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ABSTRACT
Immunotherapy has shown limited success in prostate cancer; this may be partially explained by its 
immunosuppressive tumor microenvironment (TME). Although androgen-deprivation therapy (ADT), the 
most common treatment for prostate cancer, initially promotes a robust T cell infiltrate, T cell responses 
are later attenuated. Based on the castration-sensitive Myc-CaP model, we developed an antigen-specific 
system to study CD8 T cell tolerance to prostate tumors. This model is unique in that CD8 T cells recognize 
a bona-fide tumor antigen (Her-2/neu), rather than an overexpressed xenogenic antigen like chicken 
ovalbumin or influenza hemagglutinin. Using this novel model, we demonstrate robust tolerance that is 
not alleviated by TLR agonists or ADT. This model may serve as a novel and useful tool to further 
interrogate methods by which to augment anti-tumor cancer immune responses to prostate cancer.
Significance: Prostate cancer is a leading cause of cancer-related death in men worldwide, with an 
estimated 33,000 deaths projected in the U.S. in 2020. Although primary (localized) tumors can be cured 
by surgery or radiation, approximately 40% of patients eventually develop recurrent disease. While initially 
responsive to androgen-deprivation, many patients with recurrent prostate cancer eventually progress to 
a more advanced disease state known as metastatic castration-resistant prostate cancer (mCRPC); this is 
the lethal phenotype. These studies describe a novel androgen-responsive murine cell line that expresses 
a bona-fide tumor antigen (Her-2/neu). Pre-clinical work with this model shows robust and antigen- 
specific CD8 T cell tolerance, providing a novel preclinical model to study CD8 T cell tolerance to prostate 
tumors.
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Introduction

Although cancer immunotherapy is a rapidly evolving treat-
ment option for many tumor types,1 responses in prostate 
cancer have been limited.2–4 For example, two large rando-
mized phase III trials of immune checkpoint blockade with 
anti-CTLA-4 (ipilimumab) failed to meet their primary 
endpoint,5,6 as did a recent large randomized phase III trial of 
the PSA-directed vaccine known as ProstVac VF.7 Responses to 
anti-PD-1 have been reported, but these predominantly occur 
in a subset of patients with mutations in DNA damage repair 
(DRD) pathways.8,9 Yet, the FDA-approved therapeutic vac-
cine sipuleucel-T provides a survival advantage, supporting the 
potential of immunotherapy for the treatment of advanced 
prostate cancer.4,10 Antigens expressed only in the tumor, 
neoantigens, are by definition not susceptible to central toler-
ance. However, multiple peripheral tolerance mechanisms 
attenuate or otherwise prevent responses to antigens presented 
in a non-inflammatory context. Immunotherapy must over-
come these peripheral tolerance mechanisms in order to mount 
an effective adaptive anti-tumor immune response.11–15 Several 

studies showed T cell tolerance in mice with prostate-specific 
expression of a model or viral antigen.12,16-19 For example, 
using a model in which influenza hemagglutinin is over- 
expressed in the prostate gland and in autochthonous prostate 
tumors of transgenic adenocarcinoma of mouse prostate 
(TRAMP) mice, we showed CD4 T cell tolerance that could 
be transiently mitigated by androgen-deprivation therapy 
(ADT).12 Peripheral tolerance to this continuously expressed 
antigen was further supported by studies in double transgenic 
mice in which cytolytic activity of hemagglutinin-specific 
CD8 T cells was restored after adoptively transferring hemag-
glutinin-specific CD8 T cells from TRAMP tumor-bearing 
hosts into tumor-free hosts.16 Additional models support 
T cell tolerance to prostate-restricted expression of ovalbumin 
in prostate gland of probasin ovalbumin expressing transgenic 
(POET-1) mice17 and influenza virus in autochronous prostate 
tumors of TRAMP mice.18 In each of these models, antigens 
were expressed using the androgen-driven rat probasin pro-
moter where antigen levels can be abrogated through androgen 
deprivation. Thus, it is not known whether similar tolerance 
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mechanisms exist to an antigen whose expression is indepen-
dent of androgen signaling.

To understand peripheral tolerance to a bona-fide cancer anti-
gen and to investigate whether immunotherapy interventions can 
break CD8 peripheral tolerance, we developed a murine prostate 
cancer cell line (Myc-CaP/Neu) that expresses the rat Her-2/neu 
protein which is immunogenic in a breast cancer model.20,21 In 
addition, rat Her-2/neu-specific CD8 T cells from TCR transgenic 
mice are available, and these facilitate antigen-specific interroga-
tion of T cell tolerance.22 Using these tools, we found that the rat 
Her-2/neu protein was successfully processed and the immuno-
dominant peptide (RNEU420-429) was presented to transgenic 
CD8 T cells. We further investigated whether peripheral tolerance 
was induced and whether tolerance could be mitigated by TLR- 
agonists or ADT.

Results

Generation of Neu-expressing Myc-CaP cells

To study antigen-specific CD8 T cell responses to androgen- 
deprivation therapy (ADT) sensitive prostate cancer, we intro-
duced a model tumor antigen for which an antigen-specific 
T cell expressing a transgenic TCR has been generated.22 The 
model was based on the Myc-CaP cell line,23 which was derived 
from a transgenic prostate cancer model driven by prostate- 
specific overexpression of the MYC oncogene24 – a gene com-
monly up-regulated in invasive prostate cancer patients.25 Myc- 
CaP cells originate from the immunocompetent FVB/N strain. To 
model a bona-fide cancer antigen, Myc-CaP cells were transduced 
with a lentivirus encoding rat Her-2/neu (pWPXL-Neu; Figure 1 
(a,b)). This construct included the immunodominantepitope pre-
viously shown to bind to the class I MHC molecule H-2Dq.26 

Transduced tumor cells were sorted to >99% purity (Figure 1(c)) 
and rat Her-2/neu (RNEU) expression was confirmed by immu-
nofluorescence (Figure 1(d)).

RNEU-specific cytotoxic CD8 T cell responses to Myc-CaP 
/Neu tumor cells

Granulocyte-macrophage colony-stimulating factor (GM-CSF) 
stimulates the recruitment of dendritic cells and augments tumor 
antigen presentation.20,27 Thus, GM-CSF has been used as 
a component of therapeutic cancer vaccines to stimulate anti- 
tumor immunity in preclinical models28 as well as in multiple 
clinical trials.29,30 To determine whether CD8 T cells recognize 
RNEU420-429 in Myc-CaP/Neu cells, we performed vaccination 
studies using a vaccine (GVAX) comprised of irradiated Myc- 
CaP/Neu cells co-administered with GM-CSF secreting bystan-
ders. As a readout for Her-2/neu expression, CFSE-labeled RNEU- 
specific CD8 T cells from Thy1.2+ donor mice were adoptively 
transferred 24 hours post-vaccination into Thy1.1+ recipient FVB/ 
NJ mice (Figure 2(a,b)). Five days post-transfer, RNEU-specific 
CD8 T cells recovered from the inguinal lymph nodes (ILNs) and 
spleens of vaccinated recipient mice had undergone significant 
division (Figure 2(c)). In contrast, RNEU-specific CD8 T cells 
recovered from ILNs and spleens of naïve recipients had not 
undergone significant division (Figure 2(c)); these data support 
antigen expression and subsequent recognition. Intracellular 

staining for canonical effector cytokines (TNFα, IFNγ, GzB, and 
IL-2) confirmed T cell activation (Figure 2(d)). We next tested 
whether adoptively transferred Her-2/neu-specific CD8 T cells 
could recognize well-established Her-2/neu-expressing tumors 
(Figure 3(a–c)). As shown in Figure 3, implanted Myc-CaP/Neu 
tumors induced proliferation of adoptively transferred RNEU- 
specific CD8 T cells in tumor-draining lymph nodes (TDLNs) 
and spleens, while Myc-CaP/WT tumors did not (Figure 3(d)). To 
evaluate the functional capacity of RNEU-specific CD8 T cells 
recovered from TDLNs and spleens, we performed intracellular 
staining for TNFα, IFNγ, GzB, and IL-2. In line with our previous 
observations (Figure 2(d)), a fraction of RNEU-specific CD8 T 
cells isolated from Myc-CaP/Neu tumor-bearing recipients 
expressed these cytotoxic effector cytokines (Figure 3(e)).

Established tumors suppress antigen-specific CD8 T 
responses induced by vaccination

We next tested whether vaccination with Myc-CaP/Neu cells + 
GM-CSF producing bystander (GVAX) would affect tumor anti-
gen-specific CD8 T cell responses in the setting of a suppressive 
TME (Figure 4(a–c)). Here we found that RNEU-specific CD8 T 
cells recovered from vaccinated Myc-CaP/Neu tumor-bearing 
recipients divided less and exhibited a lower percentage of 
TNFα, IFNγ, and IL2 cytokines producing RNEU-derived 
CD8 T cells than those harvested from vaccinated, non-tumor 
bearing (naïve) recipients (Figure 4(d,e)). These data suggest that 
recognition of the Her-2/neu peptide (RNEU420-429: 

Figure 1. Generation of the Myc-CaP/Neu Cell Line. (a) Schematic for the trans-
duction of the Her-2/neu neoantigen into the androgen-responsive Myc-CaP cell 
line. (b) The extracellular rat Her-2/neu (neu) cDNA fragment containing the 
immunodominant MHC-I epitope recognized by the FVB/N-derived T cell clone 
TCRVβ4 (RNEU420-429 peptide: PDSLRDLSVF)26 was ligated into the vector pWPXL. 
(c) Sorting strategy to isolate Myc-CaP cells based on their expression of the rat 
neu antigen. Myc-CaP cells pre- and post-transduction with lentivirus containing 
RNEU420-429 peptide (top,) and pre- and post-sorting for neu-expressing cells 
(Myc-CaP/Neu; bottom). (d) Fluorescent detection of Her-2/neu in formalin-fixed 
WT Myc-CaP and Myc-CaP/Neu tumor cells grown on poly-D-Lysine-coated cover-
slips. Expression of the antigen on tumor cells was evaluated with CF640-labeled 
αHer-2/neu antibody (red); nuclei were counterstained with DAPI (blue). Scale 
bar = 100 μm.
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PDSLRDLSVF) appeared to be tolerogenic in the context of 
a suppressive TME, and that vaccination may not be sufficient to 
mitigate this tolerance.

TLR agonists do not mitigate antigen-specific CD8 T cell 
tolerance to a tumor antigen

The TLR3 agonist Poly I:C is a synthetic polyinosinic-polycytidylic 
double-stranded RNA widely used as a vaccine adjuvant due to its 
ability to induce DC maturation and TH1 polarization.31,32 Thus, we 
tested whether Poly I:C would affect the induction of tolerance in 
dividing RNEU-specific CD8 T cells isolated from Myc-CaP/Neu 
tumor-bearing recipient mice (Figure 5(a)). We found that IP 
treatment with Poly I:C 24 hours prior to the adoptive transfer of 
RNEU-specific CD8 T cells did not mitigate the induction of 
peripheral tolerance in TDLNs of Myc-CaP/Neu tumor-bearing 
recipient mice (Figure 5(b–d)). As a positive control, we tested 

whether IP Poly I:C treatment was able to induce a cytotoxic effector 
response in RNEU-specific T cells harvested from the ILN of naïve 
recipients; indeed this was the case (Supp. Fig. 2). So, while Her-2 
specific T cells may achieve cytolytic potential with Poly I:C, recog-
nition of peripherally expressed tumor antigen in the context of the 
TME renders them tolerant.

Androgen-deprivation therapy (ADT) does not mitigate 
antigen-specific CD8 T cell tolerance to a tumor antigen

Our prior work showed that ADT transiently mitigates CD4 T cell 
tolerance to a model antigen expressed under the androgen- 
regulated probasin promoter. To test whether a similar effect 
occurred in the context of a tumor antigen whose expression is 

Figure 2. GVAX Vaccination Induces a Systemic Cytotoxic CD8 T Cell Response to 
Rat-Neu Neoantigen. (a) Treatment scheme for the neu-expressing (GM- 
CSF–secreting) vaccination (GVAX) group. One day after the vaccination, 
1 × 106 high-avidity CFSE-labeled Thy1.2+ RNEU420–429-specific CD8 T cells were 
adoptively transferred (AT) into mice. On day 5, inguinal LNs (ILNs) and spleens 
were harvested and analyzed by flow cytometry. (b) Gating strategy to profile 
RNEU-specific CD8 T cells by flow cytometry. FVB/N-derived T cell clone TCRVβ4 
was gated based on CD45+CD8+Thy1.2+. (c) Percentages of proliferating TCRVβ4+ 

CD8 T cells in indicated tissues (representative flow plots and quantification; 
n ≥ 4 per group, repeated x 2). (d) Percentages of cytokine production by RNEU- 
specific TCRVβ4+ CD8 T cells (representative flow plots and quantification; 
n ≥ 4 per group, repeated x 2). (e) Percentages of polyfunctional RNEU-specific 
TCRVβ4+ IFNγ+GzB+TNFα+ CD8 T cells in indicated tissues (n ≥ 4 per group, 
repeated x 2). Proliferating TCRVβ4+ CD8 T cells, and their cytokine production, 
were calculated as fraction of TCRVβ4+ CD8 T cells.

Figure 3. Established Myc-CaP Tumors Maintain Her-2/neu Expression and Induce 
a Systemic Cytotoxic CD8 T Cell Response to Rat-Neu Neoantigen. (a) Treatment 
scheme for tumor implantation with either 1 × 106 Myc-CaP/WT or Myc-CaP/Neu 
cells. Fourteen days after tumor implantation, 1 × 106 high-avidity CFSE-labeled 
Thy1.2+ RNEU420–429-specific CD8 T cells were adoptively transferred (AT) into the 
mice. On day 5, tumor-draining lymph nodes (TDLNs) were harvested and ana-
lyzed by flow cytometry. (b) Tumor growth curves of mice from Myc-CaP/WT and 
Myc-CaP/Neu tumor-bearing mice. Average tumor volume (±s.e.m.) for each 
experimental group. (c) Her-2/neu expression on indicated murine allografts 
(representative immunohistochemistry; repeated x 2). Scale bar = 50 μm. (d) 
Percentages of proliferating TCRVβ4+ CD8 T cells in indicated tissues (representa-
tive flow plots and quantification; n ≥ 3 per group, repeated x 2). (e) Percentages 
of cytokine production by RNEU-specific TCRVβ4+ CD8 T cells in indicated tissues 
(representative flow plots and quantification; n ≥ 3 per group, repeated x 2). 
Proliferating TCRVβ4+ CD8 T cells, and their cytokine production, were calculated 
as fraction of TCRVβ4+ CD8 T cells.
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not driven by an androgen-regulated promoter, we implanted Myc- 
CaP/Neu tumors in WT recipients and then treated them with ADT 
prior to adoptive transfer of CFSE-labeled RNEU-specific CD8 T 
cells (Figure 6(a)). Consistent with prior data,33,34 over time, ADT 
increased the infiltration of immune cells with the potential to 
suppress CD8 T cell responses – Tregs, PMN-MDSCs, and macro-
phages (Figure 6(b,c)). ADT (7 or 24 d) prior to adoptive transfer 
did not significantly increase the percentage of dividing RNEU- 
specific CD8 T cells relative to intact (vehicle; non-castrated) reci-
pients (Figure 6(d)), and did not increase cytokine secretion by 
RNEU-specific CD8 CTLs (Figure 6(e)). These data support the 
robustness of CD8 T cell tolerance to this prostate-tumor restricted 
antigen and suggest that prior results using influenza hemagglutinin 
driven by the androgen-responsive probasin promoter as a model 
antigen may reflect mitigation of tolerance by transient antigen 
loss.12

Discussion

We previously showed that androgen-derivation therapy 
(ADT) has an additive effect when combined with immu-
notherapeutic interventions.33,34 However, the lack of models 
to study antigen-specific CD8 T cell responses to neoantigens 
expressed in an androgen-independent manner has limited 

understanding of the cellular and molecular mechanisms 
involved in antigen-specific immune responses to prostate 
cancer antigens that are not androgen-regulated. In this 
study, we developed a model to study antigen-specific CD8 T 
cell peripheral tolerance in an implantable, androgen- 
responsive murine cell line in which expression of a bona- 
fide cancer antigen is uncoupled from androgen receptor 
signaling. We found that tumor cells expressing Her-2/neu 
maintain their immunogenicity in vivo, and recruit RNEU- 
specific CD8 T cells. Furthermore, we found this recognition 
led to a reduction of effector cytokine production in the context 
of a suppressive TME. This tolerance was robust and was not 
significantly mitigated by either the TLR-agonist Poly I:C or by 
ADT. These data are consistent with clinical data showing that 
the use of immunotherapy has generally met with limited 
clinical success in prostate cancer.3

These data are potentially discordant with our prior work 
using a variant of the TRAMP model that expresses influenza 
hemagglutinin under the control of the androgen-responsive, 
prostate-specific minimal rat probasin promoter.35 There, we 
found that ADT results in de novo presentation of a prostate- 
restricted antigen in TDLN when castration (ADT) is per-
formed 1 day prior to adoptive transfer of antigen-specific 
CD4 T cells. In those studies, we also showed that CD4 T cell 

Figure 4. Myc-CaP/Neu Tumors Attenuate The RNEU-specific CD8 T Cell Response 
Induced by Vaccination with Her-2/neu Expressing Cells. (a) Treatment scheme for 
tumor implantation with 1 × 106 Myc-CaP/Neu cells. One day after the neu- 
expressing (GM-CSF–secreting) vaccine (GVAX) was administrated, 1 × 106 high- 
avidity CFSE-labeled Thy1.2+ RNEU420–429-specific CD8 T cells were adoptively 
transferred (AT) into the mice. On day 5, tumor-draining lymph nodes (TDLNs; 
tumor) and inguinal LNs (ILNs; non-tumor) were harvested and analyzed by flow 
cytometry. (b) Tumor-infiltrating lymphocytes (TIL; CD3), regulatory T cells 
(FoxP3), myeloid-derived suppressor cells (Ly6 G), and macrophages (F4/80) of 
indicated murine allografts (representative immunohistochemistry; repeated x 2). 
Scale bar = 50 μm. (c) Counts of immune cells in tumor microenvironment (TME). 
(d) Percentages of proliferating TCRVβ4+ CD8 T cells in TDLNs and ILNs (repre-
sentative flow plots and quantification; n ≥ 4 per group, repeated x 2). (e) 
Percentages of cytokine production by RNEU-specific TCRVβ4+ CD8 T cells in 
TDLNs and ILNs (representative flow plots and quantification; n ≥ 4 per group, 
repeated x 2). Proliferating TCRVβ4+ CD8 T cells, and their cytokine production, 
were calculated as fraction of TCRVβ4+ CD8 T cells. ILNs and TDLNs were isolated 
from naïve and tumor-bearing mice, respectively. Whole-cell vaccination (GVAX) 
was prepared as described in materials and methods.

Figure 5. Tumor-Induced RNEU-specific CD8 T Cell Tolerance is Maintained After 
Stimulation with a TLR3 Agonist. (a) Treatment scheme for tumor implantation 
with 1 × 106 Myc-CaP/Neu cells. One day after Poly I:C IP administration, 1 × 106 

high-avidity CFSE-labeled Thy1.2+ RNEU420–429-specific CD8 T cells were adop-
tively transferred (AT) into the mice. On day 5, tumor-draining lymph nodes 
(TDLNs) were harvested and analyzed by flow cytometry. (b, c) Percentages of 
proliferating TCRVβ4+ CD8 T cells in TDLNs (representative flow plots and quanti-
fication; n ≥ 4 per group, repeated x 2). (d) Percentages of cytokine production by 
RNEU-specific TCRVβ4+ CD8 T cells (representative flow plots and quantification; 
n ≥ 4 per group, repeated x 2). (e) Percentages of polyfunctional TCRVβ4+ CD8+ 

IFNγ+GzB+TNFα+ in TDLNs (n ≥ 4 per group, repeated x 2). Proliferating TCRVβ4+ 

CD8 T cells, and their cytokine production, were calculated as fraction of TCRVβ4+ 

CD8 T cells.
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proliferation was diminished when ADT was performed 10 d 
prior to adoptive transfer.12 Thus, those results are likely con-
sistent with the notion that persistent expression of tissue 
antigen is important in the establishment of peripheral toler-
ance. Consistent with this, studies from another group showed 
that ADT dramatically decreased probasin-driven expression 
of ovalbumin in POET-1 mice.17 Here, in the presence of both 
antigen and antigen-specific CD8 T cells, we found more 
profound tolerance – that was not significantly mitigated by 
ADT. The differences between the prior models and the cur-
rent one are possibly related to how the T-cell recognized 
antigen is expressed; in prior studies, antigen expression was 
driven by the androgen-responsive probasin promoter and was 
thus transiently decreased after ADT. By contrast, here the 
bona-fide tumor antigen Her-2/neu was constitutively 
expressed in an androgen-insensitive manner – with persistent 

presentation likely driving the more robust tolerance seen in 
the new model.

Supporting persistent tolerance, we observed continued 
Treg infiltration even late after ADT (25dP ADT; at onset of 
castration-resistance), supporting a long-lived tolerogenic 
mechanism. These data are consistent with our prior studies 
in which we used the androgen-responsive murine prostate 
cancer cell line Myc-CaP, and found that the initial pro- 
inflammatory infiltrate (apparent in the early post-ADT per-
iod) was subsequently followed by an infiltration of Tregs into 
the TME that diminished late after ADT.33 Indeed, anti-CTLA 
-4 treatment prior to ADT resulted in Treg depletion and 
delayed tumor growth in that model,33 suggesting that tumor- 
infiltrating Tregs may be an important mechanism of primary 
resistance to immunotherapy. These data align with the obser-
vation that CD8 T infiltration was accompanied by a propor-
tional influx of Tregs in prostate cancer patients upon 
neoadjuvant ADT treatment.36 Also consistent with prior 
data,34 we found that PMN-MDSCs infiltrated tumors as cas-
tration-resistance emerges, suggesting their suppressive role 
may be important in the development of acquired resistance 
to immunotherapy. In line with this hypothesis, we and others 
have demonstrated that blocking PMN-MDSC trafficking into 
the tumor augments responses to immune checkpoint 
blockade.34,37 In addition, the rationale for targeting these 
cells in combination with other immune therapeutic interven-
tions has also been supported by studies using TRAMP 
mice38,39 and recently reviewed.40 Further studies characteriz-
ing tumor-infiltrating Tregs and PMN-MDSCs in the novel 
model presented here may aid in the development of new 
therapeutic approaches to overcome immunotherapy resis-
tance in prostate cancer, including metastatic prostate cancer. 
Although metastasis has not been observed in MYC driven 
Myc-CaP tumors,24 a potential limitation of this model, the 
TME of prostate tumors in bone, the most clinical relevant 
metastatic niche, can be studied by direct intratibial injection 
of Myc-CaP/Neu tumor cells41 followed by adoptive transfer of 
CFSE-labeled RNEU-specific CD8 T cells.

In summary, we report a novel cell line/adoptive CD8 T cell 
transfer model to study antigen-specific T cell tolerance to 
prostate cancer. Although the interventions explored here 
were insufficient to significantly break tolerance, this system 
may serve as a useful tool to further interrogate methods by 
which to augment antigen-specific CD8 T cell anti-tumor 
responses.

Materials and methods

Cell lines

Myc-CaP cells derived from spontaneous prostate cancer in 
c-Myc transgenic mice23,24 were a generous gift from 
Dr. Charles Sawyers. Myc-CaP cells were transduced with 
viral particles containing the rat Her-2/neu transcript and 
isolated by FACS sorting based on Her-2/neu expression to 
establish Myc-CaP/Neu cells. Myc-CaP and Myc-CaP/Neu 
cells were cultured in DMEM as previously described.23 All 
cell lines were cultured in 1% penicillin/streptomycin media at 
37°C, 5% CO2.

Figure 6. Androgen-Deprivation Therapy (ADT) Does Not Significantly Attenuate 
Tumor-Induced RNEU-specific CD8 T Cell Tolerance. (a) Treatment scheme for 
tumor implantation with 1 × 106 Myc-CaP/Neu cells. Seven or twenty-four days 
after androgen-deprivation (ADT) was administrated, 1 × 106 high-avidity CFSE- 
labeled Thy1.2+ RNEU420–429-specific CD8 T cells were adoptively transferred (AT) 
into the mice. On day 5, tumor-draining lymph nodes (TDLNs) were harvested and 
analyzed by flow cytometry. (b) Tumor-infiltrating lymphocytes (TIL; CD3), reg-
ulatory T cells (FoxP3), myeloid-derived suppressor cells (Ly6 G), and macro-
phages (F4/80) of indicated murine allografts (representative 
immunohistochemistry; repeated x 2). Scale bar = 50 μm. (c) Counts of immune 
cells in tumor microenvironment (TME). (d) Percentages of proliferating TCRVβ4+ 

CD8 T cells in TDLNs (representative flow plots and quantification; n ≥ 4 per 
group, repeated x 2). (e) Percentages of cytokine production by RNEU-specific 
TCRVβ4+ CD8 T cells (representative flow plots; repeated x 2). (f) Percentages of 
polyfunctional TCRVβ4+ CD8+ IFNγ+GzB+TNFα+ in TDLNs (n ≥ 4 per group, 
repeated x 2). Proliferating TCRVβ4+ CD8 T cells, and their cytokine production, 
were calculated as fraction of TCRVβ4+ CD8 T cells. IL-2 production was evaluated 
as a fraction of polyfunctional IFNγ+GzB+TNFα+ TCRVβ4+ CD8 T cells.
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Mouse strains

Seven-week-old FVB/NJ Thy1.1 male mice were purchased 
from The Jackson Laboratory (JAX stock #001800). FVB/N 
Thy1.2+ mice were created by backcrossing the Thy1.2 allele 
onto the FVB/N background for 10 generations. These mice 
were then crossed to FVB/N clone 100 transgenic mice carry-
ing T cells specific for MHC I (H-2Dq) rat-neu immunodomi-
nant peptide (RNEU420-429).26 Breeding pairs of clone 100 
transgenic mice and FVB/N Thy1.2 labeled mice were kindly 
transferred from the Laboratory of Dr. Elizabeth M. Jaffee at 
Johns Hopkins to Columbia University. Experimental animals 
were bred in-house and phenotyped with TCRVβ4 and Thy1.2 
staining as previously described.42 Mice were acclimated for at 
least 1 week before any experimental procedures were per-
formed. Animals were kept in specific pathogen-free facilities 
in either Johns Hopkins University School of Medicine or 
Columbia University Medical Center. All animal experiments 
were performed in accordance with protocols approved by the 
Institutional Animal Care and Use Committee (IACUC) at the 
Johns Hopkins University School of Medicine and Columbia 
University Medical Center.

Her-2/Neu transfection

Rat-neu cDNA was cloned from pSV2-neu-N (gift from Bob 
Weinberg; Addgene plasmid # 10917)43 and ligated into the 
pWPXL vector (Supp. Fig. 1) to replace EGFP sequence (gift 
from Didier Trono; Addgene plasmid # 12257); pMD2.G and 
psPAX2 plasmids were used as envelope and packing systems. 
All plasmids were transfected into 293 T using lipofectamine 
2000 (Invitrogen) and 293 T cell supernatants were collected 
48 hours post-transfection and used to transduce Myc-CaP 
cells. Viral load was titrated to mimic different multiplicity of 
infections (MOI 5–50) using appropriate volumes of medium 
with lentivirus containing polybrene (Sigma-Aldrich). The 
same parental Myc-CaP cells were transduced with a murine 
GM-CSF lentivirus using the same method for inserting the rat 
Her-2/neu containing the RNEU420-429 peptide 
(PDSLRDLSVF) to create Myc-CaP/Neu cells. Successfully 
transduced cells were isolated based on their Her-2/neu expres-
sion by FACS for Myc-CaP/Neu and based on their GM-CSF 
expression levels by ELISA for GM-CSF secreting bystanders. 
Efficiency was evaluated 24 hours after transduction in both 
cases.

Adoptive transfer (AT) experiments

High-avidity RNEU-derived CD8 T cells were isolated 
untouched from the spleens of 8-week old male clone 100 
transgenic mice using CD8a immunomagnetic negative selec-
tion beads (Miltenyi Biotec). CD8 T cells were then labeled 
with CFSE (Invitrogen) and resuspended in PBS. One million 
CFSE-labeled Thy1.2+ RNEU420–429-specific CD8 T cells were 
adoptively transferred intravenously into 8-week old male 
FVB/NJ mice (JAX stock #001800) – that, unlike most strains, 
express the congenic marker Thy1.1.42 On days 5 and 7, LNs 
(draining or inguinal) and spleens were harvested. CFSE dilu-
tion of the adoptively transferred Thy1.2+ RNEU-derived CD8 

CTLs was measured by flow cytometry. To maximize the 
identification of adoptively transferred CFSE-labeled 
RNEU420–429-specific CD8 T cells, we first gated on the con-
genic marker Thy1.2 and next gated on the clonotypic Vβ 
chain, Vβ4.

Toll-like receptor 3 (TLR3) stimulation experiments

Naïve mice received a low molecular weight (LMW) synthetic 
polyinosinic-polycytidylic acid (Poly I:C) intraperitoneally (IP) 
at a dose of 100 μg/mouse (InvivoGen). Twenty-four hours 
later, mice received an intravenous injection of the high-avidity 
CFSE-labeled Thy1.2+ RNEU420–429-specific CD8 T cells.

Tumor allografts

Eight-week-old male FVB/NJ mice were subcutaneously 
inoculated with either Myc-CaP or Myc-CaP/Neu (1 × 106 

cells/mouse) in the right flank. Tumor diameters were mea-
sured with an electronic caliper every 3 d as indicated and the 
tumor volume was calculated using the formula: [longest dia-
meter × (shortest diameter)2]/2.

Vaccination (GVAX) experiments

Naïve and tumor-bearing mice received a whole-cell GM-CSF 
vaccine composed of a mixture of irradiated Myc-CaP cells 
expressing GM-CSF adjuvant (3x106) and Myc-CaP/Neu cell 
expressing Rat Her-2/neu protein (GVAX). The two types of 
cells were harvested, washed in PBS, and irradiated at 30,000 
rads using a γ irradiator (GammaCell 1000 irradiator), and 
administered subcutaneously (SC) in equal aliquots in the 
remaining three limbs (50 µL volume).

Androgen-deprivation treatment (ADT) experiments

Myc-CaP/Neu tumor-bearing mice received androgen- 
deprivation therapy (ADT) 2 weeks after tumor implantation. 
ADT was administered via subcutaneous (SC) injection of 
degarelix acetate (a GnRH receptor antagonist; Ferring 
Pharmaceuticals Inc.) at a dosage of 0.625 mg/100 μl H2O/ 
25 g body weight.

Flow cytometry

Single-cell suspensions of tumor-draining lymph nodes 
(TDLNs) and spleens were homogenized mechanically with 
the back of a syringe. Cells were Fc-blocked with purified rat 
anti-mouse CD16/CD32 (Clone: 2.4 G2, Becton Dickinson 
BD) for 15 minutes at RT. Dead cells were discriminated 
using the LIVE/DEAD (L/D) near-IR dead cell stain kit 
(Thermo Fisher) and samples were stained for the extracellular 
and intracellular markers. The following antibodies were used: 
Her-2/neu (7.16.4), anti-mouse IgG2a (RMG2a-62), CD45 
(30 F-11), Thy1.2 (53–2.1), TCRVβ4 (KT4), CD8 (53–6.7), 
IFN-γ (XMG1.2), TNF-α (MP6-XT22), IL-2 (JES6-5H4), and 
GZB (GB11). For intracellular staining, cells were fixed and 
permeabilized by using BD Perm/Wash (BD Biosciences) at 
room temperature for 45 minutes. For intracellular cytokine 
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staining, cells were stimulated with PMA (50 ng/ml) and iono-
mycin (500 ng/ml) for 4 hours in the presence of protein 
transport inhibitor cocktail (eBiosciences). Gates of cytokines 
were determined using fluorescence minus one (FMO) con-
trols. Staining was visualized by fluorescence-activated cell 
sorting (FACS) analysis using a BD FACS LSR II (BD 
Biosciences) and analyzed using FlowJo® (Flowjo LLC). 
Polyfunctional CD8 T cells are defined as 
CD45+Thy1.2+TCRVβ4+CD8+IFNγ+TNFα+GzB+. 
Proliferation was assessed using the CellTrace CFSE Cell 
Proliferation Kit (Invitrogen).

Immunohistochemical staining (IHC)

Tumor samples were fixed with 10% formalin (Fisher 
Scientific, Pittsburgh, PA) for 24 hours before paraffin embed-
ding and sectioning. Sections were stained with hematoxylin 
and eosin (H&E), and antibodies against mouse Ly6 G (1A8; 
BD Pharmingen), FoxP3 (D6O8 R; Cell Signaling), CD3 (SP7; 
Spring Bioscience), and F4/80 (BM8; eBioscience), and Her-2/ 
neu (7.16.4; Emdmillipore). All images were acquired on 
a Leica SCN 400 system with high throughput 384 slide auto-
loader (SL801) and a 40X objective; files were processed with 
Aperio ImageScope v12.3.1.6002. Marker-positive cell counts 
were obtained from 5 random 40X fields per histological sec-
tion and results were averaged over the number of counted 
fields.

Immunocytochemistry (ICC)

Manual fluorescent staining was performed using company 
protocols. Briefly, tumor cells were grown on poly-D-Lysine 
coated coverslips for 24 hrs and fixed with 10% neutral- 
buffered formalin for 30 min at RT. Samples were permeabi-
lized with 0.2% TBS-Tween 20 for 10 min at RT, then blocked 
with mouse IgG blocking reagent for 60 min at RT, followed by 
2.5% of normal goat serum (Vector) for 5 min at RT. Primary 
antibody for Her-2/neu was diluted 1:100 in renaissance back-
ground reducing diluent (Biocare Medical) and incubated 
overnight at 4°C. After washing off the primary antibody, the 
slides were incubated 10 min at RT with peroxidase micropo-
lymer for detecting mouse primary antibodies on mouse tissue 
(Vector M.O.M.). Tyramide CF640 R (Biotium) was used to 
visualize Her-2/neu staining. After washing off the primary 
antibody, the slides were incubated 15 min at RT with HRP 
secondary antibody (Vector). All images were acquired on 
a Nikon A1RMP confocal microscope using a 60X objective. 
Image analysis was performed using ImageJ.

Statistical analysis

Statistical analysis was performed using Prism 7 (GraphPad). 
Unpaired two-tailed t-tests or Wilcoxon test were conducted 
and considered statistically significant at p-values ≤0.05 (*), 
0.01 (**), 0.001 (***) and 0.0001 (****).
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