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Human immunodeficiency virus (HIV)’s tremendous sequence variability is a major obstacle for the devel-
opment of cytotoxic-T-lymphocyte-based vaccines, especially since much of this variability is selected for by
CD8™ T cells. We investigated to what extent reactivity to escape variant peptides in standard enzyme-linked
immunospot (ELISPOT) assays predicts the recognition of cells infected with corresponding escape variant
viruses. Most of the variant peptides tested were recognized in standard ELISPOT and intracellular cytokine
stain (ICS) assays. Functional avidity of epitope-specific T cells for some of the variants was, however,
markedly reduced. These mutations which reduced avidity also abrogated recognition by epitope-specific CD8*
T cells in a viral suppression assay. Our results indicate that “cross-reactive” CD8* T-cell responses identified
in ELISPOT and ICS assays using a single high concentration of variant peptide often fail to predict the

recognition of cells infected with variant viruses.

Vaccines are often designed to elicit antibodies which neu-
tralize pathogens, thereby potentially preventing infection out-
right or serving to blunt pathogen replication and allow control
by other arms of the immune system (7). Due to the extreme
difficultly in eliciting broadly neutralizing antibodies against
human immunodeficiency virus (HIV), the AIDS vaccine field
now also focuses on the development of vaccines that elicit
effective CD8" T-cell responses against HIV (28). This ap-
proach holds promise because CD8* T cells are convincingly
implicated in the control of HIV; rare individuals who spon-
taneously control HIV infection tend to have particular class I
major histocompatibility complex (MHC) alleles (8, 18, 25, 33),
while depleting CD8™ cells from simian immunodeficiency vi-
rus (SIV)-infected rhesus macaques leads to increased viral
replication (14, 19, 22, 29). However, CD8" T cells frequently
select for variation within targeted epitopes (1, 27). The extent
to which vaccine-induced CD8 T cells recognize variants is a
crucial question when measuring the ability of vaccine-induced
CD8™" T cells to recognize likely challenge viruses—frequent
cross-recognition of variant epitopes would suggest that a sin-
gle vaccine construct might elicit responses effective against
diverse viral isolates. Encouragingly, gamma interferon
(IFN-vy) enzyme-linked immunospot (ELISPOT) assays indi-
cate that CD8™ T cells generated by both vaccination (23, 32)
and infection (9, 11, 12, 15, 24, 30, 38, 39) often recognize
sequences derived from multiple clades of HIV. ELISPOT and
intracellular cytokine stain (ICS) assays typically involve stim-
ulating T cells with purified peptides though, bypassing pro-
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cessing and trafficking steps which must occur in an infected
cell for a class I MHC molecule to successfully present pep-
tides. These assays may provide an accurate picture of virus-
derived peptides against which an individual makes T-cell re-
sponses, and the frequency of these responding cells, but do
not necessarily provide information about CD8" T cell’ effec-
tiveness against virus-infected target cells. Results from our
laboratory (20) and others (4, 5, 37) have suggested that use of
high peptide concentrations might lead to spurious stimulation
of CD8" T-cell responses in vitro, and the physiological rele-
vance of such assays has been questioned (34, 35). Therefore,
we sought to determine how effectively CD8™ T cells recognize
variant sequences in ELISPOT assays and whether these
“cross-reactive” CD8" T cells can suppress the replication of
variant viruses infecting primary CD4™ T cells.

We examined two previously described immunodominant
CD8" T-cell responses directed against STVmac239 in infected
rhesus macaques. The Tat,g ;5 SL8 epitope (amino acid se-
quence, STPESANL) (2, 3) is restricted by Mamu-A*01; SLS8-
specific CD8" T cells typically have very high functional avidity
and select for several different escape variants during the first
8 weeks of infection. We studied four variants, SIP (PTPE
SANL [the variant amino acid is underlined]), T2I (SIPESA
NL), SSL (STPELANL), and L8P (STPESANP). Binding of
these variant peptides to the restricting class I MHC molecule
has been described previously—the position 2 and position 8§
variants affect anchor residues and reduce binding by 99%
compared to the wild-type peptide, while the binding of the
position 1 and position 5 mutants is reduced 67% and 85%),
respectively (3). We also examined the CD8" T-cell response
directed against Nef,45.,,3IW9 (IRYPKTFGW), which is re-
stricted by Mamu-B*17 and is typically a low-avidity response.
The most common variant selected for within the IW9 epitope



576 NOTES

A 300 Animal 00014
%)
S 250 J
o
o
o 200
(=]
e
S 150
e
S
2 100!
(]
k]
o 501
»n
0

Animal 00041

N
o
=}

PBMC

Spots per 100,000
o238 3888 8
/

Animal 98059

X
\

\
\‘\\*\ *\\
= N -

w
&
S

w
S
S

N
13
S

(4.
=

o
=

Spots per 100,000 PBMC
N
8

o
(=]

o

300 Animal 2123

(]
S 2504
1]
o
o 2004
=]
g \
Q3 150
@ \K
[-% 100_4\
2
2
a 504

0

5 6 7 -8 9 -0 -11
Log,, Peptide Concentration (M)

X -Wild-type Tat-SL8 HE-S1P A-T2] -S5L @-L8P
B .. Animal 98016

ST X

= 200 Y

S

8 150 4

g AN

N 100

[

H \

[Z]

5 50

o

0 *— :
5 -6 7

Log,, Peptide Concentration (M)
X -Wild-type Nef-IW9 B-1A ®-11T ¢-11T+T6M

FIG. 1. Exvivo IFN-y ELISPOT assay responses. (A) Acute-phase
responses to wild-type Tat,g 35SL8 peptide (crosses) and four variant
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in Mamu-B17" macaques is [1T (TRYPKTFGW) (14, 26, 27),
which reduces binding 75%, to a predicted 50% inhibitory
concentration of 73 nM (N. J. Maness et al., unpublished data).
Some animals acquire a second mutation within the epitope,
often a position 6 change to methionine (TRYPKMFGW).
Additionally, an I1A (ARYPKTFGW) variant has been de-
tected in vivo (Thomas Friedrich, unpublished data).

Ex vivo IFN-y ELISPOT assay shows robust cross-reactivity
to most escape variant peptides at high peptide concentra-
tions. We first assessed the cross-reactivity of Tat,g ;5 SL8-
specific cells to variant peptides with an IFN-y ELISPOT assay
at the peak of animals’ CD8"* T-cell response, 17 days after
intravenous infection of four Mamu-A*0I* macaques with
SIVmac239. Peripheral blood mononuclear cells (PBMC)
were isolated by Ficoll gradient centrifugation and resus-
pended in RPMI-10% fetal calf serum, and 100,000 were
added to each well on IFN-y-detecting ELISPOT assay plates
(Mabtech, Nacka Strand, Sweden), which were processed by
following the manufacturer’s instructions. Wells were imaged
with an ELISPOT assay reader (AID, Strassberg, Germany),
and counted by ELISPOT Reader, version 3.2.3 (AID, Strass-
berg, Germany). Responses to wild-type and variant Tat-SL8
peptides were assayed in triplicate over a 7-log range of pep-
tide concentrations, from 10 uM to 1 pM (Fig. 1A). At high
concentrations of peptide, there was strong recognition of
three of the variant sequences (S1P, T2I, and L8P) and detect-
able but significantly lower responses to the S5L variant. How-
ever, titration of the peptides revealed that the functional
avidity for variants was much lower than that for the wild-type
peptide. The recognition of variant peptides by ELISPOT as-
say was strikingly similar across the four animals tested and was
confirmed again at 31 days postinfection.

Ex vivo CD8" T-cell responses directed against the Nef IW9
epitope were assessed in a chronically infected (>3 years)
Mamu-B*17" macaque. Macaque 98016’s plasma virus has
acquired a fixed I1T mutation. Interestingly, in the ELISPOT
assay, animal 98016’s responses to the wild-type and position 1
variant peptides were almost indistinguishable in terms of both
magnitude and functional avidity. Its response to the peptide
containing a position 6 mutation in addition to the position 1
mutation was below the limit of detection (Fig. 1B).

Recognition of variant peptides at high concentrations does
not always predict recognition of escape variant viruses in
vitro. Polyclonal Tat,s 35SL8-specific CD8" T-cell lines were
cultured from two of the acutely infected animals and a chron-

peptides, S1P (squares), T2I (triangles), SSL (diamonds), and L8P
(circles). Four Mamu-A*01" animals were infected with STVmac239,
and PBMC were isolated at 17 and 31 days postinfection for use in this
assay. Each peptide was titrated over a 7-log range of concentrations,
from 10 uM down to 10 pM, and assayed in triplicate. Average num-
bers of spots per well are shown, with error bars representing the
standard deviation. Day 17 ELISPOT assay results are shown for three
animals. Day 31 results are shown for a fourth animal (rh2123), as its
unusually large SL8-specific response was out of the range quantifiable
by the ELISPOT assay on day 17. (B) Chronic-phase responses in
Mamu-B*17* animal 98016 to wild-type Nef, 45 ;,;IW9 and three vari-
ant peptides, Nef IW9 (crosses), I1T (circles), I1A (squares), and
I1T+T6M (diamonds).
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FIG. 2. Suppression of viral replication by epitope-specific CD8" T-cell lines. Primary CD8-depleted macaque PBMC were infected with
wild-type SIVmac239 or a point mutant virus. (A) The infected cells were cultured in duplicate with either no CTL (squares) or SL8-specific cell
lines derived from animal rh2123 (circles) or chronically infected animal r01080 (triangles). (B) The infected cells were cultured in duplicate with
either no CTL (squares) or an IW9-specific cell line derived from animal 98016 (crosses). MHC mismatch cells, not expressing Mamu-A*01 or
Mamu-B*17, the restricting alleles for Tat-SL8 and Nef-IW9, respectively, were infected with the wild-type virus. Supernatant was removed from
cultures at days 3, 5, and 7, and the viral RNA was quantitated by PCR. Data are representative of at least two independent experiments for each

epitope.

ically infected animal. Cell lines were started from PBMC as
described previously (31) and were stimulated every 7 to 14
days with autologous B-lymphoblastoid cell lines (B-LCLs)
pulsed with wild-type SL8 peptide. Individual mutations were
introduced into the STVmac239 provirus by QuikChange PCR,
and clonal viral stocks were produced by transfection of pro-
viral DNA (13). The epitope-specific cell lines were then used
in a previously described viral suppression assay (VSA) (10,
21). Briefly, we cocultured the SL8-specific cell lines with phy-

tohemagglutinin-stimulated, CDS8-depleted macaque PBMC
which were infected with either SIVmac239 or viruses bearing
the individual mutations. Viral replication was measured both
by quantitation of viral RNA in the culture supernatant (Fig. 2)
and by intracellular staining with 55-2F12 anti-Gag p27 anti-
body (NIH AIDS Research and Reference Reagent Program,
Germantown, MD) at the end of the assay (data not shown).
At an effector/target cell ratio of 1:10, SL8-specific T-cell lines
suppressed wild-type viral replication 1,000- to 10,000-fold.
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FIG. 3. Representative cell line functional avidity. (A) Two thou-
sand Tat,g 35SL8-specific CD8™" T cells were mixed with 10,000 autol-
ogous B-LCLs in each well and stimulated with wild-type Tat,s 55SL8
peptide (crosses) or one of four variant peptides, SIP (squares), T2I
(triangles), SSL (diamonds), or L8P (circles). Each peptide was ti-
trated over a 7-log range of concentrations, from 10 M down to 10
pM, and assayed in duplicate. The average number of spots per well is
shown, with error bars representing the standard deviation. (B) Two
hundred thousand Nef, 45 ;,;IW9-specific CD8" T cells were stimu-
lated with 100,000 autologous B-LCLs pulsed with the wild-type Nef
IW9 (crosses), I1T (circles), I1A (squares), and I1'T+T6M (diamonds)
peptides titrated over a 7-log range of concentrations, from 10 uM
down to 10 pM. The percentage of CD8" lymphocytes secreting IFN-y
and/or TNF-« in response to each peptide is shown.

Surprisingly, epitope-specific cell lines did not significantly sup-
press the replication of any of the viruses bearing individual
escape mutations within the Tat,s 3sSL8 epitope (Fig. 2A),
despite “cross-recognition” of the same variant sequences by
fresh PBMC in the ELISPOT assay. Thus, these mutations
conferred complete escape from suppression of viral replica-
tion in our in vitro assay, an outcome that correlated with
reduced (>2 log) functional avidity for variants as measured by
the ex vivo ELISPOT assay.

We next investigated whether cell lines cultured from the
chronically infected Mamu-B17" macaques, which recognized
wild-type and position 1 variant peptides with similar magni-
tudes and functional avidities (<1-log difference), could inhibit
the replication of these variant viruses. Cell lines from these

J. VIROL.

animals were used in VSAs at an effector-to-target cell ratio of
1:5 and, indeed, inhibited the replication of both the I1A and
I1T variant viruses, in addition to the wild-type virus. These
epitope-specific cell lines did not inhibit the growth of the
I1T+T6M variant virus (Fig. 2B).

Epitope-specific CD8" T-cell lines secrete cytokines in re-
sponse to variant peptides. Cell lines were grown by repeated
stimulation with the wild-type peptides, so we next sought to
determine whether in vitro culture for 1 to 3 months had
eliminated the cross-reactivity seen when ex vivo PBMC were
used in the ELISPOT assay. Therefore, after they were used in
VSAs, we examined the functional avidities of our cell lines for
the wild-type and mutant peptides, measuring IFN-y secretion
in either the ELISPOT or the ICS assay. Our cell lines’ reac-
tivities to peptides were found to be similar to those seen with
fresh PBMC, albeit with increased functional avidity. Cross-
reactivity to all variants was seen when high concentrations of
antigen were added (Fig. 3). The concentration of SL8 variant
peptides required to trigger a half-maximal response was still
at least 10-fold higher than that required to trigger a half-
maximal response to the wild-type SL8 peptide in this assay
(Fig. 3A), while the IW9-specific lines maintained similar avid-
ities for the wild-type and position 1 variant peptides (Fig. 3B).
Therefore, potential bias introduced by in vitro culture cannot
account for the disparity between apparent recognition of the
SL8 variants in ex vivo ELISPOT assays and the inability of
Tat,g 55sSL8-specific CD8" T cells to suppress the replication
of these mutant viruses. These results are in agreement with
the work of Bennett et al., who found sharp reductions in the
antiviral efficacy of cytotoxic-T-lymphocyte (CTL) clones
against variant viruses below epitope-dependent avidity thresh-
olds (5).

Epitope-specific CD8™ T-cell line cytokine secretion in re-
sponse to cells infected with variant viruses. Secretion of
IFN-y and suppression of viral replication are two different
readouts of CD8" T-cell function. Betts et al. found that dif-
ferent T-cell functions may be stimulated by different levels of
T-cell receptor occupancy (6), so we then considered whether
the discrepancy between the recognition of some variant se-
quences at high concentrations of peptide in the IFN-y ELISPOT
assay and recognition in the VSA was a function of the
different measurements of T-cell activation. To address this
question, we stimulated our epitope-specific T-cell lines either
with autologous B-LCLs pulsed with peptides (10 wM) or with
SIVmac239-infected primary macaque cells. In this assay,
200,000 of our epitope-specific cells were stimulated with ei-
ther 100,000 peptide-pulsed B-LCLs or 400,000 phytohemag-
glutinin-stimulated, CD8-depleted macaque PBMC which had
been infected with the wild-type virus or a variant virus 6 to 8
days earlier. Intracellular cytokine staining for secretion of
IFN-y and tumor necrosis factor alpha (TNF-a) was per-
formed as described previously (31). The infected stimulator
cells were stained for SIV Gag-p27 expression to confirm that
equivalent numbers of cells were infected with each of the
viruses used. In agreement with the ELISPOT assay results,
our cell lines recognized the variant peptides, with a large
proportion secreting both IFN-y and TNF-a (Fig. 4). Cells
infected with wild-type SIVmac239 also stimulated the cell
lines to secrete cytokines. However, we detected dramatically
less cytokine secretion in response to cells infected with the
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FIG. 4. Representative cell line intracellular cytokine staining. Two hundred thousand epitope-specific CD8" T cells were either stimulated
with 100,000 autologous B-LCLs pulsed with the different peptides (10 uM) or stimulated with 400,000 primary macaque PBMC infected with the
wild-type virus or a mutant virus. IFN-y and TNF-a secretion was measured by intracellular cytokine staining and gated based on CD4~ CD8™
lymphocytes. Parallel anti-Gag-p27 intracellular staining of infected cells used to stimulate the T-cell line was done to confirm that similar

percentages of these cells were infected (data not shown).

viruses bearing different mutations within the Tat,g ;sSL8
epitope (Fig. 4A), although equivalent percentages of stimu-
lator cells were infected with each of the different viruses (data
not shown). Meanwhile, the Nef TW9-specific CD8" T-cell
lines recognized cells infected with both position 1 variant
viruses, although a lower percentage of the T cells responded
to each (Fig. 4B). These data clearly indicate that the different
results of the ELISPOT assay and the VSAs cannot be attrib-
uted to the measurement of different T-cell functions. Rather,
they are likely due to physiological versus nonphysiological
antigen processing and presentation.

Taken together, our data indicate that while CD8" T cells
may secrete cytokines in response to cells loaded with synthetic
peptides, such results are not necessarily relevant to the rec-
ognition of virus-infected cells. This conclusion is in agreement
with previous work examining the Mamu-A*01-restricted Gag
CMD response, in which an escape variant was recognized in
the ELISPOT assay but not in a VSA (20). Many factors affect
the successful presentation of peptides by class I MHC mole-
cules, including efficiency of processing, stability of peptides in
the cytoplasm, transport mediated by the transporter associ-

ated with antigen presentation, and competition between pep-
tides for MHC binding (16, 17, 36). All of these crucial pro-
cesses are bypassed by addition of high concentrations of
peptides.

Whether vaccine-induced CD8" T cells recognize variants
of an epitope is a central issue for the design of CTL-based
HIV vaccines. Unless there is substantial cross-recognition of
variant epitopes, it is unlikely that a single vaccine construct
will elicit responses effective against the many possible viruses
to which vaccinees might be exposed. Several groups have
shown cross-reactivity to peptides derived from multiple HIV
sequences in the ELISPOT assay. Our results indicate that
standard ELISPOT and ICS assays, which use a single high
concentration of peptide to stimulate cells, may not provide
meaningful data regarding the cross-recognition of variant SIV
sequences by macaque CD8" T cells. Indeed, challenge of two
macaques making vaccine-induced responses to Tat,g 35SL8
with a virus bearing the S1P mutation examined herein did not
stimulate anamnestic expansion of SL8-specific cells (M. Reyn-
olds, unpublished data), in agreement with the lack of recog-
nition of these variant-infected cells in our in vitro assays.
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Therefore, caution must be used when interpreting the reac-
tivity of HIV-specific CD8" T cells to nonphysiological stim-
ulation with exogenous antigen. Ideally, one should evaluate
the cross-reactivity of vaccine-induced CD8" T cells in assays
with HIV-infected cells. At a minimum, the concentration of
wild-type (i.e., the sequence against which an immune re-
sponse was initially made) and variant HIV peptides required
to trigger effector functions must be titrated. We found signif-
icant differences in the functional avidities of SL8-specific
CD8™ T cells for wild-type and escape variant peptides, and
this decreased functional avidity correlated with a failure of
CD8™ T cells to suppress the replication of the escape variant
viruses, while a response with a magnitude and avidity similar
to those of the Nef IW9 epitope in the ELISPOT assay pre-
dicted the recognition of SIV-infected cells.
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