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A promising concept for human immunodeficiency virus (HIV) vaccines focuses immunity on the highly conserved transition
state structures and epitopes that appear when the HIV glycoprotein gp120 binds to its receptor, CD4. We are developing chime-
ric antigens (full-length single chain, or FLSC) in which gp120 and CD4 sequences are flexibly linked to allow stable intrachain
complex formation between the two moieties (A. DeVico et al., Proc Natl Acad Sci U S A 104:17477-17482, 2007, doi:10.1073
/pnas.0707399104; T. R. Fouts et al., ] Virol 74:11427-11436, 2000, doi:10.1128/JV1.74.24.11427-11436.2000). Proof of concept
studies with nonhuman primates show that FLSC elicited heterologous protection against simian-human immunodeficiency
virus (SHIV)/simian immunodeficiency virus (SIV) (T. R. Fouts et al., Proc Natl Acad Sci U S A 112:E992-E999, 2016, d0i:10.1073
/pnas.1423669112), which correlated with antibodies against transition state gp120 epitopes. Nevertheless, advancement of any
vaccine that comprises gp120-CD4 complexes must consider whether the CD4 component breaks tolerance and becomes immu-
nogenic in the autologous host. To address this, we performed an immunotoxicology study with cynomolgus macaques vacci-
nated with either FLSC or a rhesus variant of FLSC containing macaque CD4 sequences (thFLSC). Enzyme-linked immunosor-
bent assay (ELISA) binding titers, primary CD3* T cell staining, and temporal trends in T cell subset frequencies served to assess
whether anti-CD4 autoantibody responses were elicited by vaccination. We find that immunization with multiple high doses of
rhFLSC did not elicit detectable antibody titers despite robust responses to rhFLSC. In accordance with these findings, immu-
nized animals had no changes in circulating CD4* T cell counts or evidence of autoantibody reactivity with cell surface CD4 on

primary naive macaque T cells. Collectively, these studies show that antigens using CD4 sequences to stabilize transition state
gp120 structures are unlikely to elicit autoimmune antibody responses, supporting the advancement of gp120-CD4 complex-

based antigens, such as FLSC, into clinical testing.

rotection against human immunodeficiency virus (HIV) in-

fection demands persistent humoral responses against the vi-
ral envelope glycoprotein that provide sterilizing immunity
against a broad diversity of viral strains (1). These demands guide
current efforts toward developing antibody-based HIV vaccines.
One prominent approach seeks to develop vaccines that generate
neutralizing antibodies specific for conserved epitopes on HIV
envelope antigens gp120 and gp41 as they are configured on free
virions (2). This goal has been elusive given the genetic plasticity of
the HIV type 1 (HIV-1) env gene, which propagates escape vari-
ants to every known broadly neutralizing domain (3-8), coupled
with the immunological complexities of generating broadly neu-
tralizing human antibodies (9).

An alternative vaccine approach is to generate broadly protec-
tive antibody responses against indispensable epitopes that are
exposed on gp120 once it binds to the host cell receptor, CD4, and
establishes a key transition state structure (10-16). This highly
conserved structure is absolutely required by all HIV strains for
both coreceptor engagement and viral entry (16). Epitopes on
transition state gp120, including those designated CD4 induced
(CD4i), are now established as targets for potent Fc receptor-de-
pendent humoral effector functions against cell-bound virions
(13, 17, 18) or infected cells (19, 20). Humoral responses to CD4i
gp120 epitopes have been linked with vaccine-mediated protec-
tion in nonhuman primate (NHP) challenge models with simian-
human immunodeficiency virus (SHIV) or simian immunodefi-
ciency virus (SIV) (21-24), control of HIV infection (25), and
with reduced risk in the RV144 clinical trial (26, 27).
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One biologically relevant approach toward developing transi-
tion state HIV vaccines is to use portions of human CD4 to bind,
constrain, and stabilize gp120 (10, 12, 28, 29). Our approach teth-
ers the D1D2 domains of human CD4 to the full-length HIV-
1(BaL) gp120 via a flexible amino acid linker (Fig. 1A) (12, 21). A
chimeric antigen with this design, termed full-length single chain
(FLSC), forms a stable intramolecular complex that elicits anti-
gp120 antibody responses against conserved transition state
(CD4i) epitopes as well as other domains (e.g., V3, V1V2) be-
lieved to be important targets for protective immunity (21, 27,
30-33). We also developed a rhesus variant of FLSC (rthFLSC)
in which the human CD4 D1D2 region (GenBank accession no.
NP_000607.1 [34]) of FLSC was replaced with a macaque CD4
D1D2 sequence (Fig. 1B) that is 100% conserved in Macaca mu-
latta (GenBank accession no. D63347.1) and Macaca fascicularis
(GenBank accession no. D63349.1) (Fig. 2). Thus, the use of rh-
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A. FLSC
gp120(BaL) = huCDd
Linker
B. rhFLSC
gp120(BaL) W= rhCD4
Linker

FIG 1 Schematic diagram of the FLSC and rhFLSC proteins. (A) FLSC is
comprised of gp120 from HIV-1(BaL) genetically linked to the D1 and D2
regions of human CD4 (huCD4D1D2; GenBank accession no. NP_000607.1)
by 20 amino acids (glycines and serines). (B) In the rhesus version of FLSC,
rhFLSC, the huCD4D1D?2 has been replaced with the D1 and D2 regions of
rhesus CD4 (rhCD4D1D2; GenBank accession no. D63347.1).

FLSC in either macaque species is fully analogous to the applica-
tion of FLSC in humans. In previous studies, we showed that rh-
FLSC can induce concurrent and balanced anti-gp120 antibody
and T cell responses that correlate with protection of rhesus ma-
caques against rectal challenge with heterologous SHIV162P3 or
SIV in both single-high-dose (10, 35, 36) and multiple-low-dose
(21) challenge models.

Any HIV vaccine deliberately comprising of or allowing
gp120-CD4 interactions carries the potential for eliciting anti-
CD4 autoantibody responses with potentially “immunotoxic” ef-
fects. This concern immediately applies to FLSC in humans, but it
also extends to any HIV envelope-based vaccine construct (2)
with CD4 binding capacity. It has already been shown that ma-
caques vaccinated with unliganded HIV envelope antigens spo-
radically exhibitimmunological evidence of gp120 binding to host
cell CD4 during vaccination (37, 38). Under typical circum-
stances, subjects are expected to be immunologically tolerant to
self-antigens, such as CD4. However, autologous antibodies can
be induced against a variety of fully human biological agents that
are used for therapy (39-46). Depending on their epitope speci-
ficity, autoreactive anti-CD4 antibodies have been shown to me-
diate CD4" T cell depletion, suppression of T cell-dependent
immune responses, or various other forms of immune dysregu-
lation (47-54), effects that define safety concerns for HIV vac-
cine testing.

Whether gp120-CD4 complexes might raise autoimmune re-
sponses in humans, deleterious or otherwise, is difficult to predict
from available information. Insights from natural HIV infection,
where gp120-CD4 interactions are guaranteed, are limited. It is
estimated that 10% of HIV-positive (HIV*") individuals develop
anti-CD4 autoantibodies for unknown reasons. Any role for these
responses in HIV infection or pathogenesis remains equivocal
(55-67). Thus, comprehensive analyses in relevant experimental
models are needed to answer this question.

Owing to its design, thFLSC can be exploited to assess whether
gp120-CD4 antigens cause a deleterious immune response to CD4
resulting in loss of immunological tolerance in the autologous
host. Here we describe an immunotoxicity study using cynomol-
gus macaques that specifically addresses this question. The cyno-
molgus macaque model was selected because it can provide a
reasonable measure of useful clinical biomarkers to assess immu-
notoxicity (68-73). Using multiple parameters, we assessed
whether immunization with rhFLSC or FLSC induces anti-CD4
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FIG 2 Amino acid sequence comparison between the D1D2 regions of cyno-
molgus, rhesus, and human CD4. The amino acid sequences of the D1D2
regions (amino acids 26 to 203) of cynomolgus (cyno), rhesus, and human
CD4 (GenBank accession nos. D63349.1, D63347.1, and NP_000607.1 (34),
respectively) are shown. Dots depict sequence identity to the cynomolgus se-
quence on the top line, while boldface letters depict changes differing from the
cynomolgus sequence. The rhesus and human sequences are identical to the
CD4 D1D2 components contained in rhFLSC and FLSC (Fig. 1), respectively.
The D1 region is shaded in light gray, while the D2 region is shaded in dark

gray.

autoantibodies after vaccination with repeated multiple high or
low doses. Our results suggest that the CD4 D1D2 moiety of
gp120-CD4 complexes is not immunogenic in the autologous
host, consistent with the clinical development of FLSC and related
concepts in human trials.

MATERIALS AND METHODS

Vaccines. HEK-293 cells stably expressing FLSC or thFLSC were used in a
high cell density fed-batch fermentation process to produce large quanti-
ties of FLSC or rhFLSC protein. The proteins were purified using lectin
affinity chromatography using Galantahus nivalislectin (GNL) coupled to
4% agarose beads (12, 74) followed by ion exchange and hydrophobic
interaction chromatography. The proteins were concentrated and diafil-
tered into formulation buffer (5 mM sodium acetate [NaOAc], 40 mg/ml
mannitol, pH 6.2). Prior to fill/finish, the proteins were adjusted to 0.3
mg/ml in formulation buffer and then formulated with aluminum phos-
phate (alum; Catalent Pharma Solutions, Middleton, WI) by adding 20
mg/ml alum in 0.8% NaCl to a final concentration of 2.4 mg/ml (Catalent
Pharma Solutions).

Animals and vaccinations. The cynomolgus macaque studies were
performed at BIOQUAL, Inc. (Rockville, MD) and Advanced Biosciences
Laboratory Inc. (Rockville, MD). The animal study protocols were ap-
proved by the IACUC committee at BIOQUAL, Inc. This study followed
the guidelines outlined in BIOQUAL’s Environment Enhancement Plan
to promote the physical and behavioral health as well as overall well-being
of the nonhuman primates (NHPs) involved in these studies. The animals
were housed at BIOQUAL in a facility that is accredited by the Association
for Assessment and Accreditation of Laboratory Animal Care Interna-
tional (AAALAC International), USDA Registered, and has a category 1
assurance from the Office of Laboratory Animal Welfare (assurance
A3086-01).

Animals were observed twice daily for overall health and well-being.
The animals were observed for any notable changes in stool condition,
overall food consumption, evidence of trauma, signs of pain or distress,
and the appearance of any clinical signs or symptoms of poor health.
Additionally, blood was analyzed at regular intervals for any abnormal
hematological changes. Any abnormal observations were conveyed to the
attending BIOQUAL veterinarian for further assessment and, if necessary,
treatment.

Multiple high- and low-dose FLSC and rhFLSC vaccinations. The
study design is shown in Table 1. Cynomolgus macaques (three per gen-
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TABLE 1 Vaccination groups used in this study

No. of Dose Vaccination
Group Symbol® animals’ Vaccine (ng) Route time (wk)
1 6 0.9% saline im. 0,4,8,16
2 | | 6 FLSC-alum 300 im. 0,4,8,16
3 O 6 FLSC-alum 900 im. 0,4,8,16
4 [ ] 6 rhFLSC-alum 300 im. 0,4,8,16
5 O 6 rhFLSC-alum 900 im. 0,4,8,16

@ Symbol representing each group in Fig. 3 and 5.
b Number of animals per group (three females and three males in each group).

der per group) were injected intramuscularly (i.m.) in the quadriceps with
300 or 900 g of FLSC or rhFLSC or 0.9% saline as a control. The immu-
nizations were administered four times throughout the study on weeks 0,
4, 8, and 16. One week after the third and fourth immunizations, 10 mg
keyhole limpet hemocyanin (KLH) was administered subcutaneously
(s.c.) between the scapulae. KLH was administered to study T cell-depen-
dent antibody responses, which will be presented in a subsequent article.
Peripheral blood was collected from each animal every 1 to 2 weeks and
processed (e.g., sera, peripheral blood mononuclear cells [PBMCs]) for
subsequent assays as indicated. Animals were observed daily for abnormal
clinical signs and symptoms. Physical examinations, body temperatures,
and weights were obtained at least weekly. Body temperatures were also
obtained 24 h after each immunization.

T cell counts. A TruCount immunophenotyping method (BD Biosci-
ences, San Jose, CA) was used to quantify absolute counts and percentages
of the subpopulation of cells, including CD3* CD4* T cells, CD3" CD8™
T cells, CD20* CD3 ™ B cells, and total CD45" CD14™ leukocytes. For the
fluorescence-activated cell sorting (FACS) analysis of the data, it was en-
sured that a minimum of 5,000 CD45* leukocytes were acquired and that
multicheck and multicheck low-positive control (stabilized human
blood) samples yielded results consistent with expected values.

Anti-FLSC or anti-rhFLSC capture ELISAs. High-binding 96-well
Immulon 2HB microtiter plates (Thermo Fisher Scientific) were coated
overnight at 4°C with 50 wl/well of a capture antibody specific for the D7
epitope of HIV gp120 (i.e., D7324 affinity-purified sheep anti-HIV gp120
antibody; Aalto Bio Reagents, Dublin, Ireland) at 2 pg/ml in 1X phos-
phate-buffered saline (PBS). The plates were washed three times with 400
pl/well of 1X Tris-buffered saline with Tween 20 (TBST) (0.05% Tween
20 in 1X Tris-buffered saline) and blocked for 1 h with 330 pl/well of
Blotto buffer (5% [wt/vol] nonfat milk in 1X TBST). The plates were
washed again, and then 100 pl/well of purified antigen (e.g., FLSC,
rhFLSC) at 1 pg/ml in Blotto buffer was added to each plate and allowed
to bind for 1 h. Control and test samples serially diluted in Blotto buffer
were added at 100 pl/well to the washed antigen-coated plates and allowed
to bind for 1 h. After another washing, 50 wl/well of horseradish peroxi-
dase (HRP)-conjugated goat anti-monkey IgG (Kirkegaard & Perry Lab-
oratories [KPL], Gaithersburg, MD) diluted 1:1,000 in Blotto buffer was
then added and incubated for 1 h. The plates were washed as described
above, and the amount of peroxidase bound on the plate was determined
by a colorimetric reaction using the SureBlue 3,3",5,5'-tetramethylbenzi-
dine (TMB) one-component microwell HRP substrate (KPL) at 100 I/
well. The reaction was stopped with 50 pl of 1 N H,SO,, and the absor-
bance was measured at 450 nm with a SpectraMax Plus384 microplate
reader (Molecular Devices, Sunnyvale, CA). Data were evaluated using
SoftMaxPro v 5.4 (Molecular Devices) and Excel v 2010 (Microsoft) soft-
ware. Prior to assessing test samples, assay/batch controls were estab-
lished, and methods were verified.

Cross-competition ELISAs. Competition enzyme-linked immu-
nosorbent assays (ELISAs) were performed as previously described (10,
27). Briefly, high-binding 96-well Immulon 2HB microtiter plates
(Thermo Fisher Scientific) were coated with the D7324 capture antibody
specific for the D7 epitope of HIV gp120, and purified antigen (e.g., FLSC,
rhFLSC) was bound to the capture antibody-coated plates as described
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above. Biotinylated human monoclonal antibodies (2X) specific for CD4i
epitopes (i.e., A32 [15, 16, 75-79], 17b [15, 77-79], 19¢ [36]; obtained
from the Institute of Human Virology, Baltimore, MD) were mixed 1:1
with serially diluted test sera or unbiotinylated antibody (i.e., control) in
Blotto buffer and incubated for 10 min. Fifty microliters of the antibody
mixtures were added to washed D7324 captured antigen plates and al-
lowed to bind for 1 h. After another washing, 50 wl/well of HRP-conju-
gated polystreptavidin (Thermo Fisher Scientific) diluted 1:5,000 in
Blotto buffer was then added and incubated for 1 h. The plates were
washed, the amount of peroxidase bound on the plate was determined by
a colorimetric reaction, and data were analyzed as described above. Prior
to assessing test samples, assay/batch controls were established, and the
competitive ELISA methods were verified.

Anti-CD4 solid-phase ELISAs. Anti-CD4 ELISAs were performed us-
ing a qualified in-house optimized assay described below. Briefly, high-
binding 96-well Immulon 2HB microtiter plates (Thermo Fisher Scien-
tific) were coated overnight at 4°C with 50 pl/well of one of the following
recombinant CD4 proteins at 1 pwg/ml in 1X PBS: (i) histidine (His)-
tagged cynomolgus CD4 (cyCD4; Sino Biological, Beijing, China); (ii)
His-tagged rhesus CD4 (rhCD4; eEnzyme, Gaithersburg, MD); or (iii)
Leu3-His-tagged human CD4 (Ectodomain) (huCD4; Sino Biological).
The plates were washed four times with 400 wl/well of 1X TBST and
blocked for 1 h with 330 pl/well of bovine serum albumin (BSA) buffer
(2% [wt/vol] BSA in 1X TBST). The plates were washed again, and anti-
CD4 antibody control (CD4R1; NIH Nonhuman Primate Reagent Re-
source, Boston, MA [R24 ODO010976 and NIAID contract HHSN
272201300031C]) and test samples serially diluted in BSA buffer were
added at 100 pl/well to the washed antigen-coated plates and allowed to
bind for 1 h. After another washing, 50 pl/well of HRP-conjugated mouse
anti-monkey IgG antibody (KPL) diluted 1:5,000 in BSA buffer was added
and incubated for 1 h. The plates were washed as described above and
detected and evaluated as described above for anti-FLSC capture ELISAs.
Prior to assessing test samples, assay/batch controls were established, and
methods were verified.

Flow cytometry. Briefly, naive cynomolgus PBMCs were incubated
with test serum samples. Binding of antibodies to the PBMCs was assessed
by flow cytometry. The results are presented as serum binding as a per-
centage of CD3™ T cells. A “fluorescence minus one” (FMO) background
reference was used as a negative control, while anti-CD4 and anti-CD8
antibodies were used as positive controls for binding.

RESULTS
FLSC vaccination induces robust antigen-specific antibody re-
sponses in cynomolgus macaques. Cynomolgus macaques (six
animals/group) were immunized i.m. with either FLSC or rhFLSC
(Fig. 1) formulated in alum or a saline control four times on weeks
0, 4, 8, and 16 (Table 1). The FLSC and rhFLSC vaccines were
administered at either 300 or 900 pg per dose (Table 1), matching
planned clinical applications. Sera, collected approximately every
2 weeks, were subjected to ELISAs and assessed for the presence of
antibodies specific for FLSC. After the first immunization with
FLSC or rhFLSC, all groups had significant levels of anti-FLSC
antibody titers with less than a half-log-unit difference between
the high-dose (900-pug) and low-dose (300-pg) groups (Fig. 3A,
open versus closed symbols). After boosting with a second FLSC
or rhFLSC dose on week 4, the anti-FLSC titers increased by ~2
log units by week 6 with no significant difference between the
high- and low-dose groups (Fig. 3A). A third immunization with
FLSC or rhFLSC on week 8 did not boost the anti-FLSC titers
further.

These high titers of anti-FLSC antibodies were relatively stable
and dropped by only about a halflog unit by week 16. Following a
fourth immunization on week 16, the anti-FLSC titers returned to
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FIG 3 Anti-FLSC and anti-rhFLSC titers in cynomolgus macaques vaccinated
with multiple high or low doses of FLSC or rhFLSC. Cynomolgus macaques
(six per group) were immunized i.m. four times with FLSC (squares) or
rhFLSC (circles) at 300 g (solid symbols) or 900 pg (open symbols) per dose
or 0.9% saline (gray triangles and gray lines) as a control. Immunization days
are indicated by black arrows along the x axis. Gray arrows along the x axis
indicate days of KLH (10 mg s.c.) administration. Sera collected (every ~2
weeks) from each animal at the indicated time points were subjected to
ELISAs. The average anti-FLSC (A) or anti-rthFLSC (B) reciprocal half-maxi-
mal titers (ELISA units [EU]) are shown. Values are means * standard errors
of the means (SEMs) (error bars). In these assays, reciprocal half-maximal
titers of <100 are considered negative as indicated by the black dashed lines.

their peak levels (e.g., week 6 levels) (Fig. 3A). The anti-FLSC
antibody titers were robust, since by 9 months after the first im-
munization, the average titers dropped by approximately 1 log
unit from the peak time points for each immunized group (data
not shown). These data demonstrate that the anti-FLSC antibody
response is long-lasting and comparable between the high-dose
(900-pg) and low-dose (300-pg) groups (Fig. 3A, open versus
closed symbols). Immunization with thFLSC also generated anti-
bodies that were cross-reactive to FLSC (Fig. 3A, circles) and were
similar in magnitude to those elicited by vaccination with FLSC
(Fig. 3A, squares). Furthermore, no significant gender-related dif-
ferences in the anti-FLSC antibody responses were observed be-
tween any of the groups (data not shown).

Rhesus FLSC vaccination induces antibody responses com-
parable to those induced by FLSC vaccination in cynomolgus
macaques. The sera, collected approximately every 2 weeks, were
subjected to additional ELISAs and assessed for the presence of
antibodies specific for rhFLSC. The anti-rhFLSC titers (Fig. 3B)
were similar in magnitude and durability to those elicited against
FLSC (Fig. 3A). After the first immunization with FLSC or rh-
FLSC, all groups had significant levels of anti-rhFLSC antibodies
with approximately a half-log-unit difference between the high-
dose (900-g) and low-dose (300-pg) groups (Fig. 3B, open ver-
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sus closed symbols), which were boosted after a second immuni-
zation on week 4 (Fig. 3B). The third and fourth immunizations of
FLSC or rhFLSC on weeks 8 and 16, respectively, did not signifi-
cantly boost the anti-rhFLSC titers further (Fig. 3B). These data
show that the anti-rhFLSC antibody response (Fig. 3B) is as robust
as the anti-FLSC antibody response (Fig. 3A) and comparable
among the groups. In this regard, sera from FLSC-immunized
animals (Fig. 3B, squares) had cross-reactive titers to rhFLSC that
were similar in magnitude to the titers to FLSC (Fig. 3A), indicat-
ing that antibodies generated against human CD4 do not substan-
tially contribute to the measured titers to FLSC. Furthermore, no
significant gender-related differences were observed in the anti-
rhFLSC antibody responses (data not shown).

Vaccination elicits CD4i antibody responses. Previously we
have shown that immunization with FLSC (12) and rhFLSC in-
duced CD4i antibodies (16, 21), which correlated with (i) postin-
fection control of viremia in rhesus macaques after high-dose
challenge with SHIV162P3 (16) and (ii) protection from acquisi-
tion after repeated low-dose challenges with SHIV162P3 or
SIVmac251 in three independent rhesus macaque studies (21).
Anti-FLSC and anti-rhFLSC antibodies were robustly induced af-
ter our multiple high- or low-dose vaccination regimen (Fig. 3).
To confirm that this regimen elicits the expected humoral re-
sponse to conserved CD4i epitopes, we performed cross-com-
petition ELISAs using the human monoclonal anti-CD4i anti-
bodies, A32 (15, 16, 75-79), 17b (15, 77-79), and 19e (36). FLSC
and rhFLSC induced antibodies cross-competitive with A32 (Fig.
4A), 17b (Fig. 4B), and 19e (Fig. 4C) in a dose-dependent manner.

Vaccination with FLSC and rhFLSC do not alter circulating
leukocyte frequencies. The FDA’s Guidance for Industry: S8 Im-
munotoxicity Studies for Human Pharmaceuticals (80) suggests
that nonfunctional assays, such as immunophenotyping of leuko-
cyte populations, “might provide useful clinical biomarkers” to
assess immunotoxicity. To this end, cell populations in the blood
from each vaccinated macaque were assessed every 1 to 2 weeks,
including 24 h postimmunization. Cell populations evaluated in-
clude but are not limited to lymphocytes, platelets, white blood
cells (e.g., neutrophils, monocytes, eosinophils, basophils), and
red blood cells. Circulating T cell counts in blood from immu-
nized animals were also assessed. The mean CD3" CD4 " (Fig. 5A)
and CD3" CD8" (Fig. 5B) T cell counts in the FLSC (Fig. 5,
squares) or thFLSC (Fig. 5, circles) immunization groups were
similar to those of the saline control group (Fig. 5, gray triangles)
at each time point assessed. Additionally, there was no measurable
impact on CD20" CD3™ B cell and CD45" CD14 ™ leukocyte cell
counts throughout the course of the study in any immunization
group (data not shown). No clinically significant vaccine-related
changes in any other cell population were noted at any point
throughout this study (data not shown).

Among individual animals, three animals had absolute CD3 ™"
CD4™ T cell counts that sporadically dipped below 200 (i.e., 130 to
168), each occurring only at a single time point with no apparent
temporal trend: animal TO11 from the saline control group on day
169, animal T018 from the rhFLSC high-dose (i.e., 900-g) group
on day 56, and animal R992 from the rhFLSC high-dose (i.e.,
900-pg) group on day 169. All of these events occurred =4 weeks
after the last immunization dose. The absolute CD3 " CD4™ T cell
counts at the time points before and after these below normal
counts in each of these animals were in the normal range (=200).

Seven animals had absolute CD3* CD8™ T cell counts below
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FIG 4 Vaccination induces antibodies reactive to CD4i epitopes. Immune
sera collected from cynomolgus macaques immunized with FLSC or rhFLSC
(Fig. 3) on days 0 and 70 (week 10 [i.e., 2 weeks after the third dose]) were
subjected to cross-competition ELISAs with anti-CD4i human monoclonal
antibodies specific for A32 (A), 17b (B), or 19¢ (C). Values are means = SEMs
(error bars). In these assays, binding titers of <30 are considered negative as
indicated by the black dashed lines.

100 (i.e., 20 to 87) and only on day 140: animals R986 and R996 in
the saline control group, animals R995 and R997 in the FLSC
low-dose (i.e., 300-pg) group, animals R993 and R998 in the
FLSC high-dose (i.e., 900-pg) group, and animal R994 in the
rhFLSC low-dose (i.e., 300-g) group. This time point (day 140)
was =4 weeks after the fourth and final immunization dose. The
absolute CD3" CD8™ T cell counts at the time points before and
after these lower counts in each of these animals were in the nor-
mal range (=100).

Such transient declines in individual CD3" CD4" and CD3™
CD8™ T cell counts were considered incidental and unrelated to
FLSC or rhFLSC vaccination and were not considered significant,
as they did not occur over more than one consecutive time point
or immediately after immunization, nor were the declines uni-
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FIG 5 Multiple high or low doses of FLSC or thFLSC do not impact CD4 ™" or
CD8" T cell counts. Cynomolgus macaques (six per group) were immunized
i.m. four times with FLSC (squares) or rhFLSC (circles) at 300 g (solid sym-
bols) or 900 pg (open symbols) per dose or 0.9% saline (gray triangles and
lines) as a control. Immunization days are indicated by black arrows along the
x axis. Gray arrows along the x axis indicate days of KLH (10 mg s.c.) admin-
istration. CD3" CD4" (A) and CD3" CD8™" (B) T cells were counted using a
FACS TruCount protocol (BD Biosciences) from PBMCs collected from each
animal at the indicated time points. The average absolute counts per microliter
of blood are shown. Values are means = SEMs (error bars). In these assays,
counts below the dashed lines (<200 in panel A and <100 in panel B) are
considered clinically significant.

form among the macaques or groups. Therefore, we conclude that
there was no notable impact on the CD4" and CD8™ T cell counts
in any immunized animal throughout the course of the study.

Anti-CD4 antibodies are elicited only against heterologous
CD4, not “self” CD4, after FLSC or rhFLSC vaccination, respec-
tively. The FLSC immunogen is a human vaccine containing the
D1D2 region of human CD4 (huCD4). Therefore, it was expected
that cynomolgus macaques immunized with FLSC, which con-
tains the huCD4 D1D2, would likely generate an antibody re-
sponse against huCD4 because the huCD4 D1D2 region (amino
acids 26 to 203; GenBank accession no. NP_000607) is only 88%
identical to the CD4 D1D2 region in cynomolgus macaques
(cyCD4; GenBank accession no. D63349) (Fig. 2). In order to
accurately assess an autoimmune response to a self-antigen, we
also vaccinated cynomolgus macaques with the rhesus version of
FLSC, rhFLSC. Based on 100% amino acid sequence identity be-
tween cyCD4 and rhesus macaque CD4 (rhCD4; GenBank acces-
sion no. D63347) (Fig. 2), it was anticipated that the cynomolgus
macaques vaccinated with rhFLSC would not generate an autoan-
tibody response against either cyCD4 or rhCD4.

We assessed the sera collected 2 weeks after vaccination with
the third doses (week 10 [i.e., day 70]) and fourth doses (week 18
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FIG 6 Multiple high or low doses of FLSC or rhFLSC do not elicit anti-CD4
autoimmune antibodies. Cynomolgus macaques (six per group) were immu-
nized i.m. four times with FLSC or rhFLSC at 300 g or 900 g per dose or
0.9% saline as a control. Sera collected from each animal on day 0, 70 (week 10
[i.e., 2 weeks after the third vaccination]), or 126 (week 18 [i.e., 2 weeks after
the fourth vaccination]) were subjected to anti-cyCD4 (A), anti-rhCD4 (B), or
anti-huCD4 (C) ELISAs. The average anti-CD4 reciprocal half-maximal titers
(EU) are shown. Values are means = SEMs (error bars). In these assays, recip-
rocal half-maximal titers of <100 are considered negative as indicated by the
black dashed lines.

[i.e., day 126]) of FLSC or rhFLSC for the presence of antibodies
specific for the homologous cyCD4 and rhCD4 CD4 or the heter-
ologous huCD4. Anti-CD4 autoantibody titers specific for cyCD4
or rhCD4 (Fig. 6A and B, respectively) were not detected in any of
the immunized animals. However, heterologous anti-CD4 anti-
body titers specific for huCD4 were detected, but only in animals
immunized with FLSC (Fig. 6C). In some groups, represented by
error bars (standard errors of the means [SEMs]) above the lower
limit for positivity (Fig. 6A and B), a few animals had titers re-
turned by the ELISA software as >100; however, upon visual in-
spection of the ELISA curves, all curves were flat with little to no
absorbance, indicating that no binding/titers were present. No
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FIG 7 Immune sera do not bind to CD3™ T cells. Cynomolgus macaques (six
per group) were immunized i.m. four times with FLSC or rhFLSC at 300 p.g or
900 g per dose or 0.9% saline as a control. Anti-CD4 or anti-CD8 antibodies
(black bars) or immune sera collected from each animal on day 0, 42 (week 6
[i.e., 2 wks post-2nd dose]), 70 (week 10 [i.e., 2 wks post-3rd dose]), or 126
(week 18 [i.e., 2 wks post-4th dose]) were mixed with naive cynomolgus ma-
caque PBMCs. Antibody binding to CD3™ cells was assessed by flow cytom-
etry. The percentages of CD3™ cells bound by the immune sera or positive-
control anti-CD4 and anti-CD8 antibodies are shown. Values are means *
SEMs (error bars). In these assays, levels below the fluorescence minus one
(FMO) background control (hatched bar) are considered negative as indicated
by the black dashed line.

significant gender-related differences were observed (data not
shown). The results show that rhFLSC, which contains the rhCD4
D1D2 region and is homologous to cyCD4, did not elicit an auto-
immune response to cyCD4 or thCD4 (Fig. 6A and B) in the
cynomolgus macaques, suggesting that FLSC is unlikely to induce
an autoimmune response to huCD4 in humans.

Immune sera from FLSC- or rhFLSC-vaccinated animals do
not bind primary naive macaque T cells. We used flow cytometry
to determine whether antibodies undetectable by ELISA were
present in the immune sera that could bind to T cells, which could
potentially be capable of depleting CD4™ cells. All serum samples
tested from days 0 (preimmune), 40 (2 weeks after the second
dose), 70 (2 weeks after the third dose), and 126 (2 weeks after the
fourth dose) were negative for binding to CD3 ™" T cells. The aver-
age percent binding in each group was below the “fluorescence
minus one” (FMO) negative reference control and significantly
lower than the positive anti-CD4 and anti-CD8 antibody controls
(Fig. 7). Two animals had levels slightly above a blank back-
ground, but below the FMO negative control: animal R990 (in the
rhFLSC, 900- g group) had a background response of 1.25% on
day 0 (preimmune) but had no binding at any later time points,
and animal R998 (in the FLSC, 900-ug group) had background
responses of 1.56% and 1.97% on days 0 and 70, respectively, but
had no binding on days 40 and 126. One animal had levels slightly
above the FMO negative control at a single time point: animal
T006 (in the FLSC, 900- g group) had a response of 3.36% on day
40 but had no binding on days 0, 70, and 126. All of these re-
sponses were lower than or comparable to the FMO negative-
control sample of 2.94%, significantly lower than the values for the
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positive controls (38.7 to 52.3%), and therefore were not consid-
ered positive for binding.

DISCUSSION

Immunogens based on HIV gp120 remain viable candidates for
HIV vaccine development. Lead concepts include “native-like”
envelopes presenting neutralizing epitopes extant on free virions
or conserved transition state structures embodied by FLSC that
occur after attachment and elicit cross-protective immunity (10,
12,21). The latter case involves gp120-CD4 complex formation by
design, the former by sporadic circumstance as was shown in rhe-
sus macaques (37, 38). Overall, the risk of breaking tolerance via
ligating human CD4 to gp120 is an obvious safety concern for the
clinical testing of HIV envelope-based vaccines.

In natural HIV infection, where gp120-CD4 complexes fre-
quently form, putative anti-CD4 autoantibodies have been de-
tected in roughly 10% of subjects studied (55-67). These antibod-
ies seem directed against the D3 and D4 regions of CD4 (59, 61, 66,
67), are not immunoreactive with cell surface CD4 (56, 58, 59, 66),
and lack detectable biological activity in vitro (58, 66). However,
the provenance of these responses is unclear. Although the pres-
ence of anti-CD4 antibodies may correlate with declines in CD4 ™"
T cells (63—65, 81, 82) during HIV infection, there is no clear
causal link between such autoreactivity and AIDS. Moreover,
anti-CD4 autoantibody responses are not unique to HIV infec-
tion, as they have been detected in HIV-exposed but uninfected
individuals (63-65, 81, 82) as well as in preparations of “normal”
immunoglobulin (83). Overall, available evidence that gp120-
CD4 complexes cause deleterious autoimmune responses in the
autologous host to CD4 remains equivocal.

The availability of a well-characterized antigen containing ma-
caque CD4 D1D2 (rhFLSC) provides an opportunity to test this
question in cynomolgus macaques, which possess species-
matched CD4 sequences. In the protocols described here, vacci-
nation with either FLSC or rhFLSC elicited robust cognate (Fig. 3)
and anti-CD4i (Fig. 4) immune responses. In contrast, there was
no evidence that the responses included antibodies autoreactive
with macaque CD4 as detected by ELISA (Fig. 6A and B) or flow
cytometric assays of primary naive T cells (Fig. 7). This outcome
agreed with the absence of detectable autoreactive responses in
rhFLSC-immunized rhesus macaques (10). In accordance with
the ELISA measures, immune sera from either FLSC- or rhFLSC-
immunized cynomolgus macaques did not bind to autologous
primary CD3™ T cells determined by flow cytometry (Fig. 7). A
similar lack of immunoreactivity with primary cells was observed
with immune sera from rhesus macaques vaccinated with rhFLSC
(10).

Previous reports showed that immunization of rhesus ma-
caques with soluble extracellular human CD4 (D1D4) in the ab-
sence of gp120 elicited antibodies that cross-reacted with macaque
cells (84, 85). Chimpanzees immunized with soluble human CD4
D1D4 developed antibodies reactive with digitonin-treated, but
not untreated, chimpanzee lymphocytes (86). In either case, the
specificities of the putative autoreactive antibodies were not de-
tailed. Our results suggest that gp120-bound human CD4 (D1D2)
does not elicit such cross-reactive responses in macaques using an
immunization protocol similar to those employed for gp120-
based immunogens in humans. Alternatively, the macaque-reac-
tive antibodies previously observed may have been induced
against human CD4 D3D4 that was included in the human CD4
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immunogen but is absent in FLSC and rhFLSC. We did find that
vaccination of macaques with FLSC raised antibodies reactive
with human CD4 in the absence of reactivity with rhesus or cyn-
omolgus macaque CD4 (Fig. 6). We predict that these antibodies
are specific to the sequences that differ between human and ma-
caque CD4, which are 88% homologous in their respective D1D2
domains (Fig. 2). Efforts to explore this in detail are ongoing.
Regulatory guidelines recommend the use of functional im-
munotoxicity assays that are relevant and specific to the mecha-
nism of action of the pharmaceutical or biotherapeutic of interest.
Assays that can improve clinical trial design and decisions are
preferred, as they can provide endpoints for evaluating immune
function and deficiencies. Accordingly, we examined the impact
of FLSC vaccination on T cell subset frequencies. On the basis of
past reports (47-54), we defined one indication of anti-CD4 im-
munotoxicity as a decline of CD4™ cell counts to <200 cells/ml
over two consecutive time points after administration of vaccine
antigen in any single animal. According to this definition, there
was no consistent impact on circulating cynomolgus CD4" or
CD8™ T cell populations in vaccinated animals during the course
of the immunization protocol (Fig. 5). These observations agree
with our previous studies of rhFLSC-vaccinated rhesus macaques
(10, 21), in which no perturbations of T cell subsets were noted.
Collectively, our immunotoxicity assessments in cynomolgus
macaques, coupled with previous assessments in rhesus ma-
caques, provide redundant evidence that gp120-bound CD4 is not
immunogenic in the autologous host during an otherwise robust
response to vaccination involving gp120-CD4 complexes.
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