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Peptide vaccines derived from CD8* T-cell epitopes have shown variable efficacy in cancer patients. Thus, some pep-
tide vaccines are capable of activating CD8* T-cell responses, even in the absence of CD4* T-cell epitopes or dendritic cell
(DQ)-activating adjuvants. However, the mechanisms underlying the clinical activity of these potent peptides are poorly
understood. Using CT26 and ovalbumin-expressing B16 murine allograft tumor models, we found that the antitumor
effect of helper cell-independent CD8 T-cell peptide vaccines is inhibited by the blockade of CD40 ligand (CD40L) in vivo.
Furthermore, in vitro stimulation with antigenic peptides of cells derived from immunized mice induced the expression
of CD40L on the surface of CD8* T cells and fostered DC maturation, an effect that was partially inhibited by CD40L-block-
ing antibodies. Interestingly, CD40L blockade also inhibited CD8* T-cell responses, even in the presence of fully mature
DCs, suggesting a role for CD40L not only in promoting DC maturation but also in mediating CD8* T-cell co-stimulation.
Importantly, these potent peptides share features with bona fide CD4 epitopes, since they foster responses against less
immunogenic CD8* T-cell epitopes in a CD40L-dependent manner. The analysis of peptides used for the vaccination of
cancer patients in clinical trials showed that these peptides also induce the expression of CD40L on the surface of CD8*
T cells. Taken together, these results suggest that CD40L expression induced by potent CD8* T-cell epitopes can activate
antitumor CD8* T-cell responses, potentially amplifying the immunological responses to less immunogenic CD8* T-cell
epitopes and bypassing the requirement for CD4* helper T cells in vaccination protocols.

Introduction signal for DC maturation.” Thus, despite presentation in complex

with MHC class I molecules on the surface of tumor cells, pep-

The vaccination of cancer patients to induce antitumor CD8*
T-cell responses is considered a promising immunotherapeutic
strategy. To achieve such an anticancer immunological response a
number of vaccines comprising many different antigenic formats
have been previously tested, as recently reviewed by Vacchelli
et al.! The initial characterization of tumor-associated antigens
(TAAs) led to the development of vaccination protocols based
on the administration of synthetic peptides encompassing mini-
mal CD8* T-cell epitopes.>? However, in contrast to microbial
components that activate dendritic cells (DCs) sufficiently to
induce their maturation and efficient antigen presentation, mini-
mal CD8" epitopes lack such DC activation signals. Moreover,
complex antigens such as those derived from pathogens also bear
epitopes recognized by CD4* T cells. The presentation of these
epitopes to antigen-specific CD4* T cells leads to the upregula-
tion of CD40 ligand (CD40L), thereby providing an additional
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tide epitopes are typically poorly immunogenic when adminis-
tered without adjuvants that promote the activation of DCs such
as pathogen components or CD4* T-cell epitopes.

Despite these common features related to low immunogenic-
ity of peptide vaccines, there are some exceptions. For example,
even when administered in a relatively weak adjuvant that is
unable to activate DCs, such as the incomplete Freund’s adju-
vant (IFA), some highly immunogenic peptides corresponding to
immunodominant CD8* T-cell epitopes can activate CD8* T-cell
responses independently of signals coming from CD4* T cells.’
Numerous clinical trials have been performed to date to test pep-
tide vaccines in cancer patients, with variable results regarding
the induction of immune responses. Interestingly, robust antitu-
mor immune responses have been detected in vaccinated patients
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in some studies,*'® whereas poor responses have been reported

in other cases.” Importantly, the mechanisms underlying the
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efficacy of such peptides to induce helper cell-independent,
antitumor CD8* T-cell responses remain poorly understood.
Further insights into these mechanisms may assist the selection
of optimal candidate peptides for the development of effective
antitumor vaccines as well as the design of improved vaccination
protocols incorporating the complete range of immune elements
that are involved in the activity of highly immunogenic epitopes.

Several mechanisms have been proposed to explain the abil-
ity of some peptides to promote helper cell-independent CD8*
T-cell responses against cancer cells, including: an elevated
affinity for MHC class I molecules or T-cell receptors (TCRs),
a high frequency of peptide-specific T-cell precursors, and the
propensity of peptide-specific T cells to secrete high levels of pro-
inflammatory cytokines.>”~'® However, the molecular basis of
peptide-induced, helper cell-independent CD8* T-cell responses
remains obscure. Considering the critical role that the reciprocal
interaction between CD40 and its ligand (CD40L) plays in the
induction of helper cell-dependent CD8* T cells, we analyzed
its role in helper cell-independent responses to TAA-derived
peptides. Here, we demonstrate that highly immunogenic pep-
tides induce the expression of CD40L by activated TAA-specific
CD8* T cells, mediating CD40/CD40L interactions and foster-
ing helper cell-independent, antitumor CD8* T-cell responses.
Our findings reinforce the importance of CD40L in efficacious
vaccination strategies and reveal that, in addition to their clas-
sical function as cytotoxic effector cells, CD8* T cells may also
function as modulators of immune responses.

Results

Immunization with potent CD8* T cell epitope peptides
induces antitumor and helper cell-independent CD8* T-cell
responses

Curiously, ithas been reported that some TA A-derived epitopes
can induce T-cell responses in cancer patients even when admin-
istered with adjuvants (e.g., IFA or its equivalent Montanide) that
fail to provide DC-activating signals.*” In order to understand
the physiological mechanisms responsible for these enigmatic
properties, we first set out to characterize CD8* T-cell peptide
vaccines derived from TAAs that had previously been observed
to possess antitumor effects in murine models in vivo. In a prior
study,” we showed that the CD8* T-cell peptide AH1 (which
derives from gp70, a TAA expressed by CT26 murine colorectal
carcinoma cells) is unable to elicit CD8* T-cell responses and
consequently does not negatively impact tumor growth. Thus, we
utilized an improved variant of this peptide (AH1-A5),% corre-
sponding to AH1 with an amino acid substitution (A) at position
5. Both AH1 and AH1-A5 have the same affinity for LY MHC
class I molecules, but the bipartite LY/AH1-A5 complex has a
stronger avidity for TCRs yielding a more stable MHC-peptide-
TCR complex than unmodified AHI.

Using a conventional allograft model, we found that the
administration of AHI-A5 delays the growth of CT26 cells in
vivo and increases the survival of tumor-bearing mice, whereas
unmodified AH1 has negligible antineoplastic activity (Fig. 1A;
P < 0.05). The antitumor effects of AH1-A5 correlated with its
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ability to induce strong T-cell responses, as documented by the
expression of interferon y (IFNvy) by total splenocytes, whereas
AHI elicited no significant immune responses (Fig. 1B). To
characterize which specific T-cell populations were responding
to AH1-A5, we used flow cytometry and assayed the responses of
various T-cell subsets in vaccinated mice. With this approach, we
avoided the depletion of CD4* regulatory T cells, a setting that
has previously been shown to allow for the elicitation of CD8*
T-cell antitumor responses even by weak antigenic stimuli such
as AH1.%' As shown in Figure 1C, the administration of AHI-
A5 stimulated IFNy production exclusively within CD8* T-cell
subsets, thereby increasing the percentage of IFNy*CD8* T cells.
In contrast, vaccination induced no significant differences in the
percentage of IFNvy-expressing CD4* T cells. AHI-A5 elicited
various activities associated with CD8* T-cell effectors, such as
the release of interleukin (IL)-2 or the execution of cytotoxic
functions (Fig. SIA and B). Similar to what we observed for
IFNvy, AH1-A5 promoted the secretion of IL-2 and tumor necro-
sis factor a (TNFa) only by CD8* T cells (Fig. S1IC and D).
These results suggest that AH1-A5 specifically activates CD8*
T cells independently of CD4* T cells.

In a second tumor model based on ovalbumin (OVA)-
expressing B16 (B16-OVA) melanoma cells, similar immuniza-
tion experiments were performed using 2 other well-characterized
epitopes which are presented by K® MHC class I molecules:
OVA,,, ., and the immunodominant peptide TRP2 .. which
belongs to the endogenous melanoma-associated antigen dopach-
rome tautomerase (DCT, best known as TRP2). The administra-
tion of neither of them could completely prevent tumor growth,
although some delay in tumor progression was promoted by
TRP2,, .. (Fig. 1D). Similar to AH1-A5, TRP2 . stimu-
lated IFNYy production by splenocytes (Fig. 1E), specifically the
CD8" subset, a response that was not observed among CD4*
T cells (Fig. 1F). In contrast, OVA
IFNv response (Fig. 1E).

Helper cell-independent CD8* T-cell responses to peptide
vaccines are contingent upon CD40L

157264 induced a much weaker

Abhlers et al. have previously reported that peptide vaccines
containing modified CD4* T-cell epitopes with enhanced affin-
ity for MHC class II molecules induce the expression of high
levels of CD40L on the surface of CD4* T cells, leading to
robust DC activation and hence to the priming of T ;1 immune
responses.”> Thus, we set out to address the role of CD40L in
the activity of our CD8* T cell epitope peptides. To this end,
mice were immunized with AH1-A5 in the presence or absence
of CD40L-blocking antibodies. As measured by reduced IFNvy
production, the blockade of CD40L significantly decreased the
magnitude of AHI1-A5-driven CD8* T-cell responses as com-
pared with immunized mice treated with isotype control anti-
bodies (Fig. 2A, left panel; P < 0.01). A similar impairment of
CD8" T-cell responses was observed when CD40L was blocked
in mice immunized with TRP2180—188 (Fig. 2A, right panel;
P < 0.0001). Due to the important role that CD8* T cells play
in the antitumor immune responses induced by peptide vac-
cines, we tested the requirement for CD40L in this setting.
In this particular experiment based on AHI1-A5 as a vaccine
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Figure 1. Strong CD8" T-cell peptide vaccines induce helper-independent, CD8* T-cell antitumor responses. (A-C) BALB/c mice (n = 5 to 6) were immunized
subcutaneously with 100 g of peptides AH1 or AH1-A5 emulsified in incomplete Freund'’s adjuvant (IFA). Control mice were administered IFA alone. Ten
days later the animals were challenged with 5 x 10° CT26 tumor cells implanted s.c. (A) Tumor growth (left panel) and animal survival (right panel) was
monitored twice per week. (B) Splenocytes were harvested 10 d after immunization and stimulated ex vivo for 2 d with AH1 or AH1-A5 and the number of
interferon-vy (IFNy) spot-forming cells (SFC) was measured by ELISPOT. A no antigen (Ag) control was used for comparison. (C) The expression of IFNy by
CD4*and CD8* T cell subsets was analyzed by immunostaining and cytofluorometric analysis of cells cultured with or without AH1-A5. Left, dot plots show-
ing the results of the analysis of a representative mouse relative to a no peptide (pep) control. Right, bar graphs showing the mean + SEM (n = 5) of a single
experiment. (D-F) C57BL/6 mice (n = 6) were immunized s.c. with 100 g of peptides TRP2,, ... .or OVA,_ .. in IFA or IFA alone and 10 d later they were
challenged s.c. with 10° B16-OVA tumor cells. (D) Tumor growth (left panel) and animal survival (right panel) was monitored twice per week. (E) Splenocytes
were harvested from immunized animals 10 d later and IFN-y production was measured by ELISPOT. (F) Cytofluorometric analysis and percent IFNy express-
ing cells in CD4* and CD8* T cell subsets. Results are representative of 2-3 independent experiments. Statistical analyses of immune responses were per-
formed by nonparametric Kruskal-Wallis and Mann-Whitney U tests. Survival curves were plotted according to the Kaplan—-Meier method and the log-rank
test was used to measure statistical significance. In all cases, *P < 0.05 was considered statistically significant.
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T cells. To accomplish this, we per-

against CT26 cancer cells, higher survival rates were documented
as compared with those observed in the experiment depicted in
Figure 1A. Nevertheless, the blockade of CD40L significantly
decreased the survival of vaccinated, tumor-bearing mice from
around 90% to 50% (Fig. 2B, left panel). CD40L-blocking
antibodies also significantly inhibited the antitumor effect of
TRP2, .. in B16-OVA-bearing mice (Fig. 2B, right panel).
These results suggest that CD40L plays an important role in the
induction of helper cell-independent antitumor responses elicited
by potent peptide vaccines.

Potent peptide vaccines upregulates CD40L on CD8* T cells

We had observed that CD40L-blocking antibodies inhib-
ited the ability of peptides to elicit antitumor T-cell responses
in the absence of CD4* T-cell epitopes, and thus in the absence
of activated CD4* T cells. With this in mind, we surmised that
the peptide-induced activation of CD8* T cells would result in
the expression of CD40L by these cells. To address this hypoth-
esis, cells obtained from AH1-A5-immunized mice were stim-
ulated with antigenic peptides in vitro and the expression of
CD40L was analyzed 5 h later by immunostaining and flow
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formed immunization experiments
in mice previously depleted of CD4 cells by anti-CD4 antibody
administration. Under these circumstances, in which mice had
less than 0.1% of native CD4* T cells (data not shown), AH1-A5
and TRP2 . were still able to induce strong T-cell responses,
as documented by IFNy production (Fig. S2A). Importantly,
the administration of antigenic peptides to splenocytes derived
from CD4* T cell-depleted mice also resulted in the expression
of CD40L on CD8* T cells (Fig. S2B).

We next sought to determine whether CD40L expression was
associated with CD8* T cell activation irrespective of the nature
of the immunogenic peptide or, conversely, it dependent on the
strength of these epitopes. To this end, we first immunized mice
with OVA,_ ., which has previously shown to induce a small
proportion of IFNy-producing cells. In this case, we did not
observe the upregulation of CD40L on splenocytes (Fig. 3SA).
When this peptide was injected together with adjuvants such
as polyinosinic—polycytidylic acid (polyl:C) and agonistic anti-
CD40 antibodies, an increased proportion of IFNvy-producing
cells was observed. However, even under these conditions only
marginal CD40L expression was maintained (Fig. S3B). When
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the same approach was used to assay
TRP2, .. in combination with
polyl:C and agonistic anti-CD40
antibodies, the peptide elicited not
only enhanced IFNvy production
(Fig. S3C; compare with Figure 1E),
but also increased levels of CD40L
(Fig. S3D; compare with Figure 3B).

In a separate set of experiments
aimed at analyzing cultures enriched in
antigen-specific CD8* T cells, we took
advantage of short-term T-cell lines
obtained from AHI1-A5-immunized
mice. For comparison, we derived
T-cell lines from AHI-immunized
mice that had rejected CT26 tumors,
as AHI vaccination typically does not
induce effective CD8* T-cell antitu-
The stimulation of
these T cell lines with their corre-
sponding peptides resulted in more
than 60% of CD8* T cells that pro-
duced IFNvy regardless, of the identity
of the antigenic stimulus (Fig. 3D).
However, despite the elevated antigen
specificity of both these lines, AHI-
A5 induced CD40L upregulation in
about 8% of peptide-specific cells, but
not CD40L upregulation was observed
in AHI-specific CD8*IFNy* T cells
(Fig. 3E). Of potential importance,
CD40L expression was markedly
reduced when the AHI-A5-specific
lymphocyte line was stimulated with
AHI ex vivo. Taken together, these
results suggest that the interaction of
CD8* T cells with potent peptide vac-
cines induces CD40L expression, a
phenotype that is not observed with
weaker antigenic stimuli.

CD40L expressed by vaccine-
specific CD8* T cells induces DC
maturation and co-stimulation of
CD8* T cells

Since CD40L expressed by CD4*
T helper cells is a known DC matu-
ration factor, we studied whether the
expression of CD40L on peptide-
stimulated CD8* T cells
would also induce DC maturation.

mor responses.

vaccine

Splenocytes from mice immunized with AHI1-A5 or TRP2
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Figure 3. Potent peptide vaccines induce the upregulation of CD40L on CD8* T cells. (A and B) BALB/c
(A) or C57BL/6 (B) mice (n = 3/group) were immunized with 100 wg of AH1-A5 or TRP2, . peptide,
respectively. In both cases, after 10 d splenocytes derived from treated mice were cultured with or with-
out the corresponding peptide and 5 h later IFNy production and expression of CD40L was analyzed on
CD8* or CD4* T cells by flow cytometry. Left, dot plots showing the results of the analysis of a represen-
tative mouse relative to a no peptide (pep) control. Right, bar graphs showing the mean = SEM (n = 3)
of a single experiment. Results are representative of 3 independent experiments. (C) Cytofluorometric
analysis of expression of IFNy and CD40L in splenocytes derived from AH1-A5-immunized mice and
stimulated in vitro with peptide AH1 for 5 h. (D and E) CD8* T cell lines specific for AH1 or AH1-A5 were
stimulated for 5 h with peptide epitopes and expression IFN+y (D) or IFNy and CD40L (E) were analyzed
by immunofluorescence staining and flow cytometry. Statistical analyses were performed by Mann-
Whitney U tests; * P < 0.05; ** P < 0.01.

CD86 was upregulated on peptide-treated, but not on untreated,

woss DCs (Fig. 4A). In contrast, this maturation marker was not

were treated with the corresponding peptide in vitro and the
expression of the co-stimulation and maturation marker CD86
was measured on DCs (defined as CD11c*I-Ad* or CD11c*I-Ab*
cells). CD86 expression on DCs did not change 5 h after pep-
tide stimulation (Fig. S4A). However, after 24 h of stimulation,
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upregulated when the splenocytes of naive mice were exposed to
AHI-A5 (Fig. S4B) as well when the splenocytes of TRP2 .-
vaccinated were treated with OVA (Fig. S4C). We observed

257-264
the upregulation of another DC maturation marker, CD80, in

response to AHI-A5 or TRP2 (Fig. $4D and E). Of note,

180-188
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Figure 4. Peptide-induced CD40L expression leads to dendritic cell
maturation. (A) Splenocytes from AH1-A5 orTRP2 . . .-immunized mice
(n=3)were stimulated for 24 h with the corresponding peptide and CD86
expression was measured in CD11c*, I-A% or |-A* dendritic cells (DCs) by
immunofluorescence staining and flow cytometry. (B) Splenocytes from
peptide-immunized mice (n =3 ) were stimulated as above in the pres-
ence of anti-CD40L or isotype control antibodies and CD86 expression
on DC was analyzed. Data are representative of 3 independent experi-
ments. Statistical analyses were performed by Mann-Whitney U tests;
*P<0.05, **%; P<0.01)

the peptide-elicited upregulation of CD86 on DCs was par-
tially dependent upon CD40L, as anti-CD40L antibodies had
an inhibitory effect as compared with isotype-matched control
antibodies (Fig. 4B). The analysis of IL-12 production among
splenocytes derived from AHI-A5-immunized mice showed
that a secondary stimulation with AHI-A5 in vitro increases the
number of IL-12* DCs. However, at odds with what we observed
about the CD40L-mediated upregulation of CD86 on DCs, no
inhibitory effects on the levels of IL-12* DCs were mediated by
CD40L-blocking antibodies (Fig. S3F).

To study the biological relevance of CD40L-induced DC
maturation on CD8* T-cell responses, we measured CD8* T-cell
activation in the presence of anti-CD40L antibodies among
splenocytes obtained from mice immunized with AHI-A5 or
TRP2,, ... The blockade of CD40L during the exposure of
splenocytes to either AHI-A5 or TRP2, .. for 48 h clearly
decreased IFNvy production (Fig. 5A and B). To discard the
possibility that our observations would reflect a DC maturation-
unrelated, unknown role of CD40L, fully mature DCs were
pulsed with AHI-AS5 and used to stimulate purified CD8* T cells
derived from AH1-A5-immunized mice, either in the presence or
in the absence of CD40L-blocking antibodies. Surprisingly, anti-
CD40L antibodies inhibited IFN7y production by purified CD8*
T cells that had been stimulated by mature DCs (Fig. 5C), sug-
gesting that, besides promoting DC maturation, CD40L-CD40
interactions between CD8* T cells may provide co-stimulatory
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signals. In order to test this hypothesis, the AH1-A5-specific
CD8* T cell line, a proportion of which expresses CD40 and
CD40L, was exposed to plate-bound anti-CD3 antibody in
vitro in the absence of antigen-presenting cells (APCs) but in the
presence of Fc-CD40 or CD40L as a source of co-stimulation.
CD40L, but not Fc-CDA40, increased IFNy production by CD8*
T cells exposed to anti-CD3 antibodies in a dose-dependent fash-
ion, suggesting that CD40L-expressing cells may provide addi-
tional co-stimulatory signals to CD8* T cells (Fig. 5D).

CD40L expression induced in CD8* T cells by potent
peptide vaccines confers them helper cell functional properties

The co-administration of CD4* T-cell epitopes promotes
immune responses to CD8* T cell epitopes.”>* As we had found
that potent peptide vaccines elicit CD8* T-cell responses in a
helper cell-independent fashion by inducing CD40L expression,
we analyzed whether the upregulation of CD40L could con-
fer helper cell functional properties to CD8* T cells. With this
in mind, we sought to test the capacity of potent CD8* T cell
epitope peptides to boost immune responses against the poorly
immunogenic CD8* T cell epitope OVA | when adminis-
tered simultaneously in vivo. As previously shown (Fig. 1E), the
administration of OVA,_ . alone to B16-OVA-bearing mice
induced poor immune and antitumor responses. However, the
immunization of these animals with OVA | in the presence of
TRP2 . significantly enhanced OVA, |, -specific IFNYy pro-
duction in T lymphocytes (Fig. 6A; P < 0.05), an immunological
response that decreased upon the blockade of CD40L (Fig. 6B;
P < 0.0001). In order to assay the activity of AHI-AS5, we next
immunized CB6F1 hybrid mice (expressing both H-2¢ and H-2°
MHC class I molecules) to simultaneously present AH1-A5 and
OVA,,, - Similar to the results achieved with TRP2 .. the
co-administration of AH1-AS5 clearly enhanced the production of
IFNYy elicited by OVA,_ , . alone (Fig. 6C), a phenomenon that
was inhibited by CD40L blockade (Fig. 6D). Taken together,
these results suggest that potent CD8* T-cell epitopes can behave
as helper peptides in a CD40L-dependent manner.

Potent peptides used in clinical trials induce CD40L
expression on CD8 T* cells

Having established that the upregulation of CD40L on antitu-
mor CD8* T cells responding to potent peptide vaccines contrib-
utes to their immunogenicity in murine models, we next wanted
to determine the translational value of our findings. Thus, we ana-
lyzed CD40L expression on CD8* T cells responding to peptides
that had previously been shown to induce consistent CD8* T-cell
activity in cancer patients enrolled in clinical trials. Considering
that most of these epitopes are presented by HLA-A2 molecules,
we used human HLA-A2 and B-2 microglobulin-expressing
HHD transgenic mice for our studies. As antigenic peptides, we
employed the Melan A/MART-1,, . epitope (from now on EAA)
and its highly immunogenic mutated variant containing a L at
position 27 (from now on ELA).” We found that when these epi-
topes are administered in IFA, a high number of splenocytes is
activated to produce IFNy by ELA, but not by EAA (Fig. 7A). We
also found that the immunization of mice with the immunodom-
inant peptide Tyr369, spanning tyrosinase residues 369-377,%
could activate similar T-cell responses (Fig. 7B). As shown by
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cytofluorometric analyses, these responses turned out to
be specifically mediated by CD8* T cells that upregulated
CD40L upon peptide stimulation (Fig. 7C and D), as we
had observed in our murine models (Fig. 3A and B). Thus,
we confirmed the expression of CD40L by antigen-specific
CD8" T cells responding to highly immunogenic peptides
currently used in clinical trials.

Discussion

In the present study, we considered whether CD40L
could play a mechanistic role in the helper cell-indepen-
dent immunogenic activity of CD8* T cell epitope pep-
tide vaccines. Vaccines based on the administration of
CD8* T-cell epitopes have been used with variable effi-
cacy, but the causes of such distinct outcomes are obscure.
Some synthetic peptides based on minimal CD8* T-cell
epitopes, despite the absence of DC-activating signals
(adjuvants) or CD4* T-cell epitopes, are indeed sufficient
to trigger robust CD8* T-cell responses. Several mecha-
nisms®” have been proposed to explain the ability of some
peptides to activate CD8* T lymphocytes in a helper cell-
independent fashion, including: an elevated affinity for
MHC molecules® or TCRs,” the capacity to elicit abun-
dant cytokine secretion,'®
peptide-specific T-cell precursors.

In the classical paradigm, a strong interaction between
APCs and CD8* T cells is essential to activate antigen-
specific immune responses. Such an interaction typically
requires various soluble and contact-dependent signals
provided by CD4* T cells. One of the immunoregulatory
molecules expressed by CD4* T cells upon antigen rec-

and the increased frequency of
17,18

ognition is CD40L. Here, we demonstrate both in vitro
and in vivo, that the activation of CD8* T cells by potent
peptide vaccines depends on CD40L and that the levels
of this molecule are increased upon peptide recognition.
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Figure 5. CD40L induced by peptide stimulation amplifies CD8* T-cell responses.
(A and B) Splenocytes from AH1-A5 (A) or TRP2 .. (B) -immunized mice
(n = 3/group) were stimulated with their corresponding peptide in the presence
of anti-CD40L or isotype control antibodies and IFN-y production was measured
48 h later by ELISA. (C) Flow cytometry purified CD8" T cells from AH1-A5-
immunized mice were stimulated using mature antigen presenting cells pulsed
with AH1-A5 peptide in the presence of anti-CD40L blocking or isotype control
antibodies and IFN+y production was measured 48 h later by ELISA. (D) CD8* T cells
obtained from an AH1-A5-specific T cell line were stimulated in vitro with plate-
bound anti-CD3 antibody with or without recombinant Fc-CD40 or soluble,
trimeric CD40L molecules, and IFNy production was measured as above. Data
are representative of 2 independent experiments. Statistical analyses were per-
formed by Mann-Whitney U tests; * P < 0.05.

result from the adoptive transfer of OT-I cells prior to immuniza-

Although the expression of CD40L is traditionally associated
with activated CD4* helper T cells, CD40L-expressing mitogen-
activated CD8* T cells have also been reported.?®* Moreover,
a role for CD40/CD40L interactions has been demonstrated in
optimal CD8* T-cell activation in the absence of CD4* lympho-

30 as well as

cytes upon immunization with antigen-pulsed DCs,
in assays based on transgenic CD8* T cells in vitro.®! By a series
of elegant experiments, it has been recently demonstrated® that
strong TCR signals and IL-12 promote the expression of CD40L
on CD8* T cells isolated from OVA-specific OT-I transgenic
mice, both in vitro and in vivo. Here, using wild-type mice (bear
physiological T-cell numbers), we demonstrate that potent pep-
tide vaccines can trigger helper cell-independent CD8* T-cell
responses that are inhibited by CD40L-blocking antibodies.
The recognition of these potent peptides, as opposed to that of
weaker ones, induces the expression of CD40L on CD8", but
not on CD4*, T cells. Contrarily to what observed by Stark and
coworkers,” we documented poor CD8* T-cell to OVA,_
which induced limited levels of CD40L. These differences may

be explained by the elevated amounts of precursor T cells''® that

www.landesbioscience.com
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tion, as well as by the increased affinity of transgenic OT-I cells
for their antigen relative to that of the wild-type T-cell repertoire.
We also show that CD40L-inducing vaccines promote DC matu-
ration, although this is not totally dependent on CD40L. Other
CD8* T cell-related molecules induced by antigen recognition,
including cytokines like granulocyte macrophage colony-stim-
ulating factor (GM-CSF),* may contribute to DC maturation
in this setting. Indeed, CD40L blockade afforded only a par-
tial inhibition of CD8* T-cell responses and DC maturation,
both in vivo and in vitro. Regarding IL-12, we have detected
IL-12-producing DCs in AH1-A5-stimulated cultures, but this
phenomenon does not seem to be contingent upon CD40L in
our model. Thus, it is not completely clear which is the actual
initiating factor: although CD40L expressed by CD8* T cells, in
combination with IFNy, may lead to IL-12 production by DCs,
IL-12 and TCR signaling may induce CD40L expression, as seen
in other models,* which could create a feedback loop to amplify
T, 1 cell responses.

Of note, some robust peptide vaccines exert CD40L-dependent
functions not only when co-administered with adjuvants like
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T cells, thereby “licenc-
ing” DCs to further
amplify a  “second
wave” of CD8* T-cell
activation. In this sce-
nario, initial antigen
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Figure 6. Strong CD8* T-cell peptide epitopes behave as helper peptides in a CD40L-dependent manner. (A-D) C57BL/6
mice (A and B) or CB6F1-hybrid mice (C and D) (n = 4/group) were immunized with 100 p.g of OVA,_ . . peptide epitope
or (C and D) AH1-A5 peptide. In some experiments (B and D) mice
receiving peptide combinations also received i.p. injection with 0.25 mg anti-CD40L blocking or isotype control anti-
bodies at day -2, 0, and +2, with d 0 corresponding to the day of immunization. In all cases, 10 d later harvested spleno-
in vitro and T-cell responses were measured using an IFNy ELISPOT assay. Results
correspond to the difference between antigen-stimulated and unstimulated cells in each group. Data are representative
of 2 independent experiments. Statistical analyses were performed by Mann-Whitney U tests; *P < 0.05; **P < 0.01;

alone or in combination with (A and B) TRP2,, ..

cytes were stimulated with OVA,_ |

**¥P <0.0001.

IFA or Montanide, but also when admixed with other stronger
adjuvants. Indeed, we have seen that TRP2 .. combined with
polyl:C and anti-CD40 agonistic antibodies induces very potent
CD8"* T-cell responses, and an important fraction of these cells
express CD40L (Fig. S3). In further support of this notion, it has
recently been reported® that the BiVax immunization strategy—
combining selected peptides and polyl:C—generates CD8*
T-cell responses in the absence of CD4* T cells. In this context,
activation of CD8* T lymphocytes is diminished in CD40-
deficient mice, supporting a role for the CD40/CD40L signaling
axis in this helper cell-independent therapeutic approach.
Blocking CD40L during the secondary stimulation of primed
CD8* T cells in vitro for 48 h lowered IFNvy production. This
is in accordance with the partial decrease in DC maturation
observed 24 h after blockade, a kinetic suggesting that initial
antigen presentation and activation of CD8* T cells performed
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ments performed with

OVA(257-264)
H anti-CD3 antibody in

AH1-A5 AH1-A5
Isot";f . c 5401_ the absence of APCs
P @ demonstrate that
CD40L contributes

to CD8* T-cell activa-
tion cell autonomously.
In this scenario, the
mutual co-stimula-
tion of adjacent CD8*
T cells through juxta-
CD40-CD40L

interactions, resembling

that proposed for CD4*

and CD8* T cells,»"
may (at least in part) underpin the potent immunogenicity of
some peptides.

The overlapping role played by CD40L, be it expressed by CD8*
or CD4* T cells, in the regulation of immune functions is further
underscored by the analysis of the helper functional properties
of peptides that successfully induced the expression of CD40L.
Co-immunization experiments involving the weakly immuno-
genic peptide OVA _ . demonstrated that potent CD8* T-cell
peptide vaccines can behave as helper epitopes. Interestingly, as in
the case of CD4* T-cell epitopes, the helper cell activity mediated
by potent CD8* T-cell vaccines is dependent upon CD40L. These
results suggest that CD8* T cell epitope peptides of sufficient
potency operate as helper epitopes, mimicking the functional
activities of CD4* T-cell epitopes via a CD40L-dependent mech-
anism, thus allowing for the induction of CD8* T-cell responses
even in the absence of CD4* T helper cells. Helper-like features

crine
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responses.. The ana!y'sm Figure 7. Potent peptides used in clinical trials induce CD40L-expressing CD8* T cells in mice. (A and B) HHD mice
of the immunogenicity (n = 3/group) transgenic for HLA-A2 were immunized with HLA-A2-restricted peptide epitope Melan A/MART-1,, ..
of some of these peptides (EAA) or with its highly immunogenic mutated version containing a leucine at position 27 (ELA) (A), or with epitope
in HLA—AZ—expressing 369-377 from tyrosinase (Tyr369) (B). Ten days later splenocytes from immunized mice were stimulated with or with-
transeenic mice has previ- out the corresponding peptide and T-cell responses were measured using an IFNy ELISPOT assay. (C-D) After 5 h of
| & p h peptide stimulation CD8* and CD4* T cells were analyzed by immunofluorescence staining and flow cytometry for
ously demonstrated that expression of CD40L and IFN«y. Data are representative of 2 independent experiments.

the most immunogenic
epitopes in humans are
also the most immunogenic ones in mice.'** Here, we dem-
onstrate that such highly immunogenic peptides are capable of
inducing the expression of CD40L on CD8* T cells. Thus, the
ability of peptide vaccines to induce the expression of CD40L
may underlie the marked variability in the therapeutic responses
to these agents observed in clinical trials.

In summary, we demonstrated here that potent peptide vac-
cines induce CD8* T cells to express CD40L, hence allowing
for the induction of helper cell-independent antitumor responses.
Since these peptides display (at least in part) immunological fea-
tures of CD4* T-cell epitopes, characterizing the ability of a can-
didate vaccine to induce CD8*CD40L* T cells could provide a
useful selection criterion for vaccine-based immunotherapeutic
approaches. The identification of optimal peptides for vaccina-
tion strategies is important to treat not only cancer but also other
diseases driven or associated with specific antigens, particularly
in settings in which CD4* T-cell functions are compromised.

Materials and Methods

Reagents and cancer cell lines
The peptides AH1, AHI-A5, TRP2,, ., OVA,_
EAA were purchased from Genecust and had a purity above 98%.

» and
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as determined by high pressure liquid chromatography (HPLC)
and mass spectrometry. CD40L-blocking (BE-0017-1) or ham-
ster isotype-matched (IgG) control antibodies (BE-0091) were
obtained from BioXCell. CT26 colon cancer cells, obtained from
ATCC, were grown in complete medium (CM): RPMI medium
containing 10% fetal bovine serum (FBS), 4 mM glutamine, 100
U/mL penicillin, 100 pg/mL streptomycin and 50 pM 2-mer-
captoethanol). B16-OVA melanoma cells, obtained from Dr G
Kroemer, were grown in DMEM containing 10% FBS and anti-
biotics. All antibodies and reagents were from BD-Biosciences
unless otherwise stated.

Mouse strains and transgenic mice

BALB/c, C57BL/6, and CBG6F1 mice were obtained from
Harlan. B2m™!Y» H2-Abl™!P° Tg(HLA-A2/H2-D/B2M)1Bpe
Tg(HLA-DR1)/Orl (HHD-DR1) mice,” transgenic for human
HLA-A2 and HLA-DR1 molecules, were obtained from Dr F
Lemmonier. Mice were maintained in pathogen-free conditions
according to the guidelines for animal care of our Institutional
Review Board.

Immunization

Mice were injected subcutaneously with 100 pg of the CD8*
T-cell epitope to be tested emulsified in IFA. In co-immunization

experiments, 100 pug of OVA were also co-administered.

257-264
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Inhibition experiments in vivo were performed by 7.p. injection
of 0.25 mg of anti-CD40L or isotype-matched antibodies at day
-2, 0, and +2, with d 0 corresponding to the day of immuniza-
tion. In some cases, mice were depleted of CD4 cells by three i.p.
injections on days -2, -1 and 0 with 0.3 mg of GK1.5 anti-CD4
antibodies.

Peptide stimulation of primed immune cells to evaluate
cytokine production ex vivo

Ten days after immunization mice were sacrificed and their
spleens were removed for immunological analyses. Splenocytes
were resuspended in CM and plated at 8 x 10° cells/well in
0.2 mL in U-bottomed 96-well plates with or without 10 pM
peptide. Two days later, supernatants were harvested and IFNvy
was measured by ELISA (555138; BD-Biosciences). In selected
experiments, 10> CD8* T cells that had been purified from
splenocytes of immunized mice using a negative selection kit
(130-095-236; MiltenyiBiotec) and a cell sorter (FACSAria,
BD-Biosciences) were stimulated with 5 x 10> mature APCs.
APCs were obtained by culturing splenocytes from naive mice
over a monolayer of CD40L-transfected NIH-3T3 fibroblasts for
1 d. In some wells, CD40L-blocking or isotype-matched, control
antibodies were also added at 25 pg/mL. In experiments ana-
lyzing co-stimulation provided by interaction of CD40/CD40L,
10° T cells from the AH1-A5-specific CD8* T cell line were stim-
ulated with plate-bound anti-CD3 antibodies (BD-Biosciences)
in the absence or presence of plate-bound recombinant Fc-CD40
(50324-M03H-5; Life Technologies) or 1050 pg/mL soluble
trimeric CD40L.** In other experiments IFN+y-producing cells
were enumerated after stimulation of 4 x 10° splenocytes as above
using an ELISPOT set (551083; BD-Biosciences) according to
manufacturer’s instructions.

Flow cytometry

For analysis of T cells, splenocytes were incubated for 5 h with
or without 10 wg/mL of the corresponding peptide in the pres-
ence of Fc Block™ (553142), anti-CD40L-APC (17-1541-81;
eBiosciences) and 2 pg/mL GolgiStop (554724). Next, cells
were stained in phosphate buffered saline (PBS) containing
2% FBS with anti-CD3-PECy5 (MCA2690C; AbD Serotec)
or anti-CD3-FITC (553061) and anti-CD8-PeCy7 (552877),
or anti-CD8-Pacific Blue (MCAGO9PBT; AbD Serotec) and
anti-CD4-Brilliant Violet 570 (100541; Biolegend) or anti-CD4-
Alexa Fluor 647 (557681) for 15 min at 4 °C. Finally, cells were
fixed and permeabilized using a Cytofix/Cytoperm kit (554714;
BD Biosciences) for 15 min at 4 °C and then stained with anti—
IFNv-PE (554412). In some cases, anti-TNF-PeCy7 (557644)
and anti-IL-2-APC (554429) were also included. DC matura-
tion was analyzed after incubating 2 x 10° cells during 24 h with
or without the corresponding peptide at 37 °C in CM. In some

experiments, 25 pg/mL CD40L-blocking or isotype-matched
control antibodies were also added to the culture. Cells were
then stained with APC-labeled anti-CD11c (550261) and anti-
[-A4-PE (553548) or anti-I-A*-PE (06355A) antibodies in com-
bination with FITC-labeled anti-CD80 (553768) or anti-CD86
(553691) antibodies. All antibodies and reagents were from
BD-Biosciences unless otherwise stated. Samples were analyzed
using a FACS Canto flow cytometer (BD-Biosciences).

Generation of T-cell lines

Splenocytes from mice immunized with AHI-AS5 or from mice
in which CT26 tumors had regressed were plated at 7.5 x 10°
cells/well in 1.5 mL of CM in the presence of 10 pwg/mL AHI-
A5 or AHI, respectively. Five days later, 25 U/mL of IL-2 was
added and cells were cultured for 2 additional days. On d 7 and
thereafter, 10° growing cells were weekly stimulated with 5 x 10°
irradiated peptide-pulsed splenocytes in the presence of 100 U/
mL of IL-2. T-cell lines were routinely tested 1 wk after the last
stimulation.

Allograft experiments

Ten days after administration of peptide vaccines, tumor chal-
lenge was performed by subcutaneous injection of either 5 x 10°
CT26 cells into BALB/c recipient mice or 10> B16-OVA cells
into C57BL/6 recipient mice. Tumor volume was calculated
according to the formula: V = (length x width?)/2. Mice were
sacrificed when the tumor diameter reached 17 mm.

Statistical analyses

Survival curves of animals treated with different protocols
were plotted according to the Kaplan—Meier method and the log-
rank test was used to measure statistical significance. Statistical
analyses of immune responses were performed by nonparamet-
ric Kruskal-Wallis and Mann—Whitney U tests. In all cases,
P < 0.05 was considered statistically significant.
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