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Abstract

BACKGROUND—The CD8 T cell response to prostate and other cancers is often functionally
diminished or absent. This may occur via deletion of tumor-specific T cells, through acquisition of
an anergic phenotype, or via active suppression mediated by another population of cells.

METHODS—We used a double transgenic model in which mice express CD8 T cells specific for
a prostate/prostate cancer antigen to study the response of CD8 T cells to evolving autochronous
prostate tumors in TRAMP mice. CD8 T cells were analyzed for functionality by measuring IFN-y
production via flow cytometry and via an in vivo CTL killing assay. In addition, pathological
scoring of the prostates of the double transgenic mice was compared to scoring of tumor burden
prostates of ProTRAMP mice.

RESULTS—Tumor-specific CD8 T cells were not grossly deleted in these animals, but
evidenced a clearly non-functional phenotype. Interestingly, full lytic function was rapidly
recovered upon removal from tumor-bearing mice.

CONCLUSIONS—These data indicate a role for continuous antigen exposure in the maintenance
of tumor-specific CD8 T cell tolerance to prostate cancer.
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Introduction

The mammalian immune system employs multiple redundant mechanisms to prevent the
induction of autoimmunity. Not surprisingly, many of these mechanisms have been co-opted
by tumors, which subvert or evade active cellular immunity as they progress in immune-
competent hosts. These mechanisms may include central deletion, as has been demonstrated
in a murine model of plasmacytoma[1, 2]. More commonly, though, tumor-specific T cells
are rendered anergic, as occurs when engagement of the T Cell Receptor (TCR) by the
antigen/MHC complex transpires in the absence of adequate costimulation[3]. Anergy as a
mechanism of T cell tolerance to tumors has been demonstrated for both antigen-specific
CDA4[4, 5]and CD8 T cells[6], and may occur even when tumor-specific T cells are pre-
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activated prior to tumor antigen encounter[7]. Other mechanisms of CD8 T cell tolerance to
tumors include myeloid-derived suppressor cells[8] and regulatory T cells[9, 10]. As recent
data support the notion that tumors in patients most likely arise slowly over time[11], the
role of ongoing T cell encounter with tumor antigens is of particular interest, as stably
expressed antigen has been shown to mitigate T cell function in both the absence[12], and
presence[13] of cancer.

To investigate the CD8 T cell response to tumors in a physiological setting, and to address
issues surrounding persistent antigen exposure, several groups have studied double
transgenic cancer models. These mice were created by crossing TCR transgenic animals
with animals that develop spontaneous tumors expressing the TCR's cognate antigen. Such
studies have revealed deletion as a mechanism of self tolerance[14], reversible
tolerance[15], and even T cell activation without tolerance[16]. These double-transgenic
models, however, have not specifically addressed prostate cancer, the second most common
cause of cancer death in men. The prostate gland is of particular interest, as prior studies in
humans[17] and animals[5] suggest that the prostate gland may be immunologically ignored
in the absence of malignancy. We created a relevant double transgenic model by crossing
animals that develop autochthonous prostate cancers which express hemagglutinin (ProHA
x TRAMP)[5, 10, 18-20] with TCR transgenic mice that generate CD8 T cells specific for
hemagglutinin (HA) (known as Clone 4)[21]. We found that tumor-specific CD8 T cells
were not grossly deleted in Clone 4 x (ProHA x TRAMP) mice. Despite the observation that
such cells were non-functional in several assays, the growth of prostate tumors was
significantly attenuated in double-transgenic animals, suggesting that CD8 T cells can
mediate some level of anti-tumor effector function during the process of in vivo activation.

Materials and Methods

Mice and vaccines

Non-transgenic control mice (B10.2 [Thy1.2+, H-29] were obtained from the Jackson
laboratory. ProHA x TRAMP mice on a B10.2 background were described previously[5].
Donor mice (Clone 4 TCR transgenic [Thy1.1+, K9, HA-specific]) were a generous gift of
L. Sherman (The Scripps Research Institute, La Jolla, California, USA), and were bred and
maintained in the JHU vivarium. Double transgenic mice were bred by crossing Clone 4
TCR transgenic mice with ProHA x TRAMP mice and then subsequently crossing the
progeny of the F1 population. Recombinant vaccinia virus expressing wild type HA protein
(Vac-HA) was constructed as previously described[5].

Quantification of HA specific CD8 T cell responses

Mice were sacrificed via CO, asphyxiation. The spleen and prostate draining lymph nodes
were dissected, dissociated, and washed. To obtain prostate infiltrating lymphocytes, the
prostate glands were first micro-dissected, then mechanically disrupted and incubated for 1
hour at 37° C with CTL media containing the enzyme liberase (Roche Applied Science) at a
final concentration of 35 pg/mL. For FACS analysis, 10® lymphocytes were stained using
anti-V 8.1/8.2 antibody (directed against the Clone 4 TCR) and anti-CD8 antibody (BD
Biosciences--Pharmigen). Cells were analyzed using a FACSCalibur system (BD).
Intracellular staining for IFN-y and TNF-a was performed as previously described[33].
Briefly, 10% lymphocytes were incubated with the immunodominant HA class | peptide
(I'YSTVASSL) at a concentration of 1 ug/mL and Golgi stop (BD) at 1:1000. Cells were
stained with surface antibodies, fixed, and permeabilized using Cytofix/Cytoperm Plus Kit
(BD Biosciences--Pharmigen). CD107a/b staining was performed during the 5 hour peptide
stimulation. Anti-CD107/ab, anti-IFN-y, and anti-TNF-o were all from BD Biosciences--
Pharmigen.
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Adoptive Transfers

Donor Clone 4 mice were sacrificed via CO, asphyxiation. Spleens and axillary lymph
nodes were collected and homogenized, and red blood cells were lysed. CD8+ T cells were
purified using Miltenyi magnetically labeled beads (Miltenyi Biotec) according to the
manufacturer's protocol. After separation, cells were washed twice and resuspended with
HBSS for injections. 108 cells were injected per mouse in 0.2 mL of HBSS by tail-vein
injection.

In vivo CTL assays

Pathology

Statistics

Results

The assay was performed as previously described[28]; splenocytes from non transgenic
B10.D2 mice were isolated and split into two groups. Group 1 was left untreated, while
group 2 was loaded with synthetic immunodominant HA class | peptide (I'YSTVASSL) at a
concentration of 10 pg/mL, washed 3 times, counted and resuspended. Group 1 cells were
labeled as CFSEM and group 2 as CFSE!® with 2.5 mM or 0.25 mM CFSE, respectively.
After labeling, cells were washed with HBSS and counted. An equal number of HA-loaded
CFSE'"° and unloaded CFSEM target cells were combined and administered by tail vain
injection. Twenty four hours after target transfer, splenocytes of recipient mice were
analyzed by FACS, and the relative number of CFSEM versus CFSE!® peaks were
determined to quantify percentage of specific lysis. Percent lysis was calculated as
previously described.

Ventral and dorsal lobes of the prostate glands were micro-dissected and fixed with 10%
neutral buffered formalin solution (Richard Allen Scientific). Two surgical pathologists
evaluated H&E sections of the lobes for tumor development in a double-blinded manner.
Prostate histology was scored on a scale of 0-5 as previously described[19] : 0, no benign
tissue; 1, PIN without cribriform formation; 2, PIN plus cribriform formation; 3, intraductal
carcinoma; 4, moderately differentiated carcinoma; 5, poorly differentiated carcinoma/small
cell carcinoma.

P values were calculated using 2-tailed Student's t test as implemented in the Prism 4.0
package (GraphPad Software).

Tumor specific CD8 T lymphocytes in double transgenic mice are present but non-

functional

We first tested whether prostate-tissue/tumor specific CD8 T cells would be deleted as
tumors developed in C4 x ProTRAMP (Clone 4 x (ProHA x TRAMP)) double transgenic
mice, by comparing the relative percentage of clonotypic, HA-specific cells in parental
Clone 4 mice to C4 x ProTRAMP mice using flow cytometry. As a positive control, CD8 T
cells from C4 mice were adoptively transferred to nontransgenic (B10.D2) recipients, and
activated by vaccinating animals with a vaccinia virus expressing hemagglutinin (Vac-HA).
As shown in Figure 1A, HA-specific CD8 T cells were not deleted in C4 x ProTRAMP
double transgenic animals. In fact, comparison of multiple litters of double transgenic
animals with single transgenic littermates suggested that the frequency of tumor-reactive T
cells was slightly increased in double-trangenic animals (Figure 1B). These data argue
strongly against central deletion as a dominant mechanism of tolerance to this prostate/
prostate-cancer restricted antigen. In order to examine the relative responsiveness of these
antigen-specific CD8 T cells, we quantified cytokine production via intracellular staining.
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As shown in Figure 2C and 2D, IFN-y secretion was significantly diminished in C4 x
ProTRAMP animals as compared to either C4 or C4-> NT + Vac-HA animals. Interestingly,
a significant difference in the secretion of TNF-a was not noted between these three groups
(data not shown), consistent with the notion that IFN-y secretion and TNF-a secretion may
be differentially regulated.

Cytolytic activity of tumor-specific CD8 T cells is restored after removal from tumor-
bearing hosts

Because specific prostate/prostate cancer directed CD8 T cells were not deleted in double
transgenic mice, we tested whether they could mediate lytic function in vivo. To quantify
specific CD8 function in a physiologically relevant context, we used a standard in vivo CTL
assay, in which fluorescently labeled antigen-loaded control or control cells were transferred
to intact animals; 24 hours after transfer, in vivo lysis was quantified by flow cytometry. As
shown in Figure 3A, no lytic function was observed in unvaccinated non-transgenic (NT)
mice (negative control), while TCR-transgenic (C4) mice without prostate tumors showed
the induction of robust Iytic function after vaccination (Figure 3A). Correspondingly, almost
no lytic function was observed in vaccinated double transgenic mice. These data suggest that
vaccination alone is insufficient to reverse specific CD8 T cell dysfunction in tumor-bearing
double transgenic mice (C4 x ProTRAMP). We next tested whether removing non-
functional prostate cancer specific CD8 T cells from their tolerogenic host environment
would be sufficient to allow for functional recovery. Specific CD8 T cells were harvested
from double-transgenic C4 x ProTRAMP mice and transferred to tumor-free nontransgenic
hosts. Surprisingly, these cells recovered full functionality after only 24 hours in tumor-free
hosts, displaying in vivo lytic function comparable to cells obtained from control donors
(Figure 3B, 3C). Returning to intact mice, we investigated the cellular mechanisms involved
in the inability of tumor bearing C4 x ProTRAMP mice to respond to specific vaccination.
As shown in Figure 3D, the ability of these mice to mount a lytic response to vaccination
corresponded closely to the ability of HA-specific CD8 cells to secrete IFN-g, both in the
spleen and in the prostate draining lymph nodes. In particular, antigen-specific CD8 cells in
the prostate draining lymph nodes of double-transgenic mice were markedly non-functional,
neither secreting IFN-y at baseline, nor in response to specific vaccination (Figure 3D, right
panel). Taken together these show that tumor-specific CD8 T cells may be profoundly non-
functional, but that they can rapidly regain effector function upon removal from an antigen-
containing environment.

Attenuated tumorigeneis in C4 x ProTRAMP double transgenic mice

Based on the relative lack of function of HA-specific CD8 T cells in C4 x ProTRAMP
double transgenic animals (Figures 1-3), we hypothesized that tumorigenesis in these
animals would not be significantly different from age-matched, ProTRAMP mice.
Comparing age-matched C4 x ProTRAMP mice to ProTRAMP controls showed this
hypothesis to be incorrect. The wet weights of the urogenital tract (a gross index of tumor
burden in TRAMP mice[22], were significantly decreased in C4 x ProTRAMP double
transgenic mice (Figure 4A). These results were supported by a double blinded pathological
analysis of the animals' prostate glands, which showed a significant decrease in pathological
score in the C4 x ProTRAMP as compared to ProTRAMP controls (Figure 4B, 4C). Taken
together, these data support the notion that antigen-specific CD8 T cells may mediate some
level of anti-tumor efficacy, perhaps during antigen-specific expansion, which has been
shown to be associated with a transient effector phase even when eventual functional
tolerance is the final outcome[23].
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Discussion

The results presented here are not entirely consistent with other “double transgenic” models
of in vivo tumor tolerance. For example, the Engelhard group found that melanocyte-specific
CD8 T cells were rapidly deleted in antigen-bearing mice, even in the absence of tumor
expression [14]. Similar results were previously reported in plasmacytoma model[1]. In a
pancreatic cancer model broadly analogous to ours, the Ohashi group bred LCMV-specific
TCR transgenic mice with animals in which LCMV protein is expressed in evolving
pancreatic tumors, and found neither deletion, nor evidence of functional tolerance[24]. In
contrast, our data are consistent with multiple adoptive T cell transfer studies in TRAMP
animals and their derivatives [7, 19, 25-28], corroborating functional T cell tolerance. These
results recapitulate earlier studies in spontaneous murine cancer models [24, 29], again
providing broad support to the notion that evolving tumors are associated with a non-
functional CD8 T cell phenotype. The lack of central deletion in this model may reflect the
observation that the target antigen (hemagglutinin) is not expressed in the thymus in these
mice[5], but it is more difficult to understand the reasons for a lack of peripheral deletion,
which may revolve around issues of antigen level[30] or the tumor microenvironment itself.
The strengths of this particular model include the slowly evolving nature of prostate tumors
on the TRAMP background, and the well-defined tumor-specific antigen provided by
prostate-restricted expression hemagglutinin. It should further be noted that similar results —
transient immunological repression of tumor growth followed by eventual CD8 T cell
tolerance were recently observed in an elegant induced lung cancer model by the Jacks
group [34].

Classical early studies by Ramsdell and Fowlkes demonstrated that the maintenance of the
nonresponsive state of T cells to a self antigen required continuous exposure to antigen[12].
Those data were elegantly extended to a tumor model by the Offringa group[13], who
showed that E1A specific CD8 T cells rendered tolerant by persistent antigen exposure
recovered full function after transfer to naive animals. Our functional studies are consistent
with these previous studies, and suggest that one approach to overcome tumor-specific
tolerance is the minimization or elimination of a tumor burden by standard therapy such as
radiation or chemotherapy. Interestingly, complete elimination of a tumor burden may not
be required, as studies in a breast cancer model showed that even partial resection of an
evolving tumor was sufficient to meaningfully reverse immunological non-reactivity [31].

Perhaps the most interesting aspect of these results was the unexpected finding that double-
transgenic animals showed a decrease in tumor burden, despite functional tolerance of
antigen-specific CD8 T cells. One possible explanation for these findings would be the
temporary acquisition of effector function by naive T cells during the process of in vivo
tolerance. This phenomena has been observed for both CD4[23] and CD8[32] T cells, and is
potentially reflected here by the relative accumulation of antigen-specific CD8 T cells in
lymphoid organs of double-transgenic animals (Figure 1B). These data also suggest that
human oncogenesis may be accompanied by T cell recognition of evolving tumors, the
responding lymphocytes providing a substrate upon which vaccine or other tumor
immunotherapy strategies may be based. In summary, our results are encouraging in terms
of tumor immunology for prostate cancer, as they suggest that deletion of tumor-specific
CD8 T cells may not be a universal occurrence, and that functional tolerance may be
mitigated by manipulations that reduce tumor burden in vivo.
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Figure 1. Prostate cancer specific CD8 T cells are not deleted in double transgenic mice

(1A) HA-specific CD8 T lymphocytes identified in the periphery and prostate by surface
staining for CD8 and V3 8.1/8.2. One of three experiments shown.

(1B) Quantification of HA-specific CD8 T cells from spleen, prostate draining lymph nodes,
and prostates. N = 3-5 / group, repeated x 2.

Prostate. Author manuscript; available in PMC 2013 April 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Bruno et al.

A NT +VVHA C4 x ProTramp
“To 195 “To “To 4.03
SPLN 1 i
]
o 805 o .10 : 9%
0 463 0 138 o 1.39
w] 'é’ w 4
pDLN & X X
o .81 Lo Yse2 Lo ¥ o8
o 35.4 0 s "o 378
! o]
Prostate | «1 't
" ! Z
1Ny 010 64.6 o o1 Lo 9.2
cos
B SPLN pDLN
p=0.0011 p<0.0001
. 008 20 7= 00541
s
+ + 60 a
z . z 4
£ 20 i .. Lo Iy
K] —— L4
2 3
5 g
£ 10 . €
S - S 20 * .
s . s :
$ o* L3 £10 Q
.S LI
NT + VVHA Ca  CaxProTramp NT + VVHA C4  CaxProTramp
Prostate
<0.0001
60 p= 01060
+ 50 at
=
& 40 ‘
K] .
2 30
g
€ 20
2 .
S0 ——ye
O —oo®o—
NT + VVHA C4  CaxProTramp

Page 10

Figure 2. Prostate cancer specific CD8 T cells are non functional in double transgenic mice
(2A) Intracellular cytokine staining for IFN-y producing, antigen-specific CD8 T cells. One

of three experiments shown.

(2B) Quantification of cytokine secretion by prostate-specific CD8 T cells. N = 3-5/ group,

repeated x 2.
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Figure 3. Recovery of prostate-specific CD8 T cell function in an antigen-free environment
(3A) CD8 T cell function assayed via in vivo CTL assay. Top Row: negative control,
unvaccinated, nontransgenic hosts. Second Row: Vaccination of TCR transgenic (C4) or
double transgenic (C4 x ProTRAMP) hosts.

(3B) Adoptive transfer of naive Clone 4 (C4) or C4 from tumor bearing (C4 x ProTRAMP)
donors into nontransgenic (NT) hosts, in both cases followed by vaccination. In all studies
left peak represents antigen loaded targets, right peak unloaded control. N = 3-5 animals /
group, representative of 3 independent experiments.

(3C) Quantification of CTL function post-transfer. Leftmost bar represents unvaccinated NT
hosts (negative control). N = 3-5/ group, repeated x 3.

(3D) Quantification of cytokine production after vaccination of C4 or C4 x ProTRAMP
(tumor bearing hosts. Leftmost bar (positive control) represents Clone 4 cells adoptively
transferred into nontransgenic (NT) hosts. Remaining bars from in situ vaccination of
animals indicated. Pooled data from 2 independent studies with a minimum of 3 animals /

group.
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Figure 4. Prostate cancer development is attenuated in C4 x ProTRAMP mice

(4A) Wet weights of urogenital tracts of nontransgenic (+Vac-HA), C4, C4 x ProTramp, and
control N = 4 — 14 animals / group.

(4B) Representative histology C4 x ProTramp versus ProTramp mice. (H&E staining, 10x
magnification)

(4C) Pathological Scores (see methods for details) of double transgenic versus ProTRAMP
mice. N =6/ group.
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