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Abstract

BACKGROUND—Prostate-infiltrating CD8" T lymphocytes (CD8* PIL) are prevalent in men
with prostate cancer, however it is unclear whether the presence of such cells reflects a non-
specific immune infiltrate or an oligoclonal, antigen-driven adaptive immune response.

METHODS—We investigated the complexity of the T cell receptor (TCR) repertoire in the
prostate gland by examining the diversity of CD8* TCR B chain variable region (VB) gene
sequences in both the peripheral blood and prostates of cancer patients. V3 repertoire analysis was
performed by family-specific Vf spectratyping and flow cytometry, as well as direct sequence
analysis (5’ RACE and cloning). Programmed death 1 (PD-1 or PDCD1) expression on peripheral
blood CD8* T cells and CD8* PIL was analyzed by flow cytometry.

RESULTS—CD8* PIL isolated from cancer patients exhibited restricted TCR VB gene usage,
and identical clones were identified in multiple sites within the prostate. Furthermore, CD8* PIL
express high levels of the inhibitory receptor PD-1, a cell surface protein associated with an
“exhausted” CD8" T cell phenotype.

CONCLUSIONS—CD8™ PIL appear to have undergone clonal expansion in response to an as yet
unidentified antigen; however, due to the high expression of PD-1, these cells are likely incapable
of mounting an effective immune response. The results provide an important basis for further
efforts aimed at the identification of specific antigens involved in prostatic inflammation, and
suggest that PD-1 blockade may be useful in immunotherapy for prostate cancer.
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Introduction

Prostate-infiltrating CD8* T lymphocytes (CD8* PIL) constitute a major proportion of
prostate cancer (PCa) tumor-infiltrating lymphocytes [1,2], yet little is known regarding
either the stimulus responsible for this CD8* T cell infiltrate, or the functional status of these
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cells. Potential stimuli for the recruitment of inflammatory cells into the prostate gland
include chronic infection, autoimmunity or tumor-associated antigens. Both chronic
infection and autoimmunity have been shown to result in the accumulation of antigen-driven
oligoclonal T cell populations in other organ sites [3,4], and several studies have suggested
an association between prostate cancer and prior infection [5-7]. Oligoclonal infiltration of
prostate tumors has been observed in animal models of the disease; recent studies in
transgenic adenocarcinoma of the mouse prostate (TRAMP) mice revealed a clonal
population CD8* T cells that recognize a peptide derived from histone H4 [8]. This
interesting observation suggests that tumorigenesis might alter recognition of widely
expressed self-proteins, leading to a specific adaptive immune response in the target organ.
Careful studies examining another oligoclonal CD8* T cell population discovered in
TRAMP mice identified a novel prostate-restricted antigen (SPAS-1), highlighting the utility
of studying CD8"* T cell responses to identify potential immune target antigens in prostate
cancer [9].

In humans, a number of studies have identified circulating CD8* T cells with specificity for
prostate-derived antigens. For example, CD8" T cells specific for prostate specific antigen
(PSA) have been reported in patients with either prostatitis or prostate cancer [10,11].
Another prostate-associated protein recognized by T cells includes prostate stem cell antigen
(PSCA), which appears to be recognized by circulating CD8* T cells from prostate cancer
patients [12]. Interestingly, recognition of prostatic acid phosphatase (PAP) has been
reported even in healthy donors [13]. Finally, studies have shown humoral immune
responses to the androgen receptor (AR) in patients with prostate cancer [14]. These 1gG
responses suggest CD4* T cell recognition of AR, with associated “help” for antibody
production. The CD4* T cell response to prostate tumors might be of importance as well;
recent studies showed that expression of a “permissive” MHC class 11 allele can modulate
the pattern of tumor rejection in a murine model [15].

As a result of VV(D)J recombination, the receptors of the adaptive immune system display
tremendous diversity, allowing for the recognition of tens of thousands of different peptides
derived from self or foreign proteins. A central tenet of the clonal selection theory is that
antigen-driven T cell expansion results in a population of T cells with restricted T cell
receptor (TCR) variable region (Va and V) sequence diversity. Thus, receptor sequences,
such as those that comprise the hypervariable complementarity determining region 3
(CDR3) regions of the TCR Vp chain, can be used to identify clonally expanded T cell
populations. Restricted TCR V[3 gene usage as evidenced by detection of clonality and/or
oligoclonality of Vp chains in T cells would be consistent with local T cell activation by one
or a few specific antigens. Direct sequence analysis of the V repertoire has been
successfully used to identify clonal expansion of T cells in a number of disease states,
including rheumatoid arthritis [3], HIV infection [16], and melanoma [17]. To date, two Vj
repertoire studies have been performed on human prostate-derived samples, both of which
examined CD4* PIL. The first study demonstrated the infiltration of oligoclonal CD4* T
cells in the prostates of cancer patients after treatment with androgen ablative therapy [18].
In the second study, an RT-PCR-based semiquantitative TCR repertoire analysis was
performed on RNA extracted from prostate tissue cryosections [19]. The authors of this
study concluded that the repertoire of prostate tumor-infiltrating lymphocytes was similar to
that of healthy prostate tissue, but CD4* T cells were not separated from CD8* T cells in
this analysis, and TCR repertoire was not compared to a control sample (such as peripheral
blood) from the same patient.

In the present study, we assessed the relative clonality of prostate-infiltrating CD8" T cells
by family-specific Vf spectratyping and flow cytometry, and then confirmed these results by
direct sequence analysis (5" RACE and cloning) of the TCR V3 CDR3 sequences involved
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in antigen recognition. To our knowledge, these data represent the first specific analysis of
the prostate-infiltrating CD8* T cell VB repertoire in men with prostate cancer. Finally, we
assessed these CD8* T cells for expression of the cell surface marker PD-1, an inhibitory
marker on CD8" T cells associated with a non-functional “exhausted” phenotype [20-22].

Materials and Methods

Patient population and clinical samples

All specimens were acquired under a Johns Hopkins Medicine Institutional Review Board
(IRB) approved protocol with written informed consent obtained from each patient. None of
the patients were previously treated with immunosuppressive, androgen ablative, or
radiation therapy. Patient-matched peripheral blood samples were collected by venupuncture
into 8.5 ml whole blood tubes with ACD solution A (BD Biosciences Vacutainer Systems)
the evening prior to radical retropubic prostatectomy (RRP) surgery and remained at room
temperature with gentle shaking overnight. For TCR V3 CDR3 sequence analysis, PIL
samples were obtained from 7 patients (age 39-62, median 54) undergoing RRP for
localized adenocarcinoma of the prostate at the Johns Hopkins Hospital in Baltimore, MD.
Within one hour of resection, 15 tissue cores were obtained from both the right and left
lobes of each prostate (30 cores total) using a Biopty gun and sterile, single-use Biopty
needles (18 gauge x 16 cm, C.R. Bard) and collected into 5 ml RPMI media. Biopsy needles
were positioned from apex to base, sampling the posterior aspect (peripheral zone) of the
prostate. To digest the tissue and release infiltrating lymphocytes, 100 ul of Liberase
Blendzyme 2 solution (28U/ml, Roche Applied Science) and 0.205 mg of DNase | were
added and samples were incubated at 37 °C for 1 hour. Digested biopsies were then
homogenized by passing through a 1000 pl pipette tip and samples were strained through a
100 pM strainer. The flow-through was spun down and re-suspended in 1 ml Dynal Buffer
1. CD8* T cells from both peripheral blood and PIL samples were isolated using the Dynal
CD8 Positive Isolation Kit (Invitrogen) according to the manufacturer’s protocol. Cells were
processed in 1000 pl TRIzol (Invitrogen) and stored in the TRIzol reagent at —80°C until
RNA extraction.

TCR VB CDR3 spectratyping

The same RNA samples used for 5" RACE and sequence analysis were reverse transcribed
using an oligo d(T) primer. Resulting cDNA was subject to 35 cycles of PCR amplification
with a VB family-specific forward primer and conserved region reverse primer (CB-R, 5'-
CTTCTGATGGCTCAAACAC-3') labeled on the 5’ end with 6-FAM. PCR products were
run on an Applied Biosystems 3700 automated flourescent sequencer coupled with
GeneScan software (PE/ABD) for fragment size analysis at the Fragment Analysis Facility
at the Johns Hopkins University School of Medicine (Baltimore, MD).

Antibody staining and flow cytometry

For flow cytometry analyses, peripheral blood and patient-matched PIL samples were
obtained as previously described [23]. CD8" T cells were stained directly ex vivo with the
following monoclonal antibodies (mAbs): V4 Anti-CD8 (APC) and anti-CD3 (PerCPCy5.5),
and either anti-Vp2 (PE) and anti-Vp13.6 (FITC) or anti-VB8 (FITC) and anti-Vp14 (PE)
(all BD Biosciences); PD-1 Anti-CD8 (APC) and anti-PD-1 (PE, a generous gift of Alan
Korman, Medarex, Inc.) with an appropriate isotype control. For PD-1 analyses, peripheral
blood samples from a cohort of 10 unaffected individuals were included. Flow cytometry
was conducted using a FACSCalibur (BD Biosciences) and data were analyzed using
WinMDI version 2.8 (TSRI, San Diego, CA) or the FlowJo software package (Tree Star,
Inc. San Carlos, CA).
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TCR VB repertoire analysis

RNA was extracted from positively isolated CD8" T cells using TRIzol reagent and the
manufacturer’s recommended protocol. Reverse transcription of all V RNA transcripts was
performed with the 5/3' RACE Kit, 2nd Generation (Roche Applied Science) using a
conserved constant region primer (CB(E)-R 5-TTTTGGGTGTGGGAGATCTC-3'). The
resultant cONA was poly A tailed according to the 5" RACE kit instructions and subject to
40-45 cycles of PCR using the provided forward primer and a nested constant region reverse
primer (CB-R, described above). PCR products were agarose gel purified using the
QIAquick Gel Extraction Kit (Qiagen) and cloned into the pPCR®2.1-TOPO® vector using a
TOPO TA Cloning® Kit (K4500-01, Invitrogen). Transformed colonies were picked at
random, amplified with M13-F and M13-R primers, and automated sequencing was
performed at the Johns Hopkins DNA Analysis Facility (Baltimore, MD) or at Polymorphic
DNA Technologies, Inc. (Alameda, CA). At least 50 positive clones were chosen and
analyzed per sample if possible. In some cases, cloning did not yield many transformed
colonies (< 10). These products were re-cloned at least once in an attempt to increase the
number of positive clones. TCR junctional regions were identified using the IMGT V-
QUEST alignment software (http://imgt.cines.fr/) [24]. VVB-family nomenclature is reported
according to Arden et al. [25].

Anti-contamination controls

To minimize the possibility of contamination, all RNA extractions were performed under a
UV sterilized laminar flow hood. PCR reactions and RNA extractions were performed in
separate rooms. After each set of PCR reactions performed, all countertops, thermocyclers,
and pipettes were cleaned with DNA AWAY reagent (Molecular BioProducts).

Results

VB spectratyping and flow cytometry analysis

To begin to investigate the repertoire of CD8* PIL, we performed VB spectratyping on
CDS8™* T cells isolated from the glands of men with prostate cancer using standard
spectratyping techniques. This methodology has the advantage of rapidly identifying
potential clonality using relatively small samples. Since we aimed to utilize spectratyping as
an initial screen to assess the potential of clonality in CD8* PIL, we chose to query 3
patients and 11 VP families. As shown in Fig. 1a, clonality was evident by “skewing” of
certain V3 families in the patient samples analyzed. In all cases, the clonal populations
suggested in the prostate gland were not present in matched peripheral blood.

We next sought to verify these results at the protein level through the use of flow cytometry.
These studies were technically challenging, as needle aspirate samples from prostate gland
samples typically yield ~50,000 CD8* T cells. As we aimed to collect and analyze at least
10,000 CD3*CD8* events per VB stain, we were unable to analyze all \/ families for which
monoclonal antibodies are available. We therefore chose to analyze Vf families 2, 8, 13.6,
and 14, as these were families that appeared to be over-represented in the prostate by
spectratyping as well as by sequence analysis (see below). Likewise, all stains were not
possible on all samples, with the major limiting factor being the yield of CD8" T cells from
the prostate samples. However, we were able to comprehensively analyze 32 patients by
flow cytometry for CD8* T cell expression of the 4 VB families chosen (Fig. 1b-e). The
results of these flow cytometry studies are broadly consistent with our spectratyping data,
with several individual patients demonstrating a relative up-regulation of a particular V3
family within the prostate gland. Interestingly, relative expansions were generally patient-
restricted, with several patients showing prostate-specific enrichment for each of the Vj
families studied. As shown in Fig. 2, a relative prostatic enrichment of one of these four
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families was not detected in every patient, but this most likely reflects the small number of
VB-specific antibodies that we were able to analyze, as well as the HLA diversity of this
patient population. Interestingly, these data also showed a relative enrichment of V2
expressing CD8* T cells in the peripheral blood of a number of patients, the mechanism of
which is not immediately obvious.

Analysis of prostate TCR VB CDR3 gene sequences

HLA typing

As previously discussed, direct sequence analysis of CDR3 regions has been successfully
used to identify clonal expansion of T cells associated with several disease states such as
rheumatoid arthritis [3], HIV infection [16], and melanoma [17]. In the present study, we
utilized a similar approach which amplifies all VB sequences present in positively isolated
CDS8™* T cells from both peripheral blood and prostate using 5° RACE with a TCR CB
constant region primer. To decrease the chances for repeated clones based on contamination,
we utilized anti-contamination measures as outlined in the Materials and Methods. As show
in Fig. 3, we found significant heterogeneity in V family usage between different patients
as well as between peripheral blood and prostate CD8" T cells within an individual patient.
Surprisingly, a large fraction of the TCR clonotypes recovered from the prostate were
identical in an individual patient, consistent with clonal expansion (Fig. 3a). For these
studies, we set the criteria for a VV expansion as observing > 5 identical sequences in one
sample. These criteria are quite stringent - since the number of possible TCR B chain gene
sequences in a given individual is high (on the order of 1019) [26], the a priori probability of
finding two identical sequences by chance alone is extemely low. An average of 1.3
expansions were identified in the peripheral blood of the patients studied as opposed to an
average of 3 expansions in the prostate. Thus, our findings are highly suggestive of localized
antigen-driven CD8" T cell expansion in the prostate of the PCa patients studied. The
observation of a small degree of CDR3 clonality in the peripheral blood of several of these
patients is not surprising since clonal expansions are known to occur in the peripheral blood
of older individuals [27] and the median age of the patient population studied was 54 years
old. In support of this notion, the youngest patient studied was 39 years old (Patient 4) and
this patient showed no evidence clonality in the peripheral blood sample, but had 5 clonally
expanded T cell populations in the prostate gland. Furthermore, the VB expansions observed
in the prostate were almost always from different families than those observed in the
peripheral blood, again indicating prostate-specific expansion in these patients, and arguing
strongly against peripheral blood contamination of our prostate samples. Strikingly, in two
patients (Patients 1 and 3), a sizeable proportion of the sequences analyzed (up to 54%) were
identical in both the right and left peripheral prostate (Fig. 3b). These results were consistent
with the spectratyping analysis with VB family-specific primers (Fig. 3c). These studies
confirmed our spectratyping and flow cytometry results — oligoclonal spikes representing
specific VB family expansions were identified in both the right and the left peripheral
prostate in 5 of the 7 patients studied (Patients 1,2,3,4 and 6).

To test whether CDR3 clonality (Fig. 3) or VB skewing (Figs. 1,2) of CD8* T cells
correlates with particular HLA alleles, we performed Class | HLA typing of the patients
studied (Table I). This limited analysis did not reveal any particular association between
HLA allelic expression and clonality — however the tremendous diversity at the HLA locus
would suggest that a large number of patient samples would most likely need to be analyzed
to demonstrate such an association.

Prostate-infiltrating CD8" T cells express PD-1, a marker of CD8" T cell exhaustion

In view of the CDR3 clonality we observed in CD8* T cells that infiltrate the prostates of
PCa patients, we examined the cell surface expression of Programmed cell death 1 (PD-1),
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which has been demonstrated to mediate an inhibitory role on CD8" T cells in models of
infectious disease, autoimmunity, and tolerance [28]. As shown in Fig. 4, PD-1 was
relatively up-regulated on CD8* T cells infiltrating the prostate gland in men with cancer
(Fig. 4a-c). In some patients, almost 90% of prostate-infiltrating CD8* T cells were PD-1*,
strongly suggesting an “exhausted” phenotype. Interestingly, in patients with high grade
disease (Gleason score > 7), we also observed a strong correlation between PD-1 mean
fluorescence intensity (MFI) between peripheral blood and prostate-infiltrating CD8* T cells
(Fig. 4d), suggesting the possibility that systemic cytokine levels may be regulating PD-1
expression in some manner.

Discussion

The results of the present study provide the first reported evidence of a substantial degree of
prostate-specific CD8* T cell clonality in prostate cancer patients as determined by TCR VB
CDR3 sequence analysis, as well as by CDR3 spectratyping and Vf family-specific flow
cytometry. As has been previously demonstrated in other disorders, these results are
potentially consistent with the recruitment of CD8* T cells into the prostate after stimulation
(or chronic stimulation) by persistent infection [4], autoimmunity [3], or the emergence of
cancerous cells within the prostate. Evidence for the latter stimulus is supported by a recent
study by Savage et al., which demonstrated in the TRAMP mouse model a naturally arising
CD8™ T cell response reactive to a peptide derived from histone H4 [8]. Interestingly, T cell
recognition of this self-peptide was specifically associated with the presence of prostate
cancer. Whereas the abundance of these histone H4-reactive cells was relatively low (with a
median frequency of 0.15% of prostate-infiltrating CD8* T cells), the results of that study
demonstrated for the first time a prostate cancer-specific immune response. Our results are
broadly consistent with those data, supporting the notion that the CD8* T cells in the
prostate gland may be responding to a specific antigen.

Another important finding in the present study is the high degree of expression of PD-1 on
prostate-infiltrating CD8* T cells. This finding is consistent with a model of persistent
antigen stimulation, as has been shown for chronic viral infections [20,29]. Interestingly, a
recent study utilizing a semi-quantitative immunohistochemial assay also identified cells
expressing both PD-1 and its ligand B7-H1 in lymphocyte clusters surrounding prostate
cancer lesions [30]. Importantly, this study also found that PD-1* and B7-H1* cells were
rare in both benign prostatic hyperplasia (BPH) tissues and healthy prostate tissues obtained
from autopsies, indicating that the presence of PD-1* and B7-H1" cells are specific to
prostate cancer lesions. The findings of this study and our present study are of particular
importance in the design of prostate cancer immunotherapy strategies. If the majority of
CD8* T cells present within the prostate tumor microenvironment are phenotypically
exhausted, therapeutic strategies which include blockade of PD-1 (for example, using anti-
PD-1 neutralizing monoclonal antibodies) could potentially reverse this exhaustion and
enhance therapeutic efficacy.

A logical extension of these studies would be an attempt to identify the antigen(s) to which
clonal cells identified in the prostate in this study responded. This line of study represents a
challenging prospect as the current techniques available for antigen identification - such as
screening cDNA expression libraries with tumor-infiltrating lymphocytes (TIL) or the
generation of a transgenic mouse expressing specific TCR Vo and Vf chains - are
challenging. Likewise, several possibilities could account for prostate-specific T cell
clonality, including a tumor antigen, self-antigen, or perhaps even an infectious agent-
associated antigen. Precedent exists for each of these possibilities [3,4,8,9,31]. Despite the
challenges, identification of an antigen capable of eliciting a prostate-specific CD8* T cell
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response would be tremendously important, as it could lead to more specific immunotherapy
for men with prostate cancer.

Conclusions

Our results suggest that CD8* PIL in cancer patients have undergone clonal expansion in
response to an as yet unidentified antigen. Due to the high expression of PD-1, these cells
are likely incapable of mounting an effective anti-tumor immune response — a result which
is particularly relevant in regards to the rational design of prostate cancer immunotherapy
treatments. Our study provides an important basis for further efforts aimed at the
identification of specific antigens responsible for prostatic inflammation.
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Figure 1.

TCR VP skewing of select VV families in peripheral blood and prostate of PCa patients. A)
Examples of skewing observed by TCR V[ CDR3 spectratyping. Skewed CDR3 sizes in
CD8™" PIL are observed in both the right and left lobes of the prostate, but not in the
peripheral blood. B-E) Positively isolated CD8* T cells were stained directly ex vivo and
analyzed by flow cytometry. Representative FACS plots of CD3+CD8+V[2+,
CD3+CD8+Vp8+, CD3+CD8+Vp13.6+, and CD3+CD8+Vp14+ T cells in peripheral blood
and prostate tissue of PCa patients are shown as well as a summary of the data. Several
individual patients demonstrate a relative up-regulation of a particular V3 family within the
prostate gland. P values were calculated by paired Student’s t test, two sided.
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Figure 2.

Variation in clonality by patient and by VB family. Flow cytometry data (Fig. 1b-e) are
shown as difference between % of prostate CD8* T cells positive for given VB family - % of
peripheral blood CD8* T cells positive for given VB family. Positive values indicate higher
expression on prostate-infiltrating CD8* T cells and negative values higher expression on
peripheral blood CD8* T cells. * = Significant difference as defined by % difference > +/-2
standard deviations (S.D.) of expression of V3 family in peripheral blood of all patients. ND
= Not Determined.
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Figure 3.

Clonality of prostate-infiltrating CD8" T cells as evidenced by TCR VB CDR3 repertoire
sequencing. A) RNA from positively isolated peripheral blood and prostate CD8* T cells
was subject to 5" RACE analysis using a TCR Cp constant region primer. PCR products
were cloned and sequenced. Identical sequences found either five or more times in one
anatomic site (blue) or > 5 times in both right and left peripheral prostate (red) are shown.
Identical sequences (< 5) were also identified in both right and left peripheral zone of the
prostate of Patients 1,2,3,4 and 6. PB = peripheral blood, RP = right peripheral prostate, LP
= left peripheral prostate. Number in parentheses is number of clones sequenced. B) Amino
acid sequence of junctional regions observed from all sequences belonging to Vp family
13.6 derived from Patient 1 and V3 family 2.1 derived from Patient 3. * = Identical
sequences observed in both right and left peripheral prostate. C) The same RNA samples
used for Patient 1 5’ RACE and sequence analysis were reverse transcribed using an oligo
d(T) primer. cDNA was then amplified using a VB13.6 family-specific forward primer and a
6-FAM labeled TCR Cp constant region reverse primer. Spectratyping analysis of the PCR
products reveals marked skewing towards one CDR3 region length for both right and left
peripheral prostate, indicative of local clonal expansion. These results are in concordance
with the nucleotide sequence analyses.

Prostate. Author manuscript; available in PMC 2010 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vVd-HIN

Sfanos et al.

Page 13
A) Peripheral Blood Prostate
39.2 ] 87.2
ssc ) e
PD-1 T " '
p<0.0001
B) 1001 __p<0®0O1 C) 800 p=0.165 ——————
p=0.054
80- sah . .
. R 6001
- AA R - A
a 60 L] —_ = ey A
& Aad 8 400 - A
o 404 n N A w "Ll
:\g LS - : -n = Laa
oo 200 . —h—
20- "l . . — i Aaad
Py Eg_gu® Py n¥n
o 8:0 - A o ee® .'l:-l' AA:A‘
Control P. Blood  PCa P. Blood PCa Prostate Control P.Blood  PCaP.Blood  PCa Prostate

D) Gleason 6

r?=0.833
p=0.004

MF1 Prostate
-
8
S

l’) 1I')0 2(‘10 360 4(‘10
MFI| Peripheral Blood

Figure 4.
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Prostate-infiltrating CD8* T cells exhibit an exhausted phenotype. A) FACS analysis of
prostate-infiltrating CD8* T cells. Plots are gated on CD8" T cells and gates set using
appropriate isotype controls. Far right, mean fluorescence intensity (MFI) comparison of
peripheral blood CD8*PD-1* T cells (black histogram) and prostate CD8*PD-1* T cells
(gray histogram). B) Summary of data above. % CD8* T cells positive for PD-1 are shown.
Bar = mean. C) Summary of data above. PD-1 MFI is shown. Bar = mean. P values were
calculated for control peripheral blood (P. blood) versus PCa P. blood by unpaired Student’s
t test, two sided and for PCa P. blood versus prostate by paired Student’s t test, two sided.
D) Correlative analysis for PD-1 MFI for PCa P. blood versus prostate for low grade
(Gleason 6) versus high grade (Gleason 7-9) disease.
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