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Cytotoxic T Lymphocytes Simultaneously
Targeting Multiple Tumor-associated Antigens
to Treat EBV Negative Lymphoma

Ulrike Gerdemann', Usha Katari', Anne S Christin', Conrad R Cruz', Tamara Tripic', Alexandra Rousseau’,
Stephen M Gottschalk', Barbara Savoldo’, Juan F Vera', Helen E Heslop', Malcolm K Brenner’,
Catherine M Bollard', Cliona M Rooney' and Ann M Leen'

"Center for Cell and Gene Therapy, Baylor College of Medicine, The Methodist Hospital, Texas Children’s Hospital, Houston, Texas, USA

Although immunotherapy with Epstein-Barr virus (EBV)-
specific cytotoxic T lymphocytes (CTLs) can treat EBV-
associated Hodgkin and non-Hodgkin lymphoma (HL/
NHL), more than 50% of such tumors are EBV negative.
We now describe an approach that allows us to consis-
tently generate, in a single line, CTLs that recognize a
wide spectrum of nonviral tumor-associated antigens
(TAAs) expressed by human HL/NHL, including Survivin,
MAGE-A4, Synovial sarcoma X (SSX2), preferentially
expressed antigen in melanoma (PRAME) and NY-ESO-1.
We could generate these CTLs from nine of nine healthy
donors and five of eight lymphoma patients, irrespec-
tive of human leukocyte antigen (HLA) type. We reac-
tivated TAA-directed T cells ex vivo, by stimulation with
dendritic cells (DCs) pulsed with overlapping peptide
libraries spanning the chosen antigens in the presence
of an optimized Th1-polarizing, prosurvival/proliferative
and Treg inhibitory cytokine combination. The resultant
lines of CD4* and CD8%, polycytokine-producing T cells
are directed against a multiplicity of epitopes expressed
on the selected TAAs, with cytolytic activity against
autologous tumor cells. Infusion of such multispecific
monocultures may extend the benefits of CTL therapy
to treatment even of EBV negative HL and NHL.
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INTRODUCTION

T-cell therapy has the potential to eradicate malignant disease.'™*
Our group has recently demonstrated that in vitro expanded cyto-
toxic T lymphocytes (CTLs) targeting the subdominant tumor-asso-
ciated Epstein-Barr virus (EBV) antigen LMP2 can produce tumor
responses in patients with relapsed/refractory EBV-associated
Hodgkin (HL) and non-Hodgkin lymphoma (NHL), including in
subjects with bulky disease.! Though effective, this approach is only
applicable to the ~40% of HL and NHL which are EBV-associated.
Moreover, EBV antigen expression can be deleted under immune-
mediated pressure as a tumor immune evasion mechanism.®

Nonviral tumor-associated antigens (TAAs) are also potential
targets for T-cell therapy, but as self antigens, they are relatively
weak stimulators of T-cell immunity, since self-reactive T cells are
anergized or tolerized. Hence, efforts to extend T-cell therapy to
nonviral tumors has been limited by an inability to consistently
activate and expand endogenous tumor-reactive T cells directed
against the antigens expressed by malignant cells. Although
tumor-specific CTLs have been evaluated clinically, these cells
were usually activated using single human leukocyte antigen
(HLA) class I-restricted epitopes from single antigens, and were
thus restricted by HLA genotype.” Moreover the CD8* T cells
were short-lived and may have lacked essential growth and sur-
vival signals from CD4" T-helper cells.’ Finally, tumor-specific
T cells are susceptible to immune evasion strategies employed by
the tumor, including downregulation or mutation of the expressed
target epitopes/antigens, a common response when only a single
epitope/antigen is targeted.®"!

We now describe a novel strategy to generate CTL lines capa-
ble of targeting multiple antigens expressed by lymphomas. We
use dendritic cells (DCs) loaded with a mix of peptide libraries
spanning the sequence of the TAAs SSX2, MAGEA4, Survivin,
PRAME, and NY-ESO-1. By supplementing our cultures with a
combination of Th1-polarizing, prosurvival and pro-proliferative
cytokines, these single cultures contain tumor-cytotoxic T cells
from both CD4" and CD8* populations with specificity for a
multiplicity of epitopes on several TAAs. We could generate these
CTLs from both healthy donors and cancer patients, irrespective
of HLA type, supporting the use of such multispecific monocul-
tures of CTLs for the treatment of subjects with EBV negative HL/
NHL and related disorders.

RESULTS

Generation of CTL lines with broad spectrum

antigen specificity

With a goal of generating T-cell lines containing CD4* and CD8*
T cells with specificity for multiple epitopes in multiple antigens,
we stimulated peripheral blood mononuclear cells (PBMCs) with
antigen-loaded DCs in the presence of exogenous cytokines.
For initial experiments we loaded DCs with peptide mixtures
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Figure 1 Generation of MultiTAA-specific CTL. Peripheral blood mono-
nuclear cells were stimulated with autologous dendritic cells loaded with
pepmixes spanning SSX2, Survivin, and MAGE-A4 in the presence of IL-7,
IL-12, IL-15 + IL-6, + IL-27, + IL-6/ IL-27, + IL-18 or + IL-6/ IL-18. (a) The
specificity of multiTAA CTL lines generated from five donors as mea-
sured by IFN-y release (IFN-y ELIspot) in response to stimulation with the
pepmix antigens SSX2 (black bars), Survivin (gray bars), and MAGE-A4
(dark gray bars) is shown. Results are expressed as spot-forming cells
(SFC)/2 x 10°, input cells £ SEM. Control was IFN-y release in response
to stimulation with irrelevant pepmix (white bars). (b) Phenotype of the
multiTAA-specific CTLs. (c) CTL proliferation was measured by cell count-
ing, using trypan blue exclusion at days 0, 9 and 16 after stimulation
(n = 4 donors). (d) TAA specificity was designated positive if SFC >2x
of control activity. CTL, cytotoxic T lymphocyte; IFN-y, interferon-y; IL,
interleukin; TAA, tumor-associated antigen.

(pepmixes) of overlapping 15mer peptides spanning three anti-
gens, MAGEA4, SSX2 and Survivin, which are highly expressed
by lymphoma cells.’*'* We supplemented our cultures with dif-
ferent combinations of Thl-promoting (interleukin-12 (IL-12),
IL-27, IL-18),'¢8 prosurvival (IL-15),"** proliferation enhanc-
ing (IL-7, IL-15, IL-2)* and Treg inhibitory (IL-6) cytokines.?»*
The cytokines IL-7 (10 ng/ml), IL-12 (10 ng/ml) and IL-15 (5ng/
ml) (basic cytokine cocktail) were included in all conditions, as
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we have previously shown that this combination was necessary
to reactivate tumor-directed peptide-specific T cells in vitro.***
In addition, the cultures received IL-6 (100 ng/ml) and/or IL-27
(10ng/ml) and/or IL-18 (10 ng/ml). We determined the specific-
ity of the resulting T-cell lines on day 23 of culture after two DC
stimulations on days 9 and 16 using interferon-y (IFN-y) enzyme-
linked immunospots (ELIspots) as a readout.

Cultures supplemented with IL-18 alone showed no specific
activity for any of the stimulating antigens, while T cells cultured
in the presence of the basic cytokine cocktail (IL-7, 12, 15) or
with IL-7, 12, 15, 6 + 27 were specific solely for SSX2, with weak/
undetectable reactivity against MAGE-A4 or Survivin (n = 5)
(Figure 1). In contrast, T-cell lines cultured in the presence of
IL-7, 12, 15 + 6 recognized two or all three of the stimulating
antigens, with a mean of 249.8 spot-forming cells (SFC)/2 x 10°
CTL + 71.8 SEM, (SSX2), 81.1 SFC/2 x 10°, CTL £ 17.7 SEM,
(MAGE-A4) and 204.4 SFC/2 x 10° CTL * 81 SEM (Survivin).
Similarly, cells expanded in the presence of IL-7, 12, 15 + 27
also recognized two or three antigens, with specificity for SSX2
(mean 148.8 SFC/2 x 10° CTL + 44.9 SEM), MAGE-A4 (mean
192.6 SFC/2 x 10° CTL # 69.1 SEM) and Survivin (mean 105
SEC/2 x 10° CTL, + 86.7 SEM) (Figure 1a). These two best
culture conditions activated both CD3/CD4% and CD3/CD8*
T cells (mean 48.4 + 3.8% and 42.3 £ 4%, respectively, n = 5),
and contained effector (defined as CD3%/CD45RA1/CD62L;
4.9 + 2.7%), central memory (CD31/CD45RO*/CD62L*; 50.7
+6.9%), and effector memory cells (CD3%/CD45RO*/CD62L;
20.1 = 5.2%) and a minor population of natural killer cells
(mean 7.4 £ 1.8% SEM). There was no evidence of regulatory
T-cell outgrowth (as assessed by Foxp3/CD25 co-staining) using
these conditions (data not shown). However, supplementation
with IL-18 resulted in the outgrowth of natural killer cells (mean
81.5 + 6.4% SEM) rather than T cells (mean 17.5 + 7.8% SEM),
which was partially reversed when IL-6 was added to the cock-
tail (Figure 1b). There was no significant difference in the pro-
liferative potential of CTL lines generated in the presence of the
different cytokine combinations assessed by cell counting using
trypan blue exclusion (median 6.7-fold expansion, range 4.7-
7.9) (Figure 1c). In subsequent experiments, we therefore used
the optimal cytokine cocktails IL-7, 12, 15, 6 and IL-7, 12, 15,
27. Figure 1d shows that this strategy was robust, since we were
successfully able to generate multiTAA CTL from nine of nine
healthy individuals with specificity for at least two of the three
stimulating antigens as evaluated by IFN-y ELIspot, performed
after the 2nd or 3rd round of DC stimulation. The data shown
for donors 1, 3, 4, 5, 7, 9 represent data from CTL lines initiated
in the presence of IL-7, 12, 15, 6 and for donors 2, 6, 8 the lines
were initiated using IL-7, 12, 15, 27.

MultiTAA CTL are polyclonal

The pepmixes used for stimulation were designed to contain all
potential CD8™ epitopes, but the size of each peptide (15 amino
acids) and the overlap (11 amino acids) means they may not
present some relevant CD4% epitopes. A lack of CD4* tumor-
specific T cells in the infusion product may compromise its in
vivo survival and activity. We therefore assessed the phenotype
of responding cells in our cultures following stimulation with
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Figure 2 MultiTAA-specific CTLs are polyclonal. (a) Cytokine production in CD3*CD8" and CD3*tCD8™ (CD4™) T cells as detected by intracellular
IFN-y cytokine staining in two representative donors is shown. (b) The SSX2 peptide pool grid is shown. (€) CTL reactivity after stimulation with the
single SSX2 peptide pools in six donor CTL lines is demonstrated. Specificity was evaluated by IFN-y ELIspot and positive responses of each donor to
each pool plotted in a bar diagram. Unstimulated CTL (no addition of peptide) was used as negative control, and the SSX2 pepmix was used as a
positive control. CTL, cytotoxic T lymphocytes; IFN-y, interferon-y; TAA, tumor-associated antigen.

individual pepmixes spanning SSX2, MAGEA4, Survivin, or
an irrelevant pepmix (control). Figure 2a (upper panel) shows
IFN-y production from both CD4" (CD8™; bottom right quad-
rants) (1.07%-MAGE-A4, 5.4%-SSX2, 0.83%-Survivin, 0.35%
negative control) and the CD8* T-cell fractions (27%-MAGE-A4,
0.56%-SSX-2, Survivin-0.72%, 0.17%-negative control; top right
quadrants) T cells from Donor 6. Donor 3 (lower panel) had a
predominantly CD8-mediated TAA response with 3.5%-SSX2
and 0.23%-MAGE-A4 specific IFN-y secreting T cells (0.04%
negative control) detectable in the CD8*1 T-cell fraction, 1.3%-
SSX2 and 0.04%-MAGE-A4 specific IFN-y-secreting T cells
were detected in CD8™ (CD4™) T cells (0.01%-negative control).
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Thus, pepmix stimulation can successfully reactivate both CD4*
and CD8* T cells.

To evaluate breadth of TAA reactivity and to detect novel
T-cell epitopes, we mapped the SSX2-directed epitope specificities
of six CTL lines generated from three HLA A2% and three HLA
A2~ donors. For this screening process, CTL lines were stimu-
lated with peptide pools (designated A2-A12, B1-B12, C1-C12)
comprising thirty five 20-mer peptides overlapping by 15aa. We
arranged these peptides in 12 pools so that each 20-mer pep-
tide was represented in two pools (Figure 2b).* Using the SSX2
pepmix as a stimulus, we confirmed antigen-specificity in all six
CTL lines. The peptide pools recognized by each line are shown
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Table 1 Peptide specificity of CTL lines of HLA-A2 and non HLA-A2 donors

Donor HLA type Restricted peptide region Potential epitopes (published)
ds8 All, 23; B18, 44 EWEKMKASEKIFYVYMKRKYEAMIK (36-60) DR3 (37-54)*
DR3,13 NDPNRGNQVERPQMTFGRLQGISPK (86-110)
d5 A2,26;B15, 44 EAMTKLGFKATLPPFMCNKRAEDEQ (56-80)
DR1;4 GNDLDNDPNRGNQVERPQMTFGRLQ (81-105)
d3 Al, 24; B8, 18 YFSKEEWEKMKASEKIFYVYMKRKYEAMIK (31-60) DR3 (37-54)*
DR1,3 GNDLDNDPNRGNQVERPQMTFGRLQGISPK (81-110)
d2 A2; B60, 61 EWEKMKASEKIFYVYMKRKYEAMIK (36-60) A2 (41-49);* DR11 (45-58)"
DR11,13
dé A3,24; B8,35 MNGDDAFARRPTVGAQIPEKIQKAF (1-25)
DR3,4 QIPEKIQKAFDDIAKYFSKEEWEKM (16-40) DP1 (19-34)*
MKRKYEAMTKLGFKATLPPFMCNKR (51-75) DR4 (45-59)*

TLPPFMCNKRAEDFQGNDLDNDPNR (66-90)

d10 A2, 3;B7,44 EWEKMKASEKIFYVYMKRKYEAMIK (36-60) A2 (41-49)*
DR15 NDPNRGNQVERPQMTFGRLQGISPK (86-110)

Abbreviations: CTL, cytotoxic T lymphocyte; HLA, human leukocyte antigen.
SSX2 epitope specificity of generated CTL lines. Using the grid system outlined in Figure 2, we mapped responses to overlapping 20-mer peptides. When these
regions correlated with previously published epitope peptides presented by HLA alleles carried by the donor this was so indicated.
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(CD8") cells in one representative donor (Donor 2) is shown. Cells were stimulated using the tumor antigen-specific pepmixes SSX-2, MAGE-A4,
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associated antigen; TNF-a, tumor necrosis factor-o..
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Figure 4 MultiTAA CTLs are cytotoxic in vitro. (a) To determine whether the multiTAA CTL could also lyse tumor antigen-expressing target cells
we tested the ability of the line generated from donor1 (upper panel) to kill autologous pepmix-loaded PHA blasts in a standard 4-hour Cr*' release
assay. PHA blasts pulsed with pepmixes spanning an irrelevant antigen served as a control. E:T ratios of 40:1, 20:1, 10:1 to 5:1 were tested (lower
panel). The lower right panel shows the cytolytic activity of this line against autologous fibroblast targets, endogenously transgenically expressing
Survivin following retroviral or adenoviral vector (Ad5f35) transduction. Fibroblasts alone, or mock-transduced fibroblasts were used as negative con-
trols (E:T—100:1, 50:1, 25:1 and 12.5:1). (b,c) show the cytolytic ability of two additional multiTAA CTL lines, whose specificity was first assessed by
interferon-y (IFN-y) ELIspot (upper panels). These lines were able to kill pepmix-loaded autologous PHA blasts as well as partially HLA-matched TAA
expressing lymphoma cell lines (L1236 donor 2, HDLM2 donor 3). Specific lysis was evaluated by standard Cr°' release assay—E:T ratio of 40:1, 20:1,

10:1 and 5:1. CTL, cytotoxic T lymphocyte; TAA, tumor-associated antigen.

in Figure 2c. The most frequently recognized pools were 10 and
11, but all pools except 5, 6, and 7, were recognized by at least one
donor. More than one epitope peptide was recognized by five out
of six CTL lines, since we identified specificity directed against two
or more distinct peptide regions mapping to overlapping 25mer
peptides. The donor HLA types and peptide sequences recognized
by the different lines are shown in Table 1. We confirmed the
identity of several previously published CD41 and CD8™ epitopes
and their HLA restriction elements. For example, Figure 2a upper
panel shows a major SSX2-directed response to be CD4-restricted
in Donor 6 and to map to four distinct peptide regions, two of
which contain previously published CD4 " T-cell epitope peptides
(Table 1). In addition, we identified at least five novel responses.
These include reactivity to the 25mer NDP peptide (aa86-110)
recognized by both Donor 8 and Donor 10 (who share HLA-B44)
and the 25mer peptide GND (aa81-105), recognized by Donors 5
and 3 (who share HLA DR1) (Table 1).

2262

MultiTAA CTL are polyfunctional

It has been suggested that production of multiple proinflammatory
cytokines correlates with cytolytic function and is important for
in vivo activity.””* Therefore, we assessed whether the reactivated
CTL were able to produce more than one cytokine in response to
antigenic stimulation. We found that the majority of IFN-y pro-
ducing cells also produced tumor necrosis factor-o. (TNF-0) in
both the CD8* and CD4™ populations as demonstrated by intrac-
ellular staining in Figure 3a (donor 2). In this donor, of 47.13% of
the CD3/CD8* T cells that were SSX2-specific (upper left + upper
right + lower right quadrants), 44.24% produced both IFN-y and
TNF-o. Similarly, of 8.81% of this donor’s CD3/CD4* T cells spe-
cific for the same antigen, 7.25% (upper right quadrant) produced
both IFN-y and TNF-o. The majority of the CD3" CD8™ cells
reactive to MAGEA4 also produced both cytokines. The results
from three donors are summarized in Figure 3b. Each chart is
subdivided to represent the different antigen specificities within

www.moleculartherapy.org vol. 19 no. 12 dec. 2011
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Figure 5 MultiTAA CTL can be generated from lymphoma patients. (a) Peripheral blood mononuclear cells of patients LP058, LP066, LP0O69,
LP092, and LP096 were stimulated with the TAA SSX2, Survivin and MAGE-A4. For patients LPO71, LP090 and LP178 the stimulating antigen panel
was extended to include PRAME and NY-ESO-1. (b) Intracellular cytokine staining to detect IFN-y and TNF-o. in two representative patient lines is
shown. Cells were gated on CD3* CD8" or CD3* CD4™" (CD8™). The cytolytic activity of the CTL line generated from lymphoma patient LP071 was
tested in a 4-hour Cr*' release assay using partially matched lymphoma cell lines (HDLM2, L1236) as targets at E:T ratios ranging from 80:1 to 10:1.
(€) The HLA-mismatched lymphoma cell line Raji, was used as negative control at a E:T ratio of 40:1. (d) TAA specificity (IFN-y ELIspot assay) (upper
panel) and cytolytic function (lower panel), as measured by Cr®' release, against autologous PHA blasts pulsed with relevant (SSX2, MAGE-A4) and
irrelevant pepmixes (negative control) at E:T ratios from 40:1 to 5:1 is demonstrated. CTL, cytotoxic T lymphocyte; IFN-y, interferon-y; TAA, tumor-

associated antigen; TNF-o, tumor necrosis factor-o..

the line, and each sub-section is further divided to show the
proportion of T cells that are single cytokine producing, IFN-y
(shown in white) and TNF-o (shown in gray) or double cytokine
producing (shown in black). Overall, most T cells reactive against
SSX2 and MAGEA4 are polyfunctional, while reactivity against
Survivin is mediated equally by single (IFN-7 secreting) and dou-
ble cytokine producing T cells.

MultiTAA T-cell lines are cytolytic in vitro

To determine whether the polyclonal, cytokine producing multi-
TAA CTL were also cytolytic, we incubated donor 1 T cells with
specificity for SSX2 (2211 SFC/2 x 10° CTL) and Survivin (945
SEC/2 x 10° CTL) as evaluated by IFN-y ELIspot, with autologous
phytohemagglutinin (PHA) blasts pulsed with an irrelevant pep-
mix (negative control) or with the SSX2 and Survivin pepmixes,
and measured specific Chromium (Cr*') release after 4 hours of
incubation. At an effector:target (E:T) ratio of 40:1, CTLs killed
both SSX2- and Survivin-pulsed target cells (76% and 30% Cr*!
release, respectively), with minimal recognition of control target
cells (1% release). To determine whether these CTL could also
kill target cells expressing naturally processed target peptides, we
used autologous fibroblasts transduced either with a retroviral or
an adenoviral vector (Ad5f35) encoding Survivin. At an E:T of
100:1 we observed specific lysis of Survivin-expressing fibroblasts
(30% and 18%, retroviral- and adenoviral-transduced, respec-
tively) with no recognition of control mock-transduced fibroblasts
(Figure 4a). These results were confirmed in two additional CTL
lines (Figure 4b,c). Figure 4b shows a CTL line with specificity for
MAGE-A4 (982 SFC/2 x 10° CTL) and SSX2 (1821 SFC/2 x 10°
CTL) that efficiently lysed autologous PHA blasts pulsed with
pepmixes spanning the same antigens (49% MAGEA4, 36%-SSX2,
E:T 40:1) as well as naturally processed peptides on the Hodgkin
line L1236 cell line matched with the CTLs at HLA-A2 (34% spe-
cific lysis at an E:T ratio 40:1). Finally, Figure 4c shows that a CTL
line with specificity for both SSX2 (1762 SFC/2 x 10° CTL) and
MAGE-A4 (36 SFC/2 x 20° CTL) was able to kill autologous PHA
blasts pulsed with SSX2 (77%, E:T ratio 40:1). This line failed to
kill MAGEA4-pulsed PHA blasts, likely because the frequency of
these cells in the culture was too low to produce specific lysis in
the less sensitive Cr® release assay. Nevertheless, this CTL line
killed the HDLM2 HL cell line which expresses both SSX2 and
MAGEA4 and is HLA-A1 and -B8 matched with the CTLs. Tumor
antigen expression in the partially HLA-matched HL cell lines
L1234 and HDLM2 was confirmed by immunohistochemistry
(Supplementary Figure S1) as well as quantitative reverse tran-
scriptase PCR (data not shown). MultiTAA CTL lines were devoid
of alloreactivity assessed using HLA-mismatched PHA blasts as
targets in a 4-hour chromium release assay (data not shown).
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lymphoma patients

Since the clinical use of TAA-specific T cells for the treatment
of lymphoma relies on the generation of CTL from autologous T
cells, we next determined whether our CTL generation protocol
would be effective using material from patients with lymphoma
who have been treated with lymphocyte-directed chemother-
apy and irradiation. We collected blood from eight patients
with relapsed HL or NHL and reactivated CTL against SSX2,
MAGEA4, and Survivin (n = 5) or SSX2, MAGEA4, Survivin,
PRAME, and NY-ESO1 (n = 3); we added two additional anti-
gens for the latter group since both are expressed in the lym-
phoma cell lines HDLM2, L1236 (Supplementary Figure S1)
and are also frequently detected in primary tumor cells
(Supplementary Figure S2).'>** Of the five patient-derived
CTL lines stimulated with SSX2, Survivin and MAGEA4, three
(LP069, LP092, and LP096) showed specificity against at least
two of the stimulating antigens. Of the three patient lines gener-
ated using SSX2, MAGEA4, Survivin, PRAME, and NY-ESO-1
pepmixes as the stimulant, all T-cell lines showed specificity
for three or more antigens (Figure 5a). Thus we observed reac-
tivity against SSX2 in 4/8 lines (median 90 SFC/2 x 10°, range
66-492), MAGEA4 in 6/8 lines (median 52 SFC/2 x 10°, range
8-1048), Survivin in 2/8 lines (median, 119 SFC/2 x 10°, range
14-223), PRAME in 3/3 lines (median 663 SFC/2 x 10°, range
624-1668), and NY-ESO-1 in 3/3 lines (median 42 SFC/2 x 10°,
range 16-56).

Lymphoma patients are often lymphopenic and have immu-
nological defects, further it is likely that TAA-specific T cells
from lymphoma patients are tolerized by their tumors. Therefore
to confirm polyfunctionality of TAA-specific T cells from our
patient-derived multiTAA CTL we measured secretion of [FN-y
and TNF-o, from the CD4" and CD8" T-cell compartments.
Figure 5b, upper panel shows for patient LP178 that specific-
ity for PRAME and Survivin was predominantly detected in
CD4™ T cells, and, as for healthy donors, most T cells were either
dual or TNF-a. single cytokine producing. Similar results were
observed for PRAME, SSX2 and NY-ESO-1 in donor LP071
(Figure 5b, lower panel). This CTL line was also capable of kill-
ing partially HLA-matched TAA-expressing cell lines HDLM2
and L1236 in a Cr* release assay (33% and 29% specific lysis of
HDLM?2 and L1236 at an E:T of 80:1) with no nonspecific lysis
of an HLA-mismatched lymphoma cell line (Raji) (Figure 5c).
Similar cytokine secretion and cytolytic activity was observed in
another patient-derived CTL line, LP069, which was specific for
MAGE-A4 (1000 SFC/2 x 10° CTL) and SSX2 (909 SFC/2 x 10°
CTL) (Figure 5d, upper panel), and lysed autologous PHA
blasts pulsed with these antigens in a 4-hour Cr’' release assay
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Figure 6 MultiTAA kill autologous tumor cells. To assess the ability of patient-derived multiTAA CTL to kill autologous tumor we cocultured the CTL
with autologous CD19" tumor cells at a CTL:tumor ratio of 1:1 for 3 days. Tumor cells cultured with autologous non-antigen specific PHA blasts were
used as a negative control. The presence of CD19" tumor cells was assessed by FACS analysis on day 0 and on day 3 of coculture. CTL, cytotoxic T

lymphocyte; TAA, tumor-associated antigen.

(53%-MAGE-A4 and 10%-SSX2, E:T 40:1) with no recognition
of control targets (PHA blasts alone). Finally, we cocultured mul-
tiTAA CTLs (LP069) at a 1:1 ratio with autologous lymphoma
cells, consisting of 23.3% CD19" malignant lymphoblasts and
73.3% CD3* T cells. In control cultures, we mixed tumor cells
with activated autologous nonspecific T cells (PHA blasts) at the
same ratio (Figure 6). The ratio of T cells (CD3%) to tumor cells
(CD19%) was assessed on days 0 and 3 of culture by FACS analy-
sis. By day 3, CD19" tumor cells had been almost completely
eliminated (0.2% remaining-lower right) by the multiTAA CTL,
but in the control condition (upper right) residual tumor cells
persisted (1.3%) confirming that these in vitro generated multi-
TAA CTL should be of sufficient avidity with adequate cytolytic
function to kill malignant cells in vivo postadoptive transfer
(Figure 6).

DISCUSSION

We have shown that we can generate polyclonal, Thl-polarized
CD4% and CD8' CTLs with specificities toward a multiplicity
of lymphoma-associated antigens by loading professional anti-
gen presenting cells with a combination of peptide libraries. Our
approach generates high-affinity CTLs that produce Thl effector
cytokines upon stimulation from both healthy donors and cancer
patients, regardless of HLA genotype. These CTLs are cytotoxic
to HLA-matched antigen-expressing cell lines and to autologous
tumor cells.

The therapeutic efficacy of CTLs for lymphoma, as for other
tumors, is dependent on the nature of the antigen(s) targeted. The
ideal target antigen should be immunogenic to T cells, uniquely or
highly expressed by tumor cells compared to normal tissues and
directly involved in maintaining the oncogenic tumor phenotype,
thereby limiting the emergence of tumor escape mutants. In the
current study, we focused on preparing T cells specific for the can-
cer testis antigens SSX2, MAGEA4, PRAME, and NY-ESO-1, and
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for the TAA Survivin. Cheever et al. recently identified Survivin,
NY-ESO-1 and SSX2 as high priority targets for cancer therapy
based upon criteria including tumor specificity, oncogenicity,
expression level, and number of identified epitopes.’® Survivin
is a member of the inhibitor of apoptosis protein family that is
expressed during fetal development but present only at low levels
in normal adult tissues.* It is, however, abundantly expressed in
various tumor tissues and cell lines and as such is being widely
investigated as a target in both T-cell and vaccine studies.**>** The
cancer testis antigens, SSX2, MAGEA4, PRAME, and NY-ESO-1
are heterogeneously expressed in multiple tumors but are absent
in healthy organs, with the exception of MHC class I-deficient
germ line tissue.” The expression of our chosen antigens was
heterogeneous on lymphoma, both at the intra- and inter-tumor
levels!*-1>23 and Supplementary Figure S2. However, almost all
cells of all lymphomas express at least one of these target antigens
so that an approach, that produces—in a single culture—T cells
capable of targeting several different antigens, may have superior
clinical efficacy than targeting a single antigen.

Some TAAs are expressed, albeit at low levels, in normal tis-
sues as well, an observation that raises potential safety concerns.
Indeed, previous studies by Warren and colleagues reported pul-
monary toxicity when minor histocompatibility antigen-directed
CD8* T-cell clones were adoptively-transferred to patients with
relapsed acute leukemia after myeloablative allogeneic stem cell
transplant. This toxicity correlated with the level of expression of
the mHAg-encoding genes in lung tissue. Fortunately these adverse
events were cell dose dependent and rapidly and effectively con-
trolled with steroids.” Four of our five target antigens (NY-ESO-1,
SSX2, PRAME, and MAGEA4) have not been detected on nor-
mal tissue, and CTLs directed to these antigens are therefore not
expected to induce “off target” toxicities. For example, we have
recently shown that PRAME peptide-reactive T cells significantly
reduced progenitor colony formation from chronic myelogenous
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leukemia samples without affecting normal hematopoietic precur-
sor cells, thus attesting to the safety of this approach.’ Survivin is,
however, expressed by some normal cells, albeit at lower levels of
expression than tumors.”* Fortunately, Survivin-directed CTLs—
induced using peptides, peptide-loaded DCs, mRNA vaccines or
oncolytic viruses—have revealed no major systemic toxicities.*®
Of note, however, Leisegang et al.”’ recently explored Survivin
as a tumor target, using adoptively-transferred transgenic lym-
phocytes expressing high avidity, HLA-A2 restricted, Survivin-
specific T-cell receptors (Tg-TCRs). These authors found that the
CTLs expressing these survivin-specific TCR killed one another
due to recognition of endogenous Survivin expressed in the acti-
vated lymphocytes. We did not replicate these results with our
Survivin-peptide induced CTLs from healthy donors (D1, D6)
and lymphoma patients (LP178) (Figures 1d, 4a, and 5b). Thus,
we were able to expand these cultures for up to 7 weeks, without
observing fratricide of Survivin or other antigen-specific T cells.
These conflicting findings likely reflect the starting material; in
our study we reactivated circulating, autologous Survivin-specific
T cells while Leisegang et al. cloned the TCR from allogenic high-
affinity clones.

The preparation of TAA-directed CTL with potent antitumor
effects requires both the reactivation of T cells with broad and high
avidity specificities for TAA and the expansion of these cells in vitro
without loss of specificity or function. Meeting these requirements
has been problematic since T cells directed against “self” TAAs
are present in small numbers in peripheral blood, are often aner-
gized/tolerized, and have poor proliferative capabilities.?’ We have
previously shown that effective induction of antitumor immunity
directed against single epitope peptides requires not only opti-
mal antigen presentation by professional antigen presenting cells
such as DCs, but also the presence of immune modulating and
growth promoting cytokines IL-12, IL-7, and IL-15 at the priming
stage.”**>* These cytokines enhance the induction of T, 1/Tc1 anti-
tumor immunity and restore the function of T cells that have been
anergized or tolerized.?**>*® Unfortunately, this cytokine cocktail
was insufficient for reactivation of CTL with multi-antigen speci-
ficity (Figure 1a) and instead additional supplementation with
either IL-6 or IL-27 was required. The proinflammatory cytokine
IL-6, which signals through Stat3, allows escape of T memory/
effector cells from regulatory T cell-mediated suppression,? while
recent reports have emphasized the importance of combining
IL-12 and IL-27 (an IL-12 cytokine family member) for suppres-
sion of inhibitory cytokines from polarized Th2 cells and induc-
tion of TAA-specific CD4" Thl-polarized effector cells.”® Thus
both cytokines likely help repolarize circulating tumor-reactive
T cells and break tolerance. The cytokine combinations used for
this purpose and the sequence of their introduction needs careful
analysis, since individually effective cytokines (e.g., IL-6 + IL-27
or IL-6 + IL-18) may produce antagonistic or even paradoxical
effects when combined (Figure 1a). Although we describe the gen-
eration of CTLs directed to lymphoma-associated TAAs, we also
found that the cytokine combinations we described also enabled
the successful reactivation of T cells targeting TAAs commonly
expressed in leukemia (WT1, PRAME, PR3, Survivin) and hepa-
tocellular carcinoma (MAGE1, MAGE3, AFP) (data not shown),
demonstrating that our approach can be generalized.
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To achieve our objective of generating multiTAA CTL from
any individual with any HLA phenotype we stimulated T cells with
DCs loaded with a mix of pepmixes spanning our antigens of inter-
est. The use of peptides derived from the full-length of the antigen
is essential for this process. First, this allows natural selection of
the highest affinity CTL available, rather than forced stimulation
of T cells with a predetermined peptide.*** Second, since multi-
ple epitopes are presented, T cells that recognize multiple target
sequences can be stimulated, thus minimizing the likelihood of
tumor immune escape due to emergence of epitope loss variants.
Third, both HLA class I and class II binding epitopes can be pre-
sented, increasing the probability that both CD4* and CD8* T
cells will be generated.*** This in turn should favor the subsequent
persistence and survival of the transferred cells in vivo. In the cur-
rent study, we used peptide libraries (15mer peptides overlapping
by 11 amino acids) as a stimulus, and though these peptides con-
tain all CD8" but possibly not all CD4 ™ epitopes and require trim-
ming by endogenous exo- and endopeptidases prior to loading on
HLA class I molecules, we were nevertheless successfully able to
reactivate a significant tumor-directed helper T-cell component as
well as CD81 CTLs in the majority of lines generated.

Although the TAA-specific T cells we described have direct
cytotoxic activity against human lymphoma cells, simple infusion
of these CTLs may be insufficient to produce optimal antitumor
activity. Recently, however, immune-modulating drugs such as
demethylating agents have been shown to upregulate expression
of TAAs on lymphoma and other tumor cells, thereby increasing
their susceptibility to killing by tumor-directed T cells.* Moreover,
engraftment of transferred T cells can be facilitated by prior
immunodepletion with cyclophosphamide or total body irradia-
tion, since this favors subsequent homeostatic T-cell expansion
postinfusion. Hence, the combination of small molecule thera-
peutics with the TAA-specific CTLs we have described may be of
considerable value for the treatment of HL and NHL.

MATERIALS AND METHODS
Donors and cell lines. PBMCs and tumor material was obtained from
healthy volunteers and lymphoma patients with informed consent on
Baylor College of Medicine Institutional Review Board-approved proto-
cols. PBMCs were used to generate DCs, CTL lines, and PHA blasts.
PHA blasts were generated from PBMC (2 x 10°/ml) using PHA (5 ng/
ml) for initial stimulation. PHA blasts where maintained in CTL Media
[RPMI 1640 (Gibco-BRL, San Francisco, CA) supplemented with 45%
Click’s medium (Irvine Scientific, Santa Ana, CA), 2 mmol/l GlutaMAX
TM-I (Invitrogen, Carlsbad, CA), and 5% Human AB Serum (Valley
Biomedical, Winchester, VA)] and supplemented with IL-2 (100 U/ml)
(R&D Systems, Minneapolis, MN), which was replenished every 3 days.
The following cell lines were used: Raji (CD19% Burkitt lymphoma cell
line), HDLM-2 (CD19-negative HL cell line) and L1236 (CD19-negative
HL cell line). All cells were purchased from American Type Culture
Collection and maintained in culture in RPMI-1640 supplemented and
10% fetal bovine serum (FBS) (Hyclone, Waltham, MA) and 2mmol/l
GlutaMAX TM-I. Cell line identity and HLA types were confirmed by
SSP-PCR within 6 months of performing experiments.

Monocyte isolation and DC generation. DCs were generated as previously
described.* Briefly, monocytes were isolated from fresh or frozen PBMCs
by CD14 selection using MACS Beads (Miltenyi, Bergisch Gladbach,
Germany) and cultured in DC media (CellGenix supplemented with
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2mmol/l GlutaMAX TM-I) (CellGenix USA, Antioch, IL) with 800 U/ml
GM-CSF (Sargramostim Leukine; Immunex, Seattle, WA) and 1,000 U/
ml IL-4 (R&D Systems) for 5 days. IL-4 and GM-CSF were replenished on
day 3. On day 5, DCs were matured in DC media using a cytokine cock-
tail containing 100 ng/ml IL-6, 10 ng/ml IL-1B, 10ng/ml TNF-o. (R&D
Systems), 1 ug/ml PGE2 (Sigma, St Louis, MO), 800 U/ml GM-CSF and
1,000 U/ml IL-4 for 48 hours.

Loading DCs with pepmixes. Mature DCs were pelleted and pulsed
with a cocktail of pepmixes spanning MAGE-A4, SSX-2 and Survivin, or
MAGE-A4, SSX-2, Survivin, PRAME and NY-ESO for 60 minutes at 37 °C,
5% CO, (100ng/pepmix was used for DC loading). All pepmixes, which
are overlapping peptide libraries (15mers overlapping by 11 amino acids)
spanning the entire protein sequence of the antigens of interest were pur-
chased from JPT Technologies (Berlin, Germany). After incubation DCs
were resuspended at a concentration of 2 x 10°/ml in CTL Media.

CTL generation. CD14 negative PBMCs were used as responder cells and
stimulated with pepmix-pulsed DCs at a stimulator:responder (S:R) ratio of
1:10. Cells were cultured in CTL media supplemented with 10 ng/ml IL-7,
10ng/ml IL-12, 5ng/ml IL-15 and 100 ng/ml IL-6 and/or 10 ng/ml IL-27
and/or 10ng/ml IL-18 (R&D Systems). On day 10 CTL were harvested,
counted to assess viability using trypan blue exclusion, and restimulated
with pepmix-pulsed DCs at a S:R ratio of 1:10. Cells were cultured in CTL
media for a further 7 days with IL-7 (10 ng/ml) at the day of restimulation
and consecutively fed with IL-2 (50 U/ml, Proleukin; Chiron, Emeryville,
CA) or IL-15 (5ng/ml) twice weekly from day 14. On day 17 after initial
stimulation. cells were harvested, counted and their phenotype, specificity
and functional capacity analyzed. To further expand the cells CTL were
restimulated weekly at a S:R ratio of 1:10 with pepmix-pulsed DCs in
CTL media, supplemented with IL-2 (50 U/ml) or IL-15 (5ng/ml) twice
weekly.

Flow cytometry

Immunophenotyping: CTLs were surface-stained with monoclonal
antibodies to: CD3, CD4, CD8, CD14, CD16, CD56, CD19, CD45RO,
and CD62L (Becton Dickinson BD, Franklin Lakes, NJ). Cells were
washed once with phosphate-buffered saline (PBS) (Sigma) containing
2% FBS (HyClone; Thermo Fisher Scientific, Hudson, NH), pelleted,
and antibodies added in saturating amounts (10ul). After 15 minutes
incubation at 4°C in the dark, cells were washed twice and analyzed.
Approximately 20,000 live cells from each population were analyzed.
Samples were acquired on a FACSCalibur flow cytometer and the data
analyzed using Cell Quest software (BD).

Intracellular cytokine staining: After 2-4 rounds of DCs stimulations
CTLs were harvested, resuspended at a concentration of 5 x 10°/ml in
CTL media and plated at 200 pl/well in a 96-well plate. The cells were then
stimulated with 100 ng of the equivalent tumor antigen-spanning pepmix
or control irrelevant pepmix in the presence of Brefeldin A (1 pg/ml) (BD)
for 5-7 hours. Afterwards, CTLs were washed once with PBS containing
2% FBS, pelleted, and surface stained with CD4, CD8, and/or CD3, (BD)
(10 ul/antibody/tube) antibodies. After 15 minutes incubation at 4°C in
the dark, the cells were washed twice, pelleted, fixed and permeabilized
with Cytofix/Cytoperm solution (BD) for 20 minutes at 4°C in the
dark. After washing twice with PBS/2%FBS containing 0.1% saponin
(Calbiochem; EMD Chemicals, Gibbstown, NJ) cells were incubated
with 20l IFN-y and TNF-o antibodies (BD) for 30 minutes at 4°C in
the dark. Cells were then washed twice with cold PBS/2%FBS containing
0.1% saponin and at least 200,000 live cells from each population were
analyzed with a FACSCalibur equipped with Cell Quest software (BD).

ELIspot assay. We used ELIspot analysis to quantify mono and multi-
TAA-specific T cells. The populations were serially diluted from 2 x 10° to
2.5 x 10 cells/well, and tumor-specific activity measured after direct stim-
ulation with pepmixes spanning MAGE-A4, SSX2, Survivin, PRAME, and
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NY-ESO. Each culture condition was run in triplicate. After 20 hours of
incubation, plates were developed, dried overnight at room temperature in
the dark, then sent to Zellnet Consulting, New York, NY for quantification.
SFC and input cell numbers were plotted, and a linear regression calculated
after excluding plateau data points. The frequency of T cells specific to each
antigen was expressed as specific SFC per input cell numbers.

$5X2 overlapping peptide library. A peptide library consisting of thirty
five 20-mer peptides with 15-aa overlap covering the complete sequence of
SSX-2 was purchased from Alta Bioscience, Birmingham, UK. Lyophilized
peptides were reconstituted at 5 mg/mlin DMSO. As described previously,*
these peptides were pooled into a total of 12 pools in such a manner that
each 20-mer peptide was represented in 2 pools, according to the grid
shown in Figure 2b.

Cytotoxicity assay. We measured the cytotoxic specificity of each T-cell
population in a standard 4-6-hour Cr*' release assay, using E:T ratios of
0:1 to 5:1. Generated CTLs were used as effectors. The targets were lym-
phoma cell lines, fibroblasts or PHA blasts. Fibroblasts were either retrovi-
rally transduced to express Survivin or transduced with an adenoviral vector
expressing Survivin or green fluorescent protein as a control. PHA blasts
were pulsed with pepmixes spanning MAGE-A4, SSX2 and/or survivin.
PHA blasts alone or loaded with an irrelevant pepmix were used as controls.
The target cells were labeled simultaneously for 1 hour with Cr*. The per-
centage of specific lysis was calculated as specific lysis [(experimental release
— spontaneous release)/(maximum release — spontaneous release)] x 100.

Coculture experiments. Prior to coculture, tumor material was character-
ized phenotypically using FACS analysis (CD19/CD20) and by immun-
histochemistry to assess tumor antigen expression. MultiTAA CTL were
mixed with tumor cells at a tumor:T cell ratio of 1:1 in CTL medium
supplemented with 5ng IL-15 and as a control, PHA blasts from the same
donor were incubated with tumor at the same ratio. After 3 days of cocul-
ture, cells were collected, counted and stained with monoclonal antibodies
to detect both T lymphocytes (CD3) and tumor cells (CD19/CD20), and
then analyzed by flow cytometry (FACScan; BD).

Immunohistochemistry. Cell lines and primary HL samples were
resuspended in PBS, mounted onto glass slides (Shandon Cytospin 4
Cytocentrifuge; Thermo Scientific, Waltham, MA) and then placed in
the steamer for 10 min in Target retrieval solution (DAKO). Slides were
incubated in preblock/diluent for 30 min followed by incubation with
mouse anti-human MAGE-A4, PRAME, Survivin or NY-ESO-1 antibody
(all AbCam, Cambridge, MA) and SSX2 (ORIGENE, Rockville, MD), all
diluted 1:50 in diluant for 1 h at room temperature. Anti-mouse horserad-
ish peroxidase/biotin was used to detect positive cells, followed by enzy-
matic conversion using the chromogenic substrate 3,3 diaminobenzidine.

Viral vectors. Ad5f35-EGFP was purchased from the vector development
laboratory of the Center for Cell and Gene Therapy at Baylor College
of Medicine, Houston, TX. Ad5f35-Survivin was generated by sub-
cloning the Survivin cDNA (InvivoGen, San Diego, CA) into pShuttle
(Clontech, Moutain View, CA). From pShuttle, the Survivin expression
cassette, containing the CMV promoter, Survivin and the BGH poly A,
was cloned into the E1/E3 deleted adenoviral backbone vector pAd5F35
using pI-Sce I and I-Ceu I sites.** The resultant plasmids were sequenced
to confirm the sequence (SEQwright, Houston, TX). Recombinant ade-
noviruses were generated as described in the literature.*® Plaques posi-
tive for Survivin expression by western blot were expanded, purified, and
titered by standard procedures. A retrovirus encoding Survivin was con-
structed by subcloning the Survivin ¢cDNA (InvivoGen) into pMSCV-
IRES-GFP (gift from Elio Vanin, Nothwestern University, Chicago, IL).
RD114 pseudotyped retroviral particles were generated as previously
described.”
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SUPPLEMENTARY MATERIAL

Figure S1. SSX2, Survivin, MAGE-A4, PRAME and NY-ESO-1 expres-
sion in lymphoma cell lines.

Figure $2. SSX2, Survivin, MAGE-A4, PRAME and NY-ESO-1 expres-
sion in primary tumor cells.
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