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Abstract
Adoptive cell transfer has been shown to significantly reduce established tumors in both
experimental models and cancer patients. Due to the toleragenic nature of cancer, approaches that
lead to durable maintenance of functional T cells in tumor-bearing hosts are needed to maximize
tumor regression. In this study, we investigated strategies to augment CD8+ T cell (T-CD8)-
mediated adoptive immunotherapy of mice bearing advanced-stage autochthonous brain tumors by
targeting a weakly immunogenic epitope. We found that immunization enhanced the accumulation
of adoptively transferred T-CD8 at the tumor site, but that the timing of immunization was critical
for optimal T cell expansion. A more rapid accumulation of T-CD8 was achieved when mice were
conditioned with agonist anti-CD40 antibody prior to adoptive transfer due to increased T cell
activation against the endogenous tumor antigen. Both approaches led to an increase in the
lifespan of SV11 mice due to decreased tumor progression. However, tumor-specific T-CD8 did
not persist long-term at the tumor site following administration of either regimen. Importantly, the
combination of anti-CD40 conditioning followed by optimally-timed immunization synergistically
promoted long-term maintenance of T-CD8 in the brain and dramatically enhanced survival. A
second round of combination immunotherapy resulted in a further increase in survival, suggesting
long-term tumor sensitivity to CD8+ T cell-based immunotherapy. These results demonstrate that
even a weak antigen can be effectively targeted for control of established tumors using a combined
adoptive transfer plus immune modulation approach and suggest that similar strategies may
translate to clinical practice.
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Introduction
CD8+ T lymphocytes (T-CD8) have the capacity to destroy tumor cells through recognition
of specific peptide/MHC class I complexes. The demonstration that tumor-reactive T-CD8
can be isolated from cancer patients (1,2) has fueled the development of both vaccination
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and T cell-based adoptive immunotherapy approaches (3,4). However, the finding that many
tumor-associated antigens represent self antigens has raised concerns that immunological
tolerance and other mechanisms that limit self-reactive immunity preclude effective T-CD8-
based approaches to cancer therapy. Indeed, since the most stongly self-reactive T-CD8 are
eliminated in the thymus during T cell development, the pool of self/tumor reactive T-CD8
is often comprised of low avidity T cells (5) or higher avidity T-CD8 specific for antigens
expressed at low or undetectable levels during T cells development (6), including mutated
antigens (7).

The use of adoptive immunotherapy approaches can overcome some of the constraints on
the responder T cells through ex vivo generation of large numbers of tumor-responsive T-
CD8 and selection of the most strongly reactive T cell clones. Once transferred into the
tumor-bearing host however, these tumor-reactive T cells are often subject to a number of
regulatory mechanims that prevent their expansion, migration into the tumor, effector
function and persistence (8–10). Thus, a current challenge lies in the ability to direct
transferred cells to the tumor site and maintain persistence of functional intratumoral cells at
a level within the tumor-bearing host that produces a clinical effect (11,12).

Mice that develop tumors due to transgenic expression of an oncoprotein provide a
challenging setting for immunotherapy due to the autochthonous nature of the tumor and its
associated self antigens. Mice of the SV11 (H-2b) lineage express the SV40 large T antigen
(Tag) oncoprotein from the viral promoter, resulting in development of choroid plexus
papillomas within the brain ventricles (13). Tumors are detectable by 40 days of age and
progress rapidly and reproducibly until mice succumb to tumor burden at a mean age of 105
days (14). Tag is the target of a potent T-CD8 response in normal C57BL/6 mice, in which
immunization with wild-type Tag induces T-CD8 specific for three dominant epitopes:
epitope I (Tag residues 206-215), epitope II/III (residues 223-231), and epitope IV (residues
404-411) (15–17). In SV11 mice, Tag expression in the thymus induces central tolerance to
all three dominant epitopes, but a residual population of Tag-specific T-CD8 specific for an
immunorecessive epitope, designated Tag-V (residues 489-497), survive negative selection
and persist in SV11 mice (18).

We recently investigated the fate of Tag-V specific T-CD8 in tumor-bearing SV11 mice
using adoptive transfer of T-cell receptor transgenic T-CD8 specific for Tag-V (TCR-V
cells) (19). TCR-V cells were activated in the tumor-draining lymph nodes within hours of
transfer into tumor-bearing SV11 hosts and reached peak levels of accumulation by day 4.
Immunization on the day of adoptive transfer led to only a two-fold increase in T cell
numbers in SV11 mice and subsequent trafficking to the tumor site, but T cell persistence
was short-lived and had no effect on tumor progression. In contrast, a booster immunization
administered 7 days post transfer and primary immunization resulted in a dramatic increase
in TCR-V T cell accumulation in the brain and was associated with a significant delay in
tumor progression. These findings raised the possibility that the timing of immunization
following adoptive immunotherapy may be critical for establishment of an effective anti-
tumor T-CD8 response.

In the current study, we determined both the optimal time for immunization following
adoptive transfer of TCR-V T cells into tumor-bearing mice and whether the initial response
to endogenous tumor antigen could be enhanced. Our results indicate that both carefully
timed immunization and conditioning with agonist anti-CD40 antibody can enhance initial
T-CD8 accumulation at the tumor site and that the combination of these approaches
prolongs T cell persistence and enhances control of established tumors.
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Materials and Methods
Mice

C57BL/6J (H-2b), B6.SJL-PtprcaPepcb/BoyJ (CD45.1+), and UBI-GFP/BL6 mice were
purchased from the Jackson Laboratories (Bar Harbor, ME) and maintained at the animal
facility of the Milton S. Hershey Medical Center. SV11 mice on the C57BL/6 background
express full length SV40 Tag under the control of the SV40 promoter/enhancer (13) and
were maintained by backcrossing Tag transgene positive males with C57BL/6J females.
SV11 transgene positive mice were identified by PCR amplification of the transgene as
previously described (20). Transgene positive (SV11) and negative (B6) littermates were
used at 85 days of age. Line 459 mice (designated TCR-V) expressing the TCRα and TCRβ
chains specific for Tag epitope V on the C57BL/6 background have been previously
described (21). Line 459 mice were bred with B6.SJL-PtprcaPepcb/BoyJ mice in order to
generate TCR-V/CD45.1 congenic mice, referred to as heterozygous (CD45.1/CD45.2) or
homozygous (CD45.1/CD45.1) TCR-V mice. TCR-V transgene positive mice were
identified by screening peripheral blood lymphocytes for TCRVβ7+ CD8+ cells by flow
cytometry. All animal experiments were performed using protocols approved by the
institutional animal care and use committee of the Pennsylvania State University College of
Medicine and comply with federal guidelines.

Cell lines and media
B6/T116A1 (B6/V-only Tag) cells express a Tag variant in which epitopes I (residues
207-215) and II/III (residues 223-231) are deleted and epitope IV is inactivated by alanine
substitution of residues 406, 408, and 411, but in which epitope V remains intact (22) and
were propagated in vitro as previously described (19). Ex vivo lymphocytes were maintained
in complete RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS), 100U/
mL of penicillin, 100 μg/mL streptomycin, 2 mM L-glutamine, and 50 μM 2-
mercaptoethanol.

Synthetic peptides
Peptides were synthesized at the Macromolecular Core Facility of the Milton S. Hershey
Medical Center by Fmoc chemistry using an automated peptide synthesizer (9050 MiliGen
PepSynthesizer; Milipore). Peptides were solubilized in dimethyl sulfoxide and diluted to 5
μM in RPMI-1640 medium. Peptides used include SV40 Tag-V (QGINNLDNL; peptide V)
and influenza virus (Flu) nucleoprotein (NP) 366-374 (ASNENMETM)(23).

Adoptive transfer, immunization and α-CD40 conditioning
Adoptive transfers were performed as described previously (19) by intravenous injection of
5×106 clonotypic naïve TCR-V cells per mouse. For immunization, 5×107 B6/V-only Tag
cells were injected intraperitoneally in 0.5 mL of PBS. For in vivo conditioning with α-
CD40 mice received 100 μg of agonistic α-CD40 mAb, clone FGK45 (a generous gift of Dr.
Stephen Schoenberger, LaJolla Institute for Immunology), or polyclonal rat IgG (Sigma-
Aldrich) by i.p. injection in 200 μl PBS the day prior to and the day after adoptive transfer of
TCR-V cells. For combination immunotherapy, mice received 100 μg of purified α-CD40 or
polyclonal rat IgG the day prior to and the day after adoptive transfer of 5×106 naïve
clonotypic TCR-V cells followed seven days later by immunization with 5×107 B6/V-only
Tag cells via intraperitoneal injection. For secondary combinatorial therapy, mice initially
received combinatorial immunotherapy as just described at 85 days of age with adoptive
transfer of homozygous CD45.1/CD45.1 TCR-V cells. At 125 days of age, a second round
of combinatorial therapy was administered in which mice received 100 μg of purified α-
CD40 or polyclonal rat IgG the day prior to and the day after adoptive transfer of 5×106
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naïve clonotypic heterozygous CD45.1/CD45.2 TCR-V cells, followed seven days later by
immunization with 5×107 B6/V-only Tag cells via intraperitoneal injection.

Lymphocyte isolation
Mice were anesthetized via intraperitoneal injection of sodium pentobarbital (70 mg/kg body
weight) diluted in 10% ethanol and perfused transcardially with 10 ml PBS. Spleens, brains,
cervical lymph nodes (CLN) and inguinal lymph nodes (ILN) were harvested into cold
RPMI-1640. Spleens and lymph nodes (LN) were processed to single cell suspensions and
spleens were depleted of RBCs using Tris NH4Cl as previously described (19).
Lymphocytes were isolated from brains as described previously (19).

MHC tetramers and antibodies
MHC class I tetrameric complexes corresponding to the H-2Db/Tag epitope V (Tag-V
tetramer) and H-2Db/influenza virus NP epitope 366-374 (Flu tetramer) conjugated with
streptavidin-PE were prepared as previously described (22). Purified anti-CD16/CD32 was
purchased from BD-Pharmingen. The following antibodies were purchased from
eBioscience: PE-Cy5-labeled anti-mouse CD8a (clone 53-6-7); FITC-labeled anti-mouse
CD44 (clone IM7), FITC-labeled anti-mouse CD45.1 (clone A20), biotin-labeled anti-
mouse CD45.1 (clone A20), FITC-labeled anti-mouse CD45.2 (clone 104), PercP-Cy5
labeled anti-mouse CD8a (clone 53-6-7), FITC-labeled anti-BrdU (clone PRB-1), PE-and
FITC-conjugated anti-mouse IFNγ (clone XMG1.2). Unlabeled streptavidin and
streptavidin-Alexa-647 were purchased from Molecular Probes.

Flow cytometric analysis
For ex vivo characterization of isolated T cells, lymphocytes were resuspended at 2×107/ml
in FACS buffer (PBS containing 2%FBS/0.01% NaN3), and incubated in the presence of
anti-CD16/CD32 and unconjugated streptavidin for 30 minutes on ice. Cells were washed in
FACS buffer and resuspended in a cocktail of the indicated fluorochrome-conjugated
antibody and tetramer. PE-conjugated tetramers were diluted 1:200; FITC-conjugated mAbs
(1:50); all other mAbs were diluted 1:100. Cells were stained in the dark on ice for 1 hour.
In the case of biotin-conjugated mAb-containing cocktails, cells were washed 3 times in
FACS buffer and resuspended in streptavidin-conjugated Alexa 647 (Molecular Probes) at
1:500 dilution for 30 minutes on ice. Cells were washed 3 times in FACS buffer, and fixed
with 2% paraformaldehyde/PBS and analyzed using a FACScan or FACSCalibur flow
cytometer (BD Biosciences, San Jose, CA). Data were analyzed using FlowJo software
(Tree Star, San Carlos, CA). The percentage of Tag-V tetramer+ CD8+ cells was calculated
by subtracting the percentage of CD8+ cells that stained with the control Flu tetramer on
parallel samples.

In vivo proliferation assay (CFSE)
RBC-depleted lymphocytes derived from spleens and LNs of TCR-V transgenic mice were
resuspended at 1×107/mL in PBS/0.2% bovine serum albumin (BSA) and labeled with 5 μM
carboxy fluorescein diacetate succinimidyl ester (CFSE) (Molecular Probes) for 10 minutes
at 37°C. Cells were washed three times with PBS/0.2% BSA, resuspended in Hank’s
balanced salt solution (HBSS), filtered through a cell strainer (Falcon), and injected i.v. at a
dose of 5×106 clonotypic TCR-V cells per mouse in 0.4 ml. After 7 days the dilution of
CFSE was determined on Tag-V tetramer+, CD8+ lymphocytes.

Intracellular cytokine assay
In vitro stimulation of lymphocytes ex vivo and subsequent staining for intracellular IFNγ
production was performed as described previously (19) and analyzed by flow cytometry as
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described above. The percentage of CD8+ cells that stained specifically for intracellular
IFNγ following stimulation with Tag-V peptide was determined by subtracting the
percentage of CD8+ cells that stained for IFNγ in the presence of the control Flu NP peptide.

In vivo labeling with bromodeoxyuridine (BrdU)
Mice were injected intraperitoneally every 12 hours for 48 hours with 1 ml of 1 mg/mL
BrdU (Sigma) diluted in PBS two days prior to sacrifice in order to label proliferating cells.
Mice were sacrificed 12 hours after the fourth dose of BrdU was administered and
lymphocytes from the brain, spleen, and CLN were prepared as described above for
lymphocyte isolation. Single cell suspensions were surface stained with Tag-V tetramer and
anti-CD8 as described above and then fixed and permeabilized in 200 μL 1%
paraformaldehyde/0.01% Tween-20 (Sigma) overnight at 4°C. The following day, cells were
washed and incubated in 200 μL of bovine pancreatic DNAse I (50 Kunitz Units/mL = 0.1
mg/mL) (Sigma) prepared in PBS containing calcium and magnesium for 45 minutes at
37°C. Cells were washed twice and resuspended in 150 μl 0.5% Tween-20 diluted in PBS
supplemented with 10% FBS. 20 μl of FITC-conjugated anti-BrdU mAb (or isotype control
Ab) was added to each well and stained for 45 min on ice. Cells were washed twice and
resuspended for flow cytometric analysis.

Lifespan analysis
SV11 mice were monitored for the development of hydrocephalus, indicative of end-stage
choroid plexus tumors. Mice were euthanized following the development of neurological
symptoms and the presence of tumors confirmed by gross examination. In some cases,
spleens and brains were processed and stained for flow cytometric detection of TCR-V cells.
Survival curves were constructed by the Kaplan-Meier method using GraphPad Prism
software (GrafPad Software, Inc). Significance was determined by single-factor ANOVA,
and validated using the log-rank test. p values of <0.05 were considered significant.

Results
Timing of immunization is critical for optimal expansion of TCR-V cells and accumulation
at the tumor site

We determined whether a delay in immunization relative to the time of adoptive transfer
might increase expansion of adoptively transferred T cells in vivo. We examined the
efficiency of T cell accumulation following adoptive transfer of CFSE-labeled TCR-V cells
into tumor-bearing SV11 or control B6 mice and subsequent immunization with B6/V-only
Tag cells at increasing times post transfer. Spleens cells were analyzed seven days post
immunization to determine the frequency of TCR-V T cells by staining with Db/epitope V
tetramer (Fig. 1A, dot plots). Groups of unimmunized mice were analyzed at 7, 14 and 21
days post adoptive transfer to determine the baseline frequency of TCR-V cells prior to
immunization (Fig. 1A, parentheses). Immunization of SV11 mice at day 0 induced high
level expression of CD44 on TCR-V cells, indicative of antigen recognition, and
accumulation of cells that had undergone multiple rounds of proliferation as indicated by
loss of CFSE (Fig. 1A, histograms). Consistent with previous results (19), immunization at
day 0 resulted in a 2-fold increase in TCR-V cells in the spleen. In contrast, TCR-V cell
frequency increased 10-fold in SV11 mice following immunization on day 7 post transfer
(30% of CD8+ splenocytes). Immunization at later time points failed to induce this same
level of accumulation, indicating that TCR-V T cells became resistant to antigenic challenge
after extended exposure to the endogenous Tag. In B6 mice, the highest level of TCR-V T
cell accumulation also was observed when immunization was delivered on day 7 post
transfer (25% of CD8+ splenocytes) (Fig. 1A). However, similar frequencies were achieved
when immunization was delivered at later time points. A comparable trend was observed
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when these results were analyzed as total number of TCR-V splenocytes (Fig. 1B). Thus,
similar numbers of TCR-V T cells accumulate in the spleens of both SV11 and B6 mice
following immunization at day 7, but not at day 0 or later time points.

To determine more specifically the time when immunization induces optimal accumulation
of TCR-V T cells, we immunized groups of SV11 mice at 0, 2, 4, 5, 7, 9, 12 and 14 days
post-transfer of naïve TCR-V T cells. The results in figure 1C demonstrate that
immunization as early as day 4 post adoptive transfer enhanced T cell accumulation in the
spleen relative to day 0 immunization, but that immunization at day 7 promoted the highest
level of accumulating TCR-V T cells. This response was slightly decreased, although still
substantial, following immunization at day 9 and dramatically decreased by day 12. These
data indicate that immunization at day 7 promotes optimal accumulation of TCR-V cells in
tumor-bearing mice and suggest that prolonged exposure to endogenous Tag ultimately
tolerizes TCR-V cells.

We tested the functional capacity of the responding TCR-V T cells and determined whether
immunization at day 7 promoted TCR-V cell accumulation in the brain of tumor-bearing
mice. Groups of mice received (i) no immunization; (ii) immunization on the day of transfer
(day 0); or (iii) immunization on day 7 post adoptive transfer. The frequency of TCR-V cells
in spleen and brain was determined by MHC tetramer analysis and by intracellular cytokine
assay in parallel to estimate the proportion of epitope V-specific T cells that could produce
IFNγ. The results indicate that immunization at day 7, but not day 0, promoted high level
infiltration and accumulation of TCR-V cells in the brain (Fig. 1D; 50% of CD8+ cells).
Furthermore, a population of T-CD8 in both the spleen (20%) and brain (32%) produced
Tag-V-specific IFNγ, indicating that a significant proportion of TCR-V cells that
accumulate in SV11 mice following day 7 immunization are functional. These data
demonstrate that adoptive transfer followed by day 7 immunization promotes accumulation
of functional TCR-V T cells at the tumor site without the need for a booster immunization.

Control of tumor progression in SV11 mice is associated with high level TCR-V T cell
persistence in the brain

We next assessed the potential for day 7 immunization to enhance survival of 85 day-old
tumor-bearing SV11 mice. Adoptive transfer of TCR-V cells + day 7 immunization
significantly enhanced SV11 survival compared to mice receiving no treatment, adoptive
transfer alone or adoptive transfer plus day 0 immunization (Fig. 2), with a median lifespan
of 122 days. These data suggest that the high-level accumulation of TCR-V cells in the brain
resulting from day 7 immunization delays progression of established tumors in SV11 mice.

Since all mice eventually succumbed to tumor progression despite enhanced survival
following day 7 immunization, we determined how long TCR-V cells persisted in SV11
mice following this treatment regimen. SV11 or control B6 mice were assessed at various
time points post immunization to measure the frequency of TCR-V cells in the spleen, CLN,
and brain (Fig. 3A). Each group of mice was injected with BrdU over a two day period prior
to analysis in order to determine the percentage of TCR-V cells that had divided during the
past 48 hours (Fig. 3B).

The kinetics of TCR-V cell expansion and contraction was similar in the spleens of SV11
and B6 mice following immunization, although the frequency in the spleens of SV11 mice
remained at 2-fold higher levels by day 21 (Fig. 3A). The highest percentage of dividing
cells in the spleen was detected at day 4 for both strains of mice (Fig. 3B). In the CLN of
SV11 mice, TCR-V cells were already detectable at the time of immunization (Fig. 3A), and
20% of these TCR-V cells were proliferating, presumably due to prior activation by
endogenous Tag (Fig. 3B). This frequency decreased approximately 4-fold by day 21 post-
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immunization (Fig. 3B). In contrast, the kinetics of TCR-V cell accumulation and
contraction in the CLN of B6 mice mimicked that observed in the spleen, although only a
low percentage of cells were actively dividing (Fig. 3B). Thus, these T cells may have
migrated from another site following their initial proliferation. The kinetics of TCR-V cell
contraction in the CLN of SV11 mice corresponded with a sharp increase in TCR-V cell
accumulation in the brain between day 2 and day 4 post-immunization, which remained at
high levels even at day 21 post-immunization (Fig. 3A). A high proportion of TCR-V cells
detected in the brains of SV11 mice were proliferating up to 14 days post immunization
(Fig. 3B), but this proportion decreased by day 21 corresponding to a slight decrease in total
TCR-V cells in the brain by this time point (Fig. 3A). These results suggest that active T cell
proliferation was required to maintain high levels of TCR-V cells in the brains of SV11
mice.

Since only one mouse in the day 7 treatment group had died by 21 days post immunization
(Fig. 2; 106 days of age), we examined TCR-V cell frequency at 33 days post-immunization
when approximately 50% of mice in this group had succumbed to tumor burden. By this
time point, TCR-V cell frequency had declined approximately 2-fold in both the spleen and
brain compared to day 21 (compare Fig. 3C with Fig. 3A). Taken together, these results
indicate that day 7 immunization prolonged high-level TCR-V cell accumulation in the brain
for at least 2 weeks and was associated with increased SV11 survival.

Pre-conditioning with anti-CD40 followed by day 7 immunization prolongs tumor-specific T
cell accumulation at the tumor site and enhances survival of tumor-bearing mice

We considered that improving the initial response of adoptively transferred TCR-V cells
against the endogenous Tag might enhance control of tumor progression. A possible
explanation for the meager response induced by the endogenous Tag is that T cells
encounter antigen presenting cells (APCs) that induce tolerance rather than immunity (24).
This tolerizing signal can be overcome by administration of agonistic antibody directed
against CD40 (α-CD40), resulting in APC activation and subverting the need for CD4+ T
cell help to initiate T-CD8 responses (25).

TCR-V cells were adoptively transferred into 85 day-old SV11 or B6 mice that received
either α-CD40 or control IgG on the day before and after transfer. Another group of mice
additionally received immunization at day 7 post-adoptive transfer. Mice that received α-
CD40 plus TCR-V cell transfer were analyzed at 7 and 14 days post-adoptive transfer to
determine the frequency and function of the recovered TCR-V cells. Administration of α-
CD40 induced a dramatic response against the endogenous Tag by day 7 in both the spleens
and brains of SV11 mice compared to mice that received control rat IgG (Fig. 4A). A
proportion of cells at both sites were functional as indicated by peptide-induced IFNγ
production. In contrast, α-CD40 conditioning had no effect on the TCR-V T cells transferred
into B6 mice, which remained CD44lo. Despite the initial high level T cell accumulation in
α-CD40 conditioned SV11 mice, TCR-V cell frequency declined 3- to 4-fold in the spleen
and brain, respectively between days 7 and 14 post transfer (Fig. 4B, left panels and Fig.
4C). This rapid attrition of TCR-V cells was prevented by immunization at day 7 (Fig. 4B,
right panels and Fig. 4C), resulting in high level TCR-V cell maintenance in both the spleen
and brain at day 14 post-adoptive transfer. Over half of these T cells were able to produce
IFNγ in response to Tag V peptide (Fig. 4B and 4C). Thus, administration of anti-CD40
dramatically enhanced the response of TCR-V T cells toward the endogenous Tag in SV11
mice, but this effect was short-lived. However, the addition of day 7 immunization to the
treatment regimen prolonged high level T cell accumulation within the brain and lymphoid
organs.
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Immunization at day 7 promotes long-term TCR-V cell persistence in the brain of α-CD40
conditioned mice, prolonging control of tumor progression

We next determined whether the high level TCR-V T cell response induced by the
combination of α-CD40 conditioning and day 7 immunization was maintained long-term.
Groups of SV11 mice received adoptive transfer with TCR-V T cells plus either day 7
immunization, conditioning with α-CD40 or both treatments. The results in figure 5A
demonstrate that TCR-V cells persisted at high levels in the brains of SV11 mice at 40 days
post adoptive transfer following combination immunotherapy, but not in mice that received
either therapy administered individually. In addition, approximately half of these cells were
able to produce IFNγ ex vivo (Fig. 5B), demonstrating that functional T-CD8 were present at
this late time point. Interestingly, although TCR-V cells were maintained at high levels in
the brain, combined α-CD40 + immunization did not prolong high level TCR-V cell
accumulation in the spleen of SV11 mice compared to that observed initially after
combinatorial therapy (Fig. 4B and C). While the basis for this finding remains unknown,
activated TCR-V cells may preferentially accumulate at the site of Tag expression while
TCR-V cells that remain in the spleen may undergo a normal contraction phase following
immunization. Thus, immunization at day 7 post-transfer is capable of sustaining the
dramatic accumulation of TCR-V cells at the tumor site achieved by α-CD40 conditioning.

We determined whether addition of α-CD40 to the treatment regimen would alter control of
tumor progression in SV11 mice. Cohorts of 85-day old SV11 mice received the following
treatments: (i) α-CD40 monoclonal antibody (mAb) alone; (ii.) α-CD40 + TCR-V cell
adoptive transfer; (iii.) α-CD40 + TCR-V cell adoptive transfer + day 7 immunization; or
(iv) no treatment. Consistent with the high level influx of TCR-V T cells into the brains of
SV11 mice following TCR-V cell transfer coupled with α-CD40, this treatment significantly
increased SV11 survival to a median age of 125 days (Fig. 5C), while administration of α-
CD40 alone had no therapeutic value. The combination of day 7 immunization and α-CD40
treatment further enhanced SV11 survival to a median lifespan of 144 days (Fig. 5C), which
was statistically significant compared to mice that received only adoptive transfer and α-
CD40. Thus, the combination of α-CD40 conditioning + day 7 immunization promoted not
only long-term persistence of brain-infiltrating TCR-V cells but significantly extended SV11
survival, suggesting that maintenance of high levels of functional TCR-V cells at the tumor
site is important for prolonged tumor control.

Administration of a second round of combination therapy dramatically increases SV11
survival

We investigated the possibility that SV11 tumors develop resistance to TCR-V-mediated
immunotherapy following combination therapy since treated mice eventually succumb to
tumors despite a significant increase in survival. Mice that received an initial course of
combination therapy beginning at 85 days of age received a second round of combination
therapy (fresh transfer of TCR-V cells + α-CD40 + day 7 immunization) at 125 days of age
– 40 days following the original adoptive transfer. TCR-V cells for the second transfer
expressed both CD45.1 and CD45.2, enabling these cells to be distinguished from TCR-V
cells from the first transfer (CD45.1 only). A second round of combination immunotherapy
resulted in a dramatic increase in SV11 survival (181 day median) (Fig. 6). Administration
of either α-CD40 alone or α-CD40 plus day 7 immunization without the second dose of
TCR-V cells did not result in any improvement in control of tumor progression compared to
mice given a single round of combination immunotherapy. This result demonstrates that
SV11 tumors remain sensitive to epitope V-targeted immunotherapy at late time points.

To determine whether TCR-V cells from the second adoptive transfer accumulated in SV11
mice, representative mice that received the second adoptive transfer and which showed a
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significant further increase in survival were sacrificed at days 140, 160 and 190 days age.
TCR-V cells from the second adoptive transfer (CD45.1+/CD45.2+) were detected in both
spleen and brain in all three mice, with high levels of total TCR-V T cells maintained in the
brain even at 190 days of age (Fig. 7A). While the proportion of TCR-V T cells derived
from each transfer was variable, TCR-V cells from the initial bolus (CD45.1 only) continued
to represent the largest proportion within the brain. Evaluation of the IFNγ-producing
potential of the recovered TCR-V T cells revealed that the ratio of IFNγ+ to Tag-V tetramer
+ cells was higher for TCR-V cells derived from the second transfer compared to those
derived from the first transfer at each time point, particularly in the brain (Fig. 7B). This
result suggests that the majority of brain-infiltrating TCR-V cells from the first transfer are
functionally compromised by the 140 day timepoint. This proportion decreased further by
160 and 190 days of age, although we were unable to determine whether this decrease is
significant since only individual mice were analyzed.

To address the possibility that the secondary treatment promoted expansion of the first donor
TCR-V T cell population, we determined the frequency of CD45.1+/CD45.2− cells present
in the spleen and lymph nodes of groups of SV11 mice that received two rounds of
combinatorial immunotherapy versus only a single round. The results show that
administration of the second treatment did not significantly change the frequency of TCR-V
donor cells from the first donor pool (Fig. 7C). Although the second immunization produced
a trend toward an increased frequency of CD45.1+/CD45.2− CD8+ cells in the spleen, this
change was not statistically significant. These results suggest that the addition of new TCR-
V T cells rather than expansion of TCR-V T cells from the first adoptive transfer is
associated with the extended control of tumor progression observed in SV11 mice. Taken
together, these results demonstrate that TCR-V cells from the initial adoptive transfer are
maintained long-term in mice receiving a second round of combination immunotherapy, but
that these cells fail to expand significantly in response to immunization and may be
functionally compromised. Rather, extended control of tumor progression required the
presence of a second bolus of TCR-V cells.

Discussion
Adoptive T cell transfer for the treatment of cancer requires strategies that subvert the
development of tolerance and promote functional T cell accumulation at the tumor site.
Examples of such modalities include modification of the immunologic environment with
reagents such as granulocyte macrophage-colony stimulating factor or CpG, immunization,
irradiation, and suppression of immune regulation (e.g. depletion of Tregs or administration
of anti-CTLA-4) (26–28). The results presented here identify a combined strategy that
targets separate stages of the T-CD8 response, priming versus secondary antigen encounter,
to improve adoptive T cell immunotherapy against an otherwise weak tumor antigen in the
context of established cancer.

We found that the timing of immunization following adoptive transfer is critical to achieve
control of tumor progression by adoptively transferred T-CD8, with immunization
administered at day 7 promoting optimal expansion of naïve TCR-V cells in SV11 mice. A
possible explanation for this result may relate to differential kinetics of TCR-V cell
activation in SV11 mice compared to non-transgenic B6 mice. In B6 mice, the first signs of
TCR-V cell activation are detected between 24 and 48 hours post immunization (19). This
result was attributed to the time required for antigen uptake, processing and presentation by
APCs. In SV11 mice, however, endogenous Tag is immediately available for presentation to
TCR-V cells, as evidenced by upregulation of CD69 on the responding T cells within 2
hours of adoptive transfer (19). We suggest that during the early phase of the response in
SV11 mice, TCR-V cells triggered by the endogenous Tag are refractory to exogenous
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immunization delivered coincident with or soon after adoptive transfer. By day 7 post-
adoptive transfer, following T cell contraction, the remaining TCR-V cells are responsive to
immunization, as revealed by the robust expansion following immunization at day 7. This
strong response could be explained by either an enhanced response to cross-presentation of
exogenously-derived Tag or increased responsiveness to direct presentation of Tag-V on the
Tag transformed cells. Indeed, we have shown previously that TCR-V T cell accumulation
in B6 mice is poor when epitope V is only cross-presented, but dramatically increases when
Tag-V additionally is directly presented by the cells used for immunization (21). Thus, a
period of time may be required following priming against the endogenous Tag before TCR-
V T cells are able to respond to antigen presentation by the Tag transformed cells. Together,
these data indicate that a window of opportunity exists for expansion of the adoptively
transferred T-CD8 between the period after initial recognition of the endogenous tumor
antigen, when T cells are only weakly responsive to the vaccine, and before the onset of
peripheral tolerance.

Our observation that α-CD40 conditioning of SV11 mice increases the magnitude of the T-
CD8 response toward the endogenous tumor antigen and accumulation at the tumor site is
consistent with previous studies showing α-CD40-enhanced T-CD8 responses (25,29).
Initial studies investigating the effect of α-CD40 conditioning on treatment of solid tumors
reported that CD40 expression was required on host APCs, but not necessarily by the tumor,
(30) and that α-CD40-mediated immunotherapy was most efficient in mice with high tumor
burden (31). This suggests that sufficient tumor antigen must be available for APC-mediated
priming of T-CD8 responses. This effect has been attributed to an increase in the functional
maturation of APCs that have acquired the endogenous tumor antigens by cross-
presentation, resulting in more efficient stimulation of T-CD8 (32). Thus, in the setting of
adoptive immunotherapy, α-CD40 conditioning enhances the otherwise weak initial
stimulation of donor T cells by host APCs. The alternate possibility that α-CD40 directly
enhances T-CD8, as reported by Bourgeois and colleagues (33), is not ruled out by our
studies since TCR-V cells upregulate CD40 following transfer into SV11 mice (data not
shown).

The success of combinatorial therapy lies in the potential for the separate modalities to
complement one another, thereby augmenting the anti-tumor response. The present study
indicates that α-CD40 conditioning and properly-timed immunization synergistically
enhance the TCR-V cell response to SV11 tumors. One explanation for this observation is
that the two modalities target different sources of tumor antigen – whereby α-CD40
enhances the response towards the endogenous Tag and immunization provides a potent
source of exogenous antigen. While α-CD40 conditioning is likely to target APCs presenting
tumor-derived Tag-V, cellular immunization could impact APCs that acquire the antigen for
cross-presentation and also provide a form of directly-presented Tag-V. Given the
requirements for both cross- and direct-presentation in the maximal expansion of TCR-V
cells in B6 mice (21), it may be surmised that α-CD40 conditioning optimizes the initial
response to endogenous Tag following adoptive transfer, generating a potently activated
TCR-V cell population that responds avidly to “secondary” encounter with antigen derived
from immunization delivered on day 7. Indeed, direct presentation of Tag-V by the Tag
transformed cells may play a significant role in the observed expansion, as immunization at
day 7 with transporter associated with antigen processing (TAP) knockout cells expressing
the V-only Tag leads to only limited expansion of TCR-V cells in SV11 mice (data not
shown).

Prolonged T cell persistence in SV11 mice following combinatorial therapy might be
explained by enhanced survival due to up-regulation of apoptosis-resistance genes such as
bcl-2 or the Ca++- independent protein kinase Cθ T cell activation-involved enzyme,
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important for T cell survival and complete differentiation into cytokine-producing T-CD8
(34). Additionally, increased expression of receptors for survival cytokines such as
interleukin (IL)-7 or IL-15 may prolong T cell survival (35,36). The elicitation of third
signal pro-inflammatory cytokines, such as IL-12 (37), tumor necrosis factor-α (38), or
IL-23 (39) may result from distinct contributions by either α-CD40 mAb or immunization.
Recent studies investigating the role of CD40 ligation in facilitating dendritic cell activation
and IL-12 production demonstrate both in vitro and in vivo that CD40 cross-linking alone
does not sufficiently induce IL-12 production, but requires another signal such as a toll-like
receptor ligand (40,41). This necessary, yet absent signal may be fulfilled by vaccination. In
a renal cell adenocarcinoma mouse model, synergy was observed in the T-CD8-mediated
anti-tumor response elicited following anti-CD40 mAb and IL-2 administration (42). It was
postulated that α-CD40 may function to bypass the need for CD4+ T cell help by direct APC
maturation, while CD4+ T cell-derived IL-2 may promote enhanced survival of expanded T
cells (43). Thus in the SV11 model, immunization may induce IL-2 and other cytokines
necessary for optimizing survival of TCR-V cells in an otherwise tolerizing environment.
Alternatively, the combination treatment may simply amplify the overall cytokine/
chemokine milieu. We note that a similar effect could not be achieved by repeated booster
immunizations with B6/Tag V-only cells (data not shown), suggesting that each treatment
indeed makes a unique contribution.

The enhanced effect of combinatorial therapy on tumor progression was associated with
both earlier kinetics of high level T cell accumulation and extended T cell persistence at the
tumor site. Administration of α-CD40 mAb induces high-levels of TCR-V cells in the
periphery that can be detected 7 days following adoptive transfer, while the immunization
approach required an additional week to achieve this same level. When given in
combination, the earlier and more prolonged persistence of TCR-V cells in the brain
provides both a more rapid and enduring effect on the tumor. Alternatively, the
combinatorial therapy could instill unique functional properties to the responding T-CD8
such that these cells are more effective on a per cell basis than those resulting from either
treatment in isolation, although we did not detect any major functional differences in our
analysis.

The dramatic but transient effect of α-CD40 conditioning on the accumulation of TCR-V
cells observed here in SV11 mice is reminiscent of some previous findings. In particular, we
previously found that the T-CD8 response targeting Tag epitope I was dramatically
enhanced by α-CD40 conditioning in mice that develop Tag-induced pancreatic tumors, but
these T cells were completely eliminated from the host within three weeks (44). A similar
transient effect was observed by Kedl et al. (45) using an ovalbumin-expressing
transplantable mouse melanoma model. These authors demonstrated that long-term survival
and function of ovalbumin-specific T cells could be achieved when viral immunization was
combined with α-CD40 administration. We show here that cell-based immunization can
rescue adoptively transferred T-CD8 from α-CD40-induced rapid attrition in an
autochthonous tumor model. To be most effective, a-CD40 therapy may need to be provided
at the time when transferred T cells first encounter the tumor antigen as opposed to the time
of immunization. Bronte et al. (46) demonstrated that systemic administration of agonistic α-
CD40 mAb was most effective when delivered at the time of tumor challenge rather than the
time of immunization, implicating antigen derived from the growing tumor as contributory
to enhanced elicitation of α-CD40-driven, T-CD8-mediated tumor immunity.

An important finding of this study is that multiple rounds of combinatorial therapy, but not
the individual components alone, led to a highly significant increase in control of established
tumors. A fresh dose of TCR-V T cells was required to achieve further control of tumor
progression despite the persistence of T cells from the first dose at the tumor site. This result

Ryan et al. Page 11

J Immunother. Author manuscript; available in PMC 2010 August 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



indicates that tumor progression was not due to selection of epitope V escape variants, but
rather suggests that T cells from the initial transfer were no longer able to inhibit tumor
growth even following a booster immunization. This conclusion is supported by
observations that TCR-V T cells from the first transfer failed to respond significantly to the
second immunization, suggesting that each transfer of TCR-V T cells may be effective for
only a fixed amount of time. Whether this window of effectiveness varies for each round of
combination therapy remains unknown.

Given the myriad avenues of immune escape from tumor-targeted immunotherapy, the need
for protocols that include multiple anti-tumor modalities has become increasingly evident.
Recent clinical trials have demonstrated the safety and potential efficacy of α-CD40 mAb
administration in cancer patients (47,48), paving the way for investigations that incorporate
this reagent in combinatorial protocols for immunotherapy of cancer. As shown in other
solid tumor models, effective α-CD40 mAb-mediated therapy is likely a race between
having sufficient tumor antigen present for amplification of T cells and becoming
overwhelmed by disease. Together with the dramatic enhancement of the anti-tumor
response observed in the current studies, this information warrants new inquiry into the use
of α-CD40 mAb with adoptive T cell transfer in human trials, and the potential to
significantly expand T cell responses with well-timed immunization.
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Figure 1.
Immunization on day 7 post adoptive transfer promotes optimal accumulation of TCR-V T
cells in SV11 mice. (A–B) TCR-V cells were labeled with CFSE and adoptively transferred
into 85 day-old SV11 or B6 mice. Groups of three mice were immunized with B6/Tag-V
only cells at weekly intervals, including day 0, 7, 14, or 21 following adoptive transfer. A
control group received no immunization (none). Mice from each group were analyzed 7
days post-immunization by staining spleen cells with anti-CD8a and Tag-V tetramer (Tet-
V). (A) The percentage of CD8+ cells that stained specifically with Tet-V are indicated in
the dot plots. Gated populations of CD8+Tet-V+ cells were assessed for activation status
(CD44) and proliferation (CFSE). Separate groups of unimmunized mice were analyzed at
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day 7, 14 and 21 to determine baseline frequency of TCR-V cells at the time of
immunization (percentage indicated within parentheses). (B) The total number of CD8+ Tet-
V+ cells per spleen for each experimental group in (A). Error bars indicate standard error of
the mean. (C) TCR-V cells were adoptively transferred into 85 day-old SV11 mice. Groups
of three mice received immunization at various time points post-transfer: 0, 2, 4, 5, 7, 9, 12,
and 14 days. Splenocytes were isolated and assessed 7 days following immunization to
determine the frequency of TCR-V cells by staining of CD8+ cells with Tag-V tetramer.
Error bars indicate standard error of the mean. (D) TCR-V cells were adoptively transferred
into 85 day-old SV11 mice. Groups of three mice received no immunization (none);
immunization on the day of transfer (Day 0); or immunization on day 7 post transfer (Day
7). Splenocytes and brain lymphocytes were isolated and assessed 7 days later for TCR-V
cell frequency in the spleen and brain by staining of CD8+ cells with Tag-V tetramer and for
production of IFNγ in response to Tag-V peptide stimulation (% = % of tetramer-V+ or
IFNγ+/CD8+ cells).
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Figure 2.
Immunization on Day 7 Post Adoptive Transfer of TCR-V Cells Enhances Survival of SV11
Mice. Cohorts of 85-day old SV11 mice (16 mice/group) received the following treatments:
(i) no treatment; (ii)TCR-V cell adoptive transfer alone; (iii) TCR-V cells + Tag-V only
immunization on the day of transfer (day 0); or (iv) TCR-V cells + immunization with B6/
V-only Tag cells on day 7 post transfer (day 7). Mice were euthanized following the
development of neurological symptoms. The presence of tumors was confirmed by gross
examination and percent survival calculated using the Kaplan-Meir method. *p<0.0001 vs.
“no treatment” by logrank.
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Figure 3.
Day 7 immunization induces high level accumulation and proliferation of TCR-V cells in
the brain. (A–C) Naïve TCR-V cells were adoptively transferred into 85 day-old SV11 or
B6 mice (three mice/group) followed by immunization with B6/V-only Tag cells seven days
later. Beginning at 2 days prior to sacrifice, mice were injected every 12 hours with 1 mg
BrdU in order to label proliferating cells. Groups of three mice were analyzed at days 2, 4, 7,
14, and 21 post immunization to determine the total number of TCR-V cells in the spleen,
CLN, and brain by staining with anti-CD8 and Tag-V tetramer (A). Cells were additionally
stained with anti-BrdU to determine the percentage of CD8+/Tag-V tetramer+ cells that had
undergone proliferation in the past 48 hours (B). An additional group of mice was analyzed
prior to immunization in order to determine the baseline frequency of TCR-V cells (day 0).
Error bars indicate standard deviation from the mean. (C) SV11 mice treated as in A and B
were analyzed 33 days following immunization, at 125 days of age, to determine the
frequency of CD8+ Tag-V tetramer+ cells in the spleen and brain. Dot plots show data for a
representative mouse from a group of six, indicating both the frequency of CD8+ cells that
stained positive with Tag-V tetramer and the absolute number of CD8+/Tag-V tetramer+
cells per organ (in parentheses).

Ryan et al. Page 18

J Immunother. Author manuscript; available in PMC 2010 August 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Pre-conditioning with α-CD40 enhances early accumulation of functional TCR-V cells in
the brains of SV11 mice. (A and B) Naïve TCR-V cells were adoptively transferred into 85
day-old SV11 or control B6 mice. Some mice received α-CD40 (or control IgG) via the
intraperitoneal (i.p.) route on the day before (day -1) and after (day +1) transfer. (A) Groups
of mice from each treatment condition (3 mice/group) were assessed on day 7 post transfer
to determine frequency and activation of TCR-V cells in the spleen and brain by staining
with anti-CD8, Tag-V tetramer and anti-CD44, and function by IFNγ production in response
to Tag-V peptide. Representative data are shown with the percentage of CD8+ cells that
stained with Tag-V tetramer or for IFNγ production indicated. The level of CD44 expression
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on CD8+, Tag-V tetramer+ cells is shown. (B) Groups of three SV11 mice that received
treatments at the same time as those in (A) were assessed on day 14 post transfer to
determine frequency of TCR-V cells in the spleen and brain by staining with anti-CD8 and
Tag-V tetramer or for Tag-V peptide-induced IFNγ production (No Immunization). Some
mice also received immunization with B6/V-only Tag cells 7 days post adoptive transfer and
were analyzed simultaneously (Day 7 immunization). (C) Data from A and B are
summarized as the mean percentage of CD8+ T cells specific for epitope V +/− the standard
error with the data representing three mice per group.
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Figure 5.
Combination immunotherapy promotes long-term TCR-V cell persistence at the tumor site
and enhances survival of SV11 mice. (A) Naïve TCR-V cells were adoptively transferred
into groups of 85 day-old SV11 mice (six per group) that were administered one of three
treatments: (i) α-CD40 the day before and after transfer; (ii) immunization with B6/V-only
Tag cells 7 days post transfer; or (iii) α-CD40 the day before and after transfer plus
immunization 7 days post transfer. Mice were analyzed at 125 days of age (40 days
following initiation of immunotherapy) to assess the frequency of TCR-V cells that persisted
in the spleen and brain by quantitation of CD8+, Tag-V tetramer+ cells. Data are presented
as frequency of Tag-V tetramer+ cells/CD8+ cells with error bars indicating standard error
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of the mean. (B) The persisting population of TCR-V cells in 125 day-old SV11 mice was
assessed for function and proliferative capacity, determined by the production of IFNγ. The
percentage of CD8+ cells from spleen or brain that produced IFNγ in response to epitope V
is indicated. MHC tetramer staining of CD8+ cells from parallel samples is shown for
comparison. (C) Cohorts of 85-day old SV11 mice (16/group) received the following
treatments: (i) α-CD40 administration alone; (ii) α-CD40 + TCR-V cell adoptive transfer;
(iii) α-CD40 + TCR-V cell adoptive transfer + day 7 immunization with B6/V-only Tag
cells; or (iv) no treatment. Mice were euthanized following the development of neurological
symptoms. The presence of tumors was confirmed by gross examination and percent
survival calculated using the Kaplan-Meir method. The median survival age is indicated in
parentheses for each group. **p< 0.0001 vs. “α-CD40 only” by logrank.
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Figure 6.
Administration of a second round of combination adoptive immunotherapy dramatically
enhances control of tumor progression. (A) At 85 days of age, SV11 mice were administered
combinatorial therapy (TCR-V cells expressing CD45.1, α-CD40 antibody + day 7
immunization with B6/V-only Tag cells). A second round of combinatorial therapy (fresh
transfer of CD45.1/CD45.2 TCR-V cells + α-CD40 mAb + day 7 immunization) was
delivered at 125 days of age – 40 days following the original adoptive transfer. Control
groups included SV11 mice that received the initial round of TCR-V mediated
immunotherapy + one or the following treatments at 125 days of age (i) a second dose of α-
CD40 mAb only; (ii) a second dose of α-CD40 mAb + day 7 immunization; or (iii) no
treatment (none). Ten mice were included in each group. Mice were euthanized following
the development of neurological symptoms. The presence of tumors was confirmed by gross
examination and percent survival calculated using the Kaplan-Meir method. ***p< 0.0001
by logrank compared to control groups (i) and (ii).
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Figure 7.
Donor TCR-V cells from both the first and second adoptive transfers persist in SV11 mice.
(A) Representative animals taken from the groups of SV11 mice shown in figure 6 were
analyzed at 140, 160 and 190 days of age for the presence of TCR-V T cells derived from
the first (CD45.1+/CD45.2−) or second (CD45.1+/CD45.2+) adoptive transfers. The
percentage of Tag-V tetramer+ cells of CD8+ cells is indicated in the dot plots in the left
columns and the percentage of CD8+/Tag-V tetramer+ cells that stain for CD45.1 and/or
CD45.2 is indicated in the right columns for lymphocytes isolated from the spleens and
brains. (B) The same representative mice from A were assessed for function of TCR-V cells
derived from each transfer in the spleen and brain at 140, 160, and 190 days of age by
staining for intracellular IFNγ, CD8, CD45.1 and CD45.2 following Tag-V peptide
stimulation ex vivo. Data are plotted as the ratio of IFNγ-producing CD8+ cells to Tag-V
tetramer+ CD8+ cells. All points represent data acquired from individual animals. (C)
Groups of 85 day-old SV11 mice (three mice/group) were administered combinatorial
therapy and either the full or partial second round of treatment as in figure 6. At 140 days of
age, splenocytes and brain lymphocytes were assessed for frequency of CD45.1+/CD45.2−
(first transfer) Tag-V tetramer+ CD8+ lymphocytes. Error bars indicate standard error of the
mean. No significant differences were observed between the groups using a 2-tailed t-test.
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