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Vaccines are beginning to be explored for as measures to prevent cancer. Since determining the efficacy of vaccines
by evaluating disease outcome requires a long time, there is an urgent need for early predictive biomarkers. To this
end, immunological endpoints that can be assessed weeks or months post-vaccination are currently being evaluated.
However, when multiple vaccines are available, waiting for the development of humoral and cellular immunity could still
cause delays, whereas early assessments would allow for a timely shift to more effective prevention modalities. Applying
the phospho-flow technique to primary T cells, we examined the phosphorylation status of various proteins that shape
the activation, proliferation, and differentiation of mucin 1 (MUC1)-specific CD4* T cells within the first 24 hours post-
immunization. It is known that a vaccine composed of a MUCT-derived peptide loaded on dendritic cells is more effective
in eliciting T-cell responses than a vaccine including the same peptide plus an adjuvant. Both these vaccines stimulate
T cells more effectively in wild-type (WT) than in MUC1-transgenic mice. We examined if the signaling events downstream
of the TCR or linked to various proliferative and survival pathways, monitored in two different hosts as early as 3, 6, 12
and 24 hours post-immunization, could predict the differential potential of these two MUCT-targeting vaccines. The
signaling signatures that we obtained primarily reflect differences between the vaccines rather than between the hosts.
We demonstrate the feasibility of using a phospho-flow-based approach to evaluate the potential of a given vaccine to

elicit a desired immune response.

Introduction

Immunotherapy is gaining recognition not only as an impor-
tant improvement to standard radio- and chemotherapeutic
approaches against cancer but also as an effective form of anti-
cancer monotherapy.'! Vaccines are one form of immunotherapy
that could provide benefits not only to advanced cancer patients,
by boosting anticancer immune responses, but also to individu-
als who are at high risk for developing cancer, by eliciting immu-
nological protection. Over the last three decades, great advances
have been made in the characterization of immune responses in
cancer patients and of the types of immunity that are required to
control various tumors. In addition, numerous tumor-associated
antigens recognized by tumor-specific T cells have been used to
develop and test anticancer vaccines. Preclinical animal models,
in particular genetically engineered mice, have been very useful
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in testing the immunogenicity and efficacy of anticancer vac-
cines. Several studies have demonstrated that, for being effec-
tive, a vaccine needs to elicit a vigorous effector T-cell response
and a robust memory response. In turn, the ability of a vac-
cine to elicit these responses depends on the choice of tumor-
associated antigen(s), the choice of adjuvant(s), and on status of
the patient’s immune system. The majority of well-characterized
tumor-associated antigens® are closely related to self antigens
and may be subjected to various degrees of self tolerance. The
choice of adjuvant(s) and antigen-delivery systems (e.g., loaded
on dendritic cells, DCs, coded by viral vectors, conjugated to
DC-targeting antibodies) is a critical determinant of both the
strength and the type of immune response elicited by antican-
cer vaccines. These and other variables eventually determine
the efficacy of a vaccine, which moreover can vary in different
patients.
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The efficacy of anticancer vaccines can be assessed by two out-
comes: (1) immunogenicity, measured as the production of new
antigen-specific antibodies and T cells several weeks after vac-
cination, and (2) tumor control, which can be measured weeks
after vaccination in mouse models but only months and years
after vaccination in patients. Evaluating the efficacy of preventive
anticancer vaccines would be even more delayed. According to
preclinical and clinical studies, immunogenicity and tumor con-
trol are tightly correlated, that is, the more robust the antibody
and T-cell responses induced by the vaccine are, the better long-
term tumor control. The goal of our work was to evaluate in vivo
a technique that has been successfully used to measure activation
of T cells in vitro, in order to determine if an early T-cell activa-
tion signature can be obtained in primary T cells and might be
developed as a predictive biomarker of vaccine efficacy.

CD4* T cells play a central role in determining the intensity
and quality of CD8* cytotoxic T lymphocyte (CTL), antibody,
and memory responses. In addition, CD4* T cells participate in
the activation and recruitment of innate effector cells to the tumor
site.> Therefore, the ability of a vaccine to activate CD4* T cells
could be an important biomarker of its efficacy.

Mucin 1 (MUCI1) is an O-linked glycosylated transmem-
brane protein normally expressed on the apical surface of duc-
tal epithelial cells, but aberrantly expressed in a broad spectrum
of adenocarcinomas. Upon malignant transformation, MUCI1
loses polarity and becomes overexpressed and hypoglycosylated,
revealing an immunogenic region of tandem repeats of 20 resi-
dues. Weak T-cell and antibody responses to MUCI have been
observed in adenocarcinoma patients, prompting the develop-
ment of anticancer vaccines to boost this response.

We have previously shown that an anticancer vaccine based on
DCs loaded with a MUCI-derived peptide elicits more effective
antitumor responses than the same peptide combined with poly-
inosinic-polycytidylic acid stabilized with polylysine and carboxy-
methylcellulose (poly:ICLC).¢ Furthermore, we have shown that
MUCT-specific T cells proliferate less and produce less interferon
v (IFNY) in response to both these vaccines in MUCI-transgenic
mice than in their wild-type (WT) counterparts.”® These find-
ings provided a relevant model for investigating the potential of
early biomarkers that are associated with different disease out-
comes following the administration of anticancer vaccines.

The development of flow cytometry-based assays, a technique
known as phospho-flow, has allowed for the activation of com-
plex signaling networks to be precisely characterized within single
cells.”~'2 Phospho-flow has already been used to investigate signal
transducer and activator of transcription (STAT) activation in
T cells from late stage cancer patients,” shifts in the signaling
potential of leukocytes from acute myeloid leukemia patients,"
and deficiencies of STAT signaling in monocytes from HIV-
infected individuals,” as well as in attempts to predict the clini-
cal responsiveness of patients affected by rheumatoid arthritis.'®
Here, we use the phospho-flow technique for the first time on
tumor antigen-specific primary T cells to evaluate differences in
the quality (which pathways are activated and with which kinet-
ics) and quantity (strength of activation) of immune responses
as elicited by two different MUCI-targeting vaccines in two
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different mouse strains. We hypothesized that the differences in
the immunogenicity and efficacy of these vaccines in different
hosts, as measured weeks and months post-vaccination, might
be predicted by the state of CD4* T-cell activation immediately
after vaccination. We show that this is indeed the case and that
the phosphorylation profile of MUCI-specific TCR-transgenic
CD4* T cells measured 3, 6, 12 and 24 hours post-vaccination
differs in animals receiving soluble MUCI-derived peptides plus
adjuvant or MUC-derived peptide-loaded DCs.

We propose that other vaccines can be similarly compared and
their immunogenicity characterized, with the most robust T-cell
activation signature indicating the best candidate(s) for further
development.

Results

Kinetics of TCR signaling in MUCI-transgenic and WT mice
in response to two different MUCI-targeting vaccines. We
adoptively transferred MUCl-specific VET T cells and control
OT-II T cells into WT or MUCI-transgenic mice and immu-
nized mice with either DCs loaded with a MUCI-derived pep-
tide or the MUCI-derived peptide admixed with the adjuvant
poly:ICLC. We then collected splenic T cells from 3 mice per
group at each time point. Three hours after the administration
of MUCI-derived peptide-loaded DCs, MUCl-specific T cells
displayed high levels of (transient) Zap70 phosphorylation in
MUCI-transgenic mice but not in WT mice. Six hours post-
vaccination, the phosphorylation of Zap70 in MUCI-transgenic
mice was still detectable but was much less intense, resem-
bling that observed in WT mice (Fig. 1A). The percentage of
MUCI-specific T cells manifesting Zap70 phosphorylation
was relatively low (-2%) in both strains. In contrast, the phos-
phorylation of the inactive conformation of Lck was weak but
measurable at all time points, and could be detected in a large
percentage of T cells (Fig. 1B). In the case of the peptide vac-
cine, MUCl-specific T cells from WT and MUCI-transgenic
mice had equivalent levels of phosphorylated Zap70 at 3 hours
and a high number of activated T cells at early time points. As
with the DC-based vaccine, Lck phosphorylation was measur-
able at 6 hours (Fig. 1A) and in a large number of T cells in both
WT and MUCI-transgenic mice (Fig. 1B). The fact that these
vaccines elicited similar signaling downstream the TCR suggests
that their differential efficacy is not due to differences in the first
steps of antigen recognition.

Activation of cell cycle-related and pro-survival pathways
following MUCI-targeting vaccines in WT and MUCI-
transgenic mice. The phosphorylation of ERK1/2 has been
shown to be critical for T-cell activation and proliferation in
response to alloantigens in vivo"” and was hence of interest for
MUCT-specific responses. We investigated MUCI-specific
T cells responding to two MUCI-targeting vaccines in WT and
MUCI-transgenic mice for differences in the phosphorylation
status of ERK1/2 (laying downstream of TCR signaling in the
RAS/RAF signaling pathway) and of two other tyrosine kinases,
p38MAPK and Ake, both of which are involved in cell survival and
proliferation. Both Akt and p38M4** have also been shown to play
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with mice receiving the peptide-based vaccine.

Figure 1. TCR-elicited signaling. (A) The levels of phosphorylated Zap70 and Lck were examined in MUC1-transgenic or wild-type (WT) mice 3, 6,

12 and 24 h following the administration of either MUC1-derived peptide-loaded dendritic cells (DC-MUCT, n = 6 per strain per time point, except

12 h, when n = 3 per strain per time point) or a MUC1-derived peptide combined with polyinosinic-polycytidylic acid stabilized with polylysine and
carboxymethylcellulose (MUC1-poly:ICLC, n = 6 per strain per time point, except 6 h, when n = 5 per strain per time point). ***p < 0.001 (unpaired
Student’s t-test), as compared with mice receiving the peptide-based vaccine. (B) The percentage of THY1.1* cells manifesting the phosphorylation of
Zap70 and Lck in response to vaccination was determined at the indicated time points. *p < 0.05; "'p < 0.001 (unpaired Student'’s t-test), as compared

1819 and their activa-

20,21

a role in T-cell differentiation and function,
tion is known to rely on co-stimulatory signaling.

We found differences in the kinetics of ERK1/2 phosphory-
lation in MUCI-transgenic mice as compared with WT mice
following the administration of MUCI-derived peptide-loaded
DCs. In MUCI-transgenic mice, six hours post-vaccination, we
observed a small percentage of MUCI-specific T cells experienc-
ing a peak in ERK1/2 phosphorylation that quickly decreased
by 12 hours (Fig. 2A and B). The signal phopsho-ERK1/2
peaked in WT mice only 12 hours post-vaccination. The activa-
tion of p38M4*% and Akt in response to the DC-based vaccine
was similar. MUCI-transgenic and WT mice exhibited low
levels of p38MATK and Akt phosphorylation in a small percent-
age of MUCI-specific T cells. The phosphorylation of ERK1/2,
p38MAPK and Ake in response to the peptide-based vaccine was
minimal but equivalent in MUCI-transgenic and WT mice.
Although the activation of cell cycle-related and pro-survival
signaling pathways in MUCI-transgenic and WT mice follow-
ing the administration of the peptide-based vaccine had a simi-
lar trend in terms of intensity and duration, there was an initial
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increase in the subpopulation of MUCI-specific T cells mani-
festing p38MA*™ and ERK1/2 phosphorylation that could not
be observed in response to MUCI-derived peptide-loaded DCs
(Fig. 2B). In summary, MUCl-specific T cells responding to
DC-based and peptide-based MUCI-targeting vaccines differ in
terms of ERK1/2, but not p38MA™® and Akt, phosphorylation.
Activation of T ,1-associated signaling molecules in response
to MUCI-targeting vaccines in WT and MUCI-transgenic
mice. We have previously demonstrated that MUCI-derived
peptide-loaded DCs elicit -specific T ;1 responses in both MUCI-
transgenic and WT mice, although a decrease in IFNvy production
by MUCT-specific cells occurs in MUCI-transgenic mice as com-
pared with their WT counterparts.® Expecting this to be linked
to differences in the percentage of cells or the degree of phos-
phorylation of T, I1-associated signaling molecules,” we examined
the phosphorylation status of T ,1-associated signaling molecules
operating downstream of the IFNvy receptor and the intetleu-
kin (IL)-12 receptor (i.e., STAT1 and STAT4, respectively), as
well as the expression of the transcription factor Tbet. MUCI-
specific T cells displayed a much more intense phosphorylation
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Figure 2. Activation of cell cycle-associated and pro-survival signaling pathways. (A) The phosphorylation status of signaling molecules in the

mitogen-activated protein kinase (MIAPK), RAS/RAF, and phosphoinositide-3-kinase (PI3K) pathways (p38"4Pk, ERK1/2 and Akt, respectively) was exam-
ined in MUC1-transgenic or wild-type (WT) mice 3, 6, 12 and 24 h following the administration of either MUC1-derived peptide-loaded dendritic cells
(DC-MUC1, n = 6 per strain per time point, except 12 h, when n = 3 per strain per time point) or a MUCT-derived peptide combined with polyinosinic-
polycytidylic acid stabilized with polylysine and carboxymethylcellulose (MUC1-poly:ICLC, n = 6 per strain per time point, except 6 h, when n =5 per
strain per time point). *p < 0.05; (unpaired Student’s t-test), as compared with mice receiving the peptide-based vaccine. (B) The percentage of MUCI-

specific cells manifesting the phosphorylation of p38¥4?, ERK1/2, and Akt in response to vaccination was determined at the indicated time points.
*p < 0.05; ***p < 0.001 (unpaired Student’s t-test), as compared with mice receiving the peptide-based vaccine.

of STAT1 than of STAT4, in both MUCI-transgenic and WT
mice, 3 and 6 hours post-vaccination (Fig. 3A). Although STATs
were equivalently activated in both groups of mice responding to
the peptide-based vaccine, MUCl-specific T cells from MUCI-
transgenic mice collected 3 hours after the administration of the
DC-based vaccine exhibited a more robust and more widespread
activation of STAT1 than MUCI-specific T cells obtained from
WT mice (Fig. 3A and B). In addition, from 6 to 24 hours post-
immunization, the percentage of MUCI-specfic T cells exhibiting
phosphorylated STAT1 was consistently higher in mice receiving
MUCI-derived peptide-loaded DCs than in their counterparts
treated with the peptide-based vaccine (Fig. 3B). Thus MUCI-
derived peptide-loaded DCs activate a more robust T 1 signal-
ing than MUCI-derived peptides combined with poly:ICLC, in
both WT and MUCI-transgenic mice.

T,2 and T, 17-associated signaling responses to MUCI-
targeting vaccines in MUCl-specific T cells. We also examined
the phosphorylation status of STAT6 and STAT3, in order to

potentially predict if our vaccines might be activating T2 or
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T,,17 cells, which are not routinely assessed in response to anti-
cancer vaccines. The activation of STAT3 promotes indeed
T, 17 differentiation,”** while T, 2 responses require STATG
and STAT3 signaling.** Following the administration of both
DC- and peptide-based vaccines, MUCl-specific T cells from
MUCI-transgenic and WT mice contained an equivalent per-
centage of cells exhibiting STAT6 and STAT3 phosphorylation,
developing with similar kinetics. In general, the DC-based vac-
cine elicited robust STAT?3 signaling in > 50% of MUCI-specific
T cells in the first 24 hours (Fig. 4A and B), with little to no signs
of STAT6 activation. Twenty-four hours after vaccination, the
STAT3 phosphorylation was more intense in MUCI-transgenic
mice than in their WT counterparts. Conversely, the peptide-
based vaccine induced greater levels of STAT6 phosphorylation
than of STAT3 phosphorylation at all time points (Fig. 4A).
Although we observed an initially larger percentage of cells exhib-
iting STAT6 phosphorylation, as time progressed the population
of MUCT-specific T cells bearing activated STAT6 decreased to
barely detectable levels, while the population of MUCI-specific
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Figure 3. T 1-associated signaling. (A) The phosphorylation of signal transducer and activator of transcription 1 (STAT1) and STAT4, as well as the
expression levels of the transcription factor Tbet were examined in MUC1-transgenic or wild-type (WT) mice 3, 6, 12 and 24 h following the adminis-
tration of either MUCT-derived peptide-loaded dendritic cells (DC-MUC1, n = 6 per strain per time point, except 12 h, when n = 3 per strain per time
point) or a MUC1-derived peptide combined with polyinosinic-polycytidylic acid stabilized with polylysine and carboxymethylcellulose (MUC1-
poly:ICLC, n = 6 per strain per time point, except 6 h, when n =5 per strain per time point). (B) The percentage of MUC1-specific cells manifesting
the phosphorylation of STAT1 and STAT4 or expressing Thet above baseline in response to vaccination was determined at the indicated time points.
*p < 0.05; ***p < 0.001 (unpaired Student’s t-test), as compared with mice receiving the peptide-based vaccine.

T cells exhibiting STAT3 phosphorylation remained constantly
elevated (Fig. 4B).

Fewer MUCI-specific T cells show S6 activation in response
to MUCI-derived peptide-loaded DCs than following the
administration of MUCI-derived peptides plus poly:ICLC.
We have previously demonstrated that regulatory T cells
(Treg) affect MUCl-specific CD4* T cell responses in MUCI-
transgenic mice.” To assess if the activation of Tregs can be used
to predict the efficacy of different vaccines in different hosts, we
examined the phosphorylation status of the S6 kinase (operating
downstream of the Akt/mTOR pathway), which inversely cor-
relates with Treg development,” and STAT5 (the main trans-
ducer of IL-2-driven signals) as well as the expression of the
Treg-associated transcription factor FOXP3. These markers did
not differ in T cells obtained from vaccinated MUCI-transgenic
and WT mice, with the exception of FOXP3 expression, being
higher in MUCI-transgenic mice 6 h after the administra-
tion of MUCI-derived peptide-loaded DCs (Fig. 5A). There

was a difference, however, between the two vaccines. Indeed,
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MUCI-derived peptides combined with poly:ICLC elicited a
much greater percentage of cells manifesting S6 phosphorylation
and significantly fewer cells exhibiting STATS5 phosphorylation
than MUCI-derived peptide-loaded DCs (Fig. 5B).

Differences in signaling profiles as assessed a few hours
post-vaccination correlates with the composition of the T-cell
response. We analyzed cell surface activation markers on VFT
T cells obtained from WT or MUCI-transgenic mice vac-
cinated with MUCI-derived peptide-loaded DCs or MUCI-
derived peptides combined with poly:ICLC, whose signaling
events were determined above. We found that a large percent-
age of these cells expressed CD25 for the first 12 hours post
DC-based immunization, regardless of their origin (MUCI-
transgenic vs. WT mice). By 24 hours, however, the percentage
of cells expressing CD25 dropped significantly in WT mice.
Conversely, CDG69 expression was low for the first 6 hours post-
vaccination, peaked at 12 hours and was more prominent on
cells from WT mice than on cells from MUCI-transgenic ani-

mals (Fig. 6A).
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Figure 4.7, 2 and T,17 signaling. (A) The phosphorylation of signal transducer and activator of transcription 3 (STAT3) and STATG6, as well as the expres-
sion levels of the transcription factor Tbet were examined in MUCT-transgenic or wild-type (WT) mice 3, 6, 12 and 24 h following the administration of
either MUCT-derived peptide-loaded dendritic cells (DC-MUCT, n = 6 per strain per time point, except 12 h, when n = 3 per strain per time point) or a
MUC1-derived peptide combined with polyinosinic-polycytidylic acid stabilized with polylysine and carboxymethylcellulose (MUC1-poly:ICLC,n =6
per strain per time point, except 6 h, when n =5 per strain per time point). **p < 0.01; ***p < 0.001 (unpaired Student’s t-test), as compared with mice
receiving the peptide-based vaccine. (B) The percent of MUCT-specific cells manifesting the phosphorylation of STAT3 and STAT6 or expressing Thet
above baseline levels in response to vaccination was determined at the indicated time points. *p < 0.05; ***p < 0.001 (unpaired Student’s t-test), as

compared with mice receiving the peptide-based vaccine.

Since S6 inversely correlates with the development of Tregs,
we determined the percentage of FOXP3*CD4* T cells in
MUCI-transgenic and WT mice following a secondary boost
with either the DC- or the peptide-based vaccine. Approximately
3% of CD4* T cells were FOXP3* in MUCI-transgenic and
WT mice receiving MUCI-derived peptides combined with
poly:ICLC. In contrast, MUCI-derived peptide-loaded DCs
were more effective at stimulating the development of Tregs,
yielding twice as many FOXP3* T cells (Fig. 6B).

A quantitative data set representing the early activation of sig-
naling pathways that are important for the development of anti-
cancer immune response allowed us to compile one activation
fingerprint. Figure 7 represents signaling signatures of MUCI-
specific CD4* T cells responding to MUCI-targeting vaccines
in MUCI-transgenic mice, where MUCI is a self antigen, and in
WT mice, where MUCI is a foreign antigen. This is an example
of the potential of this approach, which will need to be further
validated by comparing other vaccines and relating phopho-flow
data with disease outcome.
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Discussion

The phospho-flow technique has proven reliable and reproducible
in vitro." In addition, phospho-flow has been successfully used
in vivo, in models of stimulation in which a bolus of adjuvant®®
or a soluble antigen that can directly bind to the cleft of MHC
molecules were administrated,” but many hurdles still preclude
its use for antigen-specific events. The time it takes for antigens
to be processed and for the TCR:MHC synapse between DCs
and T cells to form in the spleen or lymph nodes can vary to
considerable extents for different vaccines and in different hosts.
Furthermore, only a small fraction of cells is being activated at
a given moment, manifesting transient phosphorylation events,
implying that the signal is easily diluted, especially at very early
time points. In spite of these theoretical hurdles, we demonstrate
that the phosphorylation signatures of MUCI-specific T cells
reacting to MUCI-derived peptides or MUCI-derived peptide-
loaded DCs can be compared, allowing for the identification
of differences in the strength and quality of signaling events
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Figure 5. Signaling through regulatory T cells-associated pathways. (A) The expression levels of FOXP3 and phosphorylation status of signal transduc-
er and activator of transcription 5 (STAT5) and S6 examined in MUC1-transgenic or wild-type (WT) mice 3, 6, 12 and 24 h following the administration
of either MUC1-derived peptide-loaded dendritic cells (DC-MUCT1, n = 6 per strain per time point, except 12 h, when n = 3 per strain per time point) or
a MUC1-derived peptide combined with polyinosinic-polycytidylic acid stabilized with polylysine and carboxymethylcellulose (MUC1-poly:ICLC, n =6
per strain per time point, except 6 h, when n =5 per strain per time point). *p < 0.05 (unpaired Student’s t-test), as compared with mice receiving the
peptide-based vaccine. (B) The percent of MUC1-specific cells manifesting the phosphorylation of STAT5 and S6 or expressing FOXP3 above baseline
levels in response to vaccination was determined at the indicated time points. *p < 0.05; ***p < 0.001 (unpaired Student’s t-test), as compared with

mice receiving the peptide-based vaccine.

associated with T 1, T,;2, T ;17 and Treg responses as well as
with cell survival and proliferation.

In future studies, in order to obtain an even more precise
vaccine-induced T-cell activation signature, it may be necessary
to expand the panel of signaling molecules that are assessed.
Many of the signaling molecules that we evaluated have numer-
ous downstream targets and multiple upstream modifiers. This
could hinder the interpretation of the activation and differentia-
tion of the T-cell response and hence affect the reliability of the
prediction of efficacy. For instance, an increased phosphorylation
of Akt could be indicative of cell growth, proliferation, or autoph-
agy inhibition, while decreased Akt activation might suggest cell
cycle blockade as well as the activation of immune functions, as
it has been shown for the immunosuppressive activity of Tregs.*®
Signal transducers may have various upstream activators. For
instance, the IL-6 receptor, the IL-21 receptor and CD40L all
signal through STAT3. The role of STAT3 signaling in the dif-
ferentiation of T helper subsets has been well defined. However,
STAT?3 has also been shown to play a role in the development
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and maintenance of immunological memory.? In addition, the
synthesis of IL-17 is dependent on downstream transducers of
MAPK signaling and—in CD4* T cells—it requires the activa-
tion of p38M4PK30 Increases in the phosphorylation of MAPKSs
in response to anticancer vaccines may therefore be indicative of
increased cell survival or a skewing toward a T ;17 response. These
instances of crosstalk demonstrate the importance of understand-
ing the context and cell type in which signaling pathways are acti-
vated in order to predict later effects on the immune response.
All caveats acknowledged, we were able to demonstrate dif-
ferences in the kinetics of activation of signaling pathways and
in the intensity of specific phosphorylation events that depended
on whether a foreign (MUCI in WT mice) or abnormal self
(MUCLI in MUCI-transgenic mice) antigen was being recog-
nized by the immune system. These responses changed with the
design of the vaccine (peptide-loaded DCs or peptides combined
with an adjuvant), generating unique signaling signatures. This
suggests that—with additional optimization and proper valida-
tion—the signaling fingerprint developing within a few days
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Figure 6. Small differences in signaling yield differences in T-cell outcome. (A) The expression
of the cell surface activation markers CD25 and CD69 was examined on MUC1-specific T cells
from MUC1-transgenic or wild-type (WT) mice (n = 3 per strain per time point) 3,6, 12 and 24 h
following the administration of either MUC1-derived peptide-loaded dendritic cells (DC-MUCT1)
or a MUC1-derived peptide combined with polyinosinic-polycytidylic acid stabilized with
polylysine and carboxymethylcellulose (MUC1-poly:ICLC). *p = 0.05 (unpaired Student’s t-test),
as compared to WT mice. (B) MUC1-transgenic and WT mice (n = 3 per strain) were vaccinated
as indicated in panel (A) and boosted twice at four-week intervals. The endogenous CD4* T cell
populations were analyzed 24 h after the secondary boost for FOXP3 expression levels.

were distinguishable from endogenous cells
via Thyl.1 congenic background, therefore
only OT-II TCR-transgenic CD4* T cells
were labeled with 2 wM carboxyfluores-
cein diacetate succinimidyl ester (CFSE;
Invitrogen) prior to transfer. Equivalent
numbers of CD4* VFT and OT-II T cells

(35 x 10%/strain) were injected via the lat-

post-vaccination can serve as a biomarker of vaccine efficacy.
Moreover, this approach can represent a valuable strategy to rap-
idly assess the influence of vaccine design, including changes in
the active components, adjuvants and delivery vehicle.

Materials and Methods

Mice. C57BL/6 (WT) and C57BL/6-Tg (TcraTcrb)42SCbn/]
(OT-II TCR-transgenic) mice were purchased from The Jackson
Laboratory, MUCI-transgenic mice were originally obtained
from Dr. S. Gendler (Mayo Clinic), and VFT TCR-transgenic
mice were generated at the University of Pittsburgh transgenic
mouse facility, as previously described.® All mice were housed in a
specific pathogen-free environment. All breeding and experimen-
tal procedures were approved by and performed in accordance
with the guidelines of the Institutional Animal Care and Use
Committee of the University of Pittsburgh.

Generation of bone marrow dendritic cells (BMDCs).
BMDCs were generated as previously described.? In brief, bone
marrow cells were harvested from the tibia and femur of WT
mice. Following red blood cell lysis, bone marrow cells were plated
at 1.5 x 10° cells/mL in AIM-V media (Invitrogen) containing
sodium pyruvate, 2-mercaptoethanol, non-essential amino acids,
and supplemented with 20 ng/mL granulocyte-macrophage col-
ony-stimulating factor (GM-CSF; Miltenyi Biotec). On day 3,
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eral tail vein 1-2 d pre-vaccination.
In vivo stimulation. For immuniza-
tion, each mouse received either a DC-based vaccination of 3 x
10° MUCI-derived peptide-loaded BMDCs or a MUCI-derived
peptide plus poly:ICLC vaccination comprising 100 wg MUCI
peptide and 50 pg of poly:ICLC by lateral tail vein injection.
Splenocytes were harvested and processed for phospho-flow analy-

sis as described previously.?®

273233 In brief, spleens were harvested
at various time points post-immunization and fixed immediately
while processing them into a single-cell suspension in 1.6% para-
formaldehyde (Electron Microscopy Services). After fixation for 10
min at room temperature, cells were permeabilized with the addi-
tion of ice cold methanol to a final concentration of 80%. Samples
were incubated for 30 min at 4°C before being stored at -80°C.
Optimization of the phospho-flow technique for analysis
of primary T cells. Intracellular phospho-specific staining was
done in conjunction with staining for surface markers, as previ-
ously described.” Briefly, cells were washed twice in staining buffer
(0.5% bovine serum albumin and 0.02% sodium azide in PBS)
before blocking with an anti-CD16/32 antibody for 20 min at
room temperature. Cells were stained for 45 min at room tempera-
ture with a mixture of surface marker-specific antibodies including
CD4 V500, B220 PeCy7, CD90.1 APC-eFluor 780 (eBiosci-
ence), and an exclusion panel of biotin—streptavidin PE-Texas
Red labeled antibodies (CD49b, TER119, CD11c, CD8a, F4/80
and CD11b) for an improved resolution of the populations of
interest. Two intracellular or phospho-specific antibodies among
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Figure 7. MUC1-specific CD4* T cells activation “fingerprint” in vivo. Signaling profile of the CD4* T-cell population in MUC1-transgenic and wild-type
(WT) mice responding to the administration of either MUC1-derived peptide-loaded dendritic cells (DC-MUC1) or a MUC1-derived peptide combined
with polyinosinic-polycytidylic acid stabilized with polylysine and carboxymethylcellulose (MUC1-poly:ICLC). The profile encompasses TCR-associated,
cell cycle-associated, pro-survival, T helper-associated and regulatory T cell-associated signaling pathways.

the following were used per sample: Tbet Alexa Fluor 647, Akt
Alexa Fluor 647 (pS473), ERK1/2 PE (pT202/pY204), Lck Alexa
Fluor 647(pY505), p38 MAPK Alexa Fluor 647 (pI'180/pY182),
Statl PE (pY701), Stat3 PE (pY705), Stat4 PE (pY693), Stat5
PE (pY694), Stat6 Alexa Fluor 647 (pY641), S6 Alexa Fluor
647 (pS244), Zap70 PE (Y319). After staining, all samples were
washed and resuspended in staining buffer. All antibodies were
obtained from BD Biosciences, unless otherwise noted.

All samples were acquired on the LSR Fortessa and ana-
lyzed with FlowJo software (Treestar). The transferred
MUCIl-stimulated VFT CD4* T cell population (exclusion
-CD4*B220-CD90.1*CFSE") as well as the co-transferred con-
trol OT-II population, which does not respond to MUCI-derived
peptides (exclusion -CD4*B220-CD90.1-CFSE*), were identi-
fied. Median Fluorescent Intensity (MFI) was calculated for each
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population within the sample and used to calculate fold changes
upon stimulation, after normalization to the corresponding fluo-
rescence minus one (FMO) control: fold change = absolute value

(MFI /MFI )/ (MFI IMFI

stimulated stimulated FMO unstimulated unstimulated FMO) :
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