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Abstract

Tumor-reactive T lymphocytes can promote the regression of established tumors. However, their efficacy is often limited
by immunosuppressive mechanisms that block T cell accumulation or function. ACT provides the opportunity to amelio-
rate immune suppression prior to transfer of tumor-reactive T cells to improve the therapeutic benefit. We evaluated the
combination of lymphodepleting whole body irradiation (WBI) and agonist anti-CD40 (a«CD40) antibody on control of
established autochthonous murine neuroendocrine pancreatic tumors following the transfer of naive tumor-specific CD8 T
cells. Sublethal WBI had little impact on disease outcome but did promote T cell persistence in the lymphoid organs. Host
conditioning with «CD40, an approach known to enhance APC function and T cell expansion, transiently increased donor T
cell accumulation in the lymphoid organs and pancreas, but failed to control tumor progression. In contrast, combined WBI
and aCD40 prolonged T cell proliferation and dramatically enhanced accumulation of donor T cells in both the lymphoid
organs and pancreas. This dual conditioning approach also promoted high levels of inflammation in the pancreas and tumor,
induced histological regression of established tumors, and extended the lifespan of treated mice. Prolonged survival was
entirely dependent upon adoptive transfer, but only partially dependent upon IFNy production by donor T cells. Our results
identify the novel combination of two clinically relevant host conditioning approaches that synergize to overcome immune
suppression and drive strong tumor-specific T cell accumulation within well-established tumors.
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However, tumor-reactive T cells are susceptible to mecha-
nisms that suppress their function in the TME, and in the
case of non-inflamed tumors, are excluded from the TME
entirely [3]. ACT provides the opportunity to modify the
immunosuppressive host environment prior to introduction
of tumor-reactive T cells and can generate durable regression
of established cancer in both experimental mouse models
and cancer patients [4]. Host conditioning regimens that
modify immune suppression are closely linked to success-
ful ACT. In particular, nonmyeloablative lymphodepletion
dramatically improves the success of ACT-based therapies,
most often consisting of chemotherapy in patients [5, 6] and
effectively reproduced by WBI in mouse models [5]. Addi-
tional approaches to target immune suppression during ACT
include administration of antibodies that enhance immune
function or block immune checkpoint inhibitory pathways
[7-11], as well as the use of adjuvants and immunization to
improve T cell expansion [12, 13].

For solid tumors, ACT with in vitro expanded tumor-infil-
trating T lymphocytes in combination with lymphodepletion
has a high success rate in metastatic melanoma patients [14],
but a gap remains in our understanding of the efficacy of
this approach for other tumor types. In mice, host condi-
tioning with WBI prior to ACT induces lymphodepletion,
which can increase donor cell access to survival cytokines
and eliminate regulatory T cells [5]. WBI can also promote
normalization of the tumor vasculature [15, 16], enhance
host APC function [17, 18], and increase type I IFN pro-
duction and innate sensing of tumors [19, 20]. Our group
previously demonstrated that WBI increased the magnitude
and duration of the donor CD8 T cell response, resulting
in regression and durable control of established autochtho-
nous SV40 T antigen (T Ag)-induced brain tumors [7, 21].
This approach also was beneficial in the immunosuppres-
sive TRansgenic Adenocarcinoma of the Mouse Prostate
(TRAMP) model, resulting in regression of established
lesions and CD8 T cell persistence [22]. However, combin-
ing the beneficial effects of host lymphodepletion with other
activators of T cell immunity may provide a more potent
anti-tumor response that could broaden the success of T cell-
based therapies.

We previously demonstrated that agonist xCD40 admin-
istration dramatically enhanced initial CD8 T cell priming
against established T Ag-induced tumors, and resulted in
either prolonged tumor control or tumor regression [7, 8,
23]. Increased T cell accumulation in vivo is consistent with
the proposed mechanism of aCD40-enhanced antigen pres-
entation and delivery of co-stimulatory and cytokine signals
by professional APCs [24-26]. In addition, ®CD40 reverses
the accumulation of suppressive myeloid cells, facilitating T
cell-based anti-tumor immunity [27, 28]. Whether host lym-
phodepletion can be combined with agonist «CD40 to medi-
ate more effective control of established tumors is unknown.
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To address this question, we utilized the Ripl-Tag4
(RT4) model of neuroendocrine pancreatic cancer that
undergoes multistage carcinogenesis as a result of T Ag
expression from the rat insulin II promoter [29]. T Ag
expression in the f§ cells beginning at 5 weeks of age [30]
leads to widespread islet hyperplasia and progression
to insulinomas by 3 and 6 months of age, respectively
[29]. All mice succumb to tumor progression at an aver-
age of 263 days of age [30]. Once T Ag is expressed in
the pancreas, peripheral CD8 T cell tolerance manifests
and abrogates the ability of immunization to block tumor
progression [30, 31]. Adoptively transferred naive tumor-
specific T cells are efficiently activated in tumor-bearing
RT4 mice, but are rapidly deleted and fail to alter tumor
progression [31]. Administration of agonist ®CD40 anti-
body can enhance the accumulation of T Ag-specific donor
T cells within both the peripheral lymphoid organs and
tumors of RT4 mice. However, these T cells are rapidly
eliminated, and treatment had only a transient impact on
tumor progression [32]. Thus, this model provides a chal-
lenging setting to test the hypothesis that the novel com-
bination of host lymphodepletion and agonist aCD40 can
improve ACT-mediated immunotherapy by promoting the
expansion and accumulation of functional tumor-specific
donor T cells.

Materials and methods
Mice

RT4 mice [30] on the C57BL/6J background were main-
tained in specific pathogen-free barrier housing in the Penn
State College of Medicine animal vivarium. Both male
and female hemizygous mice were used for all experi-
ments. Therapy was initiated at 6 months of age, when
mice have established neoplasia [32]. TCR-I mice on the
C57BL/6] background have been described previously
[8], and are available from the Jackson Laboratory [B6.
Cg-Tg(TcraY1,TerbY1)416Tev/J]. TCR-I mice were used
between the ages of 8—12 weeks.

Cell lines and reagents

B6/WT-19 cells that express full-length, wild-type SV40
T Ag were originally derived by Tevethia, and have been
described previously [33]. Processing and short-term culture
of single-cell lymphocyte suspensions from mice was per-
formed in RPMI 1640 medium supplemented with 2% fetal
bovine serum, 100 U/ml penicillin, 100 pg/ml streptomycin,
2 mM L-glutamine, 10 mM HEPES, and 50 uM 2-ME.
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Adoptive immunotherapy

6-month old RT4 mice were exposed to 4 Gray (Gy)
whole body y-irradiation using a %°Co-source Gamma-
Cell 220 irradiator (Nordion International) 1 day before
adoptive transfer or injected intraperitoneally with 100 pg
aCD40 agonist monoclonal antibody (clone FGK45;
BioXCell) 1 day before and 1 day following adoptive
transfer. Alternatively, the two conditioning approaches
were combined with mice receiving WBI 6-8 h prior to
the first dose of aCD40. RT4 mice were intravenously
injected with 1x 10° TCR-I cells in PBS. TCR-I cell
purity was determined by flow cytometric detection with
Site I-specific MHC tetramer, and ranged from 30 to 45%
of the bulk spleen and LN single-cell suspension. For
proliferation experiments, 5 uM CFSE in 0.1% bovine
serum albumin in PBS was used to label cells prior to
transfer [31]. Blood glucose levels were measured every
7-10 days in peripheral blood from the tail vein using a
TRUE2go glucose meter (NIPRO Diagnostics).

Processing, staining and flow cytometry analyses

Red blood cell-depleted single-cell suspensions from
spleens and LNs were obtained as previously described
[34]. Pancreata were dissected from the mouse, and enzy-
matically digested with a master mix of 1% FBS, 1 mg/
ml collagenase (Life Technologies) and 50 U/ml DNase
I (Roche) in RPMI 1640 complete media with rocking at
37 °C for 15-30 min. Large particulates were removed by
passing the cell suspension through wire mesh.

Aliquots of 2 x 10° pancreatic or LN cells or 2 x 10°
splenocytes were stained with commercially available
antibodies and PE-labeled H-2DV/I tetramer (Tetl) [35]
prior to analysis on a FACSCanto II, LSRII or LSR
Fortessa (BD Biosciences) in the Penn State Hershey
Flow Cytometry Core Facility. Samples were fixed
with 2% paraformaldehyde or stained with 7-aminoac-
tinomycin D (7-AAD) prior to analysis. Data were ana-
lyzed using FlowJo software (FlowJo, LLC). Antibod-
ies used include: CD45.2-V500 (clone 104), CD8-V450
(clone 53-6.7), CD8-BV786 (clone 53-6.7), CD8-PE
(clone 53-6.7), CD90.1-APC (clone HIS51), CD90.1-
PerCP Cy5.5 (clone HIS51), CD44-FITC (clone IM7),
CD44-Alexa fluor700 (clone IM7), CD62L-APCe780
(clone MEL-14), CD62L-APC-Cy7 (clone MEL-14),
KLRGI1-PE Cy7 (clone 2F1), PD-1-FITC (clone J43),
CD127-V450 (clone SB/199), Ki67-PE (clone SolA15).
Antibodies were purchased from BD Biosciences or
eBioscience. Donor T cells were identified as 7-AAD"*®
CD45.2 + CD8 + and then CD90.1 + and/or Tetl+.

Intracellular cytokine staining

2% 10° cells from single-cell suspensions were incubated
at 37 °C in RPMI 1640 complete media containing 2%
FBS, 1 pg/ml brefeldin A and 1uM Site I peptide (,psSAIN-
NYAQKL,,s) or H-2K’/HSV glycoprotein B (gB) peptide
(40¢SSIEFARL;5). Following a 4-h incubation, cells were
stained for CD8 and CD90.1. The Cytofix/Cytoperm kit
(BD Pharmingen) was used to permeabilize and intracel-
lularly stain cells with IFNy-FITC (clone XMG1.2) and
TNFa-PE (clone MP6-XT22) antibodies per the manufac-
turer’s instructions. Site I-reactive T cells was calculated
by subtracting the proportion of gB peptide responders in
parallel samples.

Histology

Mice were euthanized by CO, asphyxiation and perfused
with 10 ml of PBS followed by 10 ml of 10% neutral buff-
ered formalin. The pancreas was dissected from the mouse,
and immersion fixed in 10% neutral buffered formalin for
24 h followed by transfer into 70% ethanol for at least 24 h.
Pancreata were embedded in paraffin, and sections stained
with H&E or Masson’s trichrome for blinded scoring by a
board-certified veterinary pathologist. Images were collected
using an Olympus BX51 microscope fitted with an Olympus
DP71 digital camera and cellSens Standard 1.12 imaging
software (Olympus). Briefly, severity of pancreatic lesions
(pancreatitis) was quantified as previously described [36]: O,
no pathological changes; 1, minimal infiltration of periductal
tissue with leukocytes but no parenchymal destruction; 2,
moderate periductal infiltration with leukocytes associated
with beginning parenchymal destruction; 3, severe peri-
ductal inflammation and/or more extended parenchymal
destruction; 4, diffuse leukocyte infiltrates, destruction of
acini and (partial) replacement by adipose tissue. Inflamma-
tion in the pancreatic islets (isletitis) was scored as follows:
0, no significant inflammation; 1, scattered low numbers of
mononuclear leukocytes; 2, multifocal moderate numbers
of mononuclear leukocytes; 3, diffuse and large numbers of
mononuclear leukocytes. Hyperplastic islets were identified
as described [29, 37].

Statistical analyses

Two-sided Student’s ¢ test, one-way ANOVA or two-way
ANOVA were used to compare the outcomes of different
treatment groups. In all figures, graphical data represent the
mean + SEM. Kaplan—-Meier survival curves and log-rank
were used to determine differences in survival outcome. All
statistical analyses were performed with the significance
level set to 0.05 using GraphPad Prism software (v5.0f or
higher, San Diego, CA).
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Results

Dual conditioning of RT4 mice with WBI
and anti-CD40 delays tumor progression
following ACT

To evaluate the role of combined lymphodepletion and
aCD40 (dual conditioning) on ACT-mediated control of
tumor progression, groups of 6-month old RT4 mice were
administered WBI and/or agonist axCD40 with transfer
of naive TCR-1 T cells (Fig. 1a), specific for the H-2D"-
restricted T Ag site I determinant. Tumor progression
was monitored by the measurement of blood glucose
which decreases due to increased insulin production
by insulinomas [32]. Neither TCR-I cell transfer alone
nor in combination with either aCD40 or WBI condi-
tioning was able to delay progression of established
tumors (Fig. 1b). However, dual conditioning with ACT
(WBI + aCD40 + TCR-I) delayed tumor progression, with
blood glucose levels remaining near normal for approxi-
mately 80 days post treatment in most animals. This effect
required donor TCR-I cells.

Control of tumor progression in dual-conditioned RT4
mice receiving ACT resulted in a highly significant exten-
sion of life span compared to all other groups (Fig. 1c;
median of 350 days). No other treatment had a signifi-
cant impact on survival. Three mice from the dual-condi-
tioned + ACT group were killed at 332 days and observed
to contain advanced insulinomas, consistent with tumor pro-
gression at this late time point (unpublished observations).
These data demonstrate that xCD40 and WBI conditioning
synergize to improve ACT-mediated control of pancreatic
tumors, while the individual approaches had no impact.

Dual conditioning with ACT reduces overall tumor
burden

We evaluated the impact of each conditioning regimen on
inflammation within the pancreas 7 days post ACT. Blinded
scoring of H&E-stained pancreas sections revealed that
WBI + ACT failed to induce inflammation in the peri-
ductal region and acini of the pancreas (pancreatitis) or
within the pancreatic islets (isletitis) (Fig. 2a). aCD40
alone induced general pancreatitis that was reduced when
mice also received WBI, suggesting that irradiation sup-
pressed or reduced the endogenous inflammatory cells
(Fig. 2a; Supplementary Fig. 1c, d). In contrast, adminis-
tration of aCD40 + ACT promoted both pancreatitis and
isletitis (Fig. 2a; Supplementary Fig. 1a) with the pan-
creatitis mainly observed peritumorally and adjacent to
the LNs (unpublished observations). Mice receiving dual
conditioning with ACT displayed a similar high degree of
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pancreatitis and isletitis (Fig. 2a; Supplementary Fig. 1b).
In this case, however, inflammation was observed both
throughout the pancreas and within the tumor (Fig. 2b), indi-
cating a more uniform level of inflammation than observed
in aCD40 + ACT treated mice. These results demonstrate
that ®CD40 conditioning triggers inflammation within the
pancreas but donor T cells are required for inflammation
within the islets and tumors, while WBI+ aCD40 + TCR-I
produced more uniform inflammation than aCD40 + ACT.

By 21 days post ACT, insulinomas in dual-conditioned
mice showed significant loss of cellularity by H&E staining,
consistent with tumor regression (Fig. 2e). Regressed tumors
were replaced with coarse fibrosis as indicated by positive
(blue) staining in Masson’s trichrome-stained sections
(Fig. 2h). No other treatment produced tumor regression
and H&E stained sections revealed well-developed insulino-
mas (Fig. 2c, d, f, g and unpublished observations). Only
dual-conditioned mice receiving ACT exhibited a subset of
tumor-free mice 70 days post treatment (Fig. 2i) while at
least one tumor was identified in all surviving mice in other
treatment groups. In addition, only WBI+ aCD40 + TCR-I
led to a significantly reduced percentage of hyperplastic
islets (Fig. 2j). These results indicate that dual condition-
ing, but neither single conditioning regimen, significantly
reduced the tumor burden following ACT.

Dual conditioning increases donor T cell
accumulation in the lymphoid organs
and tumor-bearing pancreas

Donor cell accumulation in the tumor-draining pancreati-
coduodenal LN (PLN) was assessed to define the impact of
each conditioning regimen on initial T cell priming and sub-
sequent accumulation. Individually, WBI and a«CD40 each
had a small impact on the frequency of donor TCR-I cells in
the PLN at day 5, followed by contraction at day 7 (Fig. 3a,
b). In contrast, dual conditioning dramatically increased the
frequency of TCR-I cells, achieving peak levels at day 7.
This increase was statistically significant compared to all
other groups at days 5, 7 and 10, and donor T cells remained
readily detectable in dual-conditioned mice at day 21. In
contrast, total CD8 T cells were only significantly increased
at day 7 in dual-conditioned mice (Supplementary Fig. 2).
We evaluated donor T cell proliferation using both CFSE
dilution and Ki67 staining. By day 3 post transfer, almost
all CFSE-labeled donor T cells in the PLN had undergone
multiple rounds of cell division regardless of host condition-
ing (Fig. 3c). CFSE signal was almost completely eliminated
by day 5 in all treatment groups (Fig. 3c), despite differences
in T cell accumulation at this early time point (Fig. 3a). To
evaluate donor T cell proliferation beyond day 5, recovered
donor cells were stained for Ki67. T cells from dual-con-
ditioned mice maintained a significantly higher proportion
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of proliferating cells 7 days after transfer (Fig. 3d). Sus-
tained proliferation corresponded with higher accumulation
of donor T cells at days 7 and 10 in the dual-conditioned
group (Fig. 3a). These results indicate that sufficient anti-
gen is available to prime tumor-specific T cells in the PLN
independent of host conditioning, while dual conditioning

promotes continued proliferation and accumulation of donor
T cells.

We also quantified T cells in the spleen as an indication
of systemic immunity. Donor T cell accumulation was not
improved by WBI, but was initially increased with aCD40
(Fig. 4a). TCR-I cells in aCD40 treated mice exhibited
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peak accumulation at days 57, and contracted to baseline
levels within 2 weeks. In contrast, accumulation of TCR-I
cells in dual-conditioned mice peaked 10 days post ACT,
and achieved significantly higher total cells at days 7 and
10 compared to all other treatments. This increase in total
donor T cell accumulation was mirrored by a proportional
increase among splenic CD8 T cells (Fig. 4b). T cells from
dual-conditioned mice contracted approximately threefold
by day 14, but remained above the levels observed with other
treatments (Fig. 4a). These results indicate that systemic
accumulation of donor T cells is most effectively increased
by dual conditioning.

As found in the lymphoid organs, the number of TCR-I
cells infiltrating the pancreas was not significantly enhanced
by WBI, but aCD40 produced a small, transient donor cell
accumulation 7 days after transfer (Fig. 4c, d). Importantly,
dual conditioning increased peak accumulation of TCR-I
T cells in the pancreas at day 7 above that achieved in all
other groups (Fig. 4c). TCR-I T cells contracted after day 7
with kinetics similar to that observed in the PLN rather than
continuing to accumulate as observed in the spleen. Donor

ferroni corrections. b Representative flow cytometry panels from a.
Numbers indicate the mean percentage +/— SEM of CD8" cells. ¢
CFSE staining of CD90.1+TCR-I cells in the PLN 3 and 5 days post
treatment. d Ki67 staining of CD90.1+TCR-I cells in the PLN 7 days
post treatment. N=4-6/group; WBI+aCD40+TCR-I vs. all other
groups, **p <0.01 by one-way ANOVA with Dunnett’s post-test

T cells recovered from spleen (Fig. 5a—c) and pancreas
(Fig. 5d—f) on day 7 did not significantly vary in expression
of phenotypic surface markers including CD62L and PD-1.
A high, yet similar proportion of donor T cells recovered
from the spleen and pancreas of treated mice expressed
PD-1, regardless of the type of treatment. Splenic T cells
recovered from dual-conditioned mice showed a minor
but statistically significant increase in the proportion of
KLRGI +cells (Fig. 5a). Thus, no major phenotypic differ-
ences were observed despite the dramatic increase in T cell
accumulation following dual conditioning.

Donor T cells in the pancreas remained at low but detect-
able numbers up to 21 days post ACT in dual-conditioned
mice (Fig. 4c: average 5595 cells/pancreas). While TCR-I
T cells were not detected at later time points in the pancreas
(unpublished observations), donor T cells persisted at low
levels in the spleen up to 70 days post ACT in a subset of
both dual- and WBI-conditioned mice, but not in aCD40-
or ACT only mice (Fig. 4e). Persisting T cells showed
some features consistent with memory T cell formation
such as CD62L expression but few cells expressed CD127
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Fig.4 Dual conditioning enhances accumulation of TCR-I cells
in the spleen and pancreas. a, b Absolute numbers of CD90.1+ or
Tetl+ TCR-I cells in the spleen (a) and pancreas (c) were deter-
mined by flow cytometry. N=6-18 mice/group (days 3-10), 2-10/
group (days 14, 21). WBI4+aCD40+TCR-I vs. TCR-I (asterisk),
vs. WBI+TCR-I (dollar symbol), vs. ®CD40+ TCR-I (ampersand);
aCD40+TCR-I vs. TCR-I alone (hat symbol). 1 digit p<0.05, 2
digits p<0.01, 4 digits p<0.0001 by two-way ANOVA with Bon-
ferroni corrections. b, d representative flow cytometry plots for

or PD-1 (Fig. 4f). These results indicate that «CD40 mod-
estly improved donor T cell accumulation in the spleen and
pancreas of tumor-bearing RT4 mice while WBI promoted
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residual T cell persistence. Dual conditioning prolonged
T cell expansion and dramatically increased acute T cell
accumulation.
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IFNy production by donor T cells modestly impacts
survival

We next evaluated T cell functions that may be associ-
ated with control of tumor progression including produc-
tion of IFNy and TNFa. Low proportions of donor T cells
from mice treated with ACT alone or ACT with aCD40
or WBI produced these cytokines, while a significantly
increased proportion of donor cells produced IFNy and
TNFa in dual-conditioned mice (Fig. 6a). Previous investi-
gations have demonstrated that donor T cells control tumor

F -
:4.00-

n& i Pl 1 %3 :
RwYg6.7 | 10.89 [ 6 i5.227 % .

group; *digit p <0.05, ***digits p<0.001 by one-way ANOVA with
Dunnett’s post-test. b, ¢, e, f representative flow cytometry plots for
TCR-I T cells recovered from the spleen (b, ¢) and pancreas (e, f)

progression through IFNy-dependent tumor cell killing and
cell cycle arrest [21, 38—41]. To assess the role of IFNy
in the anti-tumor response in this system, we transferred
naive IFNy-deficient TCR-I donor cells (TCR-IxGKO) into
dual-conditioned RT4 mice. TCR-IxGKO T cells accumu-
lated to similar frequencies as wild-type TCR-I T cells in
both the lymphoid organs and pancreas of dual-conditioned
mice (Fig. 6b). TCR-IxGKO donor T cells recovered at day
7 were predominantly PD-1* and CD62L'° but did not vary
significantly in phenotype from wild-type TCR-I T cells
(Fig. 6¢-e). Thus, loss of IFNy did not negatively impact T
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Fig.6 IFNy-producing donor cells are required to achieve maxi-
mum control of tumor progression. a IFNy- and TNFa-production
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N=3/group. WBI+aCD40+TCR-I vs. all other groups; *p<0.05,
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cell accumulation or alter differentiation in dual-conditioned
RT4 mice.

In addition, TCR-IxGKO donor T cells mediated a
highly significant increase in survival of RT4 mice follow-
ing dual conditioning compared to mice that received TCR-
IxGKO ACT alone (Fig. 6f). However, this increase was
significantly less than achieved with wild-type TCR-I cells.
These data indicate that IFNy production by donor T cells
plays a modest role in control of tumor progression, but
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TCR-IxGKO cells. b Total TCR-I donor cells 7 days post treatment.
N=6-7/group. No significant differences by Student’s ¢ test. c—e Sur-
face marker expression on TCR-I cells recovered from the spleen (c),
pancreas (d) and PLN (e). N=3-7/group. No significant differences
by Student’s ¢ test. £ Survival analysis with median survival (days)
indicated. N=10/group. *p < 0.05, ***p <0.001 by log-rank test

suggest that alternative donor T cell effector mechanisms
are likely to promote anti-tumor immunity in this system.

Discussion
Approaches that promote T cell accumulation within tumors

are likely to improve the response rate to immune-based
therapies, particularly for tumors that effectively exclude T
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cells [3]. We demonstrate that combining two distinct con-
ditioning approaches, WBI and agonist «CD40, improves
ACT. These regimens function synergistically to produce a
more potent anti-tumor response than either achieves alone.
Our results show that aCD40 promotes T cell accumulation
in the lymphoid organs and pancreas, although this inflam-
matory effect was not sufficient to control tumor progres-
sion. WBI dramatically improved acute accumulation of
tumor-specific T cells within the pancreas when combined
with «CDA40, consistent with the more potent impact of this
combined regimen on tumor progression.

Agonist aCD40 has been shown to license APCs to
effectively initiate cytotoxic CD8 T cell responses in tol-
erizing environments [24, 42]. While increased aCD40-
induced donor T cell accumulation could be explained by
improved tumor antigen presentation, we did not directly
measure the quantitative effects of aCD40 on antigen
presentation. However, our results do show that sufficient
tumor antigen was constitutively presented to activate
almost all of the donor T cells within the draining LNs
regardless of treatment (Fig. 3¢). Thus, improved T cell
accumulation within the lymphoid tissues of aCD40-
treated mice may be explained by a qualitatively better
signal, such as improved costimulatory signals or altered
cytokines provided during T cell differentiation [43, 44].
Addition of WBI to aCD40 conditioning may prolong the
period of effective tumor antigen presentation resulting in
extended donor T cell proliferation in the PLN (Fig. 3d).
These effects could be mediated through radiation-induced
immunogenic tumor cell death [45] or further licensing of
APCs [18, 19].

A second role for aCD40 may be to induce a pro-
inflammatory state that promotes immune cell infiltra-
tion into the pancreas. Clinically, aCD40 administration
is associated with cytokine release syndrome [46] and
triggering of CD40 on human endothelial cells promotes
increased levels of adhesion molecules and production of
pro-inflammatory cytokines [47]. In mice, intraperitoneal
delivery of aCD40 promotes an acute hepatitis and accu-
mulation of myeloid cells in tumor-bearing and tumor-free
hosts [48]. Thus, aCD40 may play a key role in facilitat-
ing T cell entry into the pancreas, which is further aug-
mented by WBI. In the related Rip1-Tag5 model, irradia-
tion transformed the irregular insulinoma vasculature into
a phenotypically normal capillary network to facilitate T
cell infiltration [15]. Radiation up-regulated expression of
adhesion molecules on tumor blood vessels, correlating
with T cell extravasation into the tumor [15, 49]. These
changes appear to be dependent on the development of
an inflammatory microenvironment, and may be mediated
through M1-skewing of tumor-associated macrophages
[16]. Here we found that WBI+ ACT did not promote T
cell accumulation or pancreatic inflammation, while the

combination of aCD40 + WBI+ ACT promoted extensive
T cell accumulation and inflammation throughout the pan-
creas and tumors. A similar effect was recently found in
mice with pancreatic ductal adenocarcinomas, where the
combination of chemotherapy and aCD40 dramatically
improved T cell-dependent control of tumor progression
[50]. Intriguingly, that response was dependent on the
presence of Batf3 + DCs, critical for antigen cross-pres-
entation, and was associated with decreased regulatory T
cells and improved T cell effector function in the TME.
Indeed the presence of DCs in the TME may be essential
for recruitment of donor T cells [51]. The nature of the
inflammatory cells recruited into the pancreas by either
aCDA40 alone or dual conditioning and their role in T cell
recruitment in RT4 mice remains to be determined.

We also demonstrate that WBI extended the persistence
of a small population of donor T cells (Fig. 4e). However,
the level of T cell persistence was not improved by dual con-
ditioning suggesting that the increased magnitude of acute T
cell accumulation did not increase long-term T cell persis-
tence in this tumor model. Whether additional interventions
prior to T cell contraction might improve T cell persistence
remains to be determined. Nonetheless, WBI prevented the
complete loss of donor T cells observed with aCD40 con-
ditioning [7], offsetting a major limitation to aCD40 condi-
tioning in the setting of ACT. This combination may repre-
sent a general approach to prolong donor T cell persistence.
Our previous studies in other models also demonstrated the
capacity for WBI conditioning to extend survival of donor T
cells [21, 22]. The lymphodepleting effect of both WBI and
chemotherapy is associated with creating sufficient space
and access to survival cytokines in tumor-bearing recipients
to promote differentiation and persistence of memory-like
T cells [52, 53]. WBI was sufficient to promote donor T cell
persistence in RT4 mice, but the addition of aCD40 was
required to produce a population of donor T cells capable
of exerting a measurable therapeutic effect. In addition, only
dual conditioning promoted an increase in the proportion of
IFNy and TNFa-producing donor T cells. Taken together,
these data suggest that effective tumor control required high-
level acute donor T cell accumulation and effector T cell
differentiation that was only effectively accomplished in the
setting of dual conditioning.

Our findings are consistent with previous studies in other
tumor models showing that IFNy is important for elimina-
tion of tumor antigen-expressing cells and the tumor stroma
[38, 39, 54]. IFNy produced by T cells in the TME slows
tumor growth by arresting tumor cells in the G1/GO phase
of the cell cycle [40, 41]. However, we demonstrate that
IFNy-deficient TCR-I T cells maintained a significant capac-
ity to control tumor progression, suggesting that additional
effector mechanisms (e.g., Fas-FasL function, cytotoxic-
ity) may contribute to the anti-tumor response observed in
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dual-conditioned RT4 mice. Indeed, sublethal irradiation
can increase Fas expression on tumor cells [55], potentially
rendering insulinomas in dual-conditioned mice more sensi-
tive to Fas-mediated apoptosis than tumors in «CD40-only
conditioned mice. Our studies do not rule out a role for host-
cell derived IFNYy in the observed anti-tumor effect, although
our data clearly demonstrate that ACT is required for dual
conditioning to control tumor progression. Further studies
are needed to determine the specific contributions of IFNy-
dependent and -independent components of donor T cell
activity involved in RT4 tumor regression and stasis.

These results have the potential to be applied clinically
using patient TILs and autologous T cells reprogrammed
with chimeric antigen receptors or cloned TCRs. The indi-
vidual conditioning approaches have previously been applied
in patients; WBI administered with ACT in the setting of
metastatic melanoma [4], and aCD40 administered with-
out ACT in the settings of pancreatic ductal adenocarci-
noma and metastatic melanoma [27]. Combining these two
approaches with ACT in cancer patients could have poten-
tial toxicities as ®CD40-induced acute hepatitis in mice has
been observed. How WBI may impact the aCD40-induced
inflammatory response remains unknown [48]. While we
observed no toxicity in our studies either in the target organ
or at other sites, more in-depth studies are required to assess
potential toxicities. In summary, we found that combining
distinct host conditioning regimens with ACT produced
immune-enhancing effects beyond those predicted using
each individual approach, allowing for effective therapy
against established tumors.
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