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INTRODUCTION 
Radiation therapy (RT) is a very effective treatment for early stage cancer but not for large tumors nor 

for distant micrometastatic disease. Recently, immunotherapy (IT) has gained in popularity by finding some 
patients have specific T cell response to prostate tumor-associated antigens such as prostate specific antigen 
(PSA) and this can be boosted by vaccination. Yet, IT given alone is not a very effective clinical option in 
prostate cancer. Combining IT with RT is an attractive concept as it might improve the therapeutic effects of 
both treatments. There are studies, including our own, showing that radiation up-regulates the expression of 
MHC class I and immune co-stimulatory molecules. We proposed that radiation generates these “danger” 
signals and modulates the tumor microenvironment. We were the first to show that radiation inhibits dendritic 
cell (DC) endogenous processing of MART-1 antigen but enhances exogenous MART-1 peptide presentation. 
We hypothesized that the inhibitory effect of radiation is due to inhibition of 26S proteasome function, which is 
critical for the generation of immunopeptides. This large multi-subunit protein is composed of core 20S and 
19S regulator structures. IFN-γ treatment of cells causes replacement of constitutive 20S enzymes subunits 
with LMP7, LMP2, and MECL-1 and the 19S regulator with an 11S complex, forming an immunoproteasome 
that favors cleavage of proteins into peptides better able to bind MHC class I molecules. However, most cells 
do not express immunoproteasome with the notable exception of DC. If tumors express different epitopes to 
the once that DC express, then the responses that are generated are unlikely to be effective. In this proposal, 
we will examine how RT affects the immunological landscape of anti-tumor immunity by altering antigenic 
epitope presentation by DC and tumor. 
 
BODY 

Our hypothesis is that radiation affects proteasome function and modifies peptides presented by DC 
and tumor. Our previous study on MART-1 system has shown that irradiated DC presented exogenous peptide 
more efficiently and antigen that was processed endogenously less efficiently. Therefore irradiation skews the 
immune system. One obvious question was whether or not this applied to prostate tumor antigens. To examine 
PSA protein processing and presentation, we had to develop a humanized mouse model. We placed PSA 
within an adenoviral delivery vehicle to express it within DCs and used these DCs to immunize transgenic, 
humanized C57BL/6 (C57Bl/6-Kb2.1), that express the chimeric mouse/human class I MHC, which will allow us 
to examine the responses to human PSA epitopes that are clinically relevant. Irradiated DCs transduced with 
AdVPSA were compromised in presenting PSA within the context of HLA-A2/Kb. T cell stimulation as judged 
by IFN-γ ELISPOT assay was decreased in mice injected with irradiated DC. We were also able to show that 
the exogenous antigen presentation pathway was differentialy affected. PSA-3 peptide-pulsed DC showed 
enhanced IFN-γ and IL-4 expression following 10Gy radiation treatment. This clearly indicates that it is not a 
question of cell viability, but an alteration in DC function following irradiation. More importantly, it shows that 
our observation is not an artifact of the presentation of melanoma antigen, but it is also highly relevant within 
the context of prostate tumor associated antigens.   

Given the stark contrast between radiation effects on endogenous vs exogenous PSA presentation, we 
asked whether irradiation affects antigen uptake and degradation by DCs. In order to dissect these specific DC 
functions we utilized the well-defined ovalbumin (OVA) system. Bone-marrow dendritic cell cultures (C57Bl/6) 
were mixed with either OVA-FITC (uptake) or DQ-OVA (degradation). We noticed that the uptake (Figure 1) 
and degradation (Figure 2) of the ovalbumin antigen was not adversely affected in irradiated, mature dendritic 
cells. However, immature dendritic cells appeared to have their propensity to degrade antigen enhanced when 
they had received radiation prior to antigen exposure (Figure 2C). The degradation of DQ-OVA by both mature 
and immature DCs was inhibited in the presence of the proteasome inhibitor MG132 (40µM) (not shown). This 
is important because it indicates – against general wisdom- that the proteasome is involved in the degradation 
of exogenous antigen in addition to the endogenous pathway. It also implies that the differences in radiation 
effect on exogenous and endogenous pathway of antigen presentation may be mediated by elements other 
than changes in proteasome function. Finally, it seems that radiation may affect dendritic cells maturation. 
Overall, we conclude from these experiments that the effects of radiation on antigen cross-presentation by 
dendritic cells in vitro are encouraging with respect to prostate anti-tumor immunity after local radiotherapy.  
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Figure 2: 10Gy radiation given to mature DC before or after antigen exposure does not greatly impact the rate of 
antigen degradation. DQ-OVA (Molecular Probes) is a highly self-quenched conjugate of OVA. DQ-OVA 
trafficking to the lysosomes. DQ-OVA is highly saturated with BODIPY which start to fluoresce once they 
are sufficiently apart such as during proteolytic degradation. With time cells degrade DQ-OVA and become more 
fluorescent. A) Initially, the degradation of antigen by immature and mature DC is comparable, yet immature DC 
plateau out earlier than mature DC. C) 4-day (immature) and B) 7-day (mature) old bone-marrow derived 
dendritic cells were harvested and loaded with DQ-OVA for 20mins at 37ºC (10µg/ml). Some samples were 
irradiated with 10Gy before or after DQ-loading. Degradation as increase in fluorescence was monitored by 
FACS analysis in 20mins intervals. 
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Figure 1: Irradiation of immature and mature DCs with 10Gy does not affect 
antigen uptake. 4-day and 7-day bone-marrow derived dendritic cells are 
harvested, irradiated with 10Gy and then loaded with OVA-FITC (2mg/ml) for 0-
2h in 30mins intervals. Soluble Ovalbumin-FITC (Molecular Probes) is taken up 
through fluid-phase, receptor-independent endocytosis.FACS was run for 
internalized OVA. A) FACS (FL-1) profiles of mature DC after different length of 
time with the probe OVA-FITC. Fluorescence increases over time as DC take up 
the antigen. B) While all mature DC take up the probe OVA-FITC, immature DCs 
(4-day bone-marrow cultures) have a subpopulation of cells that do not take up 
the antigen. C) Although not all immature DCs take up OVA-FITC, the actual 
rate of antigen uptake is comparable in mature and immature DC as indicated by 
the slope of the curves.  
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 The question of how antigen uptake 
and degradation might translate into changes 
in antigen cross-presentation was addressed 
in the following set of experiments using 
CD8+ T-cell hybridoma cells, B3Z, or nylon 
wool-enriched splenocytes from T cell 
receptor transgenic mice, OT-I (C57Bl/6 
background) as responders. Both responders 
are specific for the chicken OVA257–264 
epitope presented within H-2Kb. B3Z 
(N.Shastri) utilize a reporter construct with the 
β-galactosidase gene (lacZ) under the control 
of the NF-AT element of the IL-2 enhancer. 
Appropriate T cell receptor engagement 
triggers IL-2 production, accumulation of β-
galactosidase and hence blue X-gal staining. 
The uptake of exogenous antigen was 
imitated by pulsing the dendritic cells with the 
OVA-I peptide257–264 (SIINFEKL). 
Engagement of the OVA-specific T cell 
receptors by mixing the responders with 
peptide-pulsed dendritic cells led to strong 
activation as measured by IL-2 production, β-
galactosidase activity (B3Z, Figure 4) and 
proliferation (OT-I T cells, Figure 3). 
Irradiation of BM-DC prior to ovalbumin 
peptide pulsing somewhat reduces their 
ability to present antigen to B3Z or to OT-I T 
cells. But overall the effect of radiation on 
antigen presentation appears to be only a 
minor one and the question remains as to 
whether these differences have any 
importance at the physiological relevant (I.e. 
much lower) antigen concentrations. Overall, 
we conclude from these experiments that the 
effects of radiation on antigen cross-
presentation by dendritic cells in vitro are -if 
any- minor.  
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Figure 3: A) OT-I splenocytes cultures. Splenocytes from OT-I mice 
were enriched for T cells over Nylon wool and incubated with bone-
marrow derived dendritic cells (C57Bl/6) that had been pulsed with the 
OVA-I peptide257–264 (SIINFEKL) at 25µM for 5h. Some BM-DC had 
been irradiated with 10Gy prior to pulsing. Responders and 
stimulators were mixed at a ratio of 2:1, 10:1 or 100:1 in round-bottom 
96-well plates. Controls included OT-I splenocytes mixed with 
unpulsed BM-DCs. The top panel shows OT-I splenocytes cultures in 
the presence of aCD3, aCD28, PHA or left alone. All pictures were 
taken after 24h of culture. OT-I cells proliferate and produce IL-2 in 
response to aCD3, aCD28, PHA and strongly to a combination of 
aCD3/aCD28 (not shown). However, peptide-pulsed BM-DC elicit 
even stronger activation of these cells. B) Importantly, irradiated, 
pulsed BM-DC are equally potent in inducing OT-T cell activation. 
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Our main goal was to develop 

PSA-expressing murine tumor lines to 
determine if tumor rejection is affected.  
An important aspect of this is the 
stability of MHC class I molecules, to 
be addressed in aim 1. Previously, We 
examined the effect of RT on MHC 
stability using the classic T2 cell model, 
the hypothesis being that radiation 
stabilizes MHC class I expression on 
cells. Indeed we demonstrated that 
irradiation with 2Gy and 10Gy 
appeared to increase the levels of 
stable MHC I complexes over a 24 h 
period suggesting a stabilization effect 
by radiation. When studying the 
radiation effects on the dendritic cell 
membranes we also observed MHC 
class I upregulation (shown in our 
original proposal).  We have taken this 
one step further and we are now able 
to report that surface molecules other 
than MHC I are also increased 
following radiation, e.g. MHC class II 
and CD86 (Figure 5). All of this 
indicates to us that the radiation-
induced changes maybe membrane-
associated. In fact, this ties into our 
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Figure 5: Radiation causes an increase in cell surface markers in 
dendritic cells. BM-DCs from 8-day bone-marrow cultures of C57Bl/6 
mice were irradiated with 10Gy and incubated for 72h prior to staining for 
MHC II and CD86 and FACS analysis. Dead cells were excluded with 
7AAD (gray = unstained; black line = 0Gy; dotted line = 10Gy). The 
expression of MHCII and CD86 increased following XRT and/or a loss in 
the low staining population occurred. Double positive cells increased from 
40% to 70% as result of radiation treatment.  
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Figure 4: B3Z T cells respond to OVA-I-
peptide pulsed BM-DC with A) the release 
of substantial amounts of IL-2 and B) 
increased β-gal activity. Soluble anti-CD3 
antibody partially mimics the stimulation of 
B3Z, while un-pulsed BM-DC remain 
ineffective. 10Gy irradiation of dendritic cells 
prior to pulsing and mixing with B3Z  has the 
following effects: C) B3Z released less IL-2 
when stimulated with irradiated rather than 
non-irradiated, pulsed DCs and D) activation 
of β-gal the upon TCR engagement was 
reduced when DCs had been irradiated. 
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previous observations on radiation effects on membrane lipids, which are important for signaling proteins and 
receptors and hence cellular responses to radiation. Radiation enhanced the clustering of lipid rafts but further 
studies will have to determine exactly how this translates to effects further downstream.  

 
We focused most of our efforts on the generation of TRAMP cells stably expressing hPSA. We had 

previously prepared both TRAMP C1 and TRAMP C2 with the pSecTag2 construct containing hPSA 
(Invitrogen). However any attempt to detect hPSA in vitro in any meaningful amounts failed (not shown). As a 
backup strategy we used a retroviral system to introduce hPSA, again without any PSA production. Also, when 
injected in vivo, PSA could not be detected. The fact that we could not detect PSA production by these cells 
forced us to alter our approach regarding radiation responses and the ratio of constitutive proteasomes to 
immunoproteasomes. As partial fulfillment of aim 2, we examined the radiation effects on proteasome function 
of the parental cells before inserting PSA. As expected and as shown in our previous report, radiation 
treatment of TRAMP C1 decreased proteasome chymotrypsin-like activity by ~40% by 10Gy. However, we 
decided not to pursue this question further until we can confirm the expression of hPSA in these cells. 
 
 In light of absent hPSA detection we 
changed our approach to address aim 4 and used 
TRAMP cells stably expressing the human HLA-
A2.1 gene and examined if responses to other 
prostate tumor-specific antigens that are known to 
have human homologs would be processed by 
murine TRAMP cells and expressed in the clinically 
relevant context HLAA2.1. We looked for prostate 
stem cell antigen (PSCA), six-transmembrane 
epithelial antigen of the prostate (STEAP) and 
prostate-specific membrane antigen (PSMA). We 
used these humanized prostate cancer cells 
(TRAMP C1/2.1) and repeatedly injected 1x106 
cells into C57Bl/6-Kb2.1 mice and measured tumor-
specific immune responses by IFNγ-ELISPOT. To 
address the issue as to whether radiation affect 
tumor immunogenicity, the hierarchy of antigens 
and the immune-responses that ensues we 
compared responses to 20Gy-irradiated tumor cell 
vaccine with responses seen to sham-irradiated 
tumor cells. Overall, control mice had low 
background in IFNγ-responses to the panel of prostate tumor-specific HLA-A2 antigenic peptides, apart from 
PSCA (Figure 6) but responses increased significantly upon tumor vaccination. There appeared to be no 
significant benefit or detriment from irradiating the tumor cells prior to vaccination, apart for anti-PSCA 
responses, which were increased. 

 
 

KEY RESEARCH ACCOMPLISHMENT 
 Development of PSA-TRAMP C1, PSA-TRAMP C2 -100% completed. 
 Study of the radiation effect on MHC class I expression extended to MHC II and CD86 upregulation.  
 Study of radiation effects on proteasome and immunoproteasome function – 50% completed. 
 Study of radiation effects on antigen uptake and degradation by DCs – 100% completed. 
 Radiation studies on antigen cross-presentation using OVA-specific T cells as a surrogate antigen. 
 Radiation effects on antigen hierarchy involving prostate-specific antigens in vivo.  

 

FIGURE 6: Irradiated TRAMP C1/2.1 are equally 
immunogenic to non-irradiated tumor cells in male 
C57Bl/6-Kb2.1 mice.  Transgenic mice were vaccinated 
s.c. with 1x106 irradiated or control tumor cells, twice with 
a 5-day interval. Splenocytes were analyzed by IFNγ-
ELISPOT. Data are mean ± SD of two independent 
experiments. 
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REPORTABLE OUTCOMES  
 Schaue D., Comin-Anduix B., Ribas A., Zhang L., Goodglick L., Sayre J., Debucquoy A., Haustermans 

K., and McBride W. H. (2008): T-Cell Responses to Survivin in Cancer Patients Undergoing Radiation 
Therapy. Clin Can Res 14, 4883-4890. 

 Kachikwu E.L., Schaue D., Liao Y-P., Economou J. McBride W.H.: Naturally-occuring Tregs and their 
role in radiation-induced immune suppression in murine prostate cancer. In: Proceedings of the 
American Association for Cancer Research in San Diego, CA, 2008. 

 Schaue, D., McBride W.H.: Ionizing radiation does not compromise the cross-presentation of antigen 
by dendritic cells. In: Proceedings of the American Association for Cancer Research –Tumor 
Immunology in Miami, Fl, 2008. 

 
CONCLUSIONS  

Our primary focus this year was to develop our hybrid murine-human prostate tumor model further. The 
generation of murine prostate tumor cells expressing the human form of PSA is completed but initial results 
regarding the production of this protein within the murine system proved challenging. We therefore followed an 
alternative approach using the same parental murine prostate tumor cells but with a human MHC class 
molecule which allowed us to monitor responses to prostate tumor specific antigens other than PSA that are 
relevant in the clinical settings.  

We were also able to show that radiation does not substantially impact the uptake and degradation of 
antigen by mature dendritic cells. However, immature dendritic cells appeared to have their propensity to 
degrade antigen enhanced when they had received radiation prior to antigen exposure. This is important 
because the state of maturation is known to affect the composition of proteasomes, and hence the antigen 
repertoire and might therefore be differentially targeted by radiation. We have also reasons to believe that 
radiation affects antigen presentation independently from effects on proteasome antigen degradation, e.g. by 
inducing cellular maturation. Additionally, we observed increases in cell surface markers on irradiated dendritic 
cells such as MHC II and CD86, which should further add to their functional integrity. Overall, we conclude 
from these experiments that the effects of radiation on antigen cross-presentation by dendritic cells in vitro and 
in vivo are encouraging and give us no reason to believe that radiotherapy is not a good candidate to be used 
in conjunction with cancer immunotherapy.  
 
APPENDIX – see publication attached. 
 
 
 




















