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Processing of Tumor Antigen Differentially
Impacts the Development of Helper
and Effector CD4* T-cell Responses
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CD4* T cells contribute to the antitumor T-cell response
as both effectors that promote tumor rejection and help-
ers that facilitate the activation of other antitumor effec-
tor cells, such as CD8* T cells. Maximal engagement of
both effector and helper CD4+ T-cell responses is a desir-
able attribute of cancer vaccines. We have employed the
B16F10 murine melanoma model and a series of recom-
binant adenovirus (Ad) vaccines expressing mutant forms
of the tumor antigen, dopachrome tautomerase, to
investigate the relationship between antigen processing
and the antitumor CD4™ T-cell response. Our results have
revealed an unexpected dichotomy in the generation of
helper and effector CD4* T-cell responses where CD4+
T effector responses are dependent upon protein pro-
cessing and trafficking, whereas CD4* T helper responses
are not. The results have important implications for strat-
egies aimed at augmenting antigen immunogenicity by
altering intracellular processing and localization.
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INTRODUCTION

CD4%1 T cells are a key component of the adaptive immune
response against tumors and increasing evidence suggests that
CD4% T cells can be highly potent antitumor effectors."* When
tumor cells express major histocompatibility complex (MHC)
I, as in the case of B-cell leukemias, CD4% T cells are capable of
recognizing tumor cells directly, leading to upregulation of death-
inducing ligands and secretion of cytotoxic granules.®'® CD4%
T cells can also mediate rejection of MHC II-negative tumors
through indirect mechanisms following in situ activation by APCs
that have engulfed tumor-derived antigens. Activated CD4"
T cells can promote tumor rejection indirectly through the release
of tumor-suppressing cytokines''-'* and the recruitment of innate
effector cells.’'* This indirect pathway is an important facet of the
tumor-specific effector CD4™ T cells as this mechanism allows
CD4% T cells to reject tumors that escape CD8* T-cell recognition
by downmodulation of MHC L."*-'® Recent work from both animal

and human studies has underscored the potency of effector CD4™*
T cells for cancer immunotherapy and even suggested that CD4™*
T cells may be more potent than CD8™ T cells when compared on
a cell-per-cell basis.'*?°

Previous investigations by our group have revealed an impor-
tant role for CD4™ T cells in the protective immunity produced by
a prototype melanoma vaccine comprising a recombinant human
adenovirus (Ad) type 5 vector expressing human dopachrome
tautomerase (hDCT; vector name = AdhDCT). Immunization
with AdhDCT can render immunocompetent mice completely
protected against tumor challenge and can promote regression of
established tumors when combined with cyclophosphamide.?-*
Using a combination of antibody depletion and gene-deficient
mice, we have shown that CD4" T cells play a significant role
in the antitumor response produced by immunization with
AdhDCT.*** Following AdhDCT immunization, DCT-specific
CD4" T cells act as helpers for the CD8% T-cell response and
effectors that are capable of effectuating tumor rejection and
skin depigmentation.”’ Using synthetic peptides, we identified a
heteroclitic CD4* T-cell epitope (hDCT, , ) in the hDCT that
functions as a target for helper CD4™ T cells that promote CD8*
T-cell immunity.”? Immunization with the murine homologue of
DCT (mDCT) produces only a weak CD8 T-cell response. By
converting GIn86 and Asn92 in mDCT to Leu and His, respec-
tively, it is possible to engineer the mDCT protein to carry the
heteroclitic epitope found in hDCT.?? The CD8" T-cell response
produced by the mutant protein was tenfold greater than the
response to wild-type mDCT and comparable to the response
produced by hDCT, confirming the helper function of the CD4*
T cells directed against this epitope.?? Interestingly, CD4* T cells
directed against hDCT,, | do not effectuate tumor rejection.”
Therefore, we refer to hDCT,, ,  -specific CD4™ T cells as helpers.
We have been unable to define a target for the CD4" T cells that
promote tumor rejection, but they can be identified functionally
using tumor challenge studies in mice that lack CD8* T cells.?"*
In the context of this article, we will refer to the latter population
as effectors because they effectuate tumor rejection. Further, we
have uncovered an interesting dichotomy with regard to the pro-
cesses involved in CD4% T cell-mediated antitumor immunity and
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autoimmunity whereby the former was dependent on IL-4/STAT6
signaling, whereas the latter required IFN-y/STAT4 signalling.**
Our current efforts are directed at exploiting this dichotomy and
maximizing CD41 T cell-mediated tumor rejection while mini-
mizing autoimmune sequelae.

In this article, we describe an Ad vector that expresses a
mutant form of hDCT lacking the dominant CD8* T-cell epitope,
SVYDFFVWL (AdhDCTAVYD). This vector was created to
facilitate studies of CD41 T cell-dependent antitumor immu-
nity without mitigating effects of hDCT-specific CD8" T cells.
Surprisingly, this mutant failed to elicit protective CD4" T-cell
immunity. Characterization of the hDCTAVYD protein and
analysis of additional mutants revealed that the protective CD4™"
T-cell response was dramatically affected by intracellular process-
ing of hDCT, whereas the helper CD41 T-cell response was not.
These results have important implications for vaccine design and

Post-translational Modifications of CD4 Epitopes

indicate that care must be taken when manipulating antigens in an
effort to increase their immunogenicity.

RESULTS

Immunization with a mutant hDCT that lacks the
immunodominant CD8 epitope, SVYDFFVWL, results
in loss of both CD8* and CD4* T cell-mediated
tumor protection

Previous reports have demonstrated that the hDCT epitope,
SVYDFFVWL (DCT,,, ), is alone sufficient to produce pro-
tective immunity.** Therefore, we created a variant of hDCT
(hDCTAVYD, Figure 1a) that lacked this epitope in an effort to
generate an antigen that would only evoke protective CD4 T-cell
immunity. The serine residue at position 180 was not removed in
order to preserve a putative N-linked glycosylation motif (N-X-S)

found immediately upstream of DCT (8NCS, ). Mice were
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Figure 1 Immunization with AdhDCTAVYD abrogates CD4* T cell-mediated tumor protection while T-cell responses to the known helper
CD4 epitopes are maintained. (a) Schematic representation of the hDCTAVYD variant (SS, endoplasmic reticulum signal sequence; TM, transmem-
brane domain; MTS, melanosomal transport signal). (b,c) T-cell responses to the known (b) CD8 epitopes (hDCT,, ... and hDCT,,, ..) and (c) CD4
epitopes (hDCT,, .., and hDCT,,, ,,) were assessed via intracellular cytokine staining. Results are shown as mean + SEM from 10 mice pooled from
two separate experiments and represent the absolute number of antigen-specific cells per spleen (*P < 0.05 and **P < 0.0005 compared to AdhDCT;
NS, not significant). (d—f) Mice (n = 10) were immunized intramuscularly with 108 plaque-forming units of AdControl, AdhDCT, or AdhDCTAVYD.
(d) Wild-type mice, (e) CD8" T cell-depleted wild-type mice, and (f) CD8-deficient mice were challenged subcutaneously with 2 x 10* B16F10 cells
7 days after immunization. Depletion of CD8% T cells was performed by intraperitoneal injection of purified 2.43 antibodies starting on 3 days and
1 day prior to tumor challenge and subsequently administered once a week until tumors developed. A rat IgG was used as control treatment.
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immunized with Ad vaccines expressing either wild-type hDCT
(AdhDCT) or the mutant (AdhDCTAVYD) to examine immuno-
genicity via intracellular cytokine staining (ICS) analysis (see
Supplementary Figure S1 for example of the flow cytometry data).
As expected, the hDCT | .-specific response was fully abrogated
following immunization with AdhDCTAVYD, whereas CD8"
T-cell immunity to the subdominant epitope, hDCT,, .., was
intact (Figure 1b). Infact,immunitytohDCT, , .. wassignificantly
increased (P < 0.05) in mice immunized with AdhDCTAVYD. We
previously demonstrated that the magnitude of the CD8" T-cell
response to hDCT,, . was dependent upon helper CD4™" T cells
responsive to the heteroclitic epitope hDCT,, | = (ref. 22). The
robust CD8 T-cell response tohDCT,, . suggests that the muta-
tion in AdhDCTAVYD did not impair the development of helper
CD4% T cells. Indeed, examination of CD4" T-cell immunity to
the dominant and subdominant CD4% T-cell epitopes in hDCT,
hDCT,, - and hDCT,, . revealed no differences between the
wild-type and mutant vaccines (Figure 1c).

Our previous work demonstrated that both CD4™ T cells and
CD8* T cells were capable of independently protecting against
lethal challenge with B16F10 following immunization with
AdhDCT,** and it was necessary to ablate both cell populations to
abrogate the protective effect.?! Indeed, we show that CD8" T-cell
depletion prior to tumor challenge does not impair protective
immunityimparted by AdhDCT (compare Figure 1d,e). Therefore,
we expected AdODCTAVYD to provide robust protection against
B16F10 challenge through a CD4™ T cell-dependent mechanism.
Surprisingly, the protective response produced by AdhDCTAVYD
was largely attenuated relative to AdhDCT (Figure 1d). The mod-
est protective immunity afforded by AdhDCTAVYD was lost fol-
lowing depletion of CD8% T cells, indicating that the protection
was provided by immunity elicited by subdominant CD8% T-cell
epitopes, like hDCT,,, .. (Figure le).

We have previously determined that CD8-deficient mice can
be used to study CD4* T-cell protective immunity generated
by immunization with AdhDCT.?>** Therefore, we also evalu-
ated protection against B16F10 following immunization with
AdhDCTAVYD in CD8-deficient mice. Similar to the scenario in
CD8-depleted wild-type mice, immunization with AdhDCT pro-
vided complete protection against B16F10, whereas no protection
was afforded by immunization with AdhDCTAVYD (Figure 1f).
The surprising observation that removal of a CD8 T-cell epitope
attenuated the protective CD4™ T-cell response prompted us to
further investigate the mechanisms underlying the generation of
helper and effector CD4* T-cell responses following AdhDCT
immunization.

Comprehensive epitope mapping of the region
surrounding the deletion in AdhDCTAVYD did not
reveal any previously unidentified CD4 epitopes

It seemed paradoxical that the helper CD4% T-cell response elic-
ited by hDCT was unaffected by the deletion of residues 181-188,
whereas the protective CD4 " T-cell response was fully attenuated.
The simplest explanation for this observation is that the deletion
also affects a CD4" T-cell epitope. Using a combination of IFN-y,
IL-4, and IL-10 enzyme-linked immunosorbent spot assays, we
have conducted extensive mapping of the DCT T-cell epitopes in
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both CD8-deficient mice (data not shown) and wild-type mice.”
We could not identify a CD4" T-cell epitope that correlated with
tumor rejection. Based on the current results, we prepared a
comprehensive set of synthetic peptides that spanned the entire
region deleted in hDCTAVYD (Supplementary Table S1). ICS
analysis of these peptides using splenocytes from CD8-deficient
mice immunized with AdhDCT failed to reveal new reactivities
(Supplementary Table S1). These results argue against the likeli-
hood that removal of residues 181-188 disrupted a CD4* T-cell
epitope in hDCT.

Mutation of the putative glycosylation site 78NCS,
results in impaired protein trafficking and attenuated
CD4* T cell-mediated protection

Protein conformation can significantly impact the presentation of
epitopes on MHCII. As an example, Golgher et al. determined that
recognition of gp90 by CD4™ T cells was dependent on the pep-
tide conformation that was controlled by glycosylation.”” Because
the deletion in hDCTAVYD was adjacent to a putative N-linked
glycosylation site, we suspected that glycosylation at this site may
have been disrupted. On western blot analysis, hDCT resolves as
two distinct glycoforms of 69 and 80 kd* (Figure 2a, lane 1). When
we compared the migration pattern of hDCTAVYD to hDCT by
western blot, we observed that the higher molecular weight form
(80kd) was lacking from hDCTAVYD (Figure 2a, lane 4) and that
minor, smaller molecular weight forms (<69kd) were appearing.
These results were reminiscent of a previous report where glyco-
sylation of TRP-1 was disrupted.”” Based on the proximity of the
deletion in hDCTAVYD to a putative glycosylation site ("*NCS ),
we suspected that this mutation may have disrupted glycosylation
at N178. We, therefore, created an hDCT mutant where N178
was replaced with D178 (hDCT-N178D, Figure 2b) to determine
whether lack of glycosylation at this site was the determining
factor in the impaired immunogenicity of AdhDCTAVYD. The
hDCT-N178D mutant, similarly to hDCTAVYD, also failed to
produce the higher molecular weight form (Figure 2a, lane 7),
and both mutants seemed to give rise to the development of minor
glycoforms that were <69kd but >59kd (the estimated molecular
weight of the protein).

The 69kd glycoform of hDCT is found in the endoplasmic
reticulum (ER) following translocation of the protein from the
cytoplasm and addition of initial N-linked glycans; this glycoform
appears to represent the majority of the hDCT when expressed
from recombinant Ad (Figure 2a, lane 1). The 80kd glycoform is
found in the Golgi and represents a more mature form of the pro-
tein that harbors complex glycan structures as well as additional
post-translational modifications.? This glycoform is only a minor
component of the hDCT produced by AdhDCT infection, sug-
gesting that the majority of the virally expressed protein remains
in the ER. To confirm the localization of the various glycoforms of
hDCT, the proteins were subjected to digestion with glycosidas-
es.”® EndoH, specifically cleaves N-linked glycans that are attached
in the ER, whereas PNGaseF cleaves all sugar chains, including
complex structures added in the Golgi. The fully deglycosylated
proteins migrated at an approximate weight of 59kd (Figure 2a,
lanes 3, 6, and 9), which is consistent with the estimated molecular
weight of hDCT. As predicted, EndoH, treatment caused the 69kd
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Figure 2 Immunization with hDCT variants lacking mature N-linked glycosylation results in impaired CD4* T cell-mediated tumor protection
while T-cell responses to the known helper CD4 epitopes are maintained. (a) Western blot analysis reveals lack of mature N-linked glycosyla-
tion in hDCTAVYD and hDCT-N178D protein variants. 293T cells were transfected for 24 hours with plasmid DNA expressing hDCT, hDCTAVYD, or
hDCT-N178D. Lysates were prepared in RIPA lysis buffer, and equal amounts of protein (~20 ug) were treated with the glycosidase enzymes EndoH,
or PNGaseF for 24 hours at 37 °C. The entire reaction was diluted in 2x gel loading buffer and resolved by 10% SDS-PAGE. DCT was probed for using
o-TRP-2 (C-9) and developed by ECL, followed by reprobing with a-GAPDH as a loading control. (b) Schematic representation of the hDCT-N178D
variant (SS, endoplasmic reticulum signal sequence; TM, transmembrane domain; MTS, melanosomal transport signal). (c,d) T-cell responses to the
known (¢) CD4 epitopes (hDCT,, .. and hDCT,,, ,.,) and (d) CD8 epitopes (hDCT,, ... and hDCT,,, ...) were assessed via intracellular cytokine
staining. Results are shown as mean + SEM from 10 mice pooled from two separate experiments and represent the absolute number of antigen-
specific cells per spleen (NS, not significant). (e) CD8-deficient mice (n = 10-15) were immunized intramuscularly with 108 plaque-forming units of

AdControl, AdhDCT, or AdhDCT-N178D. Mice were challenged subcutaneously with 2 x 104 B16F10 cells 7 days after immunization.

band to appear as 59 kd but did not affect the 80 kd band (Figure 2a,
lanes 2, 5, and 8) supporting the assertion that the 80 kd represents
a more mature form of the protein that has migrated to the Golgi.
Because neither hDCT-N178D nor hDCTAVYD gave rise to the
80kd glycoform of DCT, we conclude that these proteins do not
migrate to the Golgi.

We next evaluated the immunogenicity of AdhDCT-N178D.
As in the case of AdhDCTAVYD, the CD4* T-cell responses
to hDCT,, ., and hDCT,,, , , were comparable to those elic-
ited by AdhDCT (Figure 2c). To confirm that the helper func-
tions were unaffected, we also examined the CD8% T-cell
responses and found that CD8% T-cell immunity was intact as
well (Figure 2d). Thus, despite the protein trafficking defect,
AdhDCT-N178D evokes a helper T-cell response comparable
to AdhDCT. To examine the effector CD4% T-cell response

Molecular Therapy vol. 18 no. 6 june 2010

produced by AdhDCT-N178D, we immunized CD8-deficient
mice as described above.?*?** Similar to AdhDCTAVYD, protec-
tive immunity produced by AdhDCT-N178D was significantly
impaired compared to AdhDCT (Figure 2e). Thus, although
the helper CD4% T-cell response produced by AdhDCT-N178D
was unimpaired relative to AdhDCT, the effector CD4™ T-cell
response was significantly attenuated.

Deglycosylation of hDCT putative N-linked
glycosylation sites does not generate any

new CD4 epitopes

Because the presence of the 80kd molecular weight glycoform
of hDCT correlated with the generation of protective CD4*
T-cell immunity, we considered a previous report involving
tyrosinase where a T-cell epitope was generated by cytoplasmic
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Figure 3 Immunization with AdhDCTASS, which is glycosylation-defective, but not AdhDCTAMTS, abrogates CD4* T cell-mediated tumor
protection while T-cell responses to the known helper CD4 epitopes are maintained. (a) Schematic representation of the hDCTASS and
AdhDCTAMTS variants (SS, endoplasmic reticulum signal sequence; TM, transmembrane domain; MTS, melanosomal transport signal). (b) Western
blot analysis reveals lack of mature N-linked glycosylation in hDCTASS variant, but not AdhDCTAMTS variant. 293T cells were transfected with plas-
mid DNA expressing hDCT, hDCTASS, hDCTAMTS, or GFP for 24 hours. Lysates were prepared in RIPA lysis buffer and equal amounts of protein
(~20ug) were treated with the glycosidase enzymes EndoH, or PNGaseF for 24 hours at 37 °C. The entire reaction was diluted in 2x gel loading buffer
and resolved by 10% SDS-PAGE. DCT was probed for using o-TRP-2 (C-9) and developed by ECL, followed by reprobing with a-GAPDH as a loading
control. (c,d) T-cell responses to the known (c) CD4 epitopes (hDCT,, , . and hDCT,,, ,.,) and (d) CD8 epitopes (hDCT,, ... and hDCT,,, ..,) were
assessed via intracellular cytokine staining. Results are shown as mean + SEM from 10 mice pooled from two separate experiments and represent
the absolute number of antigen-specific cells per spleen (*P < 0.05 compared to AdhDCT; NS, not significant). (e) CD8-deficient mice (n = 10-15)
were immunized intramuscularly with 108 plaque-forming units of AdControl, AdhDCT, AdhDCTASS, or AdhDCTAMTS. Mice were challenged
subcutaneously with 2 x 10* B16F10 cells 7 days after immunization.

deglycosylation of N-linked glycans, which resulted in the con-
version of asparagine to aspartic acid.*® We hypothesized that the
generation of the CD4 effector epitope(s) may be dependent upon
a similar event. So, we synthesized peptides covering all puta-
tive N-linked glycosylation motifs (N-X-C/S/T) and substituted
asparagine residues for aspartic acid residues (Supplementary
Table S2). Potential reactivity to these peptides was evaluated
via ICS analysis. Results obtained from these experiments failed
to uncover any new CD4 reactivities, indicating that conver-
sion of asparagines to aspartic acid following deglycosylation of
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hDCT does not give rise to measurable T-cell responses following
immunization with AdhDCT (Supplementary Table S2).

Immunization with a trafficking-defective variant

of hDCT results in abrogated CD4* T cell-mediated
tumor protection

The melanosomal transport signal (MTS) present in melanoma-
associated antigens (gp100, TRP-1/gp75, and TRP-2/DCT) can
direct antigens to the MHC II compartment and enhance CD4*
T-cell stimulation.**> Therefore, the impaired effector CD4* T-cell
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Figure 4 Immunization of DCT-deficient mice with AdhDCTAVYD abrogates CD4" T cell-mediated tumor protection while T-cell responses
to the known helper CD4 epitopes are maintained. (a,b) T-cell responses to the known (a) CD4 epitopes (hDCT, , , and hDCT,,, .. ) and (b) CD8
epitopes (hDCT,,, ... and hDCT,,, ...) were assessed via intracellular cytokine staining. Results are shown as mean + SEM from 10 mice pooled from
two separate experiments and represent the absolute number of antigen-specific cells per spleen (*P < 0.05 and **P < 0.0005 compared to AdhDCT;
NS, not significant). (c) DCT-deficient mice (n = 10-15) were immunized intramuscularly with 10® plaque-forming units of AdControl, AdhDCT, or
AdhDCTAVYD. Mice were challenged subcutaneously with 2 x 10* B16F10 cells 7 days after immunization. Depletion of CD8% T cells was performed
by intraperitoneal injection of purified 2.43 antibodies starting on 3 days and 1 day prior to tumor challenge and subsequently administered once a

week until tumors developed. A rat IgG was used as control treatment.

response observed following immunization with AdhDCTAVYD
and AdhDCT-N178D may reflect improper intracellular traf-
ficking rather than the inability to generate a conformational or
glycosylation-dependent effector CD4™ T-cell epitope. To address
the possibility that targeting of hDCT is important for the genera-
tion of the effector CD4™ T-cell responses, we removed two key
targeting elements from the protein: the ER signal sequence (SS,
residues deleted: 2-23)* and the putative MTS (residues deleted:
491-496) (Figure 3a). hDCTASS lacks the ER signal sequence
and thus is expected to remain cytoplasmic. h(DCTAMTS lacks
the melanosomal targeting signal, but retains the transmem-
brane domain and is expected to traffic through the Golgi with-
out being redirected to melanosomes. As expected, western blot
analysis shows that hDCTASS completely lacks N-linked gly-
cosylation (Figure 3b, lanes 4-6). Interestingly, hDCTAMTS
actually appeared to be more stable than hDCT and gave rise to
higher levels of the mature 80kd glycoform (Figure 3b, lane 7).
With regard to the generation of CD4" T-cell immunity, both
AdhDCTASS and AdhDCTAMTS were able to elicit hDCT,, | -
and hDCT,, ,_ -specific CD4" T-cell responses of a similar mag-
nitude to AdhDCT (Figure 3c). In fact, the response to hDCT,, .
was significantly higher in mice immunized with AdhDCTAMTS
compared to AdhDCT (P < 0.05), likely due to the fact that this
protein variant appears to accumulate to higher levels. hDCT, ..
-specific CD8* T-cell responses produced by AdhDCTASS were
reduced relative to AdhDCT (P < 0.005; Figure 3d), consistent
with the observation that this mutant is expressed at lower levels
than the wild-type protein; however, the CD8* T-cell response to
hDCT was intact, and the response to hDCT was still

342-351 180-188
markedly higher than the response to the murine form of the
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protein (mDCT) that cannot elicit CD4" T-cell help? indicating
that the helper response produced by Ad hDCTASS was intact.
Likewise, the CD8* T-cell response produced by AdhDCTAMTS
was comparable to the wild-type vaccine indicating that the helper
CD4™" T-cell response evoked by this vaccine was intact as well
(Figure 3d).

Generation of protective CD4" T-cell immunity was next
evaluated in CD8-deficient mice. As shown in Figure 3e, CD4™"
T cell-mediated tumor protection was completely abrogated in
mice immunized with AdhDCTASS, whereas mice immunized
with AdhDCTAMTS displayed tumor protection comparable to
AdhDCT. We can conclude from these latter observations that the
MTS is not critical for the production of either helper or effector
CD4™" T-cell responses. Deletion of the ER signal sequence, simi-
lar to the AVYD and N178D mutations, impaired the generation
of effector CD4™ T-cell immunity, whereas the helper response
remained unaffected.

AdhDCTAVYD fails to elicit protective CD4* T-cell
immunity in DCT-deficient mice

We have previously demonstrated that CD4" T-cell immunity
to DCT is more stringently regulated than the CD8*% T-cell
response.” Therefore, this dichotomy between helper and effector
CD4* T-cell responses may not be a general property of the DCT
antigen, but rather simply reflects a lack of CD4" T-cell effectors
that can respond to DCT in wild-type mice. To address this pos-
sibility, we have immunized DCT-deficient mice with the mutant
viruses to determine whether a similar dichotomy exists under
conditions where CD4* T-cell immunity to hDCT is less strin-
gently regulated. Inoculation of DCT-deficient mice with AdhDCT
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evokes a more robust CD4* T-cell response than wild-type mice.??
Interestingly, reactivity to a dominant CD4 epitope, DCT,
appears only in DCT-deficient mice. This epitope is fully conserved
between the murine and human forms of the protein,? suggest-
ing that it could be targeted for rejection by DCT-specific CD4™"
T cells. We immunized DCT-deficient mice with either AdhDCT
or AdhDCTAVYD, and depleted the CD8" T cell prior to tumor
challenge to visualize CD4" T cell-dependent tumor rejection.
The immune response elicited by AdhDCTAVYD to the domi-
nant CD4" T-cell epitopes and subdominant CD8* T-cell epitope
was comparable to AdhDCT (Figure 4a,b). However, only the
mice immunized with AdhDCT were protected from challenge
following CD8* T-cell depletion (Figure 4c).

DISCUSSION

In the present report, we provide evidence that the generation of
helper and effector CD4* T-cell responses can be markedly affected
by antigen structure and processing. Variants of the hDCT antigen
that harbor mutations within the region of a putative glycosylation
motif ("*NCS ) show altered protein processing. Consistent with
this observation, a previous report has suggested that the N178
glycosylation site in hDCT, which is highly conserved, is associ-
ated with protein translocation.’* As a result, it is likely that gly-
can maturation and other post-translational modifications on the
mutant hDCT proteins, which occur in the Golgi, are impaired
in cells infected with AdhDCT-N178D and AdhDCTAVYD.
Protective immunity correlated with the ability of the hDCT pro-
tein to mature to the higher molecular weight glycoform, pointing
to a role for protein trafficking and subsequent post-translational
modifications in the generation of protective hDCT-specific CD4™*
T-cell immunity. Although the exact nature of the epitope gener-
ated from this higher molecular weight form remains unknown,
it is clear that it must have a more complex structure than can
be estimated from the linear protein sequence. A variety of pro-
tein modifications have been shown to influence epitope process-
ing and presentation, including the following: isoaspartylation,
phosphorylation, glycosylation, and deamination.’*>**=** Although
some post-translational modifications are enzymatic in nature,
others arise at physiological conditions and can be more frequent
in a stressed environment resulting from disease, inflammation,
and trauma, for instance.*® Our lab continues to investigate the
nature of the CD4" T-cell effector epitope, but it remains elu-
sive. Strikingly, neither the helper CD4" T-cell response nor the
CD8* T-cell response appeared to be influenced in the same way.
Results obtained from DCT-deficient mice demonstrate that the
dichotomy in the generation of helper and effector CD4" T-cell
responses following immunization with AdhDCT is not a reflec-
tion of the available CD4*" T-cell repertoire but is actually an
intrinsic property of the hDCT protein.

It is unclear at this time how the lack of glycan maturation
influences the generation of antitumor CD4™ T cells. A number
of reports have demonstrated the importance of glycosylation in
the generation of T-cell epitopes. Specific glycosylated MUC-1
epitopes are recognized by CD4* T cells that do not crossreact
with the corresponding unglycosylated peptides.*® Similarly,
CD4% T cells reactive with the envelope protein (gp90) from an
endogenous murine leukemia virus were only reactive with the
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glycosylated form of the protein.”” In the latter case, the T cells
did not appear to recognize glycosylated residues. Rather, glyco-
sylation appeared to be important for establishing the correct
orientation of the peptide for CD4™ T-cell recognition.” Whether
a similar phenomenon can explain the generation of DCT epitopes
that promote tumor rejection remains to be established. It has pre-
viously been reported that impairment of glycosylation and redi-
rection of glycosylated proteins to the cytosol can enhance CD8™"
T-cell immunity;** however, our results do not support these
strategies as being a universal approach. We conducted extensive
epitope mapping on all of the mutant proteins described in this
article (data not shown) and did not uncover any novel T-cell
epitopes. Therefore, according to our results, disruption of traf-
ficking and processing of hDCT does not improve immunogenic-
ity and, as observed for the effector CD4t T-cell response, such
disruption can actually impair protective immunity. Thusly, the
impact of protein mutations must be considered on an empirical
basis and cannot be broadly assumed.

MHC II loading and presentation has classically been linked
to the uptake of exogenous antigens. However, endogenous pro-
teins that traffic through the endocytic pathway, such as DCT,
can be loaded directly onto MHC I1.#*** Given our results, it is
possible that the different CD4™ T-cell responses may actually be
influenced by the endogenous and exogenous routes for MHC II
loading. Perhaps, effector epitopes can only be generated via the
endogenous pathway, and, therefore, these epitopes are not pro-
duced from the mutant proteins that fail to exit the ER. In con-
trast, the helper epitopes may be produced by either pathway and,
thus, are generated from all of the mutant proteins. In an effort to
capitalize on endogenous loading of MHC II following uptake of
recombinant virus vaccines by APCs, a number of strategies have
been developed to selectively target tumor-associated antigens
to MHC II compartments for enhanced antigen presentation to
CD4™* T cells. For instance, Wu et al. have used the sorting signal
of lysosomal-associated membrane protein 1 fused to an antigen
to direct it toward lysosomes, which then intersect with MHC
II compartments.* A similar approach developed by another
group involves coupling of the trafficking signal contained in the
invariant chain Ii to a tumor antigen.* The application of such
targeting strategies has been associated with elevated CD4%
T-cell immunity and corresponding increased CD8% T-cell
immunity, presumably as a result of elevated CD4* T-cell help.
Our results failed to establish a linkage between antigen target-
ing and the development of CD4™ T-cell help for CD8* T-cell
immunity. Indeed, targeting antigen to the endocytic pathway is
not a universal method to augment CD4*1 T-cell immunity, and
other studies utilizing similar strategies failed to show improved
T-cell immunity.*¢-*

Overall, our studies offer novel insight into the processes
required to elicit CD4" T-cell immunity and demonstrate that
distinct pathways can exist to generate helper and effector CD4™*
T cells. Indeed, mature glycosylation, and likely post-translational
modifications, appear to be involved in the generation of pro-
tective CD4*1 T-cell antitumor immunity following immuniza-
tion with hDCT, a clinically relevant tumor-associated antigen,
whereas helper CD4™ T-cell responses were not influenced by
these post-translational events. These observations have important
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implication for the design of cancer vaccination platforms aimed
at eliciting CD4™" T-cell immunity.

MATERIALS AND METHODS

Mice and cell culture. Six- to eight-week-old female C57BL/6 mice were
purchased from Charles River Breeding Laboratory (Wilmington, MA).
CD8-deficient mice* and DCT-deficient mice® were bred in the pathogen-
free Central Animal Facility at McMaster University. All of our investiga-
tions have been approved by the McMaster Animal Research Ethics Board.
C57BL/6 mouse-derived melanoma B16F10 cell line was cultured in MEM-
F11 medium supplemented with 10% fetal bovine serum (Invitrogen,
Burlington, Ontario, Canada), 2mmol/l L-glutamine, 100 units/ml peni-
cillin, and 100 pg/ml streptomycin (Life Technologies, Carlsbad, CA), 1x
concentration of sodium pyruvate, nonessential amino acids, and vitamin
solution (Gibco, Carlsbad, CA). RPMI medium containing fetal bovine
serum, L-glutamine, penicillin, and streptomycin was used for ICS assays.

Recombinant Ads. All replication-deficient Ads used in this study con-
tain deletions in their E1 and E3 regions.” The expression cassettes were
inserted in the E1 region under the control of the murine cytomegalovi-
rus (CMV) promoter and the SV40 polyadenylation sequence. Ad vectors
were created according to the two-plasmid rescue method using 293 cells.
AdhDCT expresses the full-length human DCT gene. AdhDCTAVYD
was created using standard PCR techniques and encodes a mutated
form of hDCT lacking the immunodominant CD8 epitope hDCT ..
(VYDFFVWL). AdhDCT-N178D encodes hDCT in which a point muta-
tion at position 178, where an asparagine (N) was mutated to an aspartic
acid (D), was introduced via site-directed mutagenesis. AdhDCTASS and
AdhDCTAMTS were created by standard PCR techniques in which hDCT
harbors deletions within the intracellular localization sequences previously
identified® [SS, ER signal sequence (hDCTA2-23); MTS, melanosomal
targeting sequence (hDCTA491-496)]. AALCMV-GP_  ~encodes the
sequences corresponding to residues 33-41 and 61-80 of the lymphocytic
choriomeningitis virus glycoprotein and was used as a negative control
(referred to as AdControl in figures).

Immunization, immunodepletion, and tumor challenge. 10® plaque-form-
ing units of Ad vector was prepared in 100l sterile PBS and injected in
both rear thighs (50 pl/thigh) of each mouse. Mice were challenged subcu-
taneously on day 7 after immunization with 2 x 10* B16F10 cells. Tumor
growth was monitored daily and measured twice a week over a period of
60 days. Immunodepletion studies were conducted using the 2.43 mono-
clonal antibody (anti-CD8; American Type Culture Collection, Manassas,
VA), which was prepared in our laboratory. A rat IgG (Sigma, St Louis, MO)
was used as control. The depletion efficiency of CD8" T cells was >98% by
flow cytometry using antibodies of a different clone (data not shown).

Peptides. hDCT . (immunodominant CD8 epitope) was purchased
from Dalton Chemical Laboratories (Toronto, Ontario, Canada). The fol-
lowing peptides were ordered from Biomer Technology (Pleasanton, CA):
hDCT,,, .., (subdominant CD8 epitope), hDCT,, , (immunodominant
CD4 epitope), and hDCT,,, ., (subdominant CD4 epitope). 15-mer over-
lapping peptides surrounding the hDCT . epitope (Supplementary
Table S1) are part of a previously described hDCT library.*? 15-mer
peptides overlapping putative N-linked glycosylation sites (N-X-C/S/T)
within hDCT were synthesized in which asparagine (N)-to-aspartic acid
(D) mutations were incorporated (Supplementary Table S2; Pepscan
Systems, Lelystad, the Netherlands). All peptides were dissolved in DMSO
and stored at —20°C.

Monoclonal antibodies. The following monoclonal antibodies were
purchased from BD Pharmingen (San Diego, CA): anti-CD3e-PE (clone
145-2C11), anti-CD8a-PE-Cy5 (clone 53-6.7), anti-CD4-PE-Cy7 (clone
RM4-5), anti-IFN-y-APC (clone XMG1.2), anti-CD16/CD32 (Fc Block;
clone 2.4G2), and anti-CD28 (clone 37.51).
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ICS. ICS was performed as described previously”? with the following
modifications: (i) splenocytes were harvested 10 days after immunization,
(ii) cells were stimulated with 1pg/ml and 10 pg/ml peptide concentra-
tions to detect CD8T and CD4™ T-cell responses, respectively, and (iii) no
anti-CD49d was added to the stimulations. DMSO was used as negative
control. Lymphocytes were examined by flow cytometry (BD FACSCanto;
BD Pharmingen) and analyzed using Flow]Jo software (Tree Star, Ashland,
OR). Results are shown as absolute numbers of antigen-specific cells per
spleen, and background values have been subtracted. T-cell responses were
considered meaningful when the percentage of DCT-specific cells was 2x
background values and >0.02%. Results reported as frequencies are also
available in Supplementary Figure S2.

Western immunoblotting and glycosidase assays. 293T cells transfected
with plasmid DNA using Lipofectamine 2000 (Invitrogen) were harvested
after 24 hours in modified RIPA buffer (1% sodium deoxycholate, 1%
Triton X-100, 0.1% SDS) containing protease inhibitors [PMSF and pro-
tease inhibitor cocktail (Sigma)]. Protein concentration was determined
via a Bradford assay (BioRad, Hercules, CA). For glycosidase assays, 20 jig
of proteins were treated with EndoH, or PNGaseF according to the recom-
mended conditions. The glycosidase-treated lysate was diluted 1:2 in SDS
gel loading buffer (BioRad), boiled for 5 minutes, electrophoresed on 10%
SDS-PAGE gels, transferred to nitrocellulose membranes and probed for
DCT using a-TRP-2 (C-9) (Santa Cruz Biotechnology, Santa Cruz, CA)
and polyclonal goat a-mouse IgG-HRP (Cedarlane, Burlington, Ontario,
Canada). GAPDH was used as a loading control, and the membranes were
probed with a-GAPDH antibodies (Sigma) following stripping of the blot
(50 mmol/l Tris, pH 6.8, 2% SDS, 40 pl/ml -mercaptoethanol for 1 hour at
RT). Development was done using ECL.

Statistical analysis. A two-tailed, unpaired Student’s t-test was used for
the analysis. Differences between means were considered significant at
P < 0.05. Results were generated using GraphPad Prism 4.0b software
(GraphPad Software, LaJolla, CA).

SUPPLEMENTARY MATERIAL

Figure $1. Example of FACS analysis.

Figure $2. Compiled intracellular cytokine staining results reported
as T cell frequencies.

Table $1. List of hDCT peptides surrounding the sequence deleted?® in
the AdhDCTAVYD vector and peptide reactivity as measured by ICSP.
Table $2. List of hDCT peptides containing an asparagine (N)-to-
aspartic acid (D) mutation® of putative N-linked glycosylation sites
(motif: N-X-C/S/T) and peptide reactivity as measured by ICSP.
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