1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

% NIH Public Access
z a2 & Author Manuscript

Published in final edited form as:
Nat Med. 2007 July ; 13(7): 828-835.

Altered recognition of antigen is a novel mechanism of CD8* T cell
tolerance in cancer

Srinivas Nagarajl, Kapil Guptaz, Vladimir Pisarev3, Leo Kinarsky3, Simon Sherman3,
Loveleen Kangl, Donna Herberl, Jonathan Schneckz, and Dmitry 1. Gabrilovichl

1 H. Lee Moffitt Cancer Center, University of South Florida, 12902 Magnolia Dr. Tampa, FL, 33647
2 John Hopkins University Medical School, 720 Rutland Ave., Baltimore, MD, 21205

3 University of Nebraska Medical Center and Eppley Cancer Center, 986805 Nebraska Medical Center,
Omaha NE 68198

Abstract

Antigen-specific CD8* T-cell tolerance is one of the major mechanisms of tumor escape. Recent
studies have shown that this tolerance was induced by myeloid-derived suppressor cells (MDSC).
Using in vivo models we have found that MDSC directly disrupted the binding of the specific peptide-
MHC (pMHC) dimers to CD8* T cells via nitration of tyrosines within TCR/CD8 complex, which
resulted in the inability of CD8* T cells to bind pMHC and respond to the specific peptide. These
cells retained their ability to respond to non-specific stimulation. Nitration of TCR/CD8 was induced
by MDSC via hyperproduction of reactive oxygen species (ROS) and peroxynitrite during direct
cell-cell contact. Molecular modeling suggested specific sites of nitration that could affect
conformational flexibility of TCR/CD8 and its interaction with pMHC. This data demonstrates novel
mechanisms of T-cell tolerance in cancer that also can be pertinent to many pathological conditions
associated with accumulation of MDSC.

Introduction

T-cell tolerance play an important role in tumor escapel. It is also one of the major obstacles
limiting the effect of cancer vaccines. Previous studies have established that antigen presenting
cells (APC) are primarily responsible for the induction of tumor-induced T-cell tolerance?:3.
We and others have recently identified a group of Gr-1*CD11b* MDSC that are primarily
responsible for tumor-associated CD8* T-cell tolerance?>. These are immature cells
comprised of precursors of macrophages, granulocytes, DCs, and myeloid cells at earlier stages
of differentiation, and display the ability to suppress immune response in vitro via direct cell-
cell contact (rev. in 6‘9). Accumulation of similar cells was described in cancer

patientslo'1 . MDSC induce antigen-specific MHC class I restricted tolerance of CD8* T cells
in vivo?. This phenomenon may provide the mechanism of antigen-specific inhibition of
immune response in cancer and may explain the difficulties in maintaining the antigen-specific
immune response after vaccination in cancer patients. However, the mechanism of MDSC-
induced CD8" T-cell tolerance remained unclear.

We asked what mechanism of CD8* T-cell tolerance is employed by MDSC. There are two
basic mechanisms of T-cell tolerance: deletion and anergy. Existing data in vitro and in vivo
indicate that MDSC do not induce T-cell death and the deletion of antigen-specific T
cells#-9, Although much is known about the biochemical basis of T-cell anergy, the antigen-
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specific nature of T-cell tolerance remains less understood13:14, Using an experimental model
in vivo we demonstrated that MDSC, via generation of ROS and peroxynitrite, induced
modification of TCR and CD8 molecules that resulted in the loss of ability of CD8* T cells to
bind pMHC and induction of antigen-specific non-responsiveness of peripheral CD8* T cells.
This represents a new mechanism of T-cells tolerance in cancer and may be applicable to a
number of pathological conditions (e.g. infection, inflammation, trauma) associated with the
accumulation of MDSC overproducing peroxynitrite.

MDSC disrupt pMHC binding to CD8* T cells

We used an experimental model where the direct effect of MDSC on antigen-specific CD8* T
cells could be evaluated in vivo (Fig. S1). In this model, OT-1 T cells (CD45.17) were
transferred to naive CD45.1* congenic recipients. MDSC from EL-4 tumor-bearing mice were
transferred two days later and mice were immunized with specific peptide. LN cells were
collected 10 days after immunization. By that time all transferred MDSC either differentiated
into mature myeloid cells or died (15 and data not shown) and did not directly interfere with
any assay performed in LN. Donor's CD45.1CD8™ T cells from mice that received MDSC
had substantially reduced ability to bind specific pMHC-Ig dimers than cells from control mice
(Fig. 1a, b). Similar effect was observed in a different experimental system where T cells from
2C transgenic mice were adoptively transferred to naive congenic mice and 2C specific peptide
was used for immunization (Fig. S2a). Repeated experiments demonstrated that MDSC
administration did not affect the expression of TCR or CD8 molecules on the surface of T cells
(Figs. 1c and S2).

LN cells isolated from mice treated with MDSC were re-stimulated in vitro with escalating
concentrations of the specific peptides. The number of IFN-y producing CD8* T cells was
evaluated in ELISPOT assay. CD8* T cells from MDSC-treated mice did not respond to the
specific peptide. It was not improved even by a 50-fold increase in the peptide concentration
(Fig. 1d). This data was confirmed in CTL assay against EL-4 and T2-KP target cells. In both
experimental models (OT-1 and 2C) T cells from control immunized mice demonstrated
peptide-specific CTL activity against target cells. In contrast, T cells from mice treated with
MDSC did not recognize specific targets. Increased peptide concentration used to load target
cells did not result in an improved CTL killing (Figs. 1e and S2c).

To address the possible role of TCR affinity in MDSC-mediated CD8* T-cell tolerance we
used three peptides with different affinity to 2C TCR. SIYRYYGL (S1Y) has high affinitg,
EQYKFYSV (dEVS) has intermediate affinity, and LSPFPFDL (p2Ca) has low affinityl ’
17s1y peptide induced potent response of 2C CD8* T cells and transfer of MDSC completely
abolished this response (Fig. 1f). CD8" T-cell response to DEV8 peptide was much weaker.
It also was blocked by MDSC. No response was detected against p2Ca peptide.

The mechanism of MDSC-induced disruption of pMHC binding to CD8* T cells

Previous studies have shown that MDSC produce high level of ROS8. To clarify the role of
ROS in MDSC-induced T-cell tolerance in vivo we used mice lacking a critical component of
NADPH complex gp91Phox 18 MDSC from gp91Pho~/~ mice have little or no ROS but
maintain the level of MHC class | expression (data not shown). In contrast to MDSC from
wild-type tumor-bearing mice, MDSC isolated from gp91Pho%~/~ tumor-bearing mice were not
able to induce CD8* T-cell tolerance (Fig. 2a). O, after interaction with NO forms
peroxynitrite (ONOO™) with a high biological activitylg. MDSC produce a high level of
peroxynitritezo. To evaluate the possible role of ONOO™ in MDSC- mediated T-cell tolerance,
mice after adoptive transfer of OT-1 T cells and MDSC, were treated with uric acid (UA), a
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compound that specifically neutralizes peroxynitrite21v22. UA completely abrogated
tolerogenic effect of MDSC (Fig. 2b). Previous study has described the ability of UA in crystal
form to activate APCZ3. We used a soluble form of UA. To directly evaluate its possible effect
on APC activation, mice were treated for 48 h with UA and phenotype and function of DCs
were evaluated. No differences between control and treated mice were found (data not shown).
In contrast to activated macrophages, MDSC often don't have significant up-regulation of
N020,24 Tg elucidate the role of NO in MDSC mediated T-cell tolerance we used iNOS
deficient mice. These mice cannot up-regulate NO production in response to different stimuli.
However, they retain a basal level of NO production because of activity of other NOS, primarily
eNOS25. MDSC from iNOS ™ tumor-bearing mice had the same ability to induce CD8*T-
cell tolerance as MDSC from wild-type tumor-bearing mice (Fig. 2c). This data indicates that
up-regulation of ROS but not NO was primarily responsible for MDSC-mediated CD8" T-cell
tolerance. Neutralization of peroxynitrite with urea completely abrogated MDSC-mediated
decrease in the binding of the specific pMHC to CD8*T cells in vitro (Fig. 2d) suggesting
critical role of peroxynitrite in the disruption of pMHC binding to CD8* T cells.

To verify possible role of ONOO™ in CD8*T cell tolerance we used a donor of peroxynitrite,
3-morpholinosydnonimine (SIN-1). OT-1 T cells were pre-treated for 30 min with different
concentration of SIN-1 and then stimulated with peptide-pulsed DCs or with PHA. SIN-1 at
concentration 1 mM did not affect cell viability (data not shown) but completely abrogated
peptide-specific CD8" T-cell proliferation and IFN-y production (Fig. 3 a-b) and substantially
reduced specific pMHC binding to CD8* T cells (Fig. 3c) while not affecting the expression
of TCR or CD8 on T cell surface (Fig. 3d). PHA-inducible T-cell proliferation was not affected
(Fig. 3a), whereas IFN-y production was reduced but still remained substantially higher than
in control (Fig. 3b). Anincreased dose of SIN-1 resulted in progressive decrease in cell viability
(data not shown), T-cell proliferation and complete abrogation of IFN-y production (Fig. 3a-
b). This data demonstrates that at a relatively low dose SIN-1 reduces the pMHC binding and
blocks peptide-specific responses, while having a limited effect on non-specific stimulation of
CD8* T cells. This was similar to the effect exerted by MDSC in vivo.

The role of MDSC induced nitration of TCR complex in CD8" T-cell tolerance

The main effect of ONOQO™ is its ability to modify proteins via oxidation or nitration of different
aminoacids. One of the major targets of ONOO™ activity is a tyrosine, which creates
nitrotyrosine (NT). Nitration of Tyr is relatively stable2® and has been shown to impede the
function of the proteins through alteration of the hydrogen-bond, van der Waals, and
electrostatic network2/ . We hypothesized that nitration of Tyr within the pMHC-TCR complex
might increase its rigidity and disable its integrity. Molecular modeling of 2C TCR
demonstrated that nitration of tyrosine in several sites of TCR and CD8 molecules would
dramatically alter recognition of pMHC (Figs. S3 and S4).

We asked whether MDSC could actually cause nitration of TCR-CD8 in antigen-specific
CD8™* T-cells. LN cells were isolated from mice after adoptive transfer of OT-1 T cells, MDSC,
and immunization. Donor's peptide-specific CD8" V»* T cells and recipient's CD8* Vo™ T
cells were gated and the level of NT on cell surface was evaluated using NT-specific antibody
(Fig. 4a). CD8* V»* and CD8* V,,, cells from control immunized mice showed similar levels
of NT expression. In contrast, CD8* V»* cells from MDSC recipients had a much higher level
of NT (Fig. 4a). OT-1 CD8™" T cells were pre-activated with specific peptide for 72 h and then
incubated for 48 h with MDSC isolated from tumor-bearing mice. MDSC substantially
increased the level of NT in OT-1 CD8* cells (Fig. 4 b,c). MDSC isolated from gp91Phox—/-
but not from iINOS ™~ mice had failed to induce NT expression on T-cell surface (Fig. 4b).
Treatment of MDSC with ROS inhibitor sodium dismutase (SOD) as well as NO synthase
inhibitor L-NMMA blocked MDSC inducible increase in NT level (Fig. 4c). L-NMMA inhibits
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activity of eNOS as well as iNOS and thus reduces basal level of NO production28, which may
explain the difference from the results with iNOS~ MDSC.

Next, we incubated for 48 h activated OT-1 T cells with MDSC in the presence of specific
peptide. T cells were isolated and whole cell lysates were analyzed using Western blotting and
NT-specific antibody. Treatment of T cells with MDSC resulted in appearance of several bands
positive for NT (Fig. 4d). Treatment of the membranes with sodium dithionite, which causes
chemical reduction of nitrotyrosine to aminotyrosine, completely eliminated binding (Fig. 4d)
indicating that detected bands indeed contained NT. We asked whether TCR and CD8
molecules could be the targets for MDSC-mediated nitration. Proteins were precipitated with
antibodies against TCRp, CD8, or control IgG, subjected to electrophoresis and then probed
with NT-specific antibody. MDSC induced a substantial increase in the level of NT in both
TCRp and CD8 (Fig. 4e).

Interaction between MDSC and CD8* OT-1 T cells in the presence of specific peptide was
evaluated using confocal microscopy. Practically all Gr-1* MDSC were positive for NT
localized both on the membrane and in cytoplasm (Fig. 5a). CD8"* T cells were NT negative.
After 5 h of incubation direct contacts between Gr-1* MDSC and CD8* OT-1 T cells were
readily detectable (Fig. 5b). NT in CD8* T cells was primarily localized at the membrane at
point of interaction between MDSC and CD8*T cells (Fig. 5¢). After 48 h incubation with
MDSC diffuse membrane NT staining of CD8* T cells was evident (Fig. 5d). We asked whether
NT-positive CD8* T cells could be found in LN from tumor-bearing hosts. We studied LN
obtained from 6 individuals with breast and head and neck cancer. Only LNs free of tumor
cells were evaluated. As a control lymphoid tissues (tonsils) from two tumor-free persons were
used. Very few NT*CD8" T cells were found in control samples. In contrast, LN from cancer
subjects contained detectable NT*CD8* T cells (Figs. S5 and 5e).

Reversal of MDSC-induced CD8* T-cell tolerance

MDSC-induced CD8* T-cell tolerance persisted for at least 3 weeks. The level of response in
control mice gradually decreased with time (Fig. S6 a-b). However, 22 days after immunization
peptide-specific response was still detectable in LN of control, but not of MDSC-treated mice
(Fig. S6b). Stimulation with peptide-loaded LPS activated mDCs but not iDCs overcome
MDSC-induced T-cell tolerance (Fig. 6a). Next, we asked if CD8* T-cell tolerance could be
observed in tumor-bearing mice. These mice would have “natural” tumor-associated antigens
and MDSC. We provided only the source of antigen-specific T-cells. Two tumors were used:
EL-4 cells expressing ovalbumin (EG-7) and parental EL-4 tumor. Our previous studies have
determined that both EL-4 and EG-7 tumor resulted in an accumulation of MDSC, which could
process and present OVA-derived epitope on their surface 4, OT-1 T-cells were transferred to
EL-4 and EG-7 tumor-bearing mice. Mice were sacrificed 7 days later. LNs from control mice
contained very few Gr-1* cells, whereas LNs from tumor-bearing mice were packed with these
cells (Fig. S7 a-b) located in T-cell areas in direct contact with CD8* T cells (Fig. S7¢). LN
cells were stimulated with specific or control peptides and the responses were evaluated in
IFN-y ELISPQOT assay. Control tumor-free mice demonstrated low (since T cells were not
activated in vivo) but clearly detectable specific response. A similar response was found in
EL-4 tumor-bearing mice. In sharp contrast, no specific response was observed in LN from
EG-7 tumor-bearing mice (Fig. 6b). The levels of NT in recipient's V,, CD8* T cells were
similar in all groups of mice. However, it was significantly higher in donor's V »,*CD8* T cells
from EG-7 tumor-bearing mice than from control or EL-4 tumor-bearing mice (Fig. 6c).

To identify potential role of peroxynitrite in this process EG-7 tumor-bearing mice were treated
with daily i.p. injections of UA starting from the day of adoptive transfer of OT-1 T cells. Seven
days later LN cells were isolated and re-stimulated with control or specific peptides. In tumor-
bearing mice OT-1 CD8* T cells lost the ability to respond to stimulation with specific peptide
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as was documented in IFN-y ELISPOT (Fig. 6d) or CTL assays (Fig. 6e). Treatment with UA
completely prevented the development of T-cell tolerance (Fig. 6d,e). To evaluate a possibility
that UA can induce non-specific T-cell activation naive C57BL/6 mice were treated with daily
UA i.p. injections for 7 days. Spleen and LN T cells were analyzed for the expression of CD25
and CD69 molecules and for proliferation in response to different stimuli. Treatment with UA
did not result in activation of T cells (Fig. S8).

Next we addressed a possibility that block of peroxynitrite may improve antitumor effect of
cancer vaccine in non-transgenic experimental system. MC38 tumor was established in
C57BL/6 mice. On day 10 after tumor inoculation mice were split into four groups with equal
tumor size. Mice in treatment group were immunized with DC-Ad-p53 vaccine as previously
described?9. Treatment with UA was started three days after the first immunization and was
continued for two weeks. Control groups included mice treated with UA alone, vaccine alone,
or untreated. Immunization of mice bearing established tumors resulted in only temporal delay
of tumor growth. It resumed 7 days after finish of the treatment. UA alone only marginally
delayed tumor growth. In contrast, combination of vaccination with UA resulted in a substantial
delay in tumor growth (Fig. 6f).

Discussion

MDSC are produced in response to a variety of tumor-derived c¥tokines and represent a mix
population of myeloid cells at different stages of differentiation 10,30-32 Besides cancer,
an increased production of MDSC was also reported in a number of pathological conditions
including traumatic stress, bacterial and parasitic infections33-35. Recent studies from several
groups have implicated MDSC in tumor-associated T-cell tolerance®. To understand the
mechanism of this phenomenon we used an experimental model with an adoptive transfer of
T cells and MDSC into naive congenic recipient. Tumor-free recipients allowed us to avoid
the various confounding effects of tumor. In both tested experimental systems MDSC induced
a marked decrease in the binding of specific pMHC to CD8* T cells. Although this effect was
not previously described in cancer, it is known that the changes in TCR binding avidity can
play an important role in regulating antigen sensitivity36'38. More discussion is provided in
supplement.

Our experiments demonstrated a critical role of ROS in MDSC-mediated T-cell tolerance. ROS
can modify proteins directly or in combination with NO contributing to generation of
peroxynitrite. In this study, the use of peroxynitrite scavenger completely eliminated MDSC-
induced T-cell tolerance. Nitration of tyrosine is being long recognized as a marker of
peroxynitrite activity. Peroxynitrite-dependent tyrosine nitration is likely to occur through the
initial reaction of peroxynitrite with carbon dioxide or metal centers leading to secondary
nitrating species as nitrogen dioxide radicals3®. In addition, peroxynitrite can react directly
with cysteine, methionine and tryptophan39. It is likely that tyrosine nitration represents only
part of overall peroxynitrite activity in this experimental system.

Molecular modeling revealed a number of tyrosine residues in TCR and CD8 molecules that
could be susceptible to nitration and structural analysis showed that nitration of these residues
would result in the decreased flexibility and increased rigidity of TCR domains that might
significantly alter the epitope-specific interactions between TCR and pMHC. Substantially
higher levels of NT on the surface of antigen-specific CD8" T cells from mice treated with
MDSC confirm the antigenic specificity of the tolerance induced by contacts with MDSC.

These results suggest a new mechanism of CD8* T cell tolerance in cancer and possibly in
other pathological conditions associated with accumulation of MDSC. MDSC accumulated in
tumor-bearing hosts contain high levels of ROS and peroxynitrite. Since these substances are
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short-lived and highly reactogenic, they are active only at very short distance. Interface of
MDSC and CD8*T cells interacting during antigen-TCR recognition provides such an
environment. The amount of peroxynitrite produced by MDSC is sufficient to nitrate tyrosine
exposed on the surface of contacting cells. Modified tyrosine on TCR and CD8 alter the
conformational flexibility of TCR chains that lead to loss of the response to specific antigen.
We suggest that similar scenario of tumor-induced peripheral immunological tolerance may
potentially operate using other post-translational modifications of proteins from the TCR-
PMHC complex. This mechanism may explain the well-established fact that tumor-bearing
hosts don't have a profound systemic immune deficiency and T cells retain their ability to
respond to other stimuli including viruses, lectins, IL-2, etc. This study provides additional
support to the attempt of preventing the nitrotyrosine formation in cancer immunotherapy4o.
Block of peroxynitrite generation or use of scavengers could represent an attractive opportunity
to decrease or even eliminate MDSC-induced T-cell tolerance and enhance the effect of cancer
immunotherapy. Other potential molecular targets could be discovered if other tumor-induced
post-translational modifications of proteins involved in T cell-APC interactions would be
explored.

Materials and Methods

Mice and reagents

All mouse experiments were approved by University of South Florida Institutional Animal
Care and Use Committee. Female C57BL/6 mice (6-8 weeks of age) were obtained from the
National Cancer Institute. OT-1 TCR-transgenic mice (C57BI/6-Tg(TCRaTCR/)1100mjb),
gp91Pho—~(B6.129S6-CybbMiDin ) iNOS™~ (C57BL6-Nos2MiLay) and CD45.1* congenic
mice (B6.SJL-PtrcaPep3b/BoyJ) were purchased from Jackson Laboratories. 2C TCR
transgenic mice were described earlier 41 To establish tumors, C57BL/6 mice were injected
s.c. with 5x10° EL-4 or EG-7 cells.

OVA-derived (H-2KP, SIINFEKL), 2C-specific (H-2K?, SIYRYYGL (SIY and H-2L4
QLSPFPFDL (QL9)), and control H-2K? RAHYNIVTF peptides were obtained from QCB.
IFA and UA were purchased from Sigma Chemical Co. All antibodies used for flow cytometry
were obtained from BD Pharmingen except anti-NT (Upstate USA Inc.)

Cell isolation and generation

Gr-17 cells were isolated from spleens of tumor-bearing mice using magnetic beads and
MiniMACS columns ((Miltenyi Biotec GmbH) and biotinylated anti-Gr-1 antibody. More than
98% of Gr-1* cells were also CD11b* (Fig. S1). T lymphocytes were isolated from spleens
using T-cell enrichment columns (R&D Systems). DCs were generated from murine bone
marrow using GM-CSF (Invitrogen) and IL-4 (R&D Systems) as described before 42 pcs
were activated on day 6 of culture by overnight incubation with LPS (1ug/ml). On day 7 cells
were collected and DCs were enriched by centrifugation over Nycoprep A gradient (Accurate
Chemicals). To pulse DCs with peptide, cells were washed in PBS and incubated with either
specific or control peptides (10 pg/ml) at 37° C for 2 h.

Adoptive cell transfer and immunization

4-5 x10% of purified T cells from OT-1 or 2C TCR transgenic mice were injected intravenously
(i.v.) into naive C57BL/6 recipient mice. Two-three days later these mice were injected i.v.
with 4-5 x 108 MDSC and within an hour immunized subcutaneously with 100 pg of specific
peptides in IFA. Ten days later cells from LN were re-stimulated with specific or control
peptides and analyzed (Fig. S1).
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The number of IFN-y producing cells in response to stimulation to the specific or control
peptides (10 pug/ml) was evaluated in ELISPOT assay performed as described earlier#3. Each
well contained 2 x 10° LN cells. The number of spots were counted in triplicates and calculated
using an automatic ELISPOT counter (Cellular Technology, Ltd).

Antigen Binding assay

Fluorescently labeled H2-KP—Ig dimers were prepared as described previously36 and dimers
binding to T cells was measured by flow cytometry using a FACScalibur (Becton Dickinson).
Specific binding of the dimer was calculated by subtracting nonspecific binding (using KP-Ig
loaded with irrelevant peptide) from the total binding.

Immunoprecipitation

T cells were collected, washed in PBS and lysed. Anti-CD8, or anti-TCRp antibodies were
added to lysates (500 ug of protein per sample) and incubated for 2 h at 4°C followed by the
addition of protein A Sepharose beads (eBioscience). After 1 h incubation protein/antibody/
beads mix was washed, re-suspended in Laemmli SDS sample buffer and denatured at 95°C
for 5 min. Samples were resolved in 10 % SDS-PAGE followed by transfer to PVDF membrane
and probing with anti-NT, CD8, or TCRp antibodies.

Molecular modeling of TCR/H-2KP/peptide complex

The Biopolymer module of the SYBYL 7-1 software package (TRIPQOS, Inc.) was used to
analyze structural effects of the TCR nitration on the interactions within the TCR-MHC/peptide
complex. The crystal structure of the TCR/H-2KP/SIYRYYGL and TCR/H-2KP/EQYKFYSV
complexes (PDB codes:1G6R, 2CKB and LMWA) were used as templates for modeling and
analysis of intermolecular interactions for both native and nitrated TCR/MHC/peptide
complexes. After adding all hydrogens to crystal structures, the molecular structures were
energy-minimized using the MMFF94s force field implemented in SYBYL. Energy
minimizations were performed by 300 cycles of conjugate gradient minimization, and potential
hydrogen bonds were visualized and analyzed with Biopolymer.

Confocal microscopy

Splenocytes from OT-1 mice were cultured with specific peptide in the presence of MDSC (at
3:1 ratio) on a poly-d-lysine coated glass bottom culture dish (MatTek Corp.). The cells were
labeled with anti-Gr-1-PE, anti-CD8-Alexa 647, anti-Nitrotyrosine-Alexa 488, or isotype IgG
Alexa 488. Cells were viewed with a DMI6000 inverted Leica TCS AOBS SP5 tandem
scanning confocal microscope with a40x /1.30NA oil immersion objective. Tunable 488 Argon
and 546 and 633 laser lines were applied to excite the samples using AOBS line switching to
minimize crosstalk between fluorochromes. Images and Z-stacks were produced with three
cooled photomultiplier detectors and the LAS AF version 1.5.1.889 software suite.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviation

M

DSC, myeloid derived suppressor cells; DC, dendritic cells; pMHC, peptide-MHC; ROS,

reactive oxygen species; NO, nitric oxide; UA, uric acid; NT, nitrotyrosine.
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Figure 1. MSDC disrupt binding of pMHC to CD8" T cells

(@) OT-1 T cells (CD45.17) were transferred to naive congenic (CD45.1%) recipients. Adoptive
transfer of MDSC and immunization were performed as described in Methods. LN cells were
collected 10 days later and were gated for donor's CD45.1~ CD8* T cells. T cells alone — no
MDSC transfer was performed. Typical example of 8 performed experiments is shown.

(b) CD45.1 CD8* OT-1 T cells were incubated with various amount of PE-conjugated MHC-
Ig (1.20 x 107® to 6.25 x 108 M). Binding was determined by flow cytometry. MCF-mean
channel fluorescence. The level of fluorescence of non-specific dimer (SIYRYYGL-KP-Ig)
was subtracted from the values of fluorescence obtained with specific dimer (SIINFEKL- Kb-
Ig). T—T cells from control mice T+MDSC- T cells from mice which received OT-1-T cells
+ MDSC. Three experiments with similar results were performed.

Nat Med. Author manuscript; available in PMC 2008 July 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nagaraj et al.

Page 12

(c) The expression of CD8 and Va, TCR from OT-1 mice was evaluated in antigen specific
CD45.1~ CD8™ T cells from control and tolerized mice. The mean fluorescence + st. dev. from
three different experiments are shown.

(d) Adoptive transfer of OT-1 cells, MDSC and immunization were performed as described
above. Ten days later LN cells were restimulated in triplicates for 48 h with specific or control
peptides at indicated concentrations. IFN-y producing cells was scored in ELISPOT assay and
calculated per 2x10° LN cells. Three experiments with the same results were performed. CP
— re-stimulation with control peptide, SP- re-stimulation with specific peptide (SIINFEKL).
Naive — no adoptive transfer of OT-1 T cells was performed; T-cells — adoptive transfer of
OT-1 T cells but no MDSC; T cells + MDSC — adoptive transfer of both OT-1 T cells and
MDSC.

(e) Experimental design was as described above. Additional immunization was performed on
day 8. Splenocytes were isolated on day 10 and tested in a standard 6 h ®1Cr-release CTL assay
against the target EL-4 cells loaded with specific or control peptides at indicated concentrations.
Cells were incubated in duplicates at 25:1 effector : target ratio. The levels of non-specific
cytotoxicity (EL-4 target cells loaded with control peptide) were subtracted. Background
cytotoxicity was less than 10%. Two experiments with similar results were performed.

(f) 2C T cells were transferred to naive recipients followed by transfer of MDSC and
immunization as described above and in Fig. S1. The following peptides were used for
immunization: SIYRYYGL (SI1Y), LSPFPFDL (P2CA), and EQYKFYSV (DEVS). CP —
control peptide (SIINFEKL). LN cells were collected 10 days later and were re-stimulated with
corresponding peptides in an IFN-y ELISPOT assay. Each group included three mice.
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Figure 2. Mechanism of MDSC induced T-cell tolerance
Experimental design with adoptive transfer and immunization was as described in Fig 1.
(a—c) IFN-y ELISPOT assay of LN cells re-stimulated with control (CP) or specific (SP)
peptides was performed. Results presented as Average + SD per 2x10° LN cells. * - significant
differences (p<0.05) between CP and SP groups. (a) MDSC from EL-4 tumor-bearing
NADPH 7~ (gp91P"x~/=) or wild-type mice were used for adoptive transfer. Mean + st. dev.
from three performed experiments are shown (b) Mice were treated with UA in suspension (20
mg in 100 ul) on days -1, 0, 1, and 2 after MDSC transfer. (c) MDSC from EL-4 tumor-bearing
iNOS™~ mice were used for adoptive transfer. Two experiments with the same results were

performed.
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(d) LN cells from OT-1 mice were cultured with 10 ug/ml SIINFEKL and MDSC (at 3:1 ratio)
for 48 h in the presence of 1 mg/ml urea. After that time the binding of control and specific
pPMHC to CD8* T cells was evaluated using flow cytometry as described in Fig. 1. T — T cells
incubated without MDSC; T+MDSC- T cells incubated with MDSC; T + MDSC+Urea — T
cells incubated with MDSC in the presence of urea.
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Figure 3. Effect of peroxynitrite donor on specific CD8* T-cell activity

(a) OT-1 T cells were pretreated with SIN-1 (0 to10 mM) for 30 min and then 5x10* T cells
were cultured for 4 days with DCs at a 10:1 ratio. CP — DCs were loaded with 10 pg/ml control
(RAHYNIVTF) peptide, SP — DCs were loaded with 10 pg/ml specific (SIINFEKL) peptide.
PHA — OT-1 T cells and DCs were cultured for 3 days in the presence of 1 ug/ml PHA. 3[H]-
thymidine (1 uCi/well) was added 18 h prior to cell harvest and radioactivity was measured in
triplicates in liquid scintillation counter. Results presented as Mean = SD.

(b) OT-1 T cells were cultured for 48 h with DCs, peptide and PHA as described in Fig. 3a.
The number of IFN-y producing cells was evaluated in quadruplicates in ELISPOT assay.
Results presented as Mean + SD.

(c) OT-1T cells were pretreated with 1 mM SIN-1 for 30 min. The binding of control and
specific pMHC dimers to CD8" T cells was evaluated using flow cytometry as described in
Fig. 1. T — T cells stimulated with specific peptide-loaded DCs; T+Sin-1 — T cells pre-treated
with SIN-1.

(d) Cells were treated as described in Fig. 3c and then labeled with anti-CD8 or anti-TCRaf3
antibodies. The levels of expression (mean fluorescence intensity, MFI) within the population
of CD8* T cells were evaluated by flow cytometry. The results of three experiments are shown.
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Figure 4. Role of MDSC in the nitration of tyrosine in a CD8* T cell
(a) Adoptive transfer and immunization was performed as described in Figs 1 and S1. Eight
days later LNs were isolated and labeled with anti-CD8, anti-V, and anti-NT antibodies. The
level of NT expression was evaluated within population of donors (CD8%V ,™) (bold line) and
recipient (CD8%V,,") (thin line). Shaded areas show staining with isotype control 1gG.
(b) Splenocytes from OT-1 mice were cultured with control or specific peptides for 72 h in the
presence of MDSC (at 3:1 ratio) from wild-type, NADPH~(gp91P"°*~/") and iNOS ™~ EL-4
tumor-bearing mice. After that time cells were collected and the levels of NT in CD8" T cells
were evaluated by flow cytometry. Mean + SD of MFI from three experiments are shown. Not
shown MFI for samples with control peptides, which were below 30 in all experiments.
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(c) The level of NT in CD8* OT-1 T cells. Cells were treated as described in Fig. 4b. Shaded
area — splenocytes alone, bold line splenocytes + MDSC; dashed line 1 mM SOD was added,;
thin line — 1 mM L-NMMA was added. CD8" cells were gated and NT expression was
measured within this cell population. Not shown MFI for samples with control peptides, which
were below 30 in all experiments.

(d) Splenocytes from OT-1 mice were cultured for 48 h with specific peptide in the presence
of MDSC (at 3:1 ratio). Whole cell lysates were prepared and were subjected to 10%SDS-
PAGE electrophoresis and probed with anti-NT antibody. Nitrated BSA was used as a positive
control for NT staining. Bands were visualized using ECL. Chemical reduction of nitrotyrosine
was done using sodium dithionite. The membrane was washed and probed with anti-NT
antibody. Each experiment was performed in duplicates (shown).

(e) Splenocytes cells from OT-1 mice were treated as described above. Whole cell lysates were
prepared and CD8 and TCRp were immunoprecipitated using specific antibodies as described
in Methods. Rabbit 1gG was used in control experiments. The proteins were subjected to 10%
SDS-PAGE electrophoresis and probed with anti-NT antibody. To verify loading, the same
blots were stripped and re-probed with anti-CD8 or anti-TCRp antibodies.
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Figure 5. Interaction between MDSC and CD8* T cells.

(a—d) Splenocytes from OT-1 mice were cultured with specific peptide and MDSC (at 3:1
ratio). The cells were labeled with anti-Gr-1-PE (red), anti-CD8-Alexa 647 (magenta), anti-
NT-Alexa 488 (green), or isotype-Alexa 488 (green) at different time points and visualized
under a confocal microscopy. Scale bar = 10 um. (a) MDSC and CD8 T cells separate; (b—c)
5 h co-culture. Arrows denote positive staining for NT localized at contacts between MDSC
and CD8* T cells. (d) 48 h culture.

(e) LN from individuals with breast and head and neck cancers were collected during tumor
resection as part of routine pathological examination. LNs without presence of tumor were
further evaluated (see Fig. S5). The number of NT positive cells per 103 CD8* T cells are
shown.
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Figure 6. MDSC induced CD8" T-cell tolerance in tumor-bearing mice

(a) Mice were treated as described in Fig. S1. Ten days after immunization LN cells were re-
stimulated in triplicates with control or specific peptide or with bone marrow derived immature
(iDC) or LPS activated matured (mDC) DCs. DCs were added at 1:10 ratio. The number of
IFN-y producing cells was measured in ELISPOT assay. Mean * st. dev. from two experiments
are shown. The values of stimulation with control peptide were subtracted from the values of

stimulation with specific peptide.

(b—e). C57BL/6 mice were inoculated subcutaneously with 5x10° of EL-4 or EG-7 tumor cells.
Seven days after inoculation each mouse had been injected intravenously with 5x10% OT-1 T-
cells. Seven days later mice were sacrificed and LN cells used in further experiments. (b) LN
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cells were stimulated with specific (SP) (SIINFEKL) or control (CP) (RAHYNIVTF) peptides
and analyzed in IFN-y ELISPOT assay. The number of spots were calculated per 10° LN cells.
Each group included 3 mice. The differences between SP and CP were statistically significant
(p<0.05) from control and EL-4 tumor-bearing mice. (c) Splenocytes were labeled with anti-
CD8, anti-V ' and anti-nitrotyrosine antibodies. The level of NT expression was evaluated
within the populations of donors (CD8*V,") and recipient (CD8%V,") cells. MFI-mean
fluorescence intensity. Results of the two performed experiments are shown. The differences
between NT levels in donor's cells from EG-7 mice and EL-4 or control mice were statistically
significant. (d) EG-7 tumor-bearing mice were treated with daily i.p. injections of UA (20 mg/
100 pl PBS) starting from the day of T-cell transfer. LN cells were collected 7 days later and
analyzed in IFN-y ELISPOT assay as described in Fig. 6b. (€) Splenocytes from EG-7 tumor-
bearing mice described above were stimulated ex vivo for 7 days with SIINFEKL peptide 10
pg/ml, in the presence of IL-15 (10 ng/ml) and IL-21 (10 ng/ml) and used as effectors in a
standard 6-h 51Cr-release CTL assay. Target cells were EL-4 cells pulsed with 10 pug/ml of
either specific (SIINFEKL) or control (RAHYNIVTF) peptides. In addition, EG7 cells were
also used as targets. Different effector:target cell ratios were used. Each experiment was
performed in duplicates and included three mice per group. Mean * st. dev. are shown.

(f) MC38 tumor was established in C57BL/6 mice by subcutaneous injection of 2x10° tumor
cells. On day 10 after tumor inoculation when tumors became palpable mice were split into
four groups with equal tumor size. Each group included 5-6 mice. Mice in treatment group
(vaccine + UA) were injected s.c with 5x10° DCs infected recombinant adenovirus containing
mouse wild-type p53 gene as previously described?®. Immunizations were repeated twice with
5-6 day interval. Treatment with UA (20 mg/100 pl PBS) was started three days after the first
immunization and was continued for two weeks. Control groups included mice treated with
UA alone (UA only), vaccine alone (vaccine only), or untreated (control). Tumor size was
measured using calipers and presented as the result of multiplication of two longest dimensions.
Mean * st. dev. are shown.
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