

0.1
0 20 40 60

Days post infusion

Sarah E. Lovelace,

Sabrina Helmold

Hait, Eun Sung

Yang, ..., Richard

A. Koup, John R.

Mascola,

Amarendra Pegu

pegua@niaid.nih.gov

Highlights
Highly potent CD4bs

bNAb reduces viremia up

to 4 log10 in SHIV-infected

animals

Sustained B cell depletion

prevents development of

ADA responses

Lack of ADA enables

multiple bNAb infusions

over 12 weeks

Lovelace et al., iScience 25,
105067
October 21, 2022

https://doi.org/10.1016/

j.isci.2022.105067

mailto:pegua@niaid.nih.gov
https://doi.org/10.1016/j.isci.2022.105067
https://doi.org/10.1016/j.isci.2022.105067
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2022.105067&domain=pdf


iScience

Article

Anti-viral efficacy of a next-generation
CD4-binding site bNAb in SHIV-infected animals
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SUMMARY

Broadly neutralizing antibodies (bNAbs) against HIV-1 are promising immunother-
apeutic agents for treatment of HIV-1 infection. bNAbs can be administered to
SHIV-infected rhesusmacaques to assess their anti-viral efficacy; however, their de-
livery intomacaques often leads to rapid formation of anti-drug antibody (ADA) re-
sponses limiting such assessment. Here, we depleted B cells in five SHIV-infected
rhesus macaques by pretreatment with a depleting anti-CD20 antibody prior to
bNAb infusions to reduce ADA. Peripheral B cells were depleted following anti-
CD20 infusions and remained depleted for at least 9 weeks after the 1st anti-
CD20 infusion. Plasma viremia dropped by more than 100-fold in viremic animals
after the initial bNAb treatment. No significant humoral ADA responses were de-
tected for as long as B cells remained depleted. Our results indicate that transient
B cell depletion successfully inhibited emergence of ADA and improved the assess-
ment of anti-viral efficacy of a bNAb in a SHIV-infected rhesus macaque model.

INTRODUCTION

Broadly neutralizing antibodies (bNAbs) against HIV-1 target conserved regions on the HIV-1 envelope

glycoprotein (Env) and mediate potent neutralization of a broad range of circulating HIV-1 strains (Griffith

and McCoy, 2021; Sok and Burton, 2018; Walsh and Seaman, 2021). Due to their intrinsic antibody proper-

ties, bNAbs possess relatively long half-lives in the range of 2–4 weeks and mediate multiple effector func-

tions through Fc receptors (Cohen et al., 2019; Gaudinski et al., 2018, 2019; Mayer et al., 2017). Many of

these bNAbs have now progressed to clinical testing for both prevention and treatment of HIV-1 infection

(Bar-On et al., 2018; Corey et al., 2021; Crowell et al., 2019; Edupuganti et al., 2021; Mahomed et al., 2020;

McFarland et al., 2021; Mendoza et al., 2018; Stephenson et al., 2021). These initial clinical studies have

shown potent antiviral activity of these bNAbs and demonstrate the potential for their use in the treatment

of HIV-1 infection. These results also suggest that use of a combination of bNAbs or multispecific anti-

bodies may be required for long-term viral suppression to prevent viral escape. In addition, through further

antibody isolation and engineering, more potent bNAbs have been reported providing a next generation

of bNAbs that can be clinically tested (Kwon et al., 2021; Pegu et al., 2022; Schommers et al., 2020). Due to

high cost of conducting human studies, these bNAbs are tested in preclinical models for their antiviral

efficacy before being advanced into clinical development.

The nonhuman primate model is a widely used model for evaluation of therapeutics against HIV-1. In this

model, rhesus macaques are infected with a chimeric simian-human immunodeficiency virus (SHIV) that ex-

presses HIV-1 Env in the backbone of simian immunodeficiency virus (SIV) structural genes (Bauer and Bar,

2020). bNAbs have been administered to SHIV-infected rhesus macaques to demonstrate their anti-viral

efficacy (Barouch et al., 2013; Julg et al., 2017; Nishimura et al., 2021; Shapiro et al., 2020; Shingai et al.,

2013; Spencer et al., 2022; Wen et al., 2021). These studies have shown potent anti-viral activity after either

single or multiple infusions of bNAbs. However, a limitation of these studies has been the rapid develop-

ment of xenogeneic anti-drug antibody responses (ADA) against the bNAb itself in many cases (Lee et al.,

2021). This ADA response greatly affects the pharmacokinetic profile of bNAbs by rapidly clearing them

from circulation and compromising the assessment of bNAb anti-viral efficacy in these studies. In addition,
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this ADA response hampers the ability of testing prolonged treatment with bNAbs via multiple infusions,

further limiting the ability to assess long-term efficacy of bNAb treatments on viral evolution and escape.

Rituximab is one of the first antibody drugs that was licensed for treatment of B cell malignancies and

leads to a rapid depletion of B cells from circulation (Klein et al., 2021; Maloney et al., 1997; Marshall

et al., 2017; McLaughlin et al., 1998). It targets the CD20 surface antigen on B cells and is a recombinant

chimeric murine/human type I anti-CD20 monoclonal antibody. It has been used previously in rhesus

macaques to deplete CD20+ B cells for studying the effect of humoral responses on infection (Carroll

et al., 2011; Gaufin et al., 2009; Miller et al., 2007; Permar et al., 2004; Schmitz et al., 2003; Tasca et al.,

2011), suppressing rejection of corneal transplants (Choi et al., 2018; Kim et al., 2018; Yoon et al., 2020),

and reducing B cell tumors (Qin et al., 2019). For assessing the role of humoral responses in infection,

CD20+ B cells were depleted prior to viral challenge or immunization with the antigen of interest. These

studies saw stunted or delayed humoral responses to viral challenge or vaccination. Similarly, in studies

of corneal xenotransplantation, CD20+ B cell depletion on its own and in combination with other im-

munosuppressants given at the time of transplant can extend survival of the graft and prevent rejection.

These studies suggest that B cell depletion using an anti-CD20 antibody can effectively reduce forma-

tion of de novo humoral responses. Here, we depleted CD20+ B cells in 5 SHIV-infected rhesus ma-

caques using a rituximab-based afucosylated rhesusized anti-CD20 antibody to assess whether tempo-

rary B cell depletion prior to bNAb administration might reduce or eliminate ADA and improve the

assessment of the anti-viral efficacy of a bNAb.

RESULTS

In vivo B cell depletion after anti-CD20 infusion

We assessed whether depletion of B cells in nonhuman primates (NHPs) prior to infusion with a bNAb could

reduce the anti-drug response which often forms following bNAb infusion. For this purpose, we used rhesusma-

caques (n = 5) that were chronically infected with SHIVBG505 for a period of 1–4 years. These viremic animals were

then treated with a rhesusized version of a rituximab-based anti-CD20 antibody which had been afucosylated to

enhance antibody-dependent cellular cytotoxicity. Three 50mg/kg infusions of the afucosylated rhesusized anti-

CD20 (anti-CD20) were given intravenously (IV) two weeks apart; that was followed with three weekly infusions of

a bNAb (Figure 1A). As soon as 2 days following the first anti-CD20 infusion, B cells were no longer detectable in

whole blood staining for CD20 by flow cytometry (Figure 1B). This early loss of CD20 expression was observed in

all 5 animals. Thedepleting anti-CD20Abwas shown to compete for bindingwith the anti-CD20Abused for flow

cytometric analysis (Figure S1A), therefore B cell depletion was verified by flow cytometry of PBMCs collected

weekly throughout the study and stained for expression of B cell marker CD19 (Figure S1B). A distinct B cell pop-

ulation reappeared in thewholeblood staining of each animal as soon as 8weeks or as late as 18weeks following

the last anti-CD20 infusion (Figure 1C). NHPs 3 and5 saw a complete returnof B cell counts to the baseline levels,

NHP 1 had cell counts level off at a new baseline lower than the original, andNHPs 2 and 4 had cell counts below

baseline but still increasing by the time sample collection was stopped. After anti-CD20 infusion, plasma con-

centration of this Ab increased sharply but was quickly cleared from the plasma with a half-life of 3.9 days (Fig-

ure 1D). Autologous anti-Env antibodybinding titers appeared todrop throughoutB cell depletion but began to

increase later generally coinciding with onset of B cell return (Figure S2B). This drop in SHIV-specific humoral

response, while not insignificant, did not appear to affect viremia with minimal changes observed during this

initial period of B cell depletion (Figure 2A). The total IgG levels in these animals fluctuated over time and

showed a slight decrease in some animals following B cell depletion (Figure S2A). Animals that experienced a

drop in total IgG levels showed a return to baseline values corresponding with their recovery of B cells.

Potent viral suppression after multiple infusions of VRC01v23

After depletion of B cells by anti-CD20 infusion, we administered the bNAb VRC01v23, a CD4-binding site-

specific bNAb variant derived from VRC01.23 with improved breadth and potency over VRC01 (Kwon et al.,

2021). Plasma viral loads dropped significantly in all viremic animals after the first treatment with VRC01v23,

as much as 2.5 and 3 log10 reductions of viral copies per milliliter of blood in animals with the highest viral

loads, NHPs 1 and 3, respectively (Figure 2A). 3 out of 4 viremic animals had viral loads reduced to below

the limit of detection after the 1st or 2nd infusion, while the 4th animal (NHP 3) experienced a substantial

reduction of up to 3.7 log10 but still maintained low levels of viremia after all 3 infusions. The plasma con-

centration of VRC01v23 showed an increase after each 10 mg/kg infusion, reaching up to 300 mg of bNAb

per milliliter of blood (mg/mL) when measured within 1–3 days following each infusion. (Figure 2B).

VRC01v23 had a half-life of between 12.1 and 27.6 days following the final infusion of the dosing regimen
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(Table 1). The rate at which viral loads rebounded following VRC01v23 infusion varied and did not seem to

correlate with plasma concentration of the bNAb (Figure 2B). NHP 3 rebounded within 3 weeks following

the last infusion of the bNAb with plasma concentrations as high as 227 mg/mL (2B, top right). Two more

animals, NHPs 1 and 5, rebounded within 4 weeks following the last bNAb infusion, with bNAb concentra-

tions of 89 and 189 mg/mL, respectively (2B, bottom right, top left). NHP 2 maintained viral suppression
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Figure 1. Study design and in vivo B cell depletion after anti-CD20 infusion

(A) SHIV-infected rhesus macaques were treated with intravenous (IV) infusions of 50 mg/kg afucosylated rhesusized anti-CD20 (anti-CD20, black arrows)

followed by 10 mg/kg of bNAb VRC01v23 (blue arrows). Blood was sampled at indicated timepoints over the course of the study.

(B) Representative flow cytometry plots of whole blood CD20+ B cells and total CD3+ T cells at days -37, -30, -28, 40, 82, and 154 of VRC01v23 infusion in NHP

3. B cell counts determined by number of CD19+ and/or CD20+ events after gating on CD3� leukocytes. Peripheral B cell depletion was already seen 2 days

following first anti-CD20 infusion.

(C) CD19+ and/or CD20+ B cell counts in whole blood obtained by flow cytometry for each macaque normalized to its CD19+ and/or CD20+ B cell count

average from day –37 and day 30 of bNAb infusion, prior to CD20 depletion (black arrows/dotted lines = anti-CD20 infusions, blue arrows/dashed lines =

VRC01v23 infusions).

(D) Pharmacokinetics (PK) of anti-CD20 in macaque plasma following three 50 mg/kg IV infusions (LOD = 31 mg/mL). See also Figures S1 and S2.
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Figure 2. VRC01v23 anti-viral efficacy and pharmacokinetics

(A) Plasma viral load (LOD = 15 copies/mL) up to 76 days following the first VRC01v23 infusion (black arrows/dotted lines = anti-CD20 infusions, blue arrows/

dashed lines = VRC01v23 infusions).

(B) Pharmacokinetics (PK) of VRC01v23 (blue, solid shapes) represented by plasma concentration of the bNAb (LOD= 0.3 mg/mL) for up to 76 days following the

first bNAb infusion. Plasma viral loads (red, hollow shapes) of each animal respectively shown for evaluation of VRC01v23 effect on viremia. Each point in the PK

curves represent the mean of at least two replicates and the error bar represents the standard error. See also Figure S3.
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through nearly 10 weeks following the last bNAb infusion until VRC01v23 was very low in the plasma at

around 8 mg/mL (2B, top middle, Figure S3). NHP 4 had viremia drop below the limit of detection prior

to bNAb infusion, suggesting natural control of the virus. This suppression was maintained through the

entire study, preventing assessment of bNAb virologic effect in this animal (2B, bottom left).

Absence of ADA responses against VRC01v23

Plasma samples from these VRC01v23-infused animals were tested by ELISA for binding to the VRC01v23 anti-

body to detect ADA responses. In a parallel pharmacokinetic (PK) study which gave naive rhesus macaques a

single 10 mg/kg IV infusion of VRC01v23, 2 out of 3 animals quickly developed significant ADA responses (Fig-

ure 3A). The endpoint titer of macaque plasma binding to the bNAb steadily increased over the first 5–6 weeks

in these 2 animals (NHP B and C), corresponding to a substantial drop in PK of the bNAb once titers reached a

threshold of around 10,000. NHP A showed a steadily increasing endpoint titer but did not appear to reach

this threshold at which PK is substantially affected within the first few weeks following bNAb infusion. These

ADA responses were observed after a single infusion of VRC01v23 and occurred within just a few weeks of the

infusion. When assessed for specificity of binding, these responses showed higher titers against the whole IgG

rather than the Fab, suggesting the Fc region was predominantly targeted (Figure S4). By contrast, the 5 animals

of this study which underwent B cell depletion prior to VRC01v23 infusion received three 10 mg/kg doses of the

bNAbwith minimal development of ADA endpoint titers (Figure 3B). These titers displayed some fluctuation by

week, butdidnot reach the thresholdof significanceestablished in theearlier trial forADAwith a functional effect

on PK. The PK curves of the bNAb in these 5 animals closely resemble the slow and steady decrease of bNAb

plasma concentration seen initially in NHP A from the earlier study, suggesting no effect of the ADA response

on PK following B cell depletion.

Reinfusions with VRC01v23 following viral rebound

Weproceeded with two additional infusions of VRC01v23 intoNHPs 1 and 3 that still had B cells depleted at day

68 to assess if rebound virus was still VRC01v23-sensitive (Figures 4A and 4B). The plasma VRC01v23 levels after

these additional infusions showed no significant difference in half-lives from those after the first set of infusions

(p = 0.65) with a gradual decline in antibody levels over time, indicative of an absence of ADA response (Table 1

and Figure 4C). This was further confirmed directly by an ADA ELISA in which endpoint titers did not exceed

1,000 (Figure 4C). At the time of reinfusion, B cells were still depleted andbegan to return in these animals within

2–4 weeks of the 4th VRC01v23 infusion. Even with the return of B cells, these animals still showed no significant

development of ADA response against VRC01v23. Although VRC01v23 levels were high in the plasma following

reinfusion, there was minimal to no effect of the bNAb infusion on plasma viremia. NHP 1 showed only a 1 log10

reduction in viremia, and in NHP 3, viremia was not noticeably altered from its post-rebound baseline. This min-

imal change contrasts with the potent 3–4 log10 reduction in viremia seen in these animals following the first set

of VRC01v23 infusions, suggesting that the post-rebound viral quasispecies may be resistant to VRC01v23.

DISCUSSION

The SHIV-infectedNHPmodel serves as an effective in vivomodel of HIV infection and treatment regimens.

Infusion with human bNAbs in NHPs, however, results in the development of ADA responses that prevent

Table 1. Half-life of VRC01v23 in rhesus macaques after different 10 mg/kg dosing regimens

SHIV-infected animal After first 3 doses (Days) After 4th and 5th doses (Days)

NHP 1 27.6 27.1

NHP 2 12.1

NHP 3 13.0 15.1

NHP 4 24.6

NHP 5 16.4

SHIV-naı̈ve animal* After 1 dose (Days)

NHP A 19.2

NHP B 13.7

NHP C 12.2

*bNAb half-life determined prior to point of rapid plasma clearance for animals with ADA.

ll
OPEN ACCESS

iScience 25, 105067, October 21, 2022 5

iScience
Article



multiple infusions and study of bNAb efficacy over longer periods of time. In this study, the depletion of

CD20+ B cells in SHIV-infected rhesus macaques prior to treatment with three 10 mg/kg infusions of the

bNAb VRC01v23 inhibited the development of an ADA response. None of the 5 animals with depleted

B cells developed a significant ADA response for as long as B cells were depleted. Whereas, in a parallel

study evaluating PK of this bNAb in naive macaques, anti-bNAb endpoint titers for all 3 animals increased

over time following a single 10 mg/kg infusion. Two animals developed higher ADA responses that corre-

lated with a significant and sharp decrease in bNAb plasma concentration after only 4–5 weeks following

infusion once anti-bNAb titers reached approximately 10,000.

The infusions with the anti-CD20 antibody resulted in a rapid drop in B cell levels in all animals following the first

infusion. B cells remained depleted in these animals for an average of 13 weeks, beginning to recover as early as

8weeksoras lateas 18weeks following thefinal anti-CD20 treatment. Thisdepletion lastedmuch longer than that

shown inanother studywith the samedosing regimenof rituximab, inwhich rhesusmacaquesbeganrecoveringB

cells within 2–4 weeks of the last infusion (Carroll et al., 2011). The longer termdepletion observed in our animals

may be related to their chronically SHIV-infected status, as chronic infection without treatment will compromise

the immune system. Theafucosylationofour anti-CD20 antibody improves antibody-dependent cellular cytotox-

icity (Chung et al., 2012) and the rhesusization likely improves half-life over that of unmodified rituximab. These

modifications in combination may have resulted in a more complete and longer lasting depletion of CD20+ B

cells.Other studieshavedepletedCD20+Bcells inNHPsusing treatmentwith rituximab, theantibody fromwhich

this anti-CD20 was derived, or obinutuzumab, a newer generation of anti-CD20 antibody (Freeman and Sehn,

2018;Grimmet al., 2019). In one study characterizing the PKandB cell depletion of obinutuzumab in cynomolgus

macaques, strongADAresponsesagainst theanti-CD20 infusionwereseen in3outof 4animals resulting in lossof

obinutuzumab in plasma as early as 9 days following infusion (Grimm et al., 2019). This rapid decline of the anti-

CD20 antibody corresponded with an increase in B cells once the antibody reached low or undetectable levels.

The use of a rhesusized anti-CD20 antibody in our study avoids possible ADA responses associatedwith infusion

of a chimeric humanized antibody into rhesus macaques, allowing for swift and sustained depletion of B cells

followingmultiple infusions of anti-CD20. In past studies involving CD20+ B cell depletion and SIV or SHIV infec-

tion, the investigative focus has been on the effect of de novo humoral responses on viremia (Gaufin et al., 2009;

Miller et al., 2007; Schmitz et al., 2003; Tasca et al., 2011). This study is the first to use CD20+ B cell depletion in

chronically SHIV-infected macaques. Here, the pre-existing anti-Env titers dropped slightly following depletion,

but remained at relatively high levels that returned to baseline corresponding with the recovery of CD20+ B cells.

Total IgG levels fluctuated inall animalsprior to the studyandwere slightly reduced followingdepletion, but simi-

larly returned to around the baseline with B cell recovery. This is similar towhat was observed in one study of rhe-

susmacaques that underwentCD20+Bcell depletionprior tochallengewithhuman influenzaA,4–8months after

an initial challengewith the sameviral stock (Carroll et al., 2011).Hemagglutination inhibition titers remainedhigh

and even increased after challenge despite B cells being depleted, suggesting that humoral responses are not
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Figure 3. Anti-drug antibody responses against VRC01v23 infusions and effect on pharmacokinetics

(A) Plasma anti-drug antibody ELISA endpoint titers against the bNAb VRC01v23 (ADA, dashed lines) and bNAb

pharmacokinetics (PK, solid lines) after one 10 mg/kg IV infusion (blue arrow) in naive animals which did not receive anti-

CD20 (control).

(B) ADA endpoint titers (dashed lines, LOD = 50) and VRC01v23 PK (solid lines) after three 10 mg/kg IV infusions (blue

arrows) in SHIV-infected animals which received anti-CD20 (treatment). Each point in the PK curves represent the mean of

at least two replicates and the error bar represents the standard error. See also Figure S4.
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compromised by CD20+ B cell depletion. This may be due to the relatively long half-life of IgG in sera, as well as

the survival ofCD20�plasmablasts followingCD20depletion as seen in humans treatedwith rituximab (Leandro,

2013). Maintenance of plasmablasts and plasma cells would allow for pre-existing humoral responses to remain

during depletion of CD20+ B cells while novel responses are prevented. Finally, although anti-CD20 treatment is

an accepted clinical intervention for certain immune disorders, the treatment regimen proposed in this study is

intended for improvement of preclinical models only. The generation of ADA responses to bNAbsmainly occurs

in animal models since infusion with human bNAbs will be more immunogenic in animals than in humans (Lee

et al., 2021). While ADA can occur when protein therapeutics are given in the clinic (Song et al., 2016), CD20+

B cell depletion would be a drastic measure for addressing this problem where the risk of immunosuppression

would outweigh any potential benefit to the administered therapy. This study serves to improve the preclinical

modeling of bNAbs such that they can be better evaluated prior to attempting translation into a clinical setting.

ThepharmacokineticprofileofVRC01v23after infusionvariedbetweenanimals in this study. Theanimals split into

two distinct groupswhere the half-life was determined tobeeither 12–16days or 24–27days. This degree of vari-

ation is not normally seen in animal studies of infusionswith a single antibodywhen usingnaive animals, except in

cases where ADA responses drastically reduce half-life. In this case, both of these groups display a slow and

steady decline in plasma concentrations of VRC01v23 unaffected by ADA, so these distinct PK profiles are likely

due to animal-to-animal variation or a function of their chronic SHIV infection. The ongoing viral replication in

these animalsmay enableVRC01v23 tobind toeitherHIVEnvonvirions or on the surface of infected cells in these

animals and thereby have an impact on its PK profile depending on the extent of this binding for each animal.

Overall,wewereable toassess thePKprofileof VRC01v23 in theseanimals and its impactonviremiaafter infusion
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Figure 4. Reinfusions with VRC01v23 following viral rebound

(A) IV infusion schedule of study animals that still had B cells depleted when viremia had rebounded and stabilized. Two

weekly infusions of 10 mg/kg bNAb VRC01v23 (blue arrows) given 62 days after the last bNAb infusion from the original

treatment schedule. Blood was sampled at indicated timepoints over the course of the study.

(B) B cell counts in whole blood obtained by flow cytometry for eachmacaque normalized to its B cell count average of day

�37 and day �30 of bNAb infusion, prior to CD20 depletion (blue arrows/dashed lines = VRC01v23 infusions).

(C) VRC01v23 PK (solid lines) and ADA endpoint titers (dashed lines) after the two 10 mg/kg IV reinfusions. Each point in

the PK curves represent the mean of at least two replicates and the error bar represents the standard error.

(D) Plasma viral load baseline levels after initial rebound and response to reinfusion of VRC01v23.
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without any ADA responses. There was a 2–4 log10 reduction observed in all viremic animals suggesting a strong

anti-viral effect of VRC01v23 infusion and confirming the potent anti-viral activity of this bNAb.Other studies with

bNAbs in similar SHIV-NHP models show more modest reductions of 1–1.5 log10, further highlighting the

increased potency of VRC01v23 compared to those bNAbs (Asokan et al., 2020; Bolton et al., 2015; Julg et al.,

2017). In addition, the viral rebound observed in some of the animals during the period of declining levels of

VRC01v23 suggest selection of VRC01v23-resistant variants which has been observed in both animal studies

and clinical trials using single bNAb treatment regimens (Caskey et al., 2015, 2017; Julg et al., 2017; Lynch

etal., 2015; Scheidet al., 2016; Stephensonetal., 2021). Therefore, tominimize thepotential for viral escape, treat-

ment regimenswith combinationsofbNAbsor useofmultispecificbNAbswill beneeded forHIV infections (Pegu

et al., 2022; Wagh et al., 2016).

Infusion of xenogeneic human antibodies or antibody-like proteins into nonhuman primates often leads to ADA

responses that neutralize the functional activity of these antibodies by binding and rapidly clearing them fromcir-

culation (Bolton et al., 2015; Lee et al., 2021; Pegu et al., 2015; Rosenberg et al., 2019; Shapiro et al., 2020). This

limits the number of infusions that can be performed with such human proteins and hampers the evaluation of

the long-term effects of these treatments in the SHIV-NHP model. In naive animals infused with VRC01v23, sig-

nificant ADA responses primarily against the human Fc region of the bNAbdevelopedwithin 4 weeks of infusion

and prevented accurate measurement of its pharmacokinetic properties. This ADA response differs from what

would be seen in a clinical setting where occasional ADA responses occur but do not target the Fc region. The

mitigation of ADAbyB cell depletion in the current study provides a strategy to evaluate human antibody-based

therapies in the SHIV-NHPmodel. The use of B cell depletion tominimize immune responses has been success-

fully tested in xenotransplantation models in rhesus macaques, demonstrating the potential of this approach to

mitigategenerationofdenovo immune responsesagainst transplanted tissues (Choi et al., 2018; Kimetal., 2018).

In thosestudies, therewasno initial immune response to the transplantedtissueduringtheBcelldepletionphase,

but there was eventually an immune response to the transplant once the B cells returned. This suggests there is

only a transient impairment in thegenerationofdenovohumoral responseswhich is achievedduringperiodsof B

celldepletion. In thecurrent study, theBcell depletion resulted in lossofB cells fromcirculation for up to5months

from the first anti-CD20 infusion and enabled us to deliver two additional VRC01v23 infusions without any ADA

generation in two animals. Although B cells returned in these two animals shortly after the 4th and 5th infusions

with VRC01v23, no ADA responses developed. This suggests a prolonged period in which we can assess the ef-

ficacy of human bNAb-based immunotherapies in the SHIV-NHP model without the appearance of ADA. Addi-

tionally,multiple roundsofanti-CD20 infusionscanhelpmaintainB cell depletion, further extending theperiodof

such evaluation. This can facilitate the preclinical assessment of novel immunotherapies that require prolonged

treatment regimens such as use of antibodies together with latency reversal agents to treat or cure HIV (Dashti

et al., 2020; Pegu et al., 2015; Pincus et al., 2021; Sloan et al., 2015; Sunget al., 2015; Tuyishime et al., 2021; Tuyish-

imeandFerrari, 2020). Furthermore, use of prolonged treatmentwithbNAb-based immunotherapies can help us

to evaluate the development of viral escape variants in the SHIV-NHPmodel and to assess the pathways for viral

escape, as well as to select more promising therapies that limit such escape in vivo for further clinical evaluation.

Limitations of the study

A limitation of this study was the small sample size of 5 animals. Therefore, this was a pilot study with very prom-

ising results that will need to be expanded upon using a larger cohort of animals in future studies. Due to limited

animal availability, no control group of SHIV-infected animals that received bNAbs without B cell depletion was

included. Sincemany published studies have already documentedADA following infusions of bNAbs in SHIV-in-

fected animals (Bolton et al., 2015; Lee et al., 2021; Rosenberg et al., 2019; Shapiro et al., 2020), we proceeded

without such a control group. Additionally, there are some potential limitations to the use of B cell depletion

that shouldbeexplored in future studies.Wedonotknowwhether anysynergisticeffectsbetween infusedbNAbs

andB cellsmay have altered the efficacy of our bNAbagainst the SHIV infection. Theremay also havebeen some

immunosuppressiveeffectofBcell depletion impactinganti-viral Tcell immune responses in theseanimals,which

need to be investigated in more detail in follow-up studies. Lastly, there are potential concerns for the overall

health of the animals throughout the depletion regimen; however, several studies have looked at longer term

B cell depletion in humans as a rheumatoid arthritis treatment and saw no ill health effects (Isvy et al., 2012;

van Vollenhoven et al., 2015; Winthrop et al., 2018).

In conclusion, these data suggest that B cell depletion can prevent the development of ADA responses and

improve the evaluation of bNAb therapies in a SHIV-infected rhesus macaque model, making this a prom-

ising strategy for use in future preclinical trials that more closely resemble clinical treatment regimens.
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Materials availability

All new reagents are available by MTA for non-commercial research.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

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

Animal study design

All animals (5 male and 2 female rhesus macaques, aged 4–7 years) were housed and cared for in an

AAALAC International accredited facility at the National Institutes of Health (NIH) and in accordance

with policies outlined in the USDA Animal Welfare Act, the Public Health Services Policy on Human Care

and Use of Laboratory Animals and the Guide for Care and Use of Laboratory Animals. All animal proced-

ures and experiments were performed according to a research protocol approved by the Institutional An-

imal Care and Use Committee of the National Institute of Allergy and Infectious Diseases (NIAID). These

animals previously participated in an IACUC approved SHIV challenge research study, in which naive rhesus

macaques were intrarectally challenged with SHIVBG505. In brief, animals were inoculated intrarectally with

one milliliter of a 1:8 dilution of challenge stock. This corresponds to an animal infectious dose of approx-

imately 5 based on the reported AID50 titer which was 1 mL of 1:120 dilution of the challenge stock (Li et al.,

2021). The animals were infected for a period of 1–4 years and then used in this study. They were adminis-

tered an afucosylated rhesusized anti-CD20 antibody (Crowley et al., 2021) (<1 EU/mg) intravenously at

50 mg of Ab/kilogram of body weight (mg/kg) on days -30, -16, and -2. These animals were then infused

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

VRC01v23 This paper N/A

Anti-CD20 [2B8R1F8]-Afucosylated NIH Nonhuman Primate Reagent Resource Program AB_2819341

Chemicals, peptides, and recombinant proteins

VRC01v23 anti-idiotype Ab This paper N/A

Cynomolgus CD20/MS4A1 Full Length Protein, His Tag Acro Biosystems CD0-C52H8

biotinylated BG505 DS-SOSIP HIV-1 env trimer (Kwon et al., 2015) N/A

Critical commercial assays

Monkey IgG ELISA Kit Immunology Consultants Laboratory E-85G

Experimental models: Organisms/strains

Indian origin rhesus macaque This paper N/A

Software and algorithms

GraphPad Prism Software GraphPad Prism Software, Inc. SCR_002798

FlowJo software BD biosciences SCR_008520
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with 3 doses of VRC01v23 at 10 mg/kg on days 0, 6, and 13. Two animals were reinfused later with VRC01v23

at the same dose on days 75 and 82.

METHOD DETAILS

Generation of monoclonal antibodies

VRC01v23 was either produced from a stably transfected CHO cell line or from transiently transfected

Expi293 cells and purified by protein A column. The rituximab-based afucosylated rhesusized anti-CD20

antibody was obtained from the National Institutes of Health Nonhuman Primate Reagent Resource

Program.

Plasma viral load quantification

Plasma viremia was quantitated using a PCR-basedmethod to quantify SIV gag RNA levels with a detection

limit of 15 copies/milliliter as described previously (Bolton et al., 2015).

Flow cytometric analysis of blood cell counts

Whole blood samples were collected throughout the study and stained with a panel of fluorochrome-con-

jugated antibodies specific for various leukocyte surface markers which were titrated for optimal binding.

The rituximab-based afucosylated rhesusized anti-CD20 antibody used in this study can block binding of

the anti-CD20 conjugate used for detection of B cells, so an anti-CD19 conjugate was included for verifi-

cation of B cell depletion. Counts were taken of CD20+ and/or CD19+ B cells, CD3+CD4+ T cells, and

CD3+CD8+ T cells within the leukocyte population at each collection. Rhesus macaque-reactive antibody

conjugates used were: anti-NHP CD45-FITC (BD biosciences Cat#552566, RRID: AB_394433, clone D058-

1283), anti-human CD16-BUV496 (BD biosciences, Cat#612944, RRID: AB_2870224, clone 3G8), anti-human

CD3-APC-Cy7 (BD biosciences, Cat#557757, RRID: AB_396863, clone SP34-2), anti-CD8a-PE (Beckman

Coulter, Cat#IM0452U, RRID: AB_131202, clone B9.11), anti-CD19-PE-Cy5 (Beckman Coulter,

Cat#IM2643U, RRID: AB_131160, clone J3-119), anti-CD20-PacBlue (Biolegend, Cat#302328, RRID:

AB_1595435, clone 2H7), anti-CD4-AF700 clone (Biolegend, Cat#317426, RRID: AB_571943, OKT4), anti-

CD14-BV510 (Biolegend, Cat#301842, RRID: AB_2561946, clone M5E2), and anti-HLA-DR-PE- Cy5.5

(Thermo Fisher, Cat#MHLDR18, RRID: AB_10372966, clone TU36). The antibody panel was added to the

bottom of a Trucount Absolute Counting Tube (BD Biosciences) and 150 mL of whole blood was then added

and left to incubate for 15 min. 1350 mL were then added of a 1X preparation of BD FACS Lysing Solution

(BD Biosciences) in sterile water. After at least 30 min, samples were loaded onto a 96-well round bottom

plate for HTS acquisition on an LSRFortessa X50 flow cytometer (BD Biosciences). Data were concatenated

by sample and analyzed using FlowJo v10 software (BD Biosciences).

For the anti-CD20 competition assay, frozen PBMCs were thawed, washed with 1xPBS and 2 3 106 cells

were incubated with 10, 5, 2.5, 1.25, 0.63 mg or no afucosylated rhesusized anti-CD20 antibody on ice for

30 min. Cells were washed twice with 1xPBS and treated with antibody cocktail containing the surface

antibodies described above. For PBMC staining anti-CD14-BV510 was replaced with the LIVE/DEAD

Fixable Aqua Dead Cell dye (Thermofisher), which was added to the cells after addition of the surface

staining antibody cocktail without washing. Surface staining was conducted on ice for 30 min and cells

were washed twice with 1xPBS. Cells were resuspended in 200 mL of 1% PFA solution and acquired on

an LSRFortessa X50 flow cytometer (BD Biosciences). Data were analyzed using FlowJo v10 software

(BD Biosciences).

For the B cell depletion verification by CD19 staining, frozen PBMCs were thawed, washed with 1xPBS and

2 3 106 cells were incubated with antibody cocktail containing the surface antibodies described above.

Anti-CD14-BV510 was replaced with the LIVE/DEAD Fixable Aqua Dead Cell dye (Thermofisher), which

was added to the cells after addition of the surface staining antibody cocktail without washing. Cells

were incubated with antibody cocktail for 30 min, followed by two washes with 1xPBS. Cells were resus-

pended in 200 mL of 1% PFA solution and acquired on an LSRFortessa X50 flow cytometer (BD Biosciences).

Data were analyzed using FlowJo v10 software (BD Biosciences).

ELISA to measure plasma concentration of antibody infusions

VRC01v23 levels were measured using quantitative ELISA-based methods (limit of detection = 0.3 mg/mL)

in which microtiter plates coated overnight at 4�C with 2 mg/mL anti-idiotype antibody in PBS were used to
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capture the administered antibodies followed by detection using a horseradish peroxidase (HRP)-conju-

gated anti-human IgG antibody (Jackson Immunoresearch). After coating, microtiter plates were washed

with PBS-T (PBS with 0.05% Tween 20) and blocked with TBS containing 5% skim milk, 2% BSA and 0.1%

Tween 20 (blocking buffer). Plasma from macaques was diluted in blocking buffer. Diluted samples were

incubated on the plates alongside standard curves of known antibody concentration for 1 h at room tem-

perature followed by a PBS-T wash. The plates were then incubated with a 1:10,000 dilution of HRP-conju-

gated anti-human IgG antibody in blocking buffer for 30 min at room temperature. The plates were washed

with PBS-T, then SureBlue TMB (Kirkegaard & Perry Laboratories, Gaithersburg, MD) substrate was added.

The plates were allowed to develop for 15 min in the dark, then stopped with 1N H2SO4 before reading

the optical density at 450 nm. Afucosylated rhesusized anti-CD20 levels were similarly measured using

His-tagged cynomolgus CD20 (Acro Biosystems) on Nickel-coated plates (Thermo Fisher) followed by

detection with an HRP-conjugated anti-monkey IgG, Fc-specific (Southern Biotech) with a limit of detection

of 31 mg/mL.

ELISA to measure anti-drug antibody responses

Plasma frommacaques was diluted with TBS containing 5% skimmilk, 2% BSA and 0.1% Tween 20 (blocking

buffer). 5-fold serial dilutions ranging from 1:50 to 1:781,250 of these plasmas were then added in duplicate

wells to 96-well microtiter plates that had been coated overnight at 4�C with 2 mg/mL of VRC01v23 and

blocked with blocking buffer. The plates were incubated for 1 h at room temperature followed by a

PBS-T (PBS with 0.05% Tween 20) wash. Bound monkey IgGs were then probed with a 1:8,000 dilution of

HRP-conjugated anti-monkey IgG, Fc-specific (Southern Biotech) in blocking buffer for 30 min at room tem-

perature. The plates were then washed, and SureBlue TMB (Kirkegaard & Perry Laboratories, Gaithersburg,

MD) substrate was added. Once color developed (typically 15 to 20 min), stopping buffer (1N H2SO4) was

added and the optical density at 450 nm was read. Endpoint titers were calculated by determining the

lowest dilution that had an optical density greater than 5-fold of that in the background wells incubated

with only blocking buffer instead of a plasma dilution.

ELISA to endogenous SHIV-directed humoral responses

ELISAs were conducted as specified under measurement of anti-drug antibody responses. Streptavidin-

coated plates were coated overnight at 4�C with biotinylated BG505 HIV Env trimer and bound antibodies

were probed with HRP-conjugated anti-monkey IgG, Fc-specific (Southern Biotech).

ELISA to measure total monkey IgG levels

The Monkey IgG ELISA kit from Immunology Consultants Laboratory, Inc. was used for evaluation of IgG

levels in macaque plasma over time. Kit protocols were followed, and heat-inactivated plasma used in prior

ELISAs was diluted at the recommended 1:80,000 for detection of a value within the range of the standard

curve.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis comparing half-lives of VRC01v23 in reinfused animals between first and second rounds

of infusions was performed using a two-tailed paired samples t-test.
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