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Abstract:
Background: Recent advances in cancer immunology, highlighted by immune checkpoint
inhibitors, have demonstrated that immunotherapy is a viable option in the oncologist’s
armamentarium. Despite these advances, many patients are nonresponders. Preliminary
studies have suggested that non-responders lack a de-novo anti-tumor antigen immune
response that can be unmasked by checkpoint blockade; thus, strategies to induce anti-tumor
immune responses are needed.
Hypothesis: We hypothesized that many tumor associated antigens (Ag) are readily susceptible
to immune attack, but only in the context of identifying the tumor antigen epitopes that can
reliably initiate an immune response, regardless of individual patient human leukocyte antigen
(HLA) haplotype restrictions. We further hypothesized that epitope prediction strategies which
seek to identify pan- or highly promiscuous-HLA binding epitopes would reduce the number of
potential candidates and be more likely to accurately identify high-priority tumor Ag epitopes.
Methods: Utilizing known HLA-serotype frequencies and setting a threshold of ninety percent
of population coverage, regardless of race or ethnicity, twenty-nine different HLA-DRB1
haplotypes were chosen for antigen prediction utilizing the open source epitope prediction
algorithm netMHCIIpan. Predictions were also performed for HLA-A serotypes utilizing the open
source algorithm netMHCpan. Predicted epitopes were synthesized in the form of synthetic
long peptides and tested in immune system sensitization assays involving unfractionated
peripheral blood mononuclear cells (PBMC). Briefly, PBMC were subjected to a two-step
culture, first synchronizing their exposure to the long peptides with aggressive surrogate
activation of innate immunity, followed by IL-7-modulated T-cell hyperexpansion.
Results: Predictions resulted in identification of highly promiscuous-HLA binding epitopes.
Unexpectedly, these epitopes clustered together forming high priority regions: unique “hot
spots” with high densities of promiscuous HLA-binding epitopes from the widely expressed
oncoproteins MUC1, HER2/neu and CMV-pp65 (p<0.0001, for predicted HLA-DRB1 binding
affinities, compared to non-hot spot regions). Added synthetic long peptides (>20aa) derived
from “hot spot” regions of MUC1, HER2/neu, and CMVpp65 reliably produced selective and

sustained expansion of both CD4+ and CD8+ peptide-specific, interferon-γ (IFNγ)-producing Tcells when synchronized with step 2 exposure to exogenous IL-7 (p<0.0001 and p=0.0048, for
CD4+ and CD8+ Ag-specific T-cells, respectively, compared to T-cells directed against peptides
from non-hot spot regions). “Hot spot” peptide Ag-specific T-cells preferentially recognized
endogenous tumor derived MUC1, either in MUC1 expressing tumor cell killing assays (p=0.038,
compared to non-peptide Ag-specific T-cells) or as MUC1 tumor lysate when pulsed onto
restimulatory PBMC (p=0.022 and 0.025, for CD4+ and CD8+ T-cells, respectively, compared to
T-cells directed against peptides from non-hot spot regions).
Conclusion: This mechanistically rational antigen selection sequence, effective even for
unvaccinated donors, regardless of HLA-haplotype, enables rapid identification of tumor
protein regions relevant for cancer immunology, including adoptive immunotherapy, vaccines,
and even identification of tumor neo-antigens unique to each patient.
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Introduction
The advent of immune checkpoint inhibitors, which antagonize inhibitory extracellular
immune signaling molecules, such as PD-1 and CTLA-4, has demonstrated that many cancer
patients harbor an endogenous anti-tumor immune response, which can be unmasked to alter
disease trajectory1-7. These therapies are applicable for a wide variety of cancer types, including
previously difficult to treat cancers such as melanoma, renal cell carcinoma, urothelial
carcinoma, non-small cell lung carcinoma, and treatment resistant Hodgkin Lymphoma1-13.
These developments have begun to realize the promise of cancer immunotherapy, which had
hereto largely been disappointing as a therapeutic avenue, except in melanoma patients14.
Theoretically, the basis of cancer immunotherapy is well founded; cancer cell mutations
engender aberrantly expressed proteins, which result in neo-amino acid sequences, unique
post-translational modifications, and overexpression of self-proteins15. These tumor signatures
result in tumor-antigens that the immune system can address as non-self and attempt to
eradicate15. By disabling inhibitory pathways, these medications render these de-novo antitumor responses effective and provide clinical benefit.
However, many patients remain non-responders, and various malignancies do not seem
to be sensitive to checkpoint blockade16,17. Understanding why this is so is a critical area of
research; preliminary evidence suggests that these patients may not harbor a de-novo antitumor immune response6,7,18-20. In various cancers, intratumoral PD-1 or PD-L1 expression has
been shown to be restricted to the tumor antigen (Ag)-specific T-cell compartment and the lack
of intratumoral PD-1 or PD-L1 has been correlated with a lack of tumor Ag-specific T-cells; and
therefore a lack of an endogenous anti-tumor immune response19-23. These studies suggest that
intratumoral PD-1 and PD-L1 expression is confined to patients with an anti-tumor immune
response, which may be especially relevant for patients with a higher mutational burden; and
therefore, a larger number of tumor neo-Ags that can be recognized by the immune system as
non-self13,16,17.
For patients without a de-novo anti-tumor immune response, attempts to induce a
response have been met with limited success. Current avenues under investigation include
various forms of anti-tumor vaccines and adoptive immunotherapy, in which tumor Ag-specific
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T-cells are reinfused back into patients, either genetically modified to recognize cancer cells or
from tumor infiltrating lymphocytes (TIL). Additional strategies target modulation of non-T-cell
immune compartments, such as tumorcidal macrophages or myeloid derived suppressor cells
(MDSC)14,18,23-37.
Both vaccine and non-vaccine based therapeutic maneuvers often utilize tumor cell
lysate, DNA or RNA vectors, or synthetic peptides as sources of tumor-Ag for immune response
induction28,38-45. However, it is often difficult and/or costly to prepare clinically acceptable
grades of DNA vectors, RNA vectors or killed tumor cells for use as Ags. Synthetic peptides have
many advantages compared to other sources of Ag, in that they are readily produced and are
less costly to develop, but pose significant challenges for widespread applicability based upon
human leukocyte antigen (HLA)-haplotype diversity and epitope restrictions.
HLA-Serotype Restrictions
HLA alleles encode the major histocompatibility complex (MHC) proteins that mediate
antigen presentation to T-cells. MHC class I directs antigen presentation to CD8+ T-cells, and
MHC class II presents antigen to CD4+ T-cells. HLA-A, B, and C alleles encode MHC Class I
proteins; HLA-DR, DP, and DQ encode MHC Class II proteins. Of these alleles, the HLA-A loci has
been extensively studied in the context of peptide as an antigen source due to the relatively
high percentage of the HLA-A2.1 serotype (30-50%) within the population46.
Unfortunately, this strategy has some significant drawbacks. Most peptides examined as
Ag-sources have been relatively short in length (8-9mers), as this length is sufficiently long to
bind to MHC Class I. However, these short peptides do not require antigen processing by
professional antigen presenting cells (APC), and this can result in peptide being presented in the
absence of costimulatory help, leading to T-cell anergy47. Additionally, these short peptides are
unlikely to address the CD4+ T-cell compartment, where longer peptides are often needed due
the different peptide binding cleft in MHC Class II47. There is significantly more genetic diversity
at the HLA-DR, DQ, and DP loci, making peptide design for CD4+ T-cells difficult. Additionally,
we and others, have shown that CD4+ T-cell help may be required to sustain the CD8+ T-cell
compartment and provide a clinically relevant response33,48. Finally, while prescreening for HLA-
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A2.1 is relatively easy and inexpensive, this focus limits the applicability of peptide antigens to a
smaller portion of the population, stifling the degree of applicability and potentially, clinical
benefit. Combined, these factors have limited the successful use of synthetic peptides as
sources of Ag for immunotherapy studies28,38,43-45,49.
We sought to address these limitations by developing a methodology to rapidly identify
candidate pan- or highly promiscuous-HLA binding tumor Ag epitopes in the form of synthetic
long peptides, and then easily test these candidates for their ability to induce anti-tumor
immune responses. We hypothesized that many tumor associated antigens (Ag) are readily
susceptible to immune attack, but only in the context of identifying the tumor antigen epitopes
that can reliably initiate an immune response, regardless of individual patient HLA-haplotype
restrictions. We further hypothesized that epitope prediction strategies which seek to identify
pan- or highly promiscuous-HLA binding epitopes would reduce the number of potential
candidates and be more likely to accurately identify relevant tumor Ag epitopes. Centering our
studies on the high level of HLA-diversity at the HLA-DRB1 allele, the most well-studied MHC
Class II gene, we utilized open source binding prediction algorithms to define epitopes with the
potential to bind to wide number of MHC Class II molecules encoded by HLA-DRB1 alleles50.
Unexpectedly, epitopes clustered together in high-priority regions, allowing for the synthesis of
synthetic long peptides that encapsulated these epitopes, and were often predicted to be
effective for over ninety percent of the population, regardless of race or ethnicity. Furthermore,
candidate HLA-A2.1 and HLA-A3 epitopes were often identified within these high-priority
regions, theoretically allowing for both CD4+ and CD8+ T-cell responses. Candidate peptides
were reliably able to induce immune responses in T-cell sensitization assays, both for CD4+ and
CD8+ T-cells in all donors tested, and T-cells preferentially recognized endogenous tumor
derived MUC1, either in MUC1 expressing tumor cell killing assays or as MUC1 tumor lysate
when pulsed onto restimulatory PBMC.
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Research Methods and Materials
Ethics Statement
Investigations have been conducted in accordance with the ethical standards of the Declaration
of Helsinki, as well as current national and international guidelines, and have been approved by
the authors’ institutional review boards. Data reported in this article involving the blood cells of
both healthy donors and cancer patients were performed under Mayo IRB #09-000263 and IRB
#15-007-402, in each case with informed consent obtained. A data use agreement was drafted
to establish the relationship between the University of Arizona and Mayo Clinic, contingent
upon de-identification of donors at the level of the medical student.
Antigen Prediction
HLA-DRB1 frequencies for the most common racial and ethnic groups in the United States were
obtained51. Initial screening revealed significant diversity, even amongst racial groups from the
Indian/Asiana geographical region (Table 1). To minimize the total number of needed HLADRB1 haplotypes for ninety percent population coverage the following inclusion criteria were
created. 1.) Haplotypes with greater than a 6% frequency in 1 or more racial or ethnic groups.
2.) Haplotypes with greater than 3% frequency in 2 or more groups. 3.) Haplotypes with greater
than 1.5% frequency in 3 or more groups. 4.) For groups with less than 89% population
coverage, add the next highest haplotype frequencies until the 89% threshold for that group is
reached. Twenty-nine different HLA-DRB1 haplotypes were the minimal number required to
meet these criteria. A full list of HLA-DRB1 haplotypes and frequencies is provided51 (Table 1).
Utilizing the open source epitope prediction software, netMHCIIpan50 and the full-length
protein sequences for MUC1, HER2/neu, and CMVpp65, each 15 amino acid peptide was
screened for predicted binding to the twenty-nine selected HLA-DRB1 haplotypes. MUC1,
HER2/neu and CMVpp65 were chosen for investigation due to their implication in multiple
cancer types30,38,52-54. NetMHCpan was utilized to screen for predicted HLA-A2.1 binding
peptides55. The predicted binding affinity was evaluated for each HLA-DRB1 haplotype,
according to the default settings of the netMHCIIpan algorithm. If affinity was sufficiently high
enough, as measured by predicted IC50 nM concentrations, the 15mer was considered to be a
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binder. A heat map for the whole protein sequence, including each 15mer was created, with 29
different color gradations, along a light white/yellow to bright red spectrum, indicating differing
degrees of promiscuity for the 29 HLA-DRB1 serotypes under consideration. A visual
representation of the methodology is provided (Figure 1).
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African
Caucasian Chinese Hispanic
Indian Japanese Korean
DRB1 Alleles American
Frequency Frequency Frequency Frequency Frequency Frequency
Frequency
01.01
2.65%
8.60%
0.93%
4.33%
3.21%
5.84%
5.78%
01.02
3.92%
1.38%
0.07%
3.32%
0.13%
0.06%
0.02%
03.01
6.99%
12.16%
6.81%
6.95%
7.46%
0.68%
2.20%
03.02
6.31%
0.03%
0.00%
0.50%
0.01%
0.01%
0.00%
04.01
2.02%
8.78%
0.51%
1.81%
0.90%
1.15%
0.78%
04.03
0.17%
0.79%
2.31%
1.84%
5.27%
2.43%
2.57%
04.04
0.82%
3.88%
0.88%
5.76%
2.01%
0.32%
1.39%
04.05
1.53%
0.67%
6.12%
2.22%
0.75%
14.72%
8.94%
04.07
0.39%
1.12%
0.08%
7.47%
0.13%
0.64%
0.44%
07.01
10.11%
13.42%
5.31%
9.61%
16.95%
0.94%
7.15%
08.02
0.09%
0.08%
0.55%
9.64%
0.51%
4.34%
2.50%
08.03
0.04%
0.24%
6.80%
0.27%
0.71%
7.44%
7.62%
08.04
5.42%
0.20%
0.01%
0.68%
0.08%
0.02%
0.00%
09.01
2.97%
1.03%
15.54%
0.82%
0.94%
13.87%
9.67%
10.01
1.92%
0.85%
1.34%
1.30%
6.28%
0.40%
1.70%
11.01
8.54%
5.56%
6.26%
3.55%
5.98%
2.58%
4.73%
11.04
0.58%
2.95%
0.25%
3.25%
1.97%
0.12%
0.07%
12.01
3.82%
1.64%
3.42%
0.91%
0.60%
3.75%
4.83%
12.02
0.29%
0.02%
11.50%
0.15%
2.99%
1.71%
3.45%
13.01
5.42%
5.63%
0.78%
3.72%
6.73%
0.76%
1.73%
13.02
7.30%
4.88%
2.42%
3.50%
3.37%
5.75%
8.62%
13.03
3.26%
1.09%
0.02%
1.06%
0.13%
0.04%
0.01%
14.01
1.86%
2.61%
3.33%
1.84%
1.13%
3.01%
2.68%
14.04
0.05%
0.07%
0.51%
0.03%
7.13%
0.02%
0.06%
14.06
0.01%
0.02%
0.02%
4.27%
0.05%
1.42%
0.68%
15.01
2.82%
13.46%
10.12%
6.43%
9.02%
8.67%
7.94%
15.02
0.23%
0.72%
2.66%
1.17%
10.73%
9.67%
3.18%
15.03
11.66%
0.05%
0.00%
0.58%
0.02%
0.01%
0.00%
16.02
1.38%
0.15%
4.35%
2.47%
0.67%
0.67%
0.99%
Total
92.6%
92.1%
92.9%
89.4%
95.8%
91.0%
89.7%
Coverage
Table 1 – Twenty-Nine Selected HLA-DRB1 Serotypes Encompass Nearly 90% of all Individuals.
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Figure 1 – Identification of High Priority Tumor Associated Antigen Regions
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Collection and preservation of PBMC
A total of 7 healthy HLA-A2.1+ eligible volunteer donors consented to undergo repetitive
leukapheresis collections at intervals deemed safe and appropriate by the American Association
of Blood Banks. Collections were performed using antecubital access and return, employing the
COBE Spectra apheresis system with settings to minimize retention of RBC and neutrophils in
the collection. Occasional collections notable for visible RBC retention were subjected to FicollHypaque density separations (Ficoll-Paque Plus, Thermo-Fisher #17-1440-02) for 20 minutes at
450 x g (2,000 rpm) to isolate the RBC- and neutrophil-poor PBMC interface. PBMC collections
were observed to perform well in culture whether they required the Ficoll-Hypaque gradient
step (data not shown). All collections were then repetitively washed more slowly at 115 x g
(1,000 rpm) in PBS to eliminate platelets from the pelleting PBMC, endpointed by an absence of
turbidity in the supernatant. Cells were then resuspended in ice cold human AB serum (HuAB)
(Fisher-Scientific/Gemini #100-512, Lot#H15M03A), to which an equal volume of 20%
DMSO/80% HuAB was added dropwise for a final concentration of 10% DMSO (Sigma-Aldrich
#D2438) Aliquots in cryovials were placed overnight in a - 80°C freezer prior to transfer into
liquid nitrogen storage. The performance of all PBMC detailed in this thesis reflects PBMC
which were subjected to initial cryopreservation on the collection day, followed days to months
later by thaw and culture. Up to 12 billion PBMC were safely collected during each
leukapheresis procedure. PBMC were also collected from cancer patients consenting to a single
100 ml peripheral venipuncture, always followed by a Ficoll-Hypaque density gradient for RBC
and neutrophil depletion.
Media
Human PBMC were maintained in CTS AIM-V (Thermo-Fisher #0870112DK) supplemented with
HuAB already heat-deactivated at purchase (Fisher-Scientific/Gemini #100-512, Lot#H15M03A).
Optimal culture performance was attained employing AIM-V already formulated to contain
glutamine, penicillin and streptomycin, supplemented only with Gibco Amphotericin B at an
optimized final concentration of 0.125 μg/ml (Thermo-Fisher #15290018). Culture incubators
were maintained at a CO2 tension of 5%.
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Step 1 factors: Agents added standardly during Step 1 (d0-2 of culture) included recombinant
human (rh) GM-CSF on d0 of culture (sargramostim, Sanofi-Aventis, Bridgewater NJ, final
concentration 40 ng/ml); resiquimod on d1 of culture (R848 VacciGrade, Invivogen, San Diego
CA, final concentration 3 μg/ml); and LPS on d1 of culture (E. coli 026:B6, Sigma- Aldrich, St
Louis MO, #2654, final concentration 5 ng/ml). Ags added on d1 of culture (prior to R848 and
LPS) included MUC1-, HER2/neu- and CMVpp65-derived synthetic peptides added at a final
concentration of 50 μg/ml when pulsed singly, or 10 μg/ml each when multiple peptides were
pulsed as a cocktail (Peptide synthesis). For initial experiments testing the ability of the T-cell
culture system to expand and enrich Ag-specific T-cells (see Figure 7), clinical grade Candida
albicans extract (CAN, Hollister Stier, Spokane WA, #5053, at a 10% v:v optimized final
concentration) was used as an Ag source.
Step 2 factors: Beginning with culture Step 2 (d2 of overall culture), hIL-7 (Miltenyi Biotec
premium grade, Auburn CA, #130-095-364) was added at a final concentration of 50 ng/ml to
fresh medium added at culture splits.
Peptide synthesis
The following long peptides were synthesized by the Mayo Peptide Synthesis Laboratory or at
Genscript (Piscataway NJ). Peptide selection was based on our prediction methodology
described in Antigen Predictions. These predictions indicated a wealth of embedded peptides
with predicted high affinity for multiple HLA-DRB1 serotypes as well as for HLA-A2.1 (see
Results)
CMVpp65-derived 28mer (SQEPMSIYVYALPLKMLNIPSINVHHYP)
MUC1-SEA domain-derived 32mer (SEA1) (SPQLSTGVSFFFLSFHISNLQFNSSLEDPSTD-amide}
MUC1-SEA domain-derived 39mer (SEA2) (STDYYQELQRDISEMFLQIYKQGGFLGLSNIKFRPGSVVamide)
HER2 p146-174 29mer (TEIL-KGGVLIQRNPQLCYQDTILWKDIFH)
MUC1-VNTR 24mer (AHGVTSAPDTRPAPGSTAPPAHGV-amide)
The VNTR peptide was synthesized to test the hypothesis that HLA predictions that do not
account for population diversity will fail to induce an immune response, based upon its low
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predicted affinities for HLA-DRB1 and HLA-A2.1 and the extensive study of this sequence in the
literature38,54,56. All peptides were produced to >98% homogeneity as confirmed by mass
spectroscopy.
PBMC culture for propagation of naturally Ag-specific T-cells
PBMC were thawed on d0 of culture (i.e., Step 1) and resuspended in AIM-V with 0.5% HuAB
and 40 ng/ml rhGM-CSF (rhGM) at 6 million PBMC/ml, and plated at 1 ml per well in 24-well
cluster plates (Costar Corning/Sigma-Aldrich #3524). The next day (d1 of culture) wells were Agpulsed, and exposed 4h later to R848, then 30m later to LPS. The next day (d2 of culture,
beginning of Step 2) cells were harvested, with cell detachment facilitated by washing with
Ca/Mg-free PBS (Gibco/Thermo- Fisher #10010). Cells were centrifuged, washed again in PBS,
resuspended in AIM-V with 2% HuAB and 50 ng/ml rhIL-7 to 12 times the initial volume, and
plated at 2ml/well in fresh 24 well cluster plates. Further intermittent splits including fresh rhIL7 were performed upon yellowing of the media, with final harvest performed on d16 to d19. 2d
prior to final harvest, cryopreserved autologous PBMC were thawed and subjected to a 2-day
“Step 1” culture including Ag pulsing to provide restimulatory PBMC for intracellular cytokine
(ICC) assays, and/or further Ag-driven culture expansion, typically at a 2:1 ratio of harvested Tcells to restimulatory PBMC. A visual representation of the culture timeline is provided (Figure
2).
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Figure 2 – Overview of T-cell Culture Timeline
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Tumor Cell Lysate Preparation
MUC1 and non-MUC1 expressing tumor cell lines were propagated in culture under optimal
conditions. The endogenously expressing or non-expressing tumor cell lines Su86.86
(pancreatic, MUC1-)57-59; MCF-7 (breast, MUC1+)60-62; CFPAC-1 (pancreatic, MUC1+)57-59; and
HPAC (pancreatic, MUC1+) were utilized57-59. Additionally, the MDA-MB-231 (breast) tumor cell
line was stably transduced with the retroviral vector pLNCX.1 expressing MUC1 (MDA-MB231.MUC1) or Neo control (MDA-MB-231.Neo)61. All cell lines were purchased from the
American Type Culture Collection and confirmed to be mycoplasma negative (MycoAlert™,
Lonza, Walkersville, USA #CT07-218). Cell lines were harvested in Ca/Mg-free PBS
(Gibco/Thermo- Fisher #10010) and underwent five freeze-thaw cycles in liquid nitrogen and
37°C water bath. Cell death was confirmed via trypan blue inclusion. Lysate was spun down for
10 minutes at 1280 x g and supernatant was harvested. Total protein content of the lysate
supernatant was assessed by bicinchoninic acid assay (BCA Protein Assay Kit, Pierce, 23225),
and the presence or absence of MUC1 was confirmed by Western Blot (BC2, MUC1 epitope:
APDTR)62. As reported previously, Su86.86 and 231.neo were confirmed to be MUC1-, while
MCF-7, CFPAC-1, HPAC, and 231.MUC1 were confirmed to be MUC1+ by Western Blot (data not
shown).
ICC Ag-specificity assay
Culture-expanded T-cells were co-cultured with freshly thawed autologous restimulatory
PBMC. PBMC were pulsed either with the Ag, which drove the expanded T-cells, irrelevant Ag,
or no Ag (unpulsed) when testing for peptide Ag-specificity. When testing for MUC1 tumor cell
lysate specificity, PBMC were pulsed with either MUC1+ or MUC1- tumor cell lysate at the same
time in culture as peptide Ag pulse at a final lysate protein concentration of 120 ug/mL . Tumor
cell lysate was prepared as described in Tumor Cell Lysate Preparation. Restimulation was
performed in 24 well cluster plates with 2 million T-cells and 1 million restimulatory PBMC per
well for 18-24h. For ICC, monensin (GolgiStop, BD Biosciences, San Diego CA, #554724) was
added per manufacturer guidelines after 4-6h to block export of endogenously produced
cytokines, and subsequent co-staining for surface CD4 and CD8 was performed in addition to
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intracellular cytokine staining to delineate the T-cell subsets’ respective contribution to
cytokine production.
FACS analyses
When proliferation in culture was analyzed (see Figure 7), cells were preloaded with
cytoplasmic tags which dilute linearly with cell division, using CellTrace Violet
(Invitrogen/Thermo-Fisher, #C34557), according to the manufacturer’s instructions.
Multicolor analyses were performed on a five laser Fortessa (BD Biosciences). Cells were
buffered during staining with Ca/Mg-free PBS (Gibco/Thermo- Fisher #10010) containing 1%
heat-deactivated fetal bovine serum (FBS, Sigma-Aldrich #F2442) and 0.02% sodium azide
(Sigma-Aldrich #S-8032). Fc receptor blockade was performed by preadding 50 μg of
unconjugated human IgG (Sigma-Aldrich #I4506) to each sample. Fluorescently-conjugated mAb
targeting cell surface proteins were then added, also including Live/Dead UV Blue Stain to
delineate viability (Life Technologies/Thermo-Fisher #L23105). If intracellular proteins were also
to be co-analyzed (IFNγ and/or other cytokines) staining for cell surface proteins was followed
by fixation and permeabilization per manufacturer guidelines (eBioscience, San Diego CA, #005123-43, #00-5223-56 and #00-8333-56; BD Biosciences #51-2090KZ, #51- 2091KZ), followed by
staining for the intracellular proteins. mAb employed included anti-CD3 APC efluor 780
(eBioscience #47-0036-42); anti-CD4 BV 510 (BD Horizin/BD Biosciences #582970); anti-CD8
evolve 655 (eBioscience #86-0088-42); anti-CD33 APC (eBioscience #17-0338-42); anti-CD56
efluor 710 (eBioscience #46-056-42; anti-IFNγ efluor 450 (eBioscience #48-7319-42).
Appropriate isotype controls were also acquired for each evaluated specific mAb.
Lytic assays
PBMC from multiple healthy HLA-A2.1+ donors were either driven polyclonally in culture with
immobilized anti-CD3 plus soluble anti-CD28, 1 μg/ml and 0.5 μg/ml respectively (BD
Pharmingen #555329 and #555725), or driven by SEA1 or SEA2 long peptides sequenced from
the SEA domain of MUC1 with GM+R848+LPS+IL-7 conditioning. At the end of culture, SEAdriven T-cells selectively recognized the driving SEA peptides when reexposed to peptide-
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pulsed autologous stimulatory PBMC (e.g., Figure 8) whereas polyclonally-driven T-cells did not
(data not shown). To determine whether MUC1- expressing malignant cells could also be
targeted, we employed the HLA-A2.1+ human breast cancer line MDA-MB-231, purchased from
the American Type Culture Collection, stably transduced with retroviral vector pLNCX.1
expressing MUC1 (MDA-MB-231.MUC1) or Neo control (MDA-MB-231.Neo)61. Analyses by
IDEXX (Columbia MO) confirmed the human origin of the cell lines, absence of mycoplasma,
and that the MUC1+ and Neo control cell lines originated from ATCC HTB-26. Staining with antiMUC1 mAb (FITC-anti-CD227, clone HMPV, BD Biosciences) confirmed cell surface staining for
MDA-MB-231.MUC1 but not MDA-MB-231.Neo. The malignant cell lines were incubated
overnight with 0.5 ng/ml recombinant human IFNγ to enhance their MHC expression (BD
Bioscience #554617) prior to labelling with Cr51 (200 μCi, Perkin Elmer, Bridgeport CT,
#NEZ03005MC) for 3 hrs. Each of the T-cell groups was then cultured for 8h with each of the
Cr51-labelled malignant lines at a 100:1 ratio, then supernatants assayed on a Top Count NXT
counter (Perkin/Elmer). % Lysis was calculated as ((Experimental Lysis – Spontaneous Cr51
release)/(Complete Lysis in Triton X–100 - Spontaneous Cr51 release)) x 100.
Statistical analysis
Biological replicability was confirmed for all experiments as designated in the figure legends. All
statistical analyses were always two-tailed, and unless identified as paired data were performed
unpaired. Comparisons determined to be p < 0.05 but > 0.01 were labelled *, p ≤ 0.01 but >
0.001**, p ≤ 0.001 but > 0.0001***. and p ≤ 0.0001****. ns= not significant. Data was analyzed
in GraphPad Prism 7.
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Results
HLA-DRB1 diversity varies by racial and ethnic groups
We hypothesized that including a greater number of racial and ethnic groups in our
analysis would result in identification of a larger number of HLA-DRB1 serotypes to account for
ninety percent of the population, regardless of race and ethnicity.
As predicted, inclusion of a larger number of racial and ethnic groups yielded a larger
number of HLA-DRB1 serotypes to account for ninety-percent population coverage, regardless
of race or ethnicity, due to HLA-DRB1 serotype frequency variation amongst different races and
ethnicities (Figure 3). While some HLA-DRB1 serotypes were shared at a relatively high
frequency (greater than 6%), most serotypes were not expressed by every race or ethnicity at a
high frequency. HLA-DRB1 serotype diversity was assessed by evaluating known HLA-DRB1
serotype frequencies in the United States population for Caucasians, African Americans,
Hispanics, Indians, Koreans, Japanese and Chinese, as described in Antigen Selection51.
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Figure 3 – HLA-DRB1 Restrictions Vary Amongst Different Racial and Ethnic Groups. Utilizing
the methodology detailed in Materials and Methods to identify the 29 most high yield HLADRB1 types, and the HLA-DRB1 frequencies (Table 1) within each group, these values were
graphed for each group under study. Each HLA-DRB1 type was assigned a unique color. While
many races and ethnicities share some high frequency HLA-DRB1 types, they are still often less
than 10% of that groups population.
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Predicted promiscuous HLA-DRB1 binding epitopes are non-uniformly dispersed in tumor
associated antigens and cluster together to form immunogenic “hot spots”
We hypothesized that the inclusion of a larger number of HLA-DRB1 serotypes would
provide greater fidelity to our analysis: by setting a higher bar for truly pan-HLA-DRB1 binding
epitopes, we hypothesized that the scope of potential epitopes would be reduced to those
most likely to yield pan-immunogenicity, eliminating low priority epitopes. As expected,
potential epitopes differed in their degree of pan-immunogenicity, revealing differences that
might not have been apparent with a lower number of HLA-DRB1 serotypes (Figure 4).
We further hypothesized that it was unlikely that universal epitopes would be uniformly
distributed throughout tumor associated antigens. Consistent with this hypothesis, distribution
of these epitopes was not uniform (Figure 4). Unexpectedly, universal or highly promiscuous
HLA-DRB1 epitopes clustered together forming specific regions that were especially dense in
these high priority epitopes. As detailed in Antigen Selection, “heat maps” provided graphical
representation of these specific regions, which were especially “hot” for candidate epitopes.
Interestingly, this discovery was especially relevant for the tumor associated antigen,
Mucin 1 (MUC1). MUC1 is aberrantly expressed on over 50% of all cancers, and recently earned
the designation of the second highest priority tumor antigen by the national cancer institute
(NCI) 38,54,56. Ironically, the most widely studied MUC1 region, the variable number of tandem
repeats (VNTR) domain, was predicted to be much less effective as an Ag source, compared to
the Sperm protein, Enterokinase and Agrin (SEA) domain. From this domain, two high priority
regions, designated SEA1 and SEA2, were found to contain a high density of HLA-DRB1 binding
epitopes, especially in comparison to the VNTR domain (Figure 5, difference in composite IC50
for VNTR versus SEA1, SEA2 or CMVpp65 p<0.0001****). Additionally, multiple predicted HLAA2.1 epitopes, in addition to epitopes predicted to bind to other forms of MHC Class I
molecules encoded by the HLA-A, B, and C loci were found in the SEA1 and SEA2 regions, but
not in the VNTR region (data not shown).
Additional tumor associated Ag were also surveyed utilizing this methodology. The
foreign CMVpp65 protein, which has been implicated in glioblastoma multiforme52, was also
subjected to our antigen selection methodology, and a unique region was found with a known
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Figure 4 – MUC1 “Heat Map.” Each unique 15mer within the MUC1 molecule was assessed for
predicted binding affinity to the 29 HLA-DRB1 serotypes under study as indicated by the color
of the n-terminus amino acid of the 15mer. Utilizing open source NetMHCIIpan 3.1 software,
the predicted binding affinity was evaluated for each HLA-DRB1 serotype, and if sufficiently
high enough by the default software settings, as measured in IC50 nM concentration, the
15mer was considered to be a binder. If the 15mer was predicted to bind to 0/29 HLA-DRB1
serotypes, it was given an off-white color. If the 15mer was predicted to bind to 29/29 HLADRB1 serotypes, it was given a red color. Colors in between these two colors represent differing
degrees of binding to the 29 HLA-DRB1 serotypes, indicating areas with minimal, moderate, and
maximal pan-immunogenicity. The redder the color, the higher the number of predicted
binders, resulting in “hot spots.” Hot spots are not uniformly distributed across the protein and
promiscuous binders cluster together resulting in “hot regions.” As detailed in Materials and
Methods, SEA1 and SEA2 sequences are found within the “hot regions” from the ~250 to 320
amino acid positions. The VNTR sequence lies within the ~130-155 amino acid positions.
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Figure 5 – Predicted Affinity of VNTR, SEA1, SEA2, and CMVpp65 15mers. For each long
peptide, VNTR, SEA1, SEA2, and CMVpp65, every 15mer (epitope) within the long peptide was
assessed for HLA-DRB1 binding affinity. Each data point represents the average predicted IC50
for each 15mer within the long peptides, calculated from the predicted affinities for every HLADRB1-type examined. 15mers from SEA1, SEA2, and CMVpp65 are predicted to bind to HLADRB1 molecules at much lower concentrations than VNTR 15mers, thus indicating their much
higher affinity for HLA-DRB1 molecules, even after accounting for HLA-DRB1 diversity. Data are
portrayed as IC50 in nM, with lower values indicating higher affinity (two-tailed p<0.0001 for
each comparison, applying Mann-Whitney test).
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HLA-A2.1 binding epitope and a similar high density of highly promiscuous HLA-DRB1
epitopes30,52 (Figure 5). Further predictions were also made for the known oncoprotein
HER2/neu, which is widely expressed on many breast tumors, in addition to some gastric and
ovarian tumors33,43-45. Interestingly, compared to MUC1, which was not abundant in hot spot
regions (Figure 4), HER2/neu contained a relatively high number of promiscuous epitope “hot
spots” (Figure 6). These findings may explain why it has hereto been relatively difficult to
immunologically target MUC1, in comparison to HER2/neu33,38,43-45,49,54,56. Many “hot” epitopes
within HER2/neu molecule represent previously novel targets, while others have been
previously described43-45.
Based on these unexpected results, rather than synthesize each individual high priority
epitope, the decision was made to synthesize the complete “hot” region in the form of a
synthetic long peptide (20mers or longer). Synthetic long peptides have many advantages of
shorter sequences (see HLA-Serotype Restrictions) and for many of the regions under
investigation, specifically SEA1 and SEA2, the long peptide collectively accounted for all 29 HLADRB1 serotypes, due to the unique set of HLA-types that each epitope within the long peptide
was predicted to bind, and many HLA-A serotypes (data not shown).
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Figure 6 – HER2/neu “Heat Map.” Each unique 15mer within the HER2/neu molecule was
assessed for predicted binding affinity to the 29 HLA-DRB1 serotypes under study as indicated
by the color of the n-terminus amino acid of the 15mer. Utilizing open source NetMHCIIpan 3.0
software, the predicted binding affinity was evaluated for each HLA- DRB1 serotype, and if
sufficiently high enough, as measured in IC50 nM concentration, the 15mer was considered to
be a binder. If the 15mer was predicted to bind to 0/29 HLA- DRB1 serotypes, it was given a
light yellow color. If the 15mer was predicted to bind to 29/29 HLA- DRB1 serotypes, it was
given a red color. Colors in between these two colors represent differing degrees of binding to
the 29 HLA-DRB1 serotypes. The redder the color, the higher the number of predicted binders,
resulting in “hot spots.” Hot spots are not uniformly distributed across the protein and
promiscuous binders cluster together resulting in “hot regions.” The heat map derived for
MUC1 (Figure 4) showed a relative dearth of hot spots compared to HER2/neu and CMVpp65
(data not shown).
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Antigen-specific CD4+ and CD8+ T-cells are readily enriched and expanded from
GM+R848+LPS conditioned, unfractionated PBMC
In preliminary experiments, previously cryopreserved, freshly thawed unfractionated
PBMC from unvaccinated healthy volunteers were exposed for one day to a conventional
dendritic cell (DC) differentiation stimulus, recombinant human (rh) GM-CSF, and then
overnight to Ag (CAN, Candida albicans extract), and innate immunity stimuli, including the
paired addition of the TLR4 agonist LPS and the TLR8 agonist resiquimod (R848) before
transitioning to a T-cell expansion phase in the presence of rhIL-7. Other DC maturation stimuli
and T-cell expanding cytokines (rhIL-2, rhIL-15, etc.) were examined; however, the combination
of GM+R848+LPS/IL-7 was consistently able to maximize Ag-specificity, as assessed by Agspecific IFNg production, and total numerical expansion of T-cells at the end of the culture
period63.
To assess Ag-specific T-cell proliferation kinetics, the applicability of this culture system
to synthetic long peptides as Ag sources, and the mechanism behind this Ag-specific expansion,
we sought to define the cell compartments within the culture system. PBMC were labeled with
CTV (see Materials and Methods) on Day 0 (d0). Myeloid and T-cell lineage markers were
assessed by flow cytometry (FC) on different days in culture. By correlating the frequencies of
T-cell and myeloid lineage markers with CTV tracking and gross numeric expansion, we were
able to extrapolate absolute numbers of resting T-cells (undiluted CTV) from already
proliferating T-cells (diluted CTV) as well as CD33+ myeloid cells out to d16 of culture (Figure 7).
Such analyses of GM+R848+LPS conditioned, Ag-pulsed, IL-7 treated PBMC revealed that while
the CD33+ myeloid fraction did not detectably proliferate (data not shown), it displayed relative
enrichment between d0 and d2 of culture due to T-cell dropout, a feature we routinely see the
first few days following thaw from cryopreservation. After that, the myeloid fraction itself
commenced to drop out, such that the CD33+ fraction was reduced in absolute numbers by
approximately half between d2 and 7 in culture, and decimated by d16 (Figure 7). In contrast,
after the first two days of culture, the absolute number of resting T-cells (undiluted CTV)
remained virtually unchanged out to d16, indicating that an undetectably small subset of
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Figure 7 – Proliferation Kinetics of PBMC constituents during Ag-driven cultures. PBMC were
labelled on d0 with Cell Trace Violet (CTV), conditioned with GM+R848+LPS, pulsed with Ag,
then transitioned to rhIL-7. Graph shows in log scale the absolute proportions and numbers of
PBMC subpopulations over time, distinguishing CD33+ myeloid cells, never proliferated T-cells
(undiluted CTV), and already proliferating T-cells (i.e. CTV diluted due to previous cell division).
Data are representative of two biological replicates.
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T-cells made the transition to proliferation (Figure 7). Furthermore, the proliferating (diluted
CTV) T-cell compartment began to detectably expand in absolute number by d4 of culture,
becoming the dominant population after d8 of culture (Figure 7).
These studies indicate that proliferating T-cells display logarithmic kinetics, often
starting from an extremely small initial proportion of total T-cells. Combined with the relative
similarities in absolute numbers of undivided T-cells throughout culture, these results indicate
that the total increase in numerical expansion at the end of culture is largely mediated by a
proliferation burst from a relatively small number of starting T-cells. These results suggest this
culture system is sufficiently robust to use as an antigen screening modality to confirm or reject
predictions made by our antigen selection algorithm.
Synthetic long peptides harboring high densities of predicted promiscuous HLA-binding
epitopes readily give rise to CD4+ and CD8+ T-cells with enriched antigen-specificity
We investigated whether GM+R848+LPS conditioned PBMC, with second stage exposure
to IL-7, can readily enrich and expand Ag-specific T-cells from unfractionated PBMC utilizing the
predicted synthetic long peptides encompassing the “hot spots” uncovered by our antigen
prediction algorithm. Based upon the cleavable embedded 15mer peptide sequences, as well as
cleavable embedded 8-9mers with high avidity for other MHC Class I molecules encoded by
HLA-A loci, including the widely prevalent MHC Class I serotype, HLA-A2.1, these long peptides
had the potential to be truly universal MHC class II binders, and contain multiple MHC Class I
epitopes. We tested this strategy for our predicted regions from the widely prevalent tumorassociated proteins MUC1 and HER2, as well as the brain tumor-associated pp65
cytomegalovirus (CMV) protein30,38,52-54,56.
The synthesized long peptides were individually pulsed onto GM+R848+LPS conditioned
PBMC cultures established from unvaccinated HLA-A2.1+ healthy volunteers, then expanded in
rhIL-7. Within 16 days in culture, it was consistently possible to numerically expand and
significantly increase the frequency of both CD4+ and CD8+ T-cells with natural specificity, by
Ag-specific secretion of IFNg, for MUC1, HER2, or CMVpp65 (Figures 8, 9, and 10). As predicted
from our algorithm, the SEA1 and SEA2 MUC1 sequences as well as CMVpp65 were highly
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Figure 8 – Representative SEA2 Driven Culture. Representative ICC outcomes when PBMC
were cultured with GM+R848+LPS, pulsed with SEA2 long peptide (50μg/ml), then expanded in
rhIL-7 to d16. Restimulation PBMC were either unpulsed or pulsed with CMVpp65, VNTR or
SEA2 long peptide. Dot plots are gated on CD4+ or CD8+ T-cells, after excluding dead cells (See
Materials and Methods). Both CD4+ and CD8+ IFNγ-producing T-cells were readily sensitized
and expanded.
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Figure 9 – Representative CMVpp65 Driven Culture. Representative ICC outcomes when PBMC
were cultured with GM+R848+LPS, pulsed with CMVpp65 long peptide (50μg/ml), then
expanded in rhIL-7 to d16. Restimulation PBMC were either unpulsed or pulsed with CMVpp65,
or VNTR long peptide. Dot plots are gated on CD4+ or CD8+ T-cells, after excluding dead cells
(See Materials and Methods). Both CD4+ and CD8+ IFNγ-producing T-cells were readily
sensitized and expanded.
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Figure 10 – Representative HER2/neu p146-74 Driven Culture. Representative ICC outcomes
when PBMC were cultured with GM+R848+LPS, pulsed with HER2/neu p146-74 long peptide
(50μg/ml), then expanded in rhIL-7 to d16. Restimulation PBMC were either unpulsed or pulsed
with CMVpp65, VNTR or HER2/neu p146-74 peptide. Dot plots are gated on CD4+ or CD8+ Tcells, after excluding dead cells (See Materials and Methods). Both CD4+ and CD8+ IFNγproducing T-cells were readily sensitized and expanded.
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immunogenic, regardless of donor tested, whereas the VNTR sequence was reproducibly
ineffective for both CD4+ and CD8+ T-cells (Figures 11 and 12, p=0.040, p<0.0001, and
p=0.0059, respectfully, for CD4+ T-cells responses in comparison to the VNTR sequence and
p=0.033, p=0.0048, and p=0.023, respectfully, for CD8+ T-cells responses in comparison to the
VNTR sequence).
Proliferation of CD4+ and CD8+ T-cells was indistinguishable, with both subsets retaining
their initial proportionality during expansion (data not shown). Preliminary PBMC cultures
established from breast cancer patients indicated that the presently described culture system
could be applied successfully to patients with malignancies (data not shown).
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Figure 11 – Frequency of Ag-Specific CD4+ T-cells For Synthetic Tumor Ag-Peptides. Graphic
summary for 4 successive healthy unvaccinated PBMC donors, vertical lines showing the range
of responses (frequency of Ag-specific, IFNγ-producing T-cells) and the boxes showing averaged
response of the 4 donors. “Hot spot” derived peptides (SEA1, SEA2, CMVpp65) enriched Agspecific T-cells compared to a non-hot spot derived peptide (VNTR) for all 4 donors (two-tailed
p=0.040, p<0.0001, and p=0.0059, respectfully, applying Student’s unpaired t-test).
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Figure 12 – Frequency of Ag-Specific CD8+ T-cells For Synthetic Tumor Ag-Peptides. Graphic
summary for 4 successive healthy unvaccinated PBMC donors, vertical lines showing the range
of responses (frequency of Ag-specific, IFNγ-producing T-cells) and the boxes showing averaged
response of the 4 donors. “Hot spot” derived peptides (SEA1, SEA2, CMVpp65) enriched Agspecific T-cells compared to a non-hot spot derived peptide (VNTR) for all 4 donors (two-tailed
p=0.033, p=0.0048, and p=0.023, respectfully, applying Student’s unpaired t-test).
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MUC1 Ag-driven T-cells preferentially recognize MUC1 expressing tumor cell lines, either in
tumor cell killing assays or as tumor lysate when pulsed onto restimulatory PBMC
T-cells from GM+R848+LPS conditioned PBMC driven by either SEA2 or SEA1 long
peptides not only specifically recognized their initial sensitizing peptides at restimulation, but
also preferentially lysed the HLA-A2.1+ human breast cancer line MDA-MB-231 transduced to
express MUC1 (MDA-MB-231.MUC1) compared to MDA-MB-231.Neo control targets Neo
(Figure 13, p=0.039 and 0.038, respectfully for SEA1 and SEA2). In contrast, polyclonally
propagated PBMC T-cells (driven by anti-CD3/anti-CD28) failed to preferentially lyse MDA-MB231.MUC1 over MDA-MB-231. All cells, regardless of Ag-specificity displayed a certain degree of
background lysis. This finding is consistent with previous reports of background levels of MDAMB-231 lysis mediated by lymphokine-activated killer (LAK) cells, which are often propagated in
culture under modulation by g-chain cytokines, such as IL-764,65. However, only SEA1 and SEA2
driven cultures displayed additional cell lysis above baseline for the MDA-MB-231.MUC1 cell
line for all three donors tested.
Next, we examined whether SEA2 driven T-cell cultures could recognize tumor
associated MUC1 in the form of tumor cell lysate, in addition to their driving peptide. The
endogenously expressing or non-expressing tumor cell lines Su86.86 (pancreatic, MUC1-)57-59;
MCF-7 (breast, MUC1+)60-62; CFPAC-1 (pancreatic, MUC1+)57-59; and HPAC (pancreatic, MUC1+)
were utilized57-59, in addition to the MDA-MB-231.neo and MDA-MB-231.MUC1 tumor cell lines.
Cultured tumor cells were lysed by repetitive freeze thaw cycles, and the presence or absence
of MUC1 in the lysate was confirmed by Western Blot (data not shown). Lysate protein
concentration was analyzed, and a standard addition of 120ug protein/mL was used when
singly pulsing restimulatory PBMC. When VNTR driven T-cells, which failed to recognize VNTR
pulsed restimulatory PBMC, were tested for their ability to recognize tumor associated MUC1
from MUC1+ tumor cell lysate, they failed to preferentially recognize MUC1+ pulsed PBMC
(Figure 14). However, SEA2 driven T-cells, both CD4+ and CD8+, preferentially recognized
MUC1+ lysate pulsed restimulatory PBMC (Figure 14, p=0.022 and 0.025 for CD4+ and CD8+ Tcells, respectfully). Overall, the percentage of cells secreting IFNg in response to MUC1+ tumor
cell lysate pulsed PBMC was less than the percentage recognizing the driving SEA2 peptide; we
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Figure 13 – SEA1 and SEA2 Driven T-cells Preferentially Lyse MUC1 Expressing Tumor Targets.
HLA-A2.1+ PBMC from 3 healthy donors were either driven polyclonally with anti-CD3/CD28
(see Materials and Methods) or driven by long peptides sequenced from the SEA domain of
MUC1 (SEA1 and SEA2) with GM+R848+LPS+IL-7 conditioning. At the end of T-cell culture
expansion, each of the T-cell groups was cultured for 8h at a 100:1 ratio with Cr51-labelled HLAA2.1+ human breast cancer line MDA-MB-231, either transduced to express MUC1 (MDA-MB231.MUC1) or Neo control (MDA-MB-231.Neo). % Lysis was calculated as ((Experimental Lysis –
Spontaneous Cr51 release)/(Complete Lysis in Triton X–100 - Spontaneous Cr51 release)) x 100.
% lysis of MDA-MB-231.Neo was statistically indistinguishable for all 3 donors whether cultures
were polyclonally-, SEA1- or SEA2-driven. Polyclonally driven T-cells from all 3 donors lysed
MDA-MB- 231.MUC1 indistinctly from MDA-MB-231.Neo. In contrast, SEA1- and SEA2- driven Tcells from all 3 donors lysed MDA-MB-231.MUC1 targets significantly more than MDA-MB231.Neo targets (two-tailed p=0.039 and 0.038, respectfully, applying Student’s paired t-test).
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Figure 14 – SEA2 Driven T-cells Preferentially Recognize PBMC Pulsed with MUC1+ Tumor Cell
Lysate. MUC1 non-expressing (MDA-MB-231.neo and Su86.86) and MUC1 expressing (MDAMB-231.MUC1, MCF-7, HPAC, and CFPAC-1) tumor cell lines were lysed by repetitive freeze
thaw cycles (see Materials and Methods) and were separately pulsed onto restimulatory PBMC
at a concentration of 120ug lysate protein/mL at the same time in culture as peptide pulse.
Restimulatory lysate pulsed PBMC were utilized in ICC assays and treated the same way as
peptide pulsed PBMC for both SEA2 and VNTR driven T-cell cultures. The frequency of Agspecific T-cells was assessed by the percentage of T-cells secreting IFNg in response to either
MUC1- or MUC1+ tumor lysate pulsed PBMC. Consistent with a lack of Ag-specific IFNg seen
when VNTR driven T-cells are tested with VNTR pulsed PBMC, there was indistinguishable
secretion of IFNg whether PBMC were pulsed with MUC1- or MUC1+ tumor cell lysate. In
contrast, SEA2 driven T-cells preferentially recognized MUC1+ tumor cell lysate pulsed PBMC,
consistent with SEA2 Ag-specificity seen in ICC assays with SEA2 peptide pulsed PBMC (twotailed p=0.022 and 0.025 for CD4+ and CD8+ T-cells, respectfully, applying Student’s unpaired ttest with Holm-Sidak correction for multiple comparisons).
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have previously described a similar phenomenon in our mouse transgenic MUC1
immunotherapy model38.
Collectively, these findings suggest that SEA1 and SEA2 driven T-cell cultures, can
preferentially recognize tumor derived MUC1, either in the form of MUC1+ tumor cell lysate or
endogenously expressed by tumor cells in lytic assays.
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Discussion
Historically it has proved difficult to immunologically target tumor cell antigens by
synthetic peptides. The reasons for this are numerous: short peptides fail to stimulate CD4+ Tcells, lead to T-cell anergy, and are not applicable for a large proportion of the population28,38,4345,49

. For these reasons, other laboratories are turning to whole tumor cell lysate, DNA vectors

and RNA vectors for sources of tumor antigens. These modalities pose challenges to
widespread applicability, and in the case of whole tumor cell lysate, requires direct harvest of
patient tumor, an option that may not always be available.
We hypothesized that many tumor associated antigens are readily susceptible to
immune attack, but only in the context of identifying tumor antigen regions that can reliably
initiate a response, regardless of individual patient HLA-haplotypes. We further hypothesized
that a strategy to universalize antigen targeting for all comers, regardless of HLA-haplotype,
would reduce the number of potential candidates and be more likely to accurately identify
high-priority tumor Ag epitopes. Unexpectedly, extending predictions to address nearly ninety
percent of the population, regardless of race or ethnicity, resulted in identification of unique
regions that hosted high densities of epitopes with promiscuity for MHC Class II molecules
encoded by multiple HLA-DRB1 serotypes, in addition to multiple epitopes for MHC Class I
molecules encoded by HLA-A alleles. When considering the whole protein sequence of the
tumor associated Ags MUC1, HER2/neu, and CMVpp65, these regions formed “hot spots” of
immune activity, allowing for complete synthesis of these sequences in the form of synthetic
long peptides.
The present culture system demonstrates that unvaccinated donor PBMC pulsed with
these peptide sequences derived from MUC1, HER2, and CMVpp65 can rapidly and consistently
give rise to high frequencies and yields of predominantly IFNg secreting T-cells, both CD4+ and
CD8+, that recognize these antigens. These conclusions were true regardless of donor tested.
Furthermore, MUC1-sensitized T-cells preferentially lysed HLA-A2.1 histocompatible MUC1expressing tumor targets and recognized tumor derived MUC1 in the form of MUC1+ tumor cell
lysate.
Our success driving cultures with longer peptides demonstrates that PBMC contain APC
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which can routinely process and cross-present complex Ags to CD8+ T-cells, in addition to
presenting them to CD4+ T-cells. Optimal culture outcomes are observed so long as the
necessary licensing factors—rhGM-CSF, R848, LPS and rhIL-7—are included along with driving
Ag63. However, these findings also indicate that when Ag is not rationally chosen, such as in the
case of the VNTR synthetic long peptide, rhGM-CSF, R848, LPS and rhIL-7 are not sufficient to
rescue Ag-specific enrichment and expansion of either CD4+ or CD8+ T-cells.
Equally important, these results demonstrate that this mechanistically rational antigen
selection sequence, effective even for unvaccinated donors, regardless of HLA-haplotype,
enables rapid identification of tumor protein regions relevant for cancer immunology. These
findings decrease turnaround time leading high-throughput testing of relevant tumor
associated antigens. Furthermore, these findings validate that tumor associated antigens
harbor universally immunogenic regions, even for tumor associated antigens with a relative
dearth of successful human immune targeting, such as MUC154,56. Additionally, these regions
are readily defined utilizing open source prediction algorithms tuned to sensitivity identify
these regions based upon appropriate selection of HLA-DRB1 serotypes, resulting in almost
universal population coverage.
These findings are especially relevant for patients who are non-responsive to immune
checkpoint blockade and likely require immune response induction. One method that has
historically been attempted in this regard is adoptive immunotherapy. Historically it has proved
difficult to raise large numbers of Ag-specific T-cells from peripheral blood for purposes of
adoptive immunotherapy; however, with the collective developments herein reported, it may
now be possible to enrich and expand tumor Ag-specific CD4+ and CD8+ T-cells from PBMC in
sufficient numbers for effectively treating patients.
These findings may also be relevant for the development of cancer vaccines, which has
hereto proven extremely difficult. While these developments are likely to enhance our ability to
rationally develop cancer vaccines, it is likely that further developments will be needed to
better understand the immune response to vaccines, when the Ag may be an aberrantly
expressed self-Ag, such as in the case of cancer. Finally, these findings have significant impact
for patients when their specific tumor mutations are known. Utilizing the prediction algorithm,
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it would be possible to predict which mutations are likely to result in neo-Ags that will bind to
MHC Class I and Class II, regardless of HLA-haplotype, and test those neo-Ags for immune
activity or even boost an ongoing immune response to these patient specific mutations.
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Future Directions
Because MUC1 and HER2 are, in composite, hyperexpressed by the majority of human
cancers38,53,56, the ability to readily grow out natural CD4+ and CD8+ T-cells recognizing these
Ags, even from the PBMC of non-vaccinated donors, has the potential to make adoptive natural
T-cell therapy applicable to most cancer patients, also potentially bypassing the need for
vaccine maneuvers which themselves could prematurely result in tumor escape through
immunoediting38. It is encouraging that autologous adoptive therapy with natural EBV-specific
PBMC-derived T-cells has already proved to be a well-tolerated and clinically effective therapy
for lymphoma patients whose tumors express EBV product31. We have already confirmed that
our culture method for targeting MUC1 and HER2 can be successfully scaled up for the purpose
of treating patients (data not shown). Furthermore, preliminary PBMC cultures established
from breast cancer patients confirm that our culture system and antigen discovery algorithm
can be extended successfully to patients with MUC1- and HER2-expressing malignancies.
In addition to demonstrating that the predicted MUC1 and HER2/neu long peptides
herein described successfully expand and enrich Ag-specific T-cells, we have confirmed that
additional long peptides from these tumor associated antigens can also endgender an Agspecific T-cell response. There are further predicted peptides from these tumor associated
antigens that have not been tested in vitro. For all the long peptides, including the ones herein
described, further testing is ongoing in additional heathy donor and cancer patient PBMC.
Additionally, we have already made epitope “hot spot” region predictions for multiple
other tumor associated Ag, including mesothelin, hTERT, MAGEA3, TRAG3, and Survivin and are
the process of synthesizing those peptides and testing them for their relevance to
immunotherapy66-70. Lastly, we are investigating common mutations that give rise to cancers, to
determine if any of these known neo-Ags are part of epitope “hot spots” and relevant for
immune targeting71.
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Conclusions
1. Tumor associated antigens harbor universally immunogenic regions which are readily
defined and are attractive targets for cancer immunotherapy
2. Both MUC1 and HER2/neu contain many regions that have hereto remained unstudied in an
immunologic context that may be relevant for tumor rejection
3. Both CD4+ and CD8+ T-cells are easily expanded and enriched for tumor associated Agspecificity, with the potential to recognize tumor derived Ag, in multiple contexts.
4. Tumor associated proteins harbor clusters of high priority areas that can speed the
discovery of immunologic regions and screen out low priority regions unlikely to be relevant
to cancer immunotherapy
5. These findings are applicable to cancer vaccine development, adoptive immunotherapy, and
immunotherapeutic strategies targeting patient specific neo-Ag.
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