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Abstract
Background—Cancer immunotherapy refers to an array of strategies intended to treat
progressive tumors by augmenting a patient’s anti-tumor immune response. As immunotherapy is
eventually incorporated into oncology treatment paradigms, it is important to understand how
these therapies interact with established cancer treatments such as chemotherapy or Radiotherapy
(RT). To address this, we utilized a well-established, autochthonous murine model of prostate
cancer to test whether RT could augment (or diminish) the CD4 T cell response to a tumor
vaccine.

Methods—Transgenic mice that develop spontaneous prostate cancer (TRAMP) which also
express a unique tumor associated antigen (Influenza hemagglutinin) under the control of a
prostate-specific promoter were given local RT in combination with immunotherapy. The
immunological outcome of this combinatorial strategy was assayed by monitoring the effector
response of adoptively transferred, prostate-specific CD4 T cells.

Results—Neither RT nor immunotherapy alone was capable of priming an anti-tumor immune
response in animals with evolving tumors. The combination of immunotherapy with RT resulted
in anti-tumor T cell activation – this effect was profoundly dependent on the relative timing of RT
and immunotherapy. Anti-tumor immune responses occurred when immunotherapy was
administered 3-5 weeks post-RT, but such responses were undetectable when immunotherapy was
administered either earlier (peri-radiothrerapy) or later.

Conclusions—The therapeutic temporal window of immunotherapy post-RT suggests that
highly aggressive, immuno-suppressive tumors might be most sensitive to immunotherapy in a
fairly narrow time window; these results should help to guide future development of clinical
combinatorial strategies.
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INTRODUCTION
Although RT has been widely thought of as immuno-suppressive (1,2), there is mounting
evidence that demonstrates otherwise (3). The abscopal effect, in which local radiation
therapy mediates regression of distant lesions outside of the original treatment portal, was
recently shown to be dependent on an adaptive immune response, as this effect could not be
induced in nude (T and B cell deficient) mice (4). RT can enhance the expression of MHC
Class I on tumor surfaces thereby sensitizing them to tumor-specific cytotoxic lymphocytes
(5). Additionally, the efficacy of cytotoxic (chemo- and radiotherapy) therapies are partially
dependent upon components of the innate immune system (6). These data suggest that under
certain conditions RT alone might generate a significant anti-tumor immune response (3).
Several groups have attempted to combine RT with various methods to stimulate an anti-
tumor immune response, including cytokines (7-9), monocolonal antibodies (10), and
adoptive transfer of T cells (11). In terms of prostate cancer, Gulley et. al. recently reported
a Phase I clinical trial in which a PSA-targeted vaccine (ProstVac VF) was combined with
RT in men with localized disease. The combination was safe, well-tolerated, and led to
significant T cell responses in the majority of treated patients (12).

The combination of RT with immunotherapy is particularly applicable to the case of high-
risk localized prostate cancer, for which the major primary treatment option is RT. While
generally effective, the 5 year biochemical relapse rate for these high-risk men is
approximately 50%, suggesting that combining RT with additional treatment modalities
might further abate morbidity and mortality for these patients (13). While many potential
treatment options might be considered, immunotherapy represents an attractive option to
improve clinical outcome without the potential side-effects typically associated with
cytotoxic chemotherapy or androgen-ablation (14). However, for immunotherapy to be
eventually incorporated into the treatment of patients with prostate cancer, careful studies
must be performed to determine an efficacious regimen (timing and dose), especially since
conventional cytotoxic therapies (i.e. RT and chemotherapy) may generally be
immunosuppressive (15).

Standard implanted tumor models are not ideal for such studies as they generally fail to
properly model the physiological setting in which tolerogenic tumors arise over extended
time periods. This limitation can be partially addressed by using transgenic cancer models
(16). In order to model immunotherapy for prostate cancer, we have established a variant of
the TRAMP (Transgenic Adenocarcinoma of the Mouse Prostate) animal (17), in which a
model tumor antigen is co-expressed with the SV-40 large T antigen that drives
tumorigenesis (18). To accomplish this, we used the minimal rat probasin promoter to drive
prostate and prostate-cancer restricted expression of influenza hemagglutinin (HA), which
serves as a tumor associated antigen (TAA) in these double-transgenic animals. Like
parental TRAMP animals, these (Pro-HA×TRAMP) mice develop an autochthonous cancer
characterized by prostate intraepithelial neoplasia (PIN) by week 12, adenocarcinoma by
week 20, lymph node metastases by week 24, and distant metastases after 30 weeks (19).

In this study we utilize this unique transgenic model to study the combination of RT with
tumor vaccines. We show that RT as a single modality does not mitigate T cell tolerance to
any significant degree. However, when RT is combined with active immunotherapy
(“vaccination”), T cell tolerance is significantly mitigated. This diminution of tolerance
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shows a strong time-dependence and suggests that immunotherapy should most likely be
administered post-RT, in a time period 3-5 weeks after the completion of RT.

METHODS AND MATERIALS
Animals

Non-transgenic (B10.D2) mice were obtained from The Jackson Laboratory. TRAMP mice
express SV40 under the minimal probasin promoter, and, on the C57BL/6 background
develop autochthonous prostate cancer that is prominent in the dorsal and ventral lobes
(17,19). Pro-HA mice express Hemagglutinin (HA) under the minimal probasin promoter,
and express HA in a prostate-restricted mannner (18). C3-HA mice express HA under the
C3 promoter, which results in expression of HA in a number of epithelial tissues including
lung and prostate (20). Both the Pro-HA and the C3-HA mice are on the B10.D2 genetic
background. Pro-HA×TRAMP mice represent double transgenic animals resulting from
backcrossing the TRAMP transgenics onto a Pro-HA background >8 generations. These
mice are characterized by the development of prostate cancer and the expression of HA as a
prostate(tumor)-specific antigen (18). The 6.5 mouse is a TCR Transgenic line that
expresses a TCR specific for a HA peptide bound to MHC Class II (I-Ad) (21). 6.5 TCR
Transgenic mice were also backcrossed >8 generations onto the B10.D2 genetic
background. In these studies, CD4 T cells from 6.5 mice are used as a readout to determine
whether antigen recognition is tolerogenic or immunogenic.

Radiation Therapy
Animals were irradiated using a Varian 6EX linear accelerator outfitted with stereotactic RT
collimators (Varian medical systems, Palo Alto, CA) with three doses of 10 Gy. Each dose
was separated by five days; the three doses were given within a span of ten days. A one
centimeter tissue bolus was placed on the pelvis of anesthetized (2,2,2-tribromoethanol, 350
mg/Kg) mice, and a 1.5 cm diameter beam was delivered. For some experiments, a
Shepherd Mark I cesium irradiator (J.L. Shepherd, San Fernando, CA) was used to deliver
radiation to the pelvis of anesthetized mice. For cesium radiation therapy, mice were
shielded with lead (lower extremities, abdomen, thorax, and head) and a single dose of 15
Gy was delivered via a collimated beam to the pelvis.

Adoptive T Cell Transfer
CD4+ T cells were enriched from the spleen and lymph nodes of 6.5 TCR Tg mice using
magnetic separation (Miltenyi #130-090-860). For proliferation and functional studies,
enriched CD4+ T cells were labeled with CFSE (2.5 mM) (Invitrogen #C34554), and 2×106

HA-specific cells were adoptively transferred by tail vein injection into recipient mice. For
an activation control, non-transgenic mice adoptively transferred with CD4 cells were
injected i.p. with 106 pfu of Vaccinia-HA. Five days following adoptive transfer, para-aortic
(prostate draining) and axillary lymph nodes were harvested from recipient mice. Cells were
restimulated in culture for 5 hours in the presence of HA Class II peptide (SFERFEIFPK)
(10 mg/mL) and Brefeldin A (10 μg/mL). Cells were then fixed and permeabilized with BD
Cytofix/Cytoperm kit (#554714). Cells were stained with anti-CD4, anti-Thy1.1, and anti-
interferon(IFN)-γ (all antibodies obtained from BD Biosciences), and analyzed using a
FacsCalibur flow cytometer (BD Biosciences).

Tumor Vaccine
Recombinant Vaccinia-HA (Vacc-HA) was used as a tumor vaccine in our prostate cancer
model (Pro-HA×TRAMP) as HA is expressed exclusively in the prostate/prostate-cancer.
This construct has been previously described (22).
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T Cell Tolerance Model
10 days prior to vaccination, mice received an adoptive T cell transfer of a small number
(105) of HA-specific T cells. By utilizing a small number of T cells, we insure that antigen is
not limiting in the generation of tolerance (18). To assay for tolerance, mice were injected
i.p. with 106 pfu of Vacc-HA 10 days post adoptive transfer. Functional response to
vaccination was assayed by expansion of the tumor(HA)-specific (adoptively transferred)
CD4 T cells and IFN-γ secretion. Cells were harvested from the para-aortic and axillary
lymph nodes five days after the vaccination and subject to a 5 hour ex vivo stimulation with
HA Class II peptide (10 mg/mL) and Brefeldin A (10 μg/mL) and stained for CD4, Thy1.1,
and IFN-γ as above.

RESULTS
External beam radiation therapy in a transgenic model of prostate cancer

To establish an experimental system for combinatorial studies, we first set out to model RT
in Pro-HA×TRAMP mice. 20-24 week old mice were anesthetized and irradiated using a
calibrated cesium source; at this age mice have adenocarcinoma with metastases to the
prostate draining (para-aortic) lymph nodes (19). Five weeks following RT prostate lobes
were harvested from irradiated and unirradiated animals and stained with H&E (Figure 1).
Unirradiated non-transgenic (wild-type) animals demonstrated normal epithelial cellularity,
with normal nuclear euchromasia, and a low nuclear-to-cytoplasmic ratio (Figure 1a).
Conversely, unirradiated Pro-HA×TRAMP mice demonstrated hypercellularity, nuclear
hyperchromasia, and an increased nuclear-to-cytoplasmic ratio: all consistent with well-
described neoplastic transformation (Figure 1b, d). RT resulted in several histological
changes in the Pro-HA×TRAMP prostate gland. The dorsal lobes demonstrated diminished
gland size, fibrotic reactions surrounding the glands, and relative hypochromasia of the
epithelial nuclei (Figure 1c). A response to RT was observed in the ventral lobes as well;
this consisted of a reversion to an almost normal glandular architecture (Figure 1e). A
moderate, but statistically significant survival benefit was also noted (data not shown).

Radiation therapy results in decreased T cell recognition of a tumor-associated antigen
To determine the effects of RT on immune recognition and function, we delivered a single
dose of 15 Gy to the pelvis of Pro-HA×TRAMP mice using a calibrated cesium source, and
adoptively transferred 2×106 HA-specific cells into these mice 21 days post-RT.
Additionally, HA-specific cells were adoptively transferred into age-matched Pro-HA
animals (these mice express HA in their prostates, but do not develop prostate cancer); non-
transgenic (wild-type) mice given an HA-specific tumor vaccine (Vacc-HA); C3-HA (a
transgenic mouse strain that expresses HA in multiple epithelial tissues including prostate
and lung); and Pro-HA×TRAMP that did not receive RT (20). Proliferation of HA-specific
CD4 T cells was analyzed by CFSE dilution (as labeled cells divide, CFSE is successively
diluted such that each daughter cell has half of the amount, and therefore half the
fluorescence, of the parent cell). In these studies, the adoptively transferred T cells were
distinguished from host T cells by the congenic marker Thy1 (CD90); adoptively transferred
T cells express Thy1.1 (CD90.1), while host T cells all express Thy1.2 (CD90.2).

Five days following adoptive transfer, lymphocytes were harvested from the prostate
draining lymph nodes. HA-specific cells (CD4+Thy1.1+) adoptively transferred into Pro-HA
mice did not proliferate (decrease CFSE fluorescence), indicating low levels of prostate
antigen recognition from the normal prostate, and confirming our earlier studies suggesting
the prostate gland is immunologically ignored in the absence of tumorigenesis (Figures 2a,
2b top left panel) (18). Conversely, non-transgenic mice administered an HA-specific tumor
vaccine (Vacc-HA) demonstrated a robust immune response, with almost all of the
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adoptively transferred HA-specific CD4 cells dividing (Figures 2a, 2b top middle panel).
This group serves as a control for productive T cell activation. HA-specific cells collected
from C3-HA mice also divided, indicative of HA antigen recognition, and consistent with
the widespread expression of the HA transgene in these animals (Figures 2a, 2b top right
panel) (20). Consistent with our previously published data (18), HA-specific CD4 cells
divided significantly in the prostate draining lymph node of Pro-HA×TRAMP mice
compared to antigen bearing non-tumor mice (Pro-HA) (Figures 2a, 2b bottom left panel).
Interestingly, treatment of Pro-HA×TRAMP with RT did not result in an increase in T cell
recognition of prostate cancer, but rather mediated a statistically significant reduction in
recognition as assayed by CFSE dilution (Figures 2a, 2b bottom right panel).

CD4 cells that encounter their cognate antigen are subject to disparate differentiation
pathways dependent on the context of antigen recognition. Activation involves
differentiation of naïve CD4 T cells into “effector” cells that promote either cell mediated
immune responses or antibody mediated immune responses against an antigen. Activated
CD4 T cells secrete a number of effector cytokines including IL-2, TNF-α, and IFN-γ
(23-25). Among these, IFN-γ is the most highly regulated, and hence serves as a standard
readout for T cell effector function (26). In these experimental models, expression of IFN-γ
correlates with TNF-α expression (data not shown). CD4 T cells that recognize cognate
antigen in the absence of appropriate “co-stimulation” are not activated upon division, but
rather are “tolerized” and are characterized by a lack of IFN-γ production and are refractory
to further stimulation (27). Using standard intracellular staining techniques, adoptively
transferred, HA-specific antigen experienced (CD4+Thy1.1+CFSELow) cells were analyzed
for effector function. HA-specific CD4 cells that respond to Vacc-HA in non-transgenic
mice demonstrated robust IFN-γ expression indicative of activation (Figures 2c, 2d top left
panel). However, divided cells obtained from C3-HA mice did not express IFN-γ, consistent
with previous data demonstrating “non-productive” division in response to self-antigen in
this context (Figures 2c, 2d top right panel) (20). T cells harvested from tumor-bearing Pro-
HA×TRAMP mice did not express IFN-γ (Figures 2c, 2d bottom left panel), again
consistent with our previous data demonstrating “non-productive” division in these animals
(18). Radiation treatment of Pro-HA×TRAMP mice did not mitigate this effect and permit
activation of HA-specific CD4 cells (Figures 2c, 2d bottom right panel). Taken together,
our data demonstrating a lack of significant proliferation and effector cytokine production
by HA-specific T cells adoptively transferred to treated Pro-HA×TRAMP mice suggests that
radiation therapy alone does not sufficiently prime T cell specific anti-tumor immunity in
response to antigen recognition in the context of prostate cancer.

Radiation therapy mitigates tumor-mediated T cell tolerance
We next sought to determine whether the combination of RT and tumor vaccination of
tumor-bearing mice could mitigate tolerance to a tumor associated antigen. As previously
described (18), we performed these studies using a smaller number (105) of adoptively
transferred HA-specific CD4 T cells for a readout, in order to insure that limiting
concentrations of antigen would not affect tolerance. Tolerance is assayed by administering
a tumor-specific vaccine (Vacc-HA) and determining the expansion of the adoptively
transferred T cells by FACS analysis. As one of several controls, we utilized ProHA mice –
in these animals HA is expressed in a prostate-restricted pattern in the absence of cancer,
and immune recognition of HA in these animals is essentially negligible (functional
ignorance)(18). For a positive control, HA-specific CD4 T cells were adoptively transferred
into non-transgenic mice and challenged with Vacc-HA. In the absence of endogenous or
tumor-associated antigen, these cells are not tolerized, and expand significantly (Figures 3a-
c). In the prostate draining lymph nodes, HA-specific cells represented 4-5% of the CD4
population in vaccinated non-transgenic mice (Figures 3a, 3c top left panel). Although
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these data represent a systemic response to vaccination, HA-specific T cells make up a lower
percentage of the CD4 population in the axillary lymph nodes, most likely due to the fact
that vaccine is administered intraperitoneally (Figures 3b, 3c bottom left panel). In contrast,
HA-specific cells adoptively transferred into C3-HA or Pro-HA×TRAMP mice failed to
respond to the HA-targeted tumor-vaccine (Figures 3a-c), demonstrating tolerance
induction, Treatment of Pro-HA×TRAMP mice with radiation therapy 5 weeks prior to T
cell transfer significantly mitigated this tolerance (Figures 3a-c). This response was most
evident in the para-aortic lymph nodes (Figures 3a, 3c top right panel), which represent the
tumor-draining lymph nodes in this model. Importantly, a response to the tumor vaccine was
also noted systemically (Figure 3b, 3c bottom right panel). These data suggest that RT
mitigates specific T cell tolerance to autochthonous tumors under certain conditions and that
this diminution of tolerance is both systemic and local.

A temporal window of efficacy for immunotherapy administered with RT
To understand the temporal constraints of combining immunotherapy with radiation therapy
we performed time course studies analyzing the immune response to cancer using RT as a
treatment modality. For these studies, we once again turned to our large-number T cell
transfers, in which T cell recognition is assayed by CFSE dilution and effector cytokine
production. These studies were performed both in the absence (Figures 4a and 4b) as well as
in the presence (Figures 4c and 4d) of tumor-specific vaccination with Vacc-HA. For these
more preclinical studies, we utilized fractionated radiation delivered via a clinical instrument
in an attempt to more accurately model current radiotherapy techniques.

In the absence of vaccination, HA-specific cells adoptively transferred into non-transgenic
mice neither proliferated nor produced cytokines at any time point (Figures 4a, 4b far left
panels). In contrast, non-transgenic mice given the HA-specific tumor vaccine proliferated
and produced the effector cytokine IFN-γ (Figures 4a, 4b second panels from left). HA-
specific CD4 T cells adoptively transferred into C3-HA and the Pro-HA×TRAMP
proliferated at both time points (Figure 4a), but were functionally “non-productive” in that
they failed to upregulate effector cytokine (Figure 4b). Consistent with our prior data
(Figure 2a), therapeutic RT resulted in a decrease in CD4 T cell recognition of tumor-
associated antigen by week 2 post-RT (Figure 4a). By approximately 7 weeks post RT, the
immune recognition approached that observed in the un-irradiated Pro-HA×TRAMP control
group (Figure 4a), consistent with expected disease progression (data not shown). Despite
this significant proliferation, HA-specific T cells adoptively transferred to either irradiated
or unirradiated Pro-HA×TRAMP mice did not produce the effector cytokine IFN-γ at any
time point (Figure 4b).

We next performed these time-course studies in combination with tumor-specific
vaccination. When HA-specific CD4 T cells were adoptively transferred into RT treated
Pro-HA×TRAMP mice prior to the completion of RT (day 6) or immediately after
completion of RT (day 16), the T cells were tolerized as demonstrated by a lack of
proliferative response to the specific vaccine (Figure 4c). However, when HA-specific CD4
T cells were adoptively transferred approximately three weeks (day 33) following RT,
significant proliferation and cytokine production were noted (Figures 4c, 4d). This
proliferation and cytokine production was vaccine-dependent, and was not noted in RT-
treated Pro-HA×TRAMP mice that were not vaccinated (Figures 4a, 4b). This mitigation of
vaccine tolerance was transient however, and was not noted when T cells were adoptively
transferred 14 weeks post-RT. Taken together, these data suggest that RT of prostate tumors
may mitigate tolerance to tumor-vaccination, but that the window over which this occurs is
discrete.
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DISCUSSION
Our data indicate that there is a therapeutic effect of RT in this autochthonous mouse model
of prostate cancer, and establish an experimental system in which we are able to model the
interaction between immunotherapy and RT. As has been noted, the immune response to an
antigen is directed by a number of factors, including the “maturation” state of the
professional antigen presenting cells—dendritic cells (DCs). In general, apoptotic cells do
not mature or activate DCs; this is likely an evolutionary adaptation to hinder autoreactive
immune responses (28). Conversely, DCs that uptake antigen in the presence of “danger
signals” mature and mediate an effector immune response (29). A recent study demonstrated
that the efficacy of RT is partially dependent on TLR-4 signaling in DCs, but this study did
not address adaptive immune responses against pre-established tumors (6). Various groups
have augmented radio-immunotherapy against pre-established tumors with the addition of
DC maturation agents such as Flt3-L and GM-CSF (30-32). Furthermore, Vaccinia virus
that is employed in our tumor vaccine has been shown to activate DCs in vivo, evidenced by
increase of surface expression of MHC Class I and the co-stimulatory molecules CD40,
CD80, and CD86 (33). Paradoxically MHC Class II expression is decreased, but DCs are
still capable of activating CD4 T cells.

In our autochthonous tumor model, tumor-specific CD4 T cells adoptively transferred post-
RT were not activated and failed to express the effector cytokines IFN-γ and TNF-α.
However, they divided less than T cells adoptively transferred into tumor-bearing animals
that were unirradiated. This decrease in division without upregulation of effector cytokines
suggests that the effect of RT on the interaction between the immune system and the tumor
was decreased antigen presentation through direct, RT-mediated cytotoxic effects on the
tumor resulting in a decreased tumor burden. This notion is further supported by pathologic
data which demonstrated a decrease in the cellularity of the prostate glands post-RT.
However, it should be noted an indirect effect on tumor infiltrating antigen presenting cells
cannot be ruled out in this experimental system as a previous study demonstrated an altered
peptide repertoire as a result of RT (5).

The prostate tumors in Pro-HA×TRAMP mice are tolerigenic, and adoptively transferred
CD4 T cells are tolerized and fail to proliferate in response to tumor vaccination (10,18,34).
Interestingly, RT decreased tumor-mediated proliferation of adoptively transferred CD4 T
cells, but conversely augmented the response to the tumor vaccine. This augmentation of
vaccine response is likely due to the decrease in tolerogenic antigen presentation, as the
adoptively transferred CD4 T cells failed to upregulate effector cytokines in the absence of
vaccination. The observed response to vaccine post-RT could also be a result of a relative
depletion of tumor-specific suppressor (CD4+Foxp3+) T cells (35), especially if those T cells
preferentially resided in the prostate draining lymph nodes and were preferentially radio-
sensitive. Although we used a focused external beam of radiation, a moderate diameter beam
was employed to guarantee prostate targeting. Due to the extremely close proximity of the
prostate draining lymph nodes to the gland itself in mice, it cannot be ruled out that the
prostate draining lymph nodes were directly affected by the RT. However, a careful analysis
of the numbers of T cells, B cells and DC in the prostate-draining lymph nodes of treated
mice did not reveal significant differences in cell numbers or percentages (data not shown).

Our data further demonstrate that the response to tumor vaccine was transient, with an
observed peak in the response between 3 and 5 weeks post-RT. This mitigation of tolerance
was abrogated by week 14 post-RT. Importantly, the response to vaccine was poor in the
peri-RT and immediate post-therapy time frame. These data suggest that for aggressive,
tolerogenic tumors, immunotherapy might prove most efficacious at a time point after RT
when the tumor burden is at its nadir. As survival experiments in the TRAMP (C57BL/6)
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mice typically last longer than a year, we chose to first establish the timing of the
combination (radio- immunotherapy) therapy before commencing the long-term
experiments.

As RT is a standard treatment for many tumor types, novel immunotherapeutic regimens
must be optimized with RT. Here we demonstrate that while RT itself might play a
therapeutic role against aggressive tumors; RT alone did not appear to mediate an active
anti-cancer immune response. Moreover, immunotherapy with a tumor vaccine consisting of
a recombinant pox virus expressing a tumor associated antigen did not mitigate T cell
tolerance in this model when the vaccine was employed as a single modality. Only when RT
was combined with immunotherapy in an appropriate sequence was tumor-induced immune
tolerance mitigated. We are currently translating these data in to a clinical trial setting, in
which immunotherapy is administered 4 weeks after definitive, fractionated RT in men with
prostate cancer.
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Figure 1. Pathological diminishing of local tumor burden post-RT
Five weeks following RT prostate lobes were harvested from irradiated and unirradiated
Pro-HA×TRAMP mice and non-transgenic control mice. 200X magnification of H&E
stained (a) dorsal lobe non-transgenic, (b) dorsal lobe unirradiated Pro-HA×TRAMP, (c)
dorsal lobe irradiated Pro-HA×TRAMP, (d) ventral lobe unirradiated Pro-HA×TRAMP, and
(e) ventral lobe irradiated Pro-HA×TRAMP.
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Figure 2. Decrease in tumor recognition by tumor-specific T cells following pelvic irradiation
(cesium)
20 week Pro-HA×TRAMP mice were given a single dose of 15 Gy. 35 days post-radiation,
2×106 CFSE-labeled HA-specific CD4 T cells were adoptively transferred into irradiated
Pro-HA×TRAMP and age-matched unirradiated controls (Pro-HA, vaccinated non-
transgenic, C3-HA, and Pro-HA×TRAMP). Adoptively transferred HA-specific cells were
Thy1.1 congenic, which served as the marker used to distinguish them from endogenous
(Thy1.2) T cells. (a) The percent of HA-specific cells in the prostate draining lymph node
that had divided by day 5 post-adoptive transfer. (b) Representative FACS plots showing
CFSE-division of cells gated on CD4+Thy1.1+ for Pro-HA (top left), vaccinated non-
transgenic (top middle), C3-HA (top right), Pro-HA×TRAMP (bottom left), and irradiated
Pro-HA×TRAMP (bottom right). (c, d) T cell activation was assessed by IFN-γ expression
in divided cells. (d) Representative FACS plots are gated on CD4+Thy1.1+CFSELow cells of
vaccinated non-transgenic mice (top left), C3-HA (top right), Pro-HA×TRAMP (bottom
left), and irradiated Pro-HA×TRAMP (bottom right). Significant differences between
irradiated and unirradiated Pro-HA×TRAMP groups are given on the graphs. For all
experimental groups n=5.
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Figure 3. Mitigation of T cell tolerance following pelvic irradiation (cesium)
20 week Pro-HA×TRAMP mice were given a single dose of 15 Gy. Five weeks post-
radiation 105 HA-specific CD4 T cells (Thy1.1) were adoptively transferred into recipient
mice (Thy1.2); this was followed by a tumor vaccine 2 weeks after the adoptive transfer.
The response to the vaccine was assessed by expansion of the Thy1.1 CD4 population. (a)
The local response to the tumor vaccine in the prostate draining lymph node. (b) Systemic
response to the tumor vaccine in the axillary lymph nodes. (c) Representative FACS plots of
the tumor vaccine induced T cell expansion in the (top row) prostate draining lymph nodes
and the (bottom row) axillary lymph nodes for non-transgenic (far left), C3-HA (second
from left), Pro-HA×TRAMP (second from right), and irradiated Pro-HA×TRAMP (far
right). The differences in expansion between the irradiated and control Pro-HA×TRAMP
mice were statistically significant in the para-aortic and the axillary lymph nodes, p=0.01
and p=0.03, respectively. For all experimental groups n=10.
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Figure 4. Therapeutic window post-radiation (linear accelerator) for optimal tumor vaccine
response
20 week Pro-HA×TRAMP mice were irradiated using a linear accelerator using the three
dose regimen described previously. (a,b) 2×106 HA-specific CD4 T cells were adoptively
transferred into the irradiated Pro-HA×TRAMP mice as well as age-matched unirradiated
controls (non-transgenic, tumor vaccinated non-transgenic, C3-HA, and Pro-HA×TRAMP).
Cells were adoptively transferred on either day 12 or day 45 following the initial dose of
radiation. Five days after the adoptive transfers HA-specific lymphocytes were harvested
and analyzed for (a) division (arrow heads correspond to RT) and (b) T cell activation (IFN-
γ). (c) 105 HA-specific CD4 T cells were adoptively transferred into irradiated Pro-
HA×TRAMP mice and unirradiated age-matched controls (non-transgenic and Pro-
HA×TRAMP) on day 6, day 16, day 33, or day 94 (the reference, day 0, was the initial dose
of radiation). Two weeks following the adoptive transfer, mice were given a tumor vaccine,
and the response to the vaccine was analyzed on day 5 post-vaccination by T cell expansion
(arrow heads correspond to RT). (d) Representative FACS data from day 33 demonstrates
that HA-specific (Thy1.1+) CD4 cells that proliferate in response to the tumor vaccine
concomitantly upregulates IFN-γ. *p<0.05.
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