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ABSTRACT Early human immunodeficiency virus type 1 (HIV-1) treatment during
the acute period of infection can significantly limit the seeding of viral reservoirs
and modify the course of disease. However, while a number of HIV-1 broadly neu-
tralizing antibodies (bnAbs) have demonstrated remarkable efficacy as prophylaxis in
macaques chronically infected with simian-human immunodeficiency virus (SHIV), in-
triguingly, their inhibitory effects were largely attenuated in the acute period of SHIV
infection. To investigate the mechanism for the disparate performance of bnAbs in
different periods of SHIV infection, we used LSEVh-LS-F, a bispecific bnAb targeting
the CD4 binding site and CD4-induced epitopes, as a representative bnAb and as-
sessed its potential therapeutic benefit in controlling virus replication in acutely or
chronically SHIV-infected macaques. We found that a single infusion of LSEVh-LS-F
resulted in rapid decline of plasma viral loads to undetectable levels without emer-
gence of viral resistance in the chronically infected macaques. In contrast, the inhibi-
tory effect was robust but transient in the acutely infected macaques, despite the
fact that all macaques had comparable plasma viral loads initially. Infusing multiple
doses of LSEVh-LS-F did not extend its inhibitory duration. Furthermore, the pharma-
cokinetics of the infused LSEVh-LS-F in the acutely SHIV-infected macaques signifi-
cantly differed from that in the uninfected or chronically infected macaques. Host
SHIV-specific immune responses may play a role in the viremia-dependent pharma-
cokinetics. Our results highlight the correlation between the fast clearance of in-
fused bnAbs and the treatment failure in the acute period of SHIV infection and
may have important implications for the therapeutic use of bnAbs to treat acute HIV
infections.

IMPORTANCE Currently, there is no bnAb-based monotherapy that has been re-
ported to clear the virus in the acute SHIV infection period. Since early HIV treat-
ment is considered critical to restricting the establishment of viral reservoirs, investi-
gation into the mechanism for treatment failure in acutely infected macaques would
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be important for the therapeutic use of bnAbs and eventually towards the func-
tional cure of HIV/AIDS. Here we report the comparative study of the therapeutic ef-
ficacy of a bnAb in acutely and chronically SHIV-infected macaques. This study re-
vealed the correlation between the fast clearance of infused bnAbs and treatment
failure during the acute period of infection.

KEYWORDS HIV-1, acute SHIV infection, broadly neutralizing antibodies

Human immunodeficiency virus type 1 (HIV-1) continues to be a major public health
problem, and new safer and more effective therapies are urgently needed. The

early establishment of viral reservoirs is considered a major barrier in the development
of approaches to cure HIV-1 infection (1, 2). Despite years of effective antiretroviral
therapy (ART), these reservoirs persist and reinitiate infection after treatment is inter-
rupted (3, 4). Therefore, treatment during the acute phase of HIV-1 infection provides
a unique opportunity to prevent the establishment of these reservoirs and modify the
course of disease.

Antibody-based therapeutics are typically more specific and relatively safer than
most small-molecule drugs (5). In the past decade, a variety of potent broadly neutral-
izing antibodies (bnAbs) have been isolated from HIV-1-infected individuals, which has
reinvigorated the concept of using antibodies to treat and eradicate HIV-1 infection (6).
Of note, combinations of two or more bnAbs have been shown to provide improved
neutralization breadth and potency, suppress the emergence of escape mutants during
treatment, and induce durable suppression of plasma viremia (7–12). Recently, consid-
ering the extremely high cost of antibody cocktails, a new generation of bnAbs has also
been designed by incorporating multiple antigenic specificities of neutralizing antibod-
ies or engineered CD4 (eCD4) into a single antibody-like molecule (13–17). To date,
these bnAbs have been extensively evaluated for their therapeutic potential in vitro and
in animal models, especially in nonhuman primates infected with simian-human im-
munodeficiency virus (SHIV). However, although a number of bnAbs have demon-
strated remarkable efficacy in preventing SHIV infection, or in reducing viremia in
chronically SHIV-infected macaques, intriguingly, their inhibitory effects were substan-
tially attenuated in the acute phase of SHIV infection. Only a few combinations of
potent bnAbs or bnAb with ART showed therapeutic efficacy (18–20), and currently
there is no bnAb-based monotherapy that has been reported to clear the virus in the
acute SHIV infection period. Importantly, the mechanism for the disparate performance
of bnAbs between the acute and chronic phases of SHIV infection remains elusive.

We previously engineered a bispecific multivalent bnAb consisting of the HIV-1
neutralizing antibody m36.4 coupled with the engineered single-domain eCD4 (21–23).
This bispecific bnAb, designated LSEVh-LS-F (defucosylated LSEVh-LS), has been dem-
onstrated to bind the CD4 binding site and CD4-induced epitopes on the HIV-1
envelope and neutralize all tested isolates, mediate potent antibody-dependent cellular
cytotoxicity (ADCC) against HIV-1-infected cells, and effectively suppress HIV-1 infection
in humanized mice (15, 23–25). In this study, using LSEVh-LS-F as a representative
bnAb, we assessed its therapeutic effects in chronically SHIV-infected macaques as well
as in macaques during the acute phase of SHIV infection. The pharmacokinetics (PK) of
LSEVh-LS-F in uninfected macaques was also evaluated. Our data showed an unusually
rapid decay of bnAbs in macaques with acute infection but not in chronically infected
or uninfected macaques. This study suggested that the rapid exhaustion of antibodies
may contribute to the treatment failure of bnAbs in macaques during the early acute
phase of SHIV infection.

RESULTS
Long-term virological control by antibody therapy in chronically SHIV-infected

rhesus macaques. To evaluate the therapeutic potential of LSEVh-LS-F, we infused a
single dose of the antibody at 20 mg/kg of body weight into chronically SHIV-infected
rhesus macaques. Four adult macaques were infected intravenously with SHIVSF162P3
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(1,000 50% tissue culture infective doses [TCID50]) 106 days before the monoclonal
antibody infusions. These animals exhibited chronic set point viral loads of 3.3 to 5.6 log
RNA copies per ml. We performed a single infusion of LSEVh-LS-F on day 106 or used
phosphate-buffered saline (PBS) as a contol, and plasma viral RNA levels were moni-
tored for 10 weeks. We observed rapid and precipitous declines of plasma viral loads
to undetectable levels after infusion of LSEVh-LS-F. In one monkey (C4) with baseline
viral loads of about 4.2 log RNA copies per ml, plasma viremia was rapidly reduced to
undetectable levels after antibody infusion. In another animal (C3) with higher baseline
viral loads, about 4.9 log RNA copies per ml, the initial decline of plasma viremia was
0.4 log by day 7 and then viremia dropped rapidly to undetectable levels by day 14. In
contrast, the plasma viremia of rhesus macaques in the control group was 4.1 to 4.5 log
RNA copies per ml. Furthermore, the monkeys that received LSEVh-LS-F achieved
complete virological suppression, and no viral rebound was observed for 10 weeks of
the follow-up period (Fig. 1). Of note, virus rebound was often detected within one
month after treatment with conventional HIV-1 bnAbs, such as 3BNC117 (26) and
PGT121 (9). On the other hand, the combination of several different bnAbs, or engi-
neered bi- or trispecific bnAbs, was able to reduce viral escape due to the enhanced
neutralizing potency and breadth (27, 28). Similarly, as an engineered bnAb that has
been shown to potently neutralize all tested HIV-1 and SHIV-1 isolates (15), LSEVh-LS-F
used for therapy did not result in viral resistance in our study. These results demon-
strate that a single-dose infusion of LSEVh-LS-F was able to provide sustained viral
control in chronically SHIV-infected monkeys.

Significant but transient decrease of SHIV in acutely infected rhesus macaques
by antibody therapy. Next, we sought to examine the therapeutic efficacy of LSEVh-
LS-F during early acute SHIVSF162P3 infection in rhesus macaques. To the best of our
knowledge, to date there is no evidence that a bnAb would be able to eradicate acute
SHIV infection if infused alone (not with other bnAbs or ART) to macaques. Consistently,
we also found that a single dose of LSEVh-LS-F 7 days after SHIV inoculation has limited
efficacy (24). To further explore the therapeutic performance of LSEVh-LS-F during the
acute phase of SHIV infection, we administered multiple doses of antibodies and
investigated whether such high-dose and continuous antibody treatment could sup-
press virus replication. Four macaques were inoculated intravenously with 1,000 TCID50

of SHIVSF162P3 and were administered intravenously four doses of LSEVh-LS-F (n � 4) on
days 7, 9, 16, and 18 (Fig. 2A). Prior to treatment, the average plasma viremia levels
were 3.9 and 4.2 log RNA copies per ml in the control and antibody groups, respec-

FIG 1 Suppression of plasma viremia after LSEVh-LS-F monotherapy in rhesus macaques chronically
infected with SHIVSF162P3. Four macaques were inoculated with 1,000 TCID50 of SHIVSF162P3 and treated
with LSEVh-LS-F (orange) or PBS (purple) on day 106 after infection. Plasma viral RNA was measured by
the RT-qPCR assay.
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tively, which were slightly lower than that in the above-mentioned chronically infected
macaques (4.6 log RNA copies per ml). However, in contrast to the rapid elimination of
viruses in the chronic phase of SHIV infection, even multiple administrations of LSEVh-
LS-F in the acute phase resulted in only transient reduction in peak plasma viral loads,
which was manifested by a 1-log10 reduction, and decreased the viral replication to a
short duration (2 days) compared to that of the PBS group (Fig. 2A).

To more precisely evaluate the efficacy of the treatment, we implemented a
previously reported method to calculate the statistical significance of the difference
between treated and untreated macaques (24). The virus RNA was normalized by
dividing with the value of virus RNA on day 7 and subtracting 1. On day 9, 2 days after
infusion of LSEVh-LS-F, we found a statistically significant decrease of viremia (P �

0.0021) (Fig. 2B). A significant decrease (P � 0.0007) of plasma viral load was also seen
on day 18 when LSEVh-LS-F was also administered 2 days before the sample was taken
(on day 16). However, this reduction of plasma viral load was transient, and 7 days after
infusion of LSEVh-LS-F, a statistically significant decrease in plasma virus load was no
longer evident.

To further confirm this analysis and provide additional quantitative information, we
also explored an alternative mathematical model, which involves individually evaluat-
ing the infection kinetics for each animal and comparing virus RNA before drug
administration and at different times thereafter. In this case, parameters used to fit the
model to the experimental data for treated animals can be compared with those for
untreated animals and conclusions can be drawn for the inhibitory effects. In addition,

FIG 2 Therapeutic efficacy of LSEVh-LS-F in rhesus macaques during SHIV acute infection. (A) Experimental design of therapy experiment during the acute phase
of SHIV infection. Eight rhesus macaques were challenged intravenously with SHIVSF162P3 (1,000 TCID50) and treated with 10 mg/kg of LSEVh-LS-F or PBS (n �
4 per group) on days 7, 9, 16, and 18. Plasma was collected at different time points (days 0, 7, 9, 16, 18, 21, 25, and 30). The orange arrows indicate the day
of LESVh-LS-F administration. (B) Comparison of normalized plasma viral load (pVL) change at each time point, as determined by an unpaired two-tailed t test
on log-transformed data. The error bars represent SDs for each group. (C) Data fitting for untreated macaques with mathematical models. Four constants were
defined by data fitting: ku, k, T, and SHIV0. Initial SHIV0 load values and time of the viremia peak are shown by dashed lines. (D) Data fitting for treated macaques.
Five constants were defined for each macaque by data fittings: kt, k7, k9, k16, and k18. SHIV0 was fixed as the average value for untreated macaques.
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the results could allow fine-tuned analysis of infection kinetics, including comparison
before and after the peak of viremia, with possible implications for understanding
infection mechanisms. We have previously developed a mathematical model of HIV-1
infection kinetics in tissue cultures based on semiempirical functions which was suc-
cessfully used to demonstrate the dominant role of HIV-1 cell-to-cell transmission and
for evaluation of infection inhibitors (29). In this study, we use similar functions to fit the
infection kinetics before and after the infection peak for infected and uninfected
macaques by using three parameters: infection rate constant k, time to reach the
infection peak T, and initial virus concentration (at time zero) (see Materials and
Methods). These functions described very well the infection kinetics (Fig. 2C and D for
untreated and treated macaques, respectively) and allowed us to determine two rate
constants for untreated macaques, ku (rate constant before the peak) and k (after the
peak) (Table 1), as well as four rate constants for treated macaques, including kt (before
the peak), k7 (days 7 to 9), k9 (days 9 to 16), k16 (days 16 to 18), and k18 (days 18 to
30) (Table 2). In addition, we also analyzed the rate for untreated macaques from day
16 to day 18, as characterized by the rate constant k16u, which, for macaques 1, 2, 3,
and 4, was found to be �0.18, 0.12, 0.18, and 0.17, respectively, on average, 0.074
day�1.

We next used t test (unpaired, two-tailed, for two samples with unequal variance) to
test the statistical differences between rates. In the interval from 0 to 7 days, no
statistical difference was noted between kt and ku values for four treated and untreated
monkeys (P � 0.7040; average values, 1.1573 and 1.1199, respectively) (Table 3). This
result was expected because the rates of exponential increase of SHIV load in untreated
and treated macaques before treatment should be similar. In the interval from 7 to 9
days, the dynamics of SHIV load in plasma for untreated macaques was still
described by ku and for treated macaques by k7. A statistical difference can now be
observed between ku and k7 values, P � 0.0088, and in this interval, k7 is smaller
than ku (average values, 0.2578 and 1.1573, respectively) (Table 3). Importantly, this
means that before the peak of viremia, treatment leads to statistically significant
decrease in SHIV load rate of increase, even though SHIV still increases because the
peak of viremia has not been reached. In the interval from 16 to 18 days, there was
also significant statistical difference between k16u (untreated) and k16 (treated)
(P � 0.000041) (Table 3).

Taken together, these results confirm that LSEVh-LS-F could provide evident but
transient viral suppression during the acute phase of SHIV infection in rhesus ma-
caques.

Pharmacokinetics of LSEVh-LS-F in uninfected rhesus macaques. We questioned
whether the transient efficacy in acutely infected macaques resulted from the short

TABLE 1 Rate constants for untreated macaques

Macaque SHIV0 (copies/ml) ku (day�1) T (days) k (day�1)

M1 4.08 � 0.96 1.13 � 0.007 9.39 � 0.22 �0.20 � 0.005
M2 8.27 � 0.16 0.94 � 0.001 9.00 � 0.00 �0.32 � 0.000
M3 7.52 � 1.23 1.16 � 0.003 10.12 � 0.09 �0.39 � 0.001
M4 0.80 � 0.01 1.25 � 0.001 9.96 � 0.06 �0.35 � 0.001

Avg 5.17 1.12 9.62 �0.32

TABLE 2 Rate constants for treated macaques

Macaque aSHIV0 (copies/ml)a kt (day�1) k7 (day�1) k9 (day�1) k16 (day�1) k18 (day�1)

A1 5.17 1.11 � 0.006 0.20 � 0.01 0.15 � 0.005 �1.02 � 0.02 �0.21 � 0.01
A2 5.17 1.09 � 0.019 0.12 � 0.02 0.05 � 0.021 �1.32 � 0.06 �0.20 � 0.02
A3 5.17 1.07 � 0.005 0.73 � 0.00 �0.19 � 0.008 �1.10 � 0.02 �0.10 � 0.03
A4 5.17 1.36 � 0.007 �0.02 � 0.03 �0.03 � 0.031 �1.34 � 0.07 0.03 � 0.05

Avg 5.17 1.16 0.26 �0.0048 �1.19 �0.12
aFixed during the fitting.
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half-life of LSEVh-LS-F in vivo. To address this concern, we determined the phar-
macokinetic parameters of LSEVh-LS-F in uninfected rhesus macaques. Three
healthy macaques were intravenously administrated 10 mg/kg of LSEVh-LS-F, and
serum samples were collected at 0, 2, 4, 8, 12, 24, 48, 72, 96, 120, 144, 168, 288, 408,
528, and 627 h postinfusion. The serum concentrations of LSEVh-LS-F at different
time points were determined by enzyme-linked immunosorbent assay (ELISA). As
shown in Fig. 3, LSEVh-LS-F displayed a pharmacokinetic profile typical of mono-
clonal antibodies, with a rapid distribution phase and a slower elimination phase.
The in vivo antibody concentrations peaked up to 1,000 �g/ml 8 h following
infusion, followed by prolonged elimination throughout the study period (26 days).
Notably, the monkeys maintained LSEVh-LS-F levels in plasma exceeding its corre-
sponding in vitro neutralization 50% inhibitory concentration (IC50) (1.6 �g/ml)
against SHIVSF162P3 (the challenged SHIV strain in this study) even 10 days postin-
fusion. The pharmacokinetic parameters are shown in Table 4. LSEVh-LS-F displayed
half-lives of 4.0, 3.0, and 3.8 days in three rhesus macaques, which are slightly
shorter than but comparable to the half-lives of reported HIV-1 bnAbs in uninfected
rhesus macaques (e.g., VRC01, 4.7 days, and N6-based trispecific antibody, 4.8 days)
(28, 30, 31).

Infused LSEVh-LS-F levels in different SHIV-infected models. To further under-
stand the disparate performance by antibody treatment, we compared the plasma
concentrations of LSEVh-LS-F in chronic phases of SHIV infection with those in the acute
infection phase. In chronically infected macaques, LSEVh-LS-F displayed a pharmaco-
kinetics profile similar to that in uninfected macaques (Fig. 4A). Within 2 weeks of

TABLE 3 Statistical significance of difference between rate constants for treated and
untreated macaquesa

Constant

Treated macaques Untreated macaques

kt k7 k9 k16 k18 ku k k16u

kt 7.2E�03 2.2E�05 7.2E�07 9.4E�06 7.0E�01 1.0E�05 8.9E�05
k7 2.2E�01 9.6E�04 1.0E�01 8.8E�03 3.6E�02 3.7E�01
k9 3.6E�05 2.6E�01 2.4E�05 1.4E�02 5.1E�01
k16 7.1E�05 8.6E�07 3.7E�04 4.1E�05
k18 8.0E�06 3.4E�02 1.2E�01
ku 6.8E�06 1.1E�04
k 1.3E�02
k16u
aLack of significance (P � 0.05) is indicated by gray shading.

FIG 3 Pharmacokinetics of LSEVh-LS-F in uninfected macaques. A single intravenous administration of
LSEVh-LS-F (10 mg/kg) was given to uninfected rhesus macaques (n � 3). Plasma levels of LSEVh-LS-F
were measured by ELISA using gp140sc as the antigen and quantified by a standard curve drawn with
known LSEVh-LS-F concentrations. The error bars indicate SDs.
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antibody infusion, the plasma concentrations of LSEVh-LS-F were maintained above its
corresponding in vitro neutralization IC80 (3.9 �g/ml) against SHIVSF162P3. The plasma
viremia was rapidly controlled to undetectable levels without any rebound. The LSEVh-
LS-F levels continued to decay slowly in the next 2 months to around 1 �g/ml at the
end of study. However, viral suppression appeared less durable in the acutely SHIV-
infected macaques, and surprisingly, we found that LSEVh-LS-F was much more rapidly
cleared even with multiple antibody infusions (Fig. 4B). On day 9, 2 days after the
administration of LSEVh-LS-F, its concentration was about 13 to 22 �g/ml, and a
transient plasma viremia reduction was observed. At the next time point (day 16), 7
days after the second injection of LSEVh-LS-F, its concentration had dropped to below
1 �g/ml, which was insufficient to suppress viremia. Furthermore, with a third antibody
infusion on day 16, the plasma LSEVh-LS-F concentration temporarily increased to
above 4 �g/ml 2 days postinfusion but rapidly declined to undetectable levels (�0.1
�g/ml) even after the fourth antibody injection, and the viremia had rebounded to the
same level as in control group. These results showed that the acutely SHIV-infected
macaques significantly differed from uninfected and chronically infected macaques
with respect to the pharmacokinetics of the infused LSEVh-LS-F.

Host humoral responses. To explore the mechanism underlying the viremia-
dependent pharmacokinetics of LSEVh-LS-F, we compared the host humoral immune
responses to infused LSEVh-LS-F in infected macaques with that in uninfected ma-
caques. The macaque anti-human antibodies in serum samples were quantified by
ELISA, and the samples before LESVh-LS-F infusion were used as negative controls. In
all the macaques, we found that the anti-human antibodies began to appear in the first
week and peaked approximately 10 days after the LESVh-LS-F infusion (Fig. 5A and B).
No difference was evident between the healthy and infected macaques with respect to
the development pattern and level of anti-LESVh-LS-F antibodies. Therefore, the fast
elimination of LSEVh-LS-F in acutely SHIV-infected rhesus macaques was not due to the
development of anti-drug antibodies.

It has been reported that endogenous antibodies may play an important role in
the efficacy of passive immunotherapies (32, 33). Therefore, we also investigated
the development of SHIV-specific antibodies in the infected macaques. The anti-SHIV
antibodies in serum were measured by ELISA using gp140sc as the antigen and
peroxidase-labeled anti-macaque IgG as the secondary antibody. Interestingly, very few
SHIV-specific antibodies could be detected in the acute infection period. A large
number of gp140sc-specific macaque antibodies were generated 3 to 4 weeks after
SHIV challenge, and their levels plateaued after 5 to 6 weeks (Fig. 5C).

Notably, antigen-dependent pharmacokinetics has also been observed in anti-
tumor antibodies (34) and another anti-HIV-1 bnAb, 3BNC117 (35). It has been specu-
lated that the faster decay of antibodies in the presence of antigens is due to the
accelerated clearance of antigen-antibody complexes. Such a mechanism could also
explain the fast exhaustion of infused bnAbs in the acute phase of SHIV infection
observed in this study. Although further investigation is required, based on our findings
we speculate that the endogenous SHIV-specific antibodies, maintained at high levels
in the chronically SHIV-infected macaques, may play a modulating role and compro-
mise the elimination of infused bnAbs by SHIV (Fig. 6).

DISCUSSION

Attempts to use anti-HIV-1 bnAbs alone, in combination, or as components of
chimeric antigen receptors (CARs), bispecific T cell engagers (BiTEs), and other bispecific

TABLE 4 Pharmacokinetic parameters for LESVh-LS-F in uninfected macaquesa

Macaque Cmax (�g/ml) AUC0–t (�g·h/ml) CL (ml/h/kg) t1/2 (h)

H1 0.73 � 103 11 � 104 0.94 97
H2 10 � 103 69 � 104 0.15 72
H3 10 � 103 59 � 104 0.17 90
aThe dose was 10 mg/kg for all macaques.
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proteins have shown promising in vitro and in vivo results (36–39). However, resistance
has been reported for various bnAbs targeting multiple sites, including V1/V2, V3, and
the CD4 binding site. Bouvin-Pley et al. reported that HIV-1 clade B has increased
resistance towards bnAbs targeting gp120, as shown by VRC01, NIH45-46, PG9, PG16,
PGT121, and PGT128 (40). Previous studies with humanized mice, macaques, and

FIG 4 Plasma viral loads (black) and LSEVh-LS-F concentrations (orange) in two chronically (A) or four acutely (B) SHIV-infected rhesus macaques.
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humans showed that a number of single monoclonal antibodies were unable to control
viremia and resulted in rapid reemergence of resistance. Shingai et al. reported that
antibody 10-1074, a bnAb targeting the CD4 binding site, caused a rapid decline in
virus load to undetectable levels for 4 to 7 days when administered individually to
infected macaques, followed by virus rebound on day 10 (26). The single glycan-
dependent monoclonal antibody PGT121 resulted in complete suppression of chronic
SHIV viremia, followed by viral rebound in most animals after a median of 56 days (9).
These findings have led to the engineering of a new generation of bispecific or
multispecific bnAbs. For instance, Xu et al. reported that a trispecific bnAb conferred
complete immunity against a mixture of SHIVs in macaques that otherwise show
resistance to single monospecific bnAbs (28). Recent studies also demonstrated the
robust and sustained antiviral effects of engineered bnAbs with eCD4 as a component,
given the fact that all HIV-1 isolates, including those few which can enter cells using
only a coreceptor, bind to the primary HIV-1 receptor CD4 (41). In this study, we
observed that a single-dose infusion of the bispecific multivalent eCD4-based bnAb
LSEVh-LS-F resulted in rapid virological control in chronically SHIV-infected macaques
without the development of resistance. Such profound virological suppression may
reflect the importance of pursuing bispecific or multispecific targeting in bnAb-
mediated treatment of HIV-1.

HIV-1-infected patients require combination ART (cART) treatment for life mainly
because the virus persists in the latent viral reservoir. A recent study reported that cART
initiated as early as 5 days after HIV-1 challenge failed to prevent viral rebound in

FIG 5 Host humoral responses to bnAb and SHIV challenge. The plasma reactivities to LSEVh-LS-F in uninfected (A) and
SHIV-infected (B) animals were determined by using an ELISA-based approach. Arrows indicate the timing of LSEVh-LS-F infusion.
(C) Endogenous antibodies against SHIV gp140 in macaques C3 and C4. The anti-SHIV antibodies in serum were measured by
ELISA, and peroxidase-labeled anti-macaque IgG was used as the detecting antibody.
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humanized mice, indicating that viral latency had been established prior to peak
viremia (10). Therefore, therapeutic intervention is likely more promising during the
acute infection period. In this regard, the use of bnAbs is advantageous not only
because of their superior neutralizing potency and breadth but also because they have
the potential to restrict or eliminate the viral reservoirs by inducing antibody-mediated
effector functions and immune responses against infected cells, including ADCC,
antibody-dependent cellular phagocytosis (ADCP), and complement-dependent cyto-
toxicity (CDC). However, despite their substantial therapeutic efficacy in chronically
SHIV-infected macaques, most of the reported bnAbs failed to show consistent benefit
when administrated during the acute phase of SHIV infection. A current priority is to
understand what has caused such disparate outcomes in different SHIV infection
periods and translate this information into the development of more effective antibody
therapeutics against HIV-1.

For the first time, Bolton and colleagues recently demonstrated that infusion of a
combination of two potent bnAbs during early acute SHIVSF162P3 infection in rhesus
macaques potently suppresses acute SHIV plasma viremia and reduces CD4 T cell-
associated viral DNA (18). In that study, SHIV-sensitive bNAbs were administered at a
relatively high dose (40 mg/kg) on day 10 after challenge with 20 TCID50 of SHIV, and
then received daily cART treatment beginning on day 21. The combination of VRC07-
523 and PGT121 infusions resulted in 1- to 1.5-log reduction in peak plasma viral loads
during the initial 11-day treatment window. In contrast to the study by Bolton et al., in
our study macaques were challenged with 1,000 TCID50 of SHIV, i.e., 50-fold more than
20 TCID50, and subsequently administered multiple doses of LSEVh-LS-F, each one at
one-fourth the bnAb dose used (10 mg/kg versus 40 mg/kg). Our data showed robust
(1-log) in vivo activity during acute SHIVSF162P3 infection, but antiviral activity was
sustained for just 2 days. In another recent study, greater acute viremia control was
observed with a combination of two other potent bnAbs (3BNC117 and 10-1074) when

FIG 6 Representative mechanism for the decay of infused bnAbs in different SHIV infection groups:
uninfected (A) and chronically (B) and acutely (C) infected macaques. The SHIV particles are shown in
blue. The infused bnAbs are shown in orange, and endogenous SHIV-specific antibodies are shown in
green.
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administered on days 3, 10, and 17 after SHIVAD8-EO infection, and long-term suppres-
sion (56 to 177 days) of viremia was achieved (19). The IC50s of 10-1074 and 3BNC117
against SHIV were 0.2 �g/ml and 0.14 �g/ml, respectively (26). LSEVh-LS-F possesses
less potent neutralization of SHIV, with an IC50 of 1.6 �g/ml (24). In addition, in
uninfected macaques, 3BNC117 and 10-1074 showed median half-lives of 1.45 and 1.05
weeks, respectively (42), whereas LSEVh-LS-F showed a shorter half-life, 0.51 week, in
uninfected macaques. Importantly, baseline viral load levels before antibody adminis-
tration may also affect therapeutic potential. Taken together, these studies indicate that
therapeutic efficacy in vivo was associated with neutralizing activity and half-life. The
reduced inhibition of acute viral replication by bnAbs, to some extent, suggests that the
therapeutic approaches during the acute viral infection period should be further
investigated. For example, combination with cART and treatment as early as possible
could achieve acute viremia control.

One major finding of this study was the significantly faster decay of bnAb LSEVh-
LS-F in the acutely SHIV-infected macaques versus in the chronically infected or
uninfected macaques. Interestingly, faster decay of bnAbs in HIV-1-infected patients
was also described previously, and the accelerated clearance of antigen-antibody
complexes was speculated to have caused the fast antibody elimination in the presence
of HIV-1 (27, 28). Notably, in our study the chronically infected macaques had plasma
viremia levels (4.6 log RNA copies per ml) prior to antibody treatment comparable to
those in acutely infected macaques (4.2 log RNA copies per ml). These animals retained
a relatively high-level serum concentration of LSEVh-LS-F and maintained long-term
virological control (Fig. 4). We assume that the elimination of LSEVh-LS-F not only was
attributable to the presence of substantial viral antigens but also relied on the host
antiviral immune responses. The endogenous SHIV-specific antibodies were not devel-
oped until 3 to 4 weeks post-viral challenge and were maintained at high levels
thereafter. It is possible that these endogenous antibodies played a role in depleting
SHIV antigens and compromised the elimination effects of the viruses on the infused
bnAbs. Defining the precise immunological mechanisms for these observations would
be important to understand the viremia-dependent pharmacokinetics of bnAbs in
macaques and thus warrants further investigation.

In our study, the bnAb LSEVh-LS-F displayed rapid antibody clearance in the acutely
infected macaques and its inhibitory effect had a short duration, but it still exhibited
potent activity for several days after administration. We have previously found that an
exponential decrease with rate constant 0.21 day�1 calculated for HIV-1 dynamics
during 6 days after cART treatment for humans separates poor and good responders,
i.e., more than 95% of patients with a rate constant of �0.28 day�1 were good
responders (43). This value can be compared with k16 values in the current experiments
with macaques for the interval from 16 to 18 days, which corresponds to the after-peak
treatment. Importantly, the absolute value of the rate constant k16 (average � �1.2
day�1, varying in the range from �1.0 to �1.3 day�1), 1.2, is larger than 0.21. For the
untreated macaques the average k16u is 0.074 day�1, which is close to zero. Based on
the above-described analysis, it appears that the treatment in this case was more
effective in decreasing SHIV load than cART treatment during the first 2 days of
treatment. It is also higher than the rate constants we calculated for the chronically
SHIV-infected macaques treated with the bnAbs 3BNC117 and 10-1074, which ranged
from 0.36 to 0.89 day�1 (44). These results indicate that the treatment was effective in
the acutely SHIV-infected macaques, and the short duration of suppression was largely
due to the fast decay of the bnAb. Therefore, future engineering endeavors should aim
to improve not only the neutralizing potency but also the half-life of the passive
antibody, which could lead to the development of bnAb-based monotherapy capable
of eliminating the virus in the acute SHIV infection period.

Interestingly, the effective rate constant k16eff (k16 – k16u) after the infection peak
(1.27 day�1) is also higher than the absolute value of the effective rate constant k7eff
(k7 – ku) � 0.26 – 1.1 � �0.84 day�1 before the peak. This indicates that this inhibitor
appears to be more effective during the quasi-steady state after the infection peak than
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before the peak. Whether this difference is reproducible and valid for other inhibitors
remains to be seen. The mechanism of such difference, if real, remains unknown. It can
be speculated that it is related to differences in the infection kinetics, susceptibility to
infection, and immune responses before and after the peak.

In conclusion, our data demonstrate that the transient, albeit significant, viral
suppression by the bnAb LSEVh-LS-F was due to rapid antibody elimination during
acute SHIV infection. The macaque SHIV-specific humoral immunity may play a role in
the viremia-dependent pharmacokinetics of the bnAb, and the detailed mechanisms
remain to be determined. Nonetheless, the findings of this study imply that it is critical
to improve the duration of action of bnAbs in order to achieve successful treatment of
acute SHIV/HIV-1 infection.

MATERIALS AND METHODS
Antibodies, viruses, and cells. Horseradish peroxidase (HRP)-conjugated anti-human Fc antibody

was purchased from Sigma-Aldrich (St. Louis, MO). Horseradish peroxidase-conjugated mouse anti-IgG
macaque pan-species was purchased from Kerafast (Boston, MA). Mouse CD4 monoclonal antibody was
purchased from Abcam. The following cell lines were purchased: HEK293T cells were obtained from the
ATCC, and 293 freestyle and CHO cells were obtained from Invitrogen-Life Technologies (Grand Island,
NY). gp140sc protein was produced in our laboratory. Viral stocks of SHIV isolate SF162P3 were provided
by the Beijing Institute of Animal Studies. The viruses were transferred into HEK293T cells, and culture
supernatants were harvested after 48 h. The 50% tissue culture infective doses (TCID50) were determined
by TZM-bl assay.

LSEVh-LS-F preparation. Defucosylated LSEVh-LS (LSEVh-LS-F) was produced as described previ-
ously (24). Briefly, it was expressed in CHO-F6 cells which had their GDP-fucose transporter (GFT) genes
inactivated using the genome editing system (45). It was purified by protein A Sepharose 4 FF column
chromatography (GE Healthcare) as described previously (46). CHO-F6 cells were adapted for growth in
serum-free Opti-CHO medium and were transfected with the LSEVh-LS vector. Stable cell lines producing
LSEVh-LS-F were acquired by the standard glutamine synthetase-based selection system (47).

Antibody LSEVh-LS-F pharmacokinetics in SHIV-infected or uninfected rhesus macaques. In a
single-dose PK study, three uninfected macaques were intravenously administered with LSEVh-LS-F at 10
mg/kg, and then serum samples were collected at 16 time points (0, 2, 4, 8, 12, 24, 48, 72, 96, 120, 144,
168, 288, 408, 528, and 627 h) after infusion. All experimental protocols were reviewed and approved by
the institutional committee of Fudan University in accordance with the animal ethics guidelines of the
Chinese National Health and Medical Research Council (NHMRC). Two adult rhesus monkeys were
infected intravenously with SHIVSF162P3 (1,000 TCID50) for 106 days and received a single infusion of 20
mg/kg of LSEVh-LS-F, and plasma samples were collected at 10 time points before and after infusion.
Four macaques were administered intravenously with 10 mg/kg of LSEVh-LS-F on day 7 post-SHIV
challenges, and plasma samples were collected on days 0, 7, 9, 16, 18, 21, 25, and 30. Quantitative ELISA
was used to determine the concentration of LSEVh-LS-F in the macaque plasma obtained at the different
time points.

For measurement of serum antibody levels from uninfected macaques, 100 ng of gp140sc protein was
used to coat half of 96-well ELISA (Costar; number 3690) plates overnight at 4°C. For serum samples from
SHIV-infected macaques, these animals generated antibodies against HIV-1; thus, gp140sc proteins were
not used as antigens. Because LSEVh-LS-F is composed of the CD4 domain, mouse CD4 monoclonal
antibody was used to coat ELISA plates and incubated at 4°C overnight. These plates were washed with
PBST buffer (PBS containing 0.5% Tween 20) and blocked with 3% (mass/vol) milk-PBS for 1 h at 37°C.
After blocking, the serum samples and serial dilutions of purified LSEVh-LS-F were added and incubated
for 1.5 h at 37°C. The standard curve was measured by a 3-fold dilution of antibody LSEVh-LS-F (initial
1 mg/ml) in PBS solution containing 5% macaque serum. Bound LSEVh-LS-F in serum was detected with
horseradish peroxidase-conjugated anti-human Fc antibody, followed by the addition of 2,2=-azinobis(3-
ethylbenzthiazolinesulfonic acid) (ABTS) substrate. The absorbance was read at 405 nm. The optical
densities (OD) of a set of LSEVh-LS-F concentration standards were determined and used to plot an
OD-versus-concentration standard curve that was analyzed by a four-parameter curve fit. The serum
concentrations of LSEVh-LS-F were calculated from the standard curve, and the serum half-lives were
analyzed on the basis of the concentrations of the LSEVh-LS-F measured at different time points after
infusion using a noncompartmental pharmacokinetics data analysis model by Pharmacokinetics and
Metabolism software (Summit Research Services).

SHIV infection and treatment design. Healthy male and female Chinese-origin rhesus macaques
were randomly assigned to the study groups and challenged intravenously with SHIVSF162P3 (1,000
TCID50). For chronic infections, four adult rhesus monkeys were infected for 106 days, and two of them
received a single infusion of LSEVh-LS-F at 20 mg/kg. For acutely infections, four doses of LSEVh-LS-F (10
mg/kg) were intravenously administered to macaques on days 7, 9, 16, and 18 after SHIV challenge. The
monkeys in control groups were given PBS. Serum was collected at different time points for measure-
ment of LSEVh-LS-F levels and other parameters. The research was conducted in an accredited Associ-
ation for Assessment and Accreditation of Laboratory Animal Care (AAALAC) facility at the Institute of
Laboratory Animal Science, Chinese Academy of Medical Sciences (Animal Experimental Approval
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number XJ16002). All animals were anesthetized with ketamine hydrochloride (10 mg/kg) prior to the
procedures. The experiments were performed in a biosafety level 3 laboratory.

Plasma viral load. SHIV RNA from plasma was purified using the QIAamp viral RNA minikit (Qiagen).
The viral RNA loads in plasma were measured by quantitative reverse transcription-PCR (RT-qPCR) using
a QuantiNova probe PCR kit (Qiagen) in an Eppendorf instrument. In the reverse transcription step, the
nested reverse primer (SIVnestR01 [GTTGGTCTACTTGTTTTTGGCATAGTTTC]), instead of random hexam-
ers, was used to facilitate priming of specific target sequences. Five microliters of the RT reaction mixture
was added to a 20-�l reaction volume, and the quantitative PCRs were performed using a cycling
protocol consisting of 95°C for 10 s and 60°C for 1 min. Primers and probe used for quantitative PCR were
SGAG21 forward (5=-GTCTGCGTCATPTGGTGCATTC-3=), SGAG22 reverse (5=-CACTAGKTGTCTCTGCACTAT
PTGTTTTG-3=), and pSGAG23 (5=-6-carboxyfluorescein [FAM]-CTTCPTCAGTKTGTTTCACTTTCTCTTCTGCG-
black hole quencher 1 [BHQ1]-3=) (20).

Humoral responses. Detection of polyclonal antibodies to LSEVh-LS-F in serum after infusion or
anti-HIV-1 gp140 antibodies after SHIV challenge in chronically SHIV-infected macaques was performed
using ELISA. LSEVh-LS-F or gp140sc was used for coating overnight, and diluted serum was incubated for
1.5 h, along with HRP-conjugated mouse anti-IgG macaque pan-species (Kerafast), with minimal cross-
reactivity to human to avoid detection of LSEVh-LS-F.

Statistical analyses. Determination of statistical differences for viral load measurements was per-
formed by unpaired two-tailed t test.

Mathematical model. A mathematical model similar to one based on exponential functions, as
previously described (29), was used, and it is described below. For untreated macaques, we used two
intervals: before the peak of viremia, interval 0 to T days (value of T is the model parameter defined by
data fitting) and after the peak of viremia, interval T to 30 days. For treated macaques, the model
describes SHIV dynamics during the interval when no treatment was done, or 0 to 7 days, and in four
other intervals when Ab treatments were done, or 7 to 9, 9 to 16, 16 to 18, and 18 to 30 days. In each
shown interval for both treated and untreated macaques, SHIV dynamics are described by a simple
exponential model in which the initial value is defined by the SHIV value at the end of the previous
interval, and inside the interval, SHIV load is described with exponential rate specific for this interval.

For untreated animals, the following model describes SHIV dynamics and is used for data fitting:
dSHIV/dt � ku � SHIV when 0 � t � T, dSHIV/dt � k � SHIV when T � t, and SHIV(0) � SHIV0, where
ku is the rate of exponential increase of SHIV in plasma before the peak of viremia, k is the rate of
exponential decrease of SHIV in plasma after the peak of viremia, T is the time of the peak of viremia,
assuming that T �9 days, and SHIV0 is the concentration of SHIV in plasma at time zero. In addition, we
also analyzed the rate for untreated macaques from day 16 to day 18, as characterized by the rate
constant k16u using the same equation but only data for days 16 and 18.

This model consists of two exponential curves, as represented by linear functions in logarithm scale.
The first curve describes the exponential increase of SHIV load in plasma with the rate of ku where
increase results from infection of new cells and production of SHIV particles by these cells. The second
curve describes exponential decrease of SHIV in plasma with the of rate k where decrease results from
elimination of infected cells and cell-produced SHIV particles by the immune system and lack of target
cells. All four parameters (ku, k, T, and SHIV0) were obtained during the data fitting for untreated
macaques.

For treated animals, the model describes 4 treatments at the time points (T) 7, 9, 16, and 18 days:
dSHIV/dt � kt � SHIV, 0 � t � 7; dSHIV/dt � k7 � SHIV, 7 � t � 9; dSHIV/dt � k9 � SHIV, 9 � t � 16;
dSHIV/dt � k16 � SHIV, 16 � t � 18; and dSHIV/dt � k18 � SHIV, 18 � t; SHIV(0) � aSHIV0. kt is the
rate of exponential increase in the interval 0 to 7 days, k7, k9, k16, and k18 are rates of exponential
increase/decrease for 7 to 9, 9 to 16, and 16 to 18 days and after 18 days, respectively; and aSHIV0 is the
concentration of SHIV plasma load on day 0.

In this model, the initial concentration of SHIV for treated macaques is equal to an average value
aSHIV0 calculated for untreated macaques (M): aSHIV0 � (SHIV0 for M1 � SHIV0 for M2 � SHIV0 for M3 �
SHIV0 for M4)/4. This accounts for only one SHIV load value for treated macaques before the treatment
(day 7); therefore, it is not possible to determine SHIV0 by data fitting. For untreated macaques, we used
two values of SHIV load on days 7 and 9 for extrapolating and defining SHIV0. The rate constant kt
describes the increase of SHIV before the first treatment and before the peak, assuming that the peak
SHIV load occurs at least on day 9 or later. Therefore, it should have only positive values for all treated
macaques. Obviously, we should expect that kt would be approximately the same as ku. The rate
constants k7, k9, k16, and k18 describe SHIV dynamics after the corresponding treatments. These
constants can have both positive and negative values, depending on the effect of treatment and
individual variations in macaques. At different time points, the effects can also be different. Five
parameters (kt, k7, k9, 16, and k18) were obtained by the fitting of the data for treated macaques.
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