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HIV-1 fusion peptide targets the TCR and
inhibits antigen-specific T cell activation
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The fusion peptide (FP) in the N terminus of the HIV envelope glycoprotein, gp41, functions together with
other gp41 domains to fuse the virion with the host cell membrane. We now report that FP colocalizes with
CD4 and TCR molecules, coprecipitates with the TCR, and inhibits antigen-specific T cell proliferation and
prmnﬂammatory cytokine secretion in vitro. These effects are specific: T cell activation by PMA /ionomycin or
m1togemc antibodies is not affected by FPs, and FPs do not interfere with antigen-presenting cell function. In
vivo, FPs inhibit the activation of arthritogenic T cells in the autoimmune disease model of adjuvant arthritis
and reduce the disease-associated IFN-y response. Hence, FPs might play 2 roles in HIV infection: mediat-
ing membrane fusion while downregulating T cell responses to itself that could block infection. Disassoci-
ated from HIV, however, the FP molecule provides a novel reagent for downregulating undesirable immune

responses, exemplified here by adjuvant arthritis.

Introduction

HIV infection confounds the immune response (1). Untreated HIV
infection usually leads to AIDS, a state of general immunosup-
pression, and susceptibility to otherwise innocuous opportunis-
tic infections (2, 3). However, to establish a successful infection
and replicate, the virus has to evade immune control, a task that
HIV accomplishes by using a broad array of mechanisms, recently
reviewed (4). Of particular interest is the inhibition of the CD4* T
cell activity directed to HIV itself (5, 6); anti-HIV CD4* T cells are
required to establish a CD8* T cell response capable of controlling
the virus (7). Elucidation of the mechanisms used by HIV to down-
regulate CD4* T cell activity should improve our understanding of
the development of AIDS following HIV infection.

HIV infection of target cells requires fusion of the viral mem-
brane with the cellular membrane; this process is catalyzed by the
product of the env gene, the HIV envelope glycoprotein gp160.
Mature gp160 is composed of 2 noncovalently associated subunits
— gp120 and gp41 (8). Following the interaction of gp120 with
membrane receptors on the target cell, the gp41 subunit plays a
critical role in virus entry into the target cell. Several functional
domains have been identified in gp41 (Figure 1). The N terminal
hydrophobic fusion domain, the fusion peptide (FP), is thought
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diazole fluoride; FP-Rho, FP conjugated to rhodamine; FRET, fluorescence energy
transfer; gp160, HIV envelope glycoprotein gp160; HSP65, 65-kDa heat shock protein;
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to play a central role in membrane fusion (Figure 1). Indeed, a
mutant with a single aa substitution, V2E, shows less fusogenic
activity than a wild-type FP (9). The first 16 aa of FP insert into
the target cell membrane, and the C20 region inserts into the virus
membrane (10, 11). The N36 and C34 peptides contain heptad
repeats that form a 6-helix bundle linker (12) that brings the viral
and target membranes into close proximity. Fusion can be inhib-
ited by a peptide corresponding to the C terminal heptad repeat,
DP178; this peptide is a potent inhibitor of HIV infection and has
recently been approved for use in humans (13).

With regard to the interaction of FP with T cell membranes,
Cladera et al. reported that a synthetic peptide encoding the 16
N terminal aa of FP shows a heterogeneous distribution on the
membrane of the Jurkat T cell line (14). We have recently reported
that the 33-aa FP inserts into microdomains on T cells (15). More-
over, this FP showed a higher affinity toward ordered membrane
domains in vitro (15). Assembly of the TCR and the CD4 mol-
ecules as well as other key molecules is required for complete T
cell activation (16, 17). Therefore, we reasoned that FP, if it inserts
itself into membrane domains containing these T cell complexes,
might interfere with T cell activation.

In this study we analyzed the membrane distribution of FP in
T cells and the effect of FP on T cell activation. We found that FP
colocalizes with the TCR and CD4 molecules and inhibit T cell
activation in vitro and in vivo. These results suggest a role for FP
in the downregulation of HIV-specific immunity.

Results

FP colocalizes with CD4 and TCR. We studied the distribution of FP
in the membrane of activated rat A2b T cells using FP conjugated
to rhodamine (FP-Rho) or to 4-chloro-7-nitrobenz-2-oxa-1,3-dia-
zole fluoride (NBD; FP-NBD). Rather than uniformly labeling the
T cell membrane, both FP-Rho (Figure 2A) and FP-NBD (data not
shown) showed a heterogeneous membrane distribution. This dis-
tribution in membrane domains contrasted with that of a control
membrane-active amphipathic peptide conjugated to rhodamine
(AMP-Rho), which demonstrated a uniform distribution on the
cell membrane (Figure 2A).
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The TCR, CD3, and CD4 molecules, among other components,
are found in microdomains in the membranes of activated CD4*
T cells (18). Figure 2B shows the localization of the CD4 and TCR
molecules in the membrane. Note that the FP conjugates colocal-
ized with the CD4 and TCR molecules (Figure 2B). Both FP-Rho
(Figure 2B) and FP-NBD (data not shown) showed the same colo-
calization; hence, the distribution of the FP with the CD4 and
TCR molecules on the T cell membrane did not result from the
use of a particular fluorophore. In addition, an FP mutant V2E
peptide conjugated to rhodamine (V2E-Rho; Figure 1 and Table
1), showed a similar colocalization with CD4 (data not shown)
and the TCR (Figure 2C).

We repeated these procedures with cells that were not treated
with fixative, and the results were the same (data not shown).
When resting A2b cells were used, colocalization of FPs with CD4
and the TCR molecules was still observed, but there was no cap
and much less aggregation of the TCR molecules on the surface of
the membrane (data not shown).

We confirmed the colocalization of FP and its V2E mutant
with the TCR and CD4 receptors by fluorescence energy trans-
fer (FRET) (Figure 2D). Using a 543-nm laser, we bleached a spot
on the cell membrane, thereby reducing the fluorescence of the
FP-Rho or V2E-Rho conjugates at that particular spot. A signifi-
cant increase in the fluorescence of the labeled TCR was observed
due to FRET between the labeled, bleached FP (acceptor) and a
TCR-specific FITC-conjugated antibody
(donor). The average Ry (the characteristic
Forester distance at which FRET efficien-
cy is 0.5) is under 50 A for the FITC/Rho
pair (19); therefore, the detection of FRET
(Figure 2D) indicates that the donor and

Table 1

Designation Start

acceptor molecules must be fewer than =5 512
50 A apart in the membrane. These results V2E 512
suggest that FP binds to the T cell mem- AMP -
brane and preferentially colocalizes with p277 437
the CD4 and TCR molecules. Mt176-190 176
FP interferes with T cell activation in vitro. FoL 125
Does the colocalization of FP with the CD4 gﬂgzzs_gg 85

and TCR molecules interfere with T cell
activation? To explore this question, we pre-
pared lymph node cells from Mycobacterium
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Figure 1

HIV-1 gp41 extracellular domain. The extracellular portion of gp41 (aa
512—-684) contains a number of functional domains: gp41 becomes
active after gp120 (aa 1-511) binds to surface receptors; FP inserts
into the membrane of the target cell; C20 inserts into the membrane of
the virion; N36 and C34 form a 6-helix bundle “spring” that brings the
membranes into apposition; and ISU is immunosuppressive. TM, gp41
transmembrane domain.

tuberculosis-immunized (Mt-immunized) rats and studied their T
cell responses to the mycobacterial antigens tuberculin-purified
protein derivative (PPD) and the peptide corresponding to the
176-190 region of M. Tuberculosis HSP65 (Mt176-190), which con-
tains the 180-188 epitope of the mycobacterial 65-kDa heat shock
protein (HSP635). These antigens are known to induce strong pro-
liferative responses and cytokine release from T cells in the drain-
ing lymph node cells of Mt-immunized rats (20, 21).

Figures 3A and 3B show that FP and the V2E mutant peptide
inhibited the T cell proliferative responses to PPD and to
Mt176-190 in a dose-dependent manner. Moreover, the inhibi-
tory effect of V2E was lower than that of FP, suggesting that
inhibition is sequence specific and that critical molecular inter-
actions were perturbed by the V-to-E substitution in V2E (see
Figure 1 and Table 1). The effective ICso observed for FP was 280
nM. However, some of the peptide self aggregated and only a
fraction of FP was available to insert itself into the T cell mem-
brane, as will be discussed later. The FP, and to a lesser extent
V2E, also inhibited in a dose-dependent manner the secretion
of IFN-y and IL-10 triggered by stimulation with PPD or the
Mt176-190 peptide (Figure 3, C-F). The inhibitory effects of
the FP and V2E peptides on antigen-triggered proliferation and
cytokine release were not due to cell death, since cells incubated
with FP, V2E, or the control peptide p277 showed the same sur-
vival in culture (data not shown).

We then studied the effects of FP on the activation of human
T cells using a human ThoO cell clone (Ob1A12) reactive with the
85-99 region of human myelin basic protein (22); this epitope is
contained in the MBP85-99 peptide used in our studies (Table 1).
The activation of the Ob1A12 T cell clone with the MGAR B cell
clone fed with the MBP85-99 peptide triggers Ob1A12 prolifera-
tion and secretion of both IFN-y and IL-13. Figure 4A shows that
FP inhibited the proliferative response of Ob1A12 to MBP85-99
in a dose-dependent manner. No inhibition was detected when the
control peptide core peptide mutant (CP-2G) (23, 24) was used.

Designations and sequences of peptides

aa sequence End Protein
AVGIGALFLGFLGAAGSTMGARSMTLTVQARQL 535 gp4t
AEGIGALFLGFLGAAGSTMGARSMTLTVQARQL 535 gp41
LLKLLKKLLKKLLKL - Synthetic
VLGGGCALLRCIPALDSLTPANED 460 Human HSPGO
EESNTFGLQLELTEG 190 Mt HSP65
LREEMRIQLNDMNSALTTAIPLFA 148 Cry1Ac
ENPVVHFFKNIVTPR 99 MBP
GLGILLLGV - Rat TCR-a

Start and end positions are designated according to the HIV-1 HXB2 strain gp160 sequence. The
valine to glutamic acid mutation at position 2 of the FP is marked in bold.
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The FP also inhibited in a dose-dependent manner the secretion of
IL-13 and, to a lesser extent, the secretion of IFN-y (Figure 4, B and
C). No such inhibitory effects were seen when the control peptide
CP-2G was used. The inhibitory effects of the FP on antigen-trig-
gered proliferation and cytokine release of human T cells were not
due to cell death: cells incubated with FP or the control peptide
CP-2G showed the same degree of survival in culture (data not
shown). Thus, FP can also interfere with the activation of human
T cells in vitro.

FP acts on the T cells and not on the antigen-presenting cells. The inhibi-
tory effects of FP on T cell activation were further studied using a
rat CD4" T cell clone, A2b, which proliferates and secretes IFN-y
upon stimulation with the Mt176-190 peptide (20, 21). Activation
of A2b by Mt176-190 in the presence of FP led to decreased cell
proliferation (Figure 5) and IFN-y secretion (data not shown).

To define the cells targeted by FP in the inhibition of T cell acti-
vation, we preincubated separately with FP the A2b T cells or the
APCs before mixing the cells together with the Mt176-190 peptide.
Preincubation of the APCs had no effect on A2b proliferation (Fig-
ure 5). However, preincubation of the A2b T cells with the FP, and
not with the control peptide p277, led to a significant inhibition of
T cell proliferation (Figure S). Thus, FP inhibits T cell activation by
directly acting on the T cells rather than on the APCs.

FP does not inhibit T cell activation induced by PMA/ionomycin or anti-
bodiesto CD3. To learn whether FP can also inhibit T cell activation
other than that induced by APC presentation of specific antigen,
we tested the effect of FP on T cell activation induced by PMA/
ionomycin or a mitogenic monoclonal antibody to CD3. FP did
not inhibit the activation of A2b T cells by either PMA/ionomycin
(Figure 6A) or mitogenic anti-CD3 (Figure 6B). PMA/ionomycin
activates the T cell downstream of the membrane, and mitogenic
anti-CD3 antibodies activate CD3 signaling regardless of the pres-
ence or absence of the TCR (23). These findings suggest that FP
interferes with T cell activation induced by the recognition of the
MHC-peptide complex presented by APCs, probably interfering
with TCR/CD3 crosstalk.

FP interacts with the TCR. To identify the targets of FP in the T cell
membrane, we incubated the T cells with FP-Rho and cross-linked
the complexes formed using N,N-dicyclohexylcarbodiimide (DCC).
DCC is a hydrophobic cross-linker that forms covalent bonds
between carboxyl groups and positive charges within the mem-
brane milieu (25). The FP displayed a specific pattern of binding
to about 7 unidentified T cell proteins in 4 separate experiments
(Figure 6C, lane 8). In comparison, the mutant transmembrane
domain 4 from crylAc §-endotoxin, in which Phe is mutated to
Leu (F9L) conjugated to rhodamine (F9L-Rho), a control trans-
membrane domain (26), did not bind any T cell protein in detect-
able amounts (Figure 6C, lane 10). The monomeric form of the
peptides is too small to be detected by the lower range of the gel,
which is about 11 kDa; however FP also shows high oligomeric
forms corresponding to trimer and heptamer (Figure 6C, lane 7).
FIL has no oligomeric form larger than the lower limit (Figure
6C, lane 9). Total protein staining of the SDS-PAGE gel with Coo-
massie brilliant blue confirmed that the observed differences were
not due to different concentrations of T cell proteins. We found
no effect on T cell protein expression by the peptides when com-
paring Coomassie staining of peptides cross-linked with whole-
cell extract (Figure 6C, lanes 4 and 5) with Coomassie staining of
whole-cell extract alone (Figure 6C, lane 6). The amount of fluo-
rescent FP or FIL loaded without cells in Figure 6C was 2 pmoles,
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but peptides alone are not visible with Coomassie staining (Figure
6C, lanes 2 and 3). However, the fluorescence intensity of the free
FP bands (Figure 6C, lane 7) was higher than the total intensity of
the FP-labeled targets (Figure 6C, lane 8). Moreover, the sizes of
the 2 bands observed for FP in the absence of whole T cell extract
confirm aggregation of FP in solution (Figure 6C, lane 7). Thus,
we may conclude that the actual concentration of FP available for
immunosuppression is much lower than the nominal concentra-
tion used in each experimental condition.

Attempts to isolate and identify the targets of FP by mass spec-
trometry were unsuccessful. Therefore, we analyzed the interac-
tion of FP with T cell proteins by immunoprecipitation. Based on
the FRET between the TCR and FP, we tested whether we could
immunoprecipitate the labeled FP-Rho with antibodies against
TCR. Antibodies against actin, CD28, HSP60, or MHC class I
were used as controls. FP-Rho coprecipitated with the TCR, but
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Figure 2

FP colocalizes with the CD4 and TCR molecules in the T cell mem-
brane. FP-Rho, V2E-Rho, and AMP-Rho were used to study peptide
binding to the membranes of activated A2b T cells in combination with
FITC-labeled antibodies to CD4 or TCR. The A2b T cells had been
activated by incubation with APC and the Mt176—190 peptide. (A) Dis-
tribution of FP-Rho and AMP-Rho in activated T cells. (B) Colocaliza-
tion of FP-Rho with the CD4 and TCR molecules. (C) Colocalization
of V2E-Rho with the TCR. (D) FRET between FP-Rho or V2E-Rho
and FITC-labeled antibodies to TCR is confirmed by increase of FITC
(donor) intensity after bleaching of a spot of rhodamine (acceptor) at
543 nm. Scale bar: 5 um.
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Figure 3

FP inhibits the T cell response to Mt. Lymph node
cells from Mt-immunized rats were activated in vitro
with Mt176-190 (A, C, and E) or PPD (B, D, and F)
in the presence of FP, V2E, or p277. Proliferation (A
and B), IFN-y secretion (C and D), and IL-10 secretion
(E and F) were assayed. The data are presented as
mean inhibitions + SD (n = 3 or more). The uninhibited
T cell proliferative responses were 12258 + 578 cpm
and 1488 + 103 cpm for PPD and Mt176—190, respec-
tively. The background proliferation in the absence of
antigen (8—10 days after a previous activation by incu-
bation with APC and PPD or the Mt176—190 peptide)
was 380 + 15 cpm. IFN-y secretion was 1155 + 254
pg/ml and 1289 + 310 pg/ml for cells activated by PPD
and Mt176-190, respectively. IL-10 secretion was
364 + 69 pg/ml and 314 + 23 pg/ml for cells activated
by PPD and Mt176-190, respectively.
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not with actin, CD28, HSP60, or MHC class I (Figure 6D). Con-
versely, the control peptide F9L-Rho did not coimmunoprecipi-
tate with any of these molecules; only insignificant unspecific
binding was detected (Figure 6D).

We have previously shown that the V2E mutant colocalizes
with TCR and CD4 molecules on the T cell surface (Figure 2);
however, V2E is less effective than FP in inhibiting T cell activa-
tion (Figures 3 and 5). Thus, we analyzed whether a labeled V2E
mutant (V2E-Rho) could be immunoprecipitated with the TCR
or with MHC I molecule as a control. Figure 6E shows that the
V2E-Rho mutant did not immunoprecipitate with the TCR or
MHC I, highlighting the specificity of the FP/TCR interaction
involved in the inhibition of T cell activation by FP.

FP inhibits T cell immunity in vivo. To test the inhibitory effects
of FP on the activation of specific T cells in vivo, we studied the
effects of FP on adjuvant arthritis (AA). The immunization of
Lewis rats with Mt in oil triggers AA, an experimental autoim-
mune disease driven by Mt-specific T cells cross-reactive with self
antigens (27, 28). Mt176-190-specific T cells are detectable upon
induction of AA (29); indeed the A2b T cell clone, which reacts
with Mt176-190, cross-reacts with cartilage and mediates AA (30).
Since FP inhibited the T cell response of primed lymph node cells
and of the A2b clone to PPD and Mt176-190 in vitro (Figures 3
and 5), we also investigated the effects of FP on the in vivo activa-
tion of the T cells that drive AA.

Figure 7 shows that FP administered with the antigen at the
time of AA induction led to a significantly milder arthritis both in
terms of clinical score (Figure 7A) and ankle swelling (Figure 7B);
the control peptides p277 and V2E did not inhibit AA. The mean
maximum AA score was 13.7 £ 0.3 in the control-treated rats com-
pared with 7.3 £ 0.7 in the FP-treated rats (P < 0.05 for the FP group
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compared with the control groups). These results correlated with
inhibition of leg swelling: average leg swelling was 4.23 + 0.16 mm
in control AA rats, and average leg swelling of FP-treated AA rats
was significantly reduced to 2.24 + 0.18 mm (P < 0.05). Treatment
with the V2E mutant led to some reduction in average leg swell-
ing (3.33 £ 0.21 mm), but this reduction was significantly lower
(P <0.05) than that observed in FP-treated rats.

The activity of T cells that mediate AA can also be detected in
vivo by studying the delayed-type hypersensitivity (DTH) response
to PPD (30). We studied the DTH response to PPD 16 days after AA
induction in rats treated with peptide FP, V2E, or p277. Figure 7C
shows that the administration of FP led to a 35% reduction in the
DTH response to PPD while the inhibition caused by treatment
with the V2E or the p277 peptides was 25% and 10%, respectively
(P <0.05 for the FP group compared with the control groups).

The T cells driving AA manifest a Th1 phenotype; they secrete
relatively large amounts of IFN-y upon activation with Mt antigens
such as HSP71 or Mt176-190 (20, 21). In contrast, the control of
AA by various treatments is usually accompanied by a decreased
Th1 response (20, 21, 31). Figure 7D shows that lymph node cells
from FP-treated rats manifested a reduced secretion of IFN-y upon
stimulation with mycobacterial antigens HSP71 or Mt176-190,
compared with rats treated with control peptide p277 (P < 0.05 for
the FP group compared to the control groups). Treatment with
V2E affected IFN-y secretion only mildly (Figure 7D).

We also tested whether FP itself is immunogenic. Lymph node
cells from FP-treated rats were isolated and incubated with FP
in vitro. The cells produced no IFN-y when stimulated with FP
(Figure 7E). However, lymph node cells from V2E-treated rats pro-
duced high amounts of IFN-y when stimulated with V2E (Figure
7E). Note that the difference between the peptides is 1 amino acid
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out of 33, yet this difference sufficed to block the immunogenicity
of FP. This result is compatible with the conclusion that FP down-
regulates the T cell response to itself (Figure 7E).

Taken together, these results indicate that FP can interfere in
vivo with the T cell activation induced by specific antigens. This
interference led to milder AA (Figure 7, A and B), decreased DTH
reactivity (Figure 7C), and lower IFN-y secretion in response to Mt
antigens (Figure 7D). Moreover, FP also downregulated its own
immunogenicity (Figure 7E).

Discussion

In this work we report a new function for the HIV gp41 fusion
domain: FP is able to suppress antigen-specific T cell activation.
In vitro, FP inhibited the activation of primed lymph node cells
or established human and rat T cell clones activated by specific
antigens (Figures 3-5). In vivo, FP inhibited the activation of
arthritogenic T cells and AA (Figure 7). These inhibitory effects
were sequence specific, since the V2E mutant, differing from FP
by only 1 out of 33 amino acids, was less active in vitro (Figures 3
and 5) and in vivo (Figure 7).

Our results indicate that FP targets the T cells rather than the
APCs (Figure 5). FP has been reported to bind membrane domains
in T cell-derived Jurkat cells; FP does not home to the cytoplasm
(14). Using FRET, we found that FP inserts itself fewer than 50 A
away from the TCR (Figure 2), an observation that was confirmed
by the coimmunoprecipitation of FP with TCR molecules, suggest-
ing that FP physically interacts with the TCR (Figure 6D and 6E).
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Figure 4

FP inhibits the activation of human T cells. Human Ob1A12 cells were
activated with their target peptide MBP85-99 and MGAR B cells, and
proliferation (A), IL-13 secretion (B), and IFN-y secretion (C) were
assayed. The data are presented as mean inhibitions + SD (n = 3 or
more). The uninhibited T cell proliferative responses were 2440 + 190
cpm; the background proliferation in the absence of antigen was
85 + 12 cpm. IFN-y secretion was 964 + 149 pg/ml, and IL-13 secre-
tion was 4992 + 352 pg/ml for activated cells not incubated with FP or
CP-2G. Two independent experiments gave similar results.

Note that FP did not inhibit T cell activation triggered by PMA/ion-
omycin or by mitogenic antibodies specific for the CD3 molecule
(Figure 6, A and B). Both of these activators bypass the TCR (30);
thus, we can conclude that FP most likely interacts with the TCR
in a way that interferes with the TCR/CD3 crosstalk. This interfer-
ence is likely to occur within the cell membrane since the V-to-E
mutation present in the region of the V2E peptide that inserts into
the target membrane abrogated the coimmunoprecipitation of
V2E with TCR molecules (Figure 6) and led to a decreased inhibi-
tory activity (Figures 1, 3,5, and 7). Interference with the TCR/CD3
interaction was postulated as the mechanism by which a synthetic
9-aa core peptide corresponding to the TCR-a transmembrane
domain (CP) inhibits antigen-specific T cell activation (23, 24).

It has been reported previously that the 583-599 region in gp41
(Figure 1 and Table 1) harbors an immunosuppressive domain
(ISU) (32, 33). ISU is capable of inhibiting T cell activation (32,
33). In contrast to FP, however, ISU can inhibit the T cell activation
triggered by CD3-specific antibodies (32) or by PMA/ionomycin
(34). Therefore, the molecular mechanisms of action of FP and ISU
differ: ISU simultaneously targets protein kinase C activity (35)
and the events related to T cell activation that occur within the
cell membrane (36) while the FP only targets the latter, as dem-
onstrated here. Hence, gp41 provides HIV with at least 2 different
inhibitors of T cell activity: FP and ISU.

FP is usually hidden in the 3-dimensional structure of the gp41-
gp120 complex and is only briefly exposed during membrane
fusion following changes in the structure of the gp41-gp120 com-
plex (37). In the context of gp41, the brief exposure of FP to the
target T cell membrane may suffice to activate not only its fuso-
genic activity but also its immunosuppressive function. However,
it is still not clear whether gp41 has to be processed to release
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Figure 5

FP acts on T cells and not on APCs. A2b T cells or APCs were sepa-
rately preincubated with FP, V2E, or p277 for 2 hours, then washed.
The treated T cells were mixed with untreated APCs, the treated APCs
were mixed with untreated A2b T cells, and the proliferation of the A2b
T cells upon stimulation with Mt176—190 was assayed.
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Figure 6

FP interacts with the TCR and does not inhibit T cell activation induced by PMA/ionomycin or antibodies to CD3. (A) A2b T cells were stimulated
with PMA/ionomycin or (B) antibodies to CD3 (1 ug/ml) in the presence of FP or p277, and T cell proliferation was studied. (C) A2b T cells were
incubated with FP-Rho or F9L-Rho overnight. Cells were cross-linked with DCC, and protein extracts were separated by SDS-PAGE and ana-
lyzed for rhodamine fluorescence. Total proteins were visualized by Coomassie brilliant blue. M, marker. (D) A2b T cells were incubated with
FP-Rho or F9L-Rho for 1 hour, lysed, and immunoprecipitated with antibodies to TCR, CD28, actin, HSP60, or MHC |. Bound proteins were
separated by SDS-PAGE and analyzed for the presence of the fluorescence-labeled peptides. (E) A2b T cells were incubated with FP-Rho or
V2E-Rho for 1 hour, lysed, and immunoprecipitated with antibodies to TCR or MHC |. Bound proteins were separated by SDS-PAGE and ana-

lyzed for the presence of the fluorescence-labeled peptides.

active FP. In fact, it has been reported that whole gp41 and gp41
fragments can be released from infected cells after cytolysis (38).
Moreover, sera of HIV* patients have been reported to contain a
protein immunologically cross-reactive with gp41 that is capable
of inhibiting monocyte chemotaxis (39).

The actual concentration of FP needed for immunosuppres-
sion may be lower in the context of the virus than the effective
concentration that we observed for FP as a peptide (ICso 280 nM).
The relatively high ICso might reflect the self aggregation of the
peptide (Figure 6C, lane 7), which leaves only a small fraction of FP
free to insert itself into the T cell membrane and exert its inhibi-
tory effects. Indeed, this has also been observed for other peptides
with immunosuppressive activity. For example, the immunosup-
pressive CP described by Manolios and coworkers has, in a simi-
lar experimental setup, an ICsp that is 100-fold higher than that
observed for FP (24).

It is conceivable that the immunomodulatory functions of FP
are targeted preferentially to the HIV-specific immune response.
Upon mucosal infection, DCs carry infective HIV virions attached
to DC-SIGN molecules on their surface (40, 41) and in cellular
compartments that protect the virions (42). At the lymph nodes,
the DCs loaded with HIV can interact with HIV-specific T cells (43,
44), probably recruiting the HIV virions carried by the DCs to HIV-
specific T cells (45). Once the virions reach the T cell membrane,
FP might play 2 roles: mediating viral entry into the T cell (37) and,
as indicated by our results, simultaneously inhibiting T cell activa-
tion. Since T cell activation can lead to the death of DCs (46), this
suppressive effect of FP would increase DC survival and therefore
enhance the chance of infection of other T cells interacting with
the infected DCs. Obviously, the newly infected T cells must still
undergo the minimal degree of activation needed to establish viral
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infection (47). Note that the inhibitory mechanism proposed here
would preferentially contribute to the infection of HIV-specific T
cells, as recently reported by Douek and colleagues (48), leaving T
cells with other specificities relatively unharmed.

It is also conceivable that the suppressive activity of FP helps
the virus cope with the selective pressure imposed by the immune
system. One of the strategies used by HIV to escape the immune
response is the continuous generation of new viral variants that
require the host to continuously mount new adaptive immune
responses (4, 49). However, the structural requirements needed
to catalyze membrane fusion limit the genetic variability of FP;
the structure of FP must remain compatible with effective HIV
fusion to its target cells. The immunosuppressive activity of FP
might contribute to conservation of the FP sequence and activity,
protecting FP from the attack of antiviral T cell immunity. Sev-
eral observations support this hypothesis. FP sequences are highly
conserved regions of the HIV genome; the FP mutation rate is sig-
nificantly lower than that of other genes in HIV (12). In addition,
env products of the simian immunodeficiency virus that trigger
a stronger impairment of CD4* T cell responses show a higher
fusogenic activity (50). Finally, the V2E peptide displays reduced
fusogenic activity (9) and, in our experiments, reduced immuno-
suppressive function (Figures 3, 5, and 7); V2E, in contrast to FP,
is immunogenic (Figure 7). Although it is still possible that the
glutamic acid at position 2 of V2E is needed for MHC II binding
(51), the increased immunogenicity of the V2E peptide might lie
in its diminished immunosuppressive activity.

In conclusion, the present results reveal a novel aspect of the
interaction of HIV with the host. In addition to its known role
in membrane fusion, FP can collaborate in the downregulation
of the immune response to HIV, supporting the conservation of
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viral sequences amid the selective pressure imposed by HIV-spe-
cific immunity. Note that FP administration inhibited in vitro
the activation of human T cells involved in the pathology of mul-
tiple sclerosis (Figure 4) and in vivo, FP inhibited AA (Figure 7).
Thus this immunosuppressive activity of FP might be exploited
in the future for the design of new therapies for autoimmune
disease (Figure 8). HIV has much to teach us about the regulation
of the immune response.

Methods

Peptide synthesis. The peptides used in this work (Figure 1 and Table 1)
were synthesized using a solid phase method on Rink amide resin (0.15
mequiv), as previously described (9, 52). The synthetic peptides were puri-
fied (greater than 98% homogeneity) by reverse-phase HPLC on a C4 col-
umn using a linear gradient of 20-60% acetonitrile in 0.05% trifluoroacetic
acid (TFA) for 60 minutes. The peptides were subjected to aa analysis and
mass spectrometry to confirm their composition. Unless stated otherwise,
stock solutions of concentrated peptides were maintained in DMSO to
avoid aggregation of the peptides prior to use. The final concentration
of DMSO in each experiment (5% vol/vol) had no effect on the system
under investigation. Table 1 provides the designations and sequences of
the peptides used in this study.

Fluorescent labeling of peptides. The resin-bound peptides were treated with
NBD-F or 5-carboxytetramethylrhodamine succinimidyl ester (thodamine-
SE). The NBD-F and rhodamine-SE fluorescent probes were purchased
from Invitrogen Corp. The reaction with NBD-F took place in dimethylfor-

mamide (DMF), and the reaction with rhodamine in DMF containing 2%

The Journal of Clinical Investigation

cal reverse-phase HPLC.
Cell lines, antigens, and adjuvants. The CD4* rat T cell
clone A2b (27) reacts with the 180-188 epitope of the
mycobacterial HSP65. This epitope is contained in the Mt176-190 peptide
and in the PPD antigen preparation used in our studies (53). A2b T cells
were grown using APCs and the Mt176-190 peptide as described (27).

The CD4* human Ob1A12 T cell clone was isolated from a patient with
multiple sclerosis (22); it reacts with MBP85-99. Ob1A12 T cells were
grown as previously described (54).

We purchased Difco Mt strain H37Ra and incomplete Freund’s adju-
vant (IFA) (BD Diagnostics). PPD was provided by the Statens Serum
Institut. Purified recombinant HSP71 was generously provided by Ruurd
van der Zee (Institute of Infectious Diseases and Immunology, Utrecht
University, Utrecht, The Netherlands). PMA and ionomycin were pur-
chased from Sigma-Aldrich.

Colocalization of peptides with membrane molecules. A2b cells that had
been activated for 72 hours with PPD and APCs were fixed with 4%
paraformaldehyde for 15 minutes on ice and washed with PBS. In con-
trol experiments, resting A2b cells (8-10 days after a previous activa-
tion by APC incubated with antigen) were used. A2b cells activated with
PPD were also investigated without fixation with 4% paraformaldehyde.
The cells were then treated with 2% BSA in PBS at room temperature to
block unspecific binding. After 30 minutes, the cells were divided into
aliquots containing 50,000 cells per 100 ul and either anti-TCR-FITC or
anti-CD4-FITC was added (1:100) and incubated for 2 hours. The rhoda-
mine-labeled FP-Rho and V2E-Rho peptides were added during the last 5
minutes of incubation at a final concentration of 0.5-1 uM. The cells were
then washed with PBS and deposited onto a glass slide. The labeled cell
samples were observed under a fluorescence confocal microscope. FITC

excitation was set at 488 nm, with the laser set at 20% power to minimize
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The hypotheses are that FP serves 2 functions in HIV infection and
provides a new tool for immunotherapy. (A) HIV infection. Schematic
illustration of 2 effects of FP on HIV infection. A DC infected with HIV,
acting as an APC, presents processed HIV antigens via MHC class Il
to a T cell. Insertion of FP into the T cell membrane facilitates fusion
and infection while it downregulates specific T cell immunity to HIV
epitopes. (B) Immunotherapy. Extension of the downregulation of AA
mediated by FP, shown in this paper, to suggest that FP might serve
as a new immunotherapeutic agent.

bleaching of the fluorophore. Fluorescence was recorded from 505-525
nm. Rhodamine excitation was set at 543 nm, with the laser set at 5%
power. Fluorescence data were collected above 560 nm.

FRET between FITC (donor label) and rhodamine (acceptor label) was
detected by the increase in FITC fluorescence in a spot where the rhoda-
mine probe was bleached. Bleaching was achieved by point excitation at
543 nm for 6 seconds with the laser set to 100%. To verify that the increase
in FITC fluorescence was not due to autofluorescence, we bleached first
using the 488 nm laser and only afterward at 543 nm. No signal was
observed in either 505-525 nm or above 560 nm, eliminating the possibil-
ity of autofluorescence.

T cell activation and proliferation. T cell proliferation assays were per-
formed using either rat lymph node cells, the rat A2b T cell clone (reac-
tive with the Mt176-190 peptide), or the human Ob1A12 T cell clone
(reactive with the MBP85-99 peptide).

Ratlymph node cells were prepared from popliteal and inguinal lymph
nodes removed 26 days after the injection of Mt into IFA, when strong
T cell responses to PPD and Mt176-190 were detectable (21). Lymph
node cells were cultured at a concentration of 2 x 105 cells per well;
5% 10*A2b T cells were stimulated with their target peptide Mt176-190
in the presence of 5 x 10% irradiated thymic APCs per well, prepared
as previously described (30). The cells were plated in quadruplicates in
200-ul round-bottom microtiter wells (Corning Life Sciences) with or
without PPD antigen or Mt176-190 peptide in the presence of various
concentrations of the peptides under study. For some experiments, A2b
cells were activated with immobilized anti-CD3 antibodies (55) or PMA/
ionomycin as described (23).

Ob1A12 T cells were stimulated using irradiated APCs fed with the target
peptide MBP85-99 as described by Mycko and coworkers (54); the APCs were
B cells from the homozygous B cell line MGAR (54). T cell proliferation assays
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were set up in triplicate in 96-well U-bottom plates with 5 x 10* Ob1A12 T
cells per well and 1 x 10* antigen-fed MGAR cells per well, as described (54).

Cultures were incubated for 72 hours at 37°C in a humidified atmo-
sphere of 7.5 % CO,. T cell responses were detected by the incorporation of
[methyl-3H]-thymidine (1 uCi/well; Amersham Biosciences), added during
the last 18 hours of incubation. The results of T cell proliferation experi-
ments are shown as the percentage of inhibition of the T cell proliferation
triggered by the antigen in the absence of HIV or control peptides. In colo-
calization studies, A2b T cells were used after 72 hours of incubation with
APCs and antigen. Resting A2b cells were also used for colocalization stud-
ies 8-10 days after a previous activation by APCs incubated with antigen
(PPD or Mt176-190) as described above.

Cytokine assays. Rat IL-10 and IFN-y were quantified in supernatants col-
lected after 72 hours of stimulation using the OPTEIA kit (BD Biosciences
— Pharmingen) for ELISA as described (21). Human IFN-y and IL-13 were
quantified in supernatants collected after 48 hours of stimulation by ELISA
as described (56), using capture and detection antibody pairs and cytokine
standards purchased from Endogen Inc. for IFN-y and from BD Biosciences
— Pharmingen for IL-13. Avidin-peroxidase conjugate (Sigma-Aldrich) and
TMB peroxidase substrate (KPL) were used to develop the assay.

Cytokine levels are expressed as percentages of cytokine inhibition rela-
tive to cytokine levels when no peptide is present. Otherwise, the levels of
cytokine secretion are shown as pg/ml in culture supernatants. Cytokine
amounts were calculated based on calibration curves constructed using
recombinant cytokines as standards.

Cross-linking of fluorescence-labeled peptides to T cell membrane proteins. A2b T
cells (2 x 10°) were cultured overnight at 37°C in the presence of FP or FOL
(25 ug/ml), or medium alone. The cells were then incubated with DCC (25)
(50 ug/ml) for 1 hour at 37°C and lysed for 15 minutes on ice in 0.1-ml lysis
buffer containing 10-mM Tris, 137-mM NaCl, 10% glycerol, 1% digitonin,
2-mM EDTA, 0.4-mM PMSF, 4-ug/ml leupeptin, and 4-ug/ml aprotinin
(57) (Sigma-Aldrich). Insoluble material was removed by centrifugation at
10,000 g for 10 minutes at 4°C. The proteins were resolved by PAGE-SDS,
and total proteins were stained with Simply Blue SafeStain (Invitrogen
Corp.) while proteins bound to fluorescence-labeled peptide were detected
by the Typhoon 9400 variable mode imager (Amersham Biosciences). Exci-
tation was set at 532 nm, and fluorescence emission was collected by a
TAMRA filter (580 nm + 30 nm) at 100 um resolution and 500 volts.

Immunoprecipitation of fluorescence-labeled peptides with T cell proteins. Acti-
vated A2b T cells (2 x 10°) were cultured for 1 hour at 37°C in the presence
of FP or FIL (25 ug/ml) or medium alone and lysed for 15 minutes on ice
in 0.1-ml lysis buffer (57). Insoluble material was removed by centrifuga-
tion at 10,000 g for 10 minutes at 4°C. The lysate was then incubated over-
night with Protein A-plus Agarose beads (Santa Cruz Biotechnology Inc.)
bound to antibodies to the rat TCR, CD28, actin, HSP60, or MHC class I.
The antibodies reactive against the rat TCR (clone R73) or HSP60 (clone
LK1) were purified from the respective hybridomas at our lab; antibodies
to rat CD28, actin, and the rat MHC class I were purchased from Serotec.
After an overnight incubation at 4°C, the beads were washed with lysis
buffer and boiled for 10 minutes; the protein supernatant was then run
in a 16% SDS-PAGE. The presence of coimmunoprecipitated peptide was
detected by the Typhoon 9400 variable mode imager.

Animals. Three-month-old female Lewis rats were used in our experi-
ments, raised and maintained under pathogen-free conditions in the
Animal Breeding Center of the Weizmann Institute of Science. All animal
experiments were approved by the Institutional Animal Care and Use Com-
mittee of the Weizmann Institute of Science.

Induction and assessment of AA. To test the effect of FP on T cell activation
in vivo, we used AA as a model system. AA was induced in groups of 6 rats
by injecting 50 ul of Mt suspended in IFA (0.5 mg/ml) at the base of the

http://www.jci.org



tail. At the time of AA induction, each rat also received 100 ug of FP or con-
trol peptide, or PBS dissolved in 50 ul of IFA and mixed with Mt/IFA used
to induce AA. The day of AA induction was designated as day 0. Disease
severity was assessed by direct observation of all 4 limbs in each animal.
A relative score between 0 and 4 was assigned to each limb, based on the
degree of joint inflammation, redness, and deformity; thus the maximum
possible score for an individual animal was 16 (21). The mean AA score
(+ SEM) is shown for each experimental group (Figure 7A). Arthritis was
also quantified by measuring hind-limb diameter with a caliper. Measure-
ments were taken on the day of the induction of AA and 26 days later (at
the peak of AA); the results are presented as the mean + SEM of the differ-
ence between the 2 values for all the animals in each group. The person
who scored the disease was blinded to the identity of the groups.

DTH. Twenty ul of PPD (0.5 mg/ml in PBS) were injected intradermally
into the pinna of the right ear on day 16 after AA induction in groups of 6
rats; 20 ul of sterile PBS were injected into the pinna of the left ear as con-
trol. The thickness of the ear was measured 48 hours later using a vernier
caliper and expressed as the difference between the right and the left ear.

Statistical significance. The InStat 2.01 program (GraphPad Software) was
used for statistical analysis. Two-tailed Student’s ¢ test and the Mann-Whitney
U test were conducted to assay significant differences between the different
experimental groups. P values less than 0.05 were considered significant.
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