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Abstract

T-cell tolerance is a critical element of tumor escape. However, the mechanism of tumor-associated
T-cell tolerance remains unresolved. Using an experimental system employing the adoptive transfer
of transgenic T cells into naive recipients, we found that the population of Gr-1* immature myeloid
cells (ImC) from tumor-bearing mice was able to induce CD8" T-cell tolerance. These ImC
accumulate in large numbers in spleens, lymph nodes, and tumor tissues of tumor-bearing mice and
are comprised of precursors of myeloid cells. Neither ImC from control mice nor progeny of tumor-
derived ImC including tumor-derived CD11c* DCs were able to render T cells non-responsive. ImC
are able to take-up soluble protein in vivo, process it, and present antigenic epitopes on their surface
and induce antigen-specific T-cell anergy. Thus, this is a first demonstration that in tumor-bearing
mice CD8* T-cell tolerance is induced primarily by ImC that may have direct implications for cancer
immunotherapy.

Introduction

T-cell tolerance is one of the major mechanisms of tumor escape and one of the major factors
limiting the success of cancer vaccines. Although there are some debates regarding whether
this tolerance is important at very early stages of tumor development, there is clear evidence
now that it plays a major role in advanced stages of cancer (1). Previous studies have established
that bone marrow derived antigen presenting cells (APC) are primarily responsible for the
induction of tumor-induced T-cell tolerance (2,3). However, the exact nature of these cells as
well as the mechanism of this phenomenon remains unclear. In physiological conditions APC
consist of primarily dendritic cells (DC) and macrophages. In tumor-bearing mice, another
group of bone marrow derived cells may be a part of APC population. These cells identified
as Gr-1*CD11b* cells are comprised of precursors of macrophages, granulocytes, DC, and
myeloid cells at earlier stages of differentiation (rev. (4-6)). These cells are present in bone
marrow and in small numbers in spleens of healthy mice, and under normal conditions
differentiate into mature myeloid cells (7). However, they accumulate in large numbers in
spleens, lymph nodes, and tumor tissues of tumor-bearing mice due to the effect of various
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tumor-derived factors(8-14). These cells can suppress T cells in vitro. Because of the nature
of these cells they are called immature myeloid cells (ImC) or myeloid suppressive cells.

These data suggested a possible role of ImC in tumor-associated immune suppression.
However, whether ImC are able to take up antigens in vivo, process them, and induce lasting
antigen-specific T-cell tolerance is unknown. The investigation of T-cell tolerance in tumor-
bearing host is limited by the nature of the experimental models since the persistent effect of
tumor-derived factors makes it very difficult to investigate the role of defined cell populations.
Therefore, in this study we used a model with adoptive transfer of different cell populations
isolated from tumor-bearing mice into tumor-free recipients. This study, for the first time, has
demonstrated that tumor-bearing host derived ImC, but not their progeny or Gr-1+ cells from
control mice, are not only able to migrate into the tumor site and pick-up soluble proteins, but
also process them and induce antigen-specific tolerance of CD8* T-cells.

Materials and Methods

Mice and reagents.

Female C57BL/6 mice (6-8 weeks of age) were obtained from the National Cancer Institute
(Frederick, MD). OT-1 TCR-transgenic mice (C57BI/6-Tg(TCRaTCRf)1100mjb), were
purchased from Jackson Laboratories (Bar Harbor, ME), F1 C57BI/6xBALB/c mice from
Charles Rivers Laboratories (Wilmington, MA). 2C TCR transgenic mice were a gift from Dr.
Schneck (John Hopkins University, Baltimore, MD). OVA-derived peptide (H-2KP-restricted,
aa 257-264, SIINFEKL), 2C-derived peptide (H-2KP restricted SIYRYYGL (SIY)), control
H-2KP restricted RAHYNIVTF, and H-2L9 restricted QLSPFPFDL (QL9) peptides were
obtained from SynPep Corporation, Dublin, CA. Complete and incomplete Freund’s adjuvants
(CFA and IFA, respectively) were purchased from Sigma Chemical Co, St. Louis, MO.
Ovalbumin-FITC and CFSE were obtained from Molecular Probes (Eugene, OR). All
antibodies used for flow cytometry were obtained from BD Pharmingen with the exception of
anti-F4/80 (Serotec, Raleigh, NC). Murine hybridoma 25-D1.16 secreting an 1gG1 mAb
specific for the pOV8-H-2KP complex (15) was kindly provided by Drs. Germain and Porgador.

Cell isolation and generation.

Gr-1* or CD11c™ cells were isolated from spleens of tumor-bearing mice using magnetic beads
and MiniMACS columns ((Miltenyi Biotec GmbH, Auburn, CA) and biotinylated anti-Gr-1
or anti-CD11c mAbs. The purity of isolation was more than 90% as evaluated by flow
cytometry. Consistent with previous observations >98% of Gr-1* cells were also CD11b*. T
lymphocytes were isolated from spleens using T cell enrichment columns (MTCC-525; R&D
Systems, Minneapolis, MN). DCs were generated from murine bone marrow using 20 ng/ml
murine recombinant GM-CSF and 10 ng/ml IL-4 (both from RDI, Flanders, NJ) as described
before (16). DCs were activated on day 6 of culture by overnight incubation with LPS (1ug/
ml).

Adoptive cell transfer and immunization.

3-5 x108 of purified T cells from OT-1 or 2C TCR transgenic mice were injected i.v. into naive
C57BL/6 recipient mice. Two-three days later these mice were injected i.v. with 3-5 x 10°
Gr-1* cells. Within one hour after cell transfer mice were immunized s.c. with 100 ug of OVA-
derived peptide SIINFEKL or 2C specific peptide SIYRYYGL emulsified in IFA. Ten days
later cells from LN and spleens were isolated, re-stimulated in vitro with specific or control
peptide and analyzed (Fig. 1A).
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The number of IFN-y producing cells in response to stimulation to the specific or control
peptides (10 pg/ml) was evaluated in ELISPOT assay performed as described earlier (12). Each
well contained 2 x 10° LN cells. The number of spots was counted in triplicates and calculated
using an automatic ELISPOT counter (Cellular Technology, Ltd, Cleveland, OH).

Flow cytometry.

Results

Flow cytometry data were acquired using a FACSCalibur flow cytometer and analyzed with
CellQuest software. For intracellular staining, cells were labeled with anti-CD8 and anti-V
antibodies, fixed and permeabilized according to the manufacturer's protocol with a Golgi Stop
kit (BD Pharmingen), and then stained for intracellular-IFN-y 2 or isotype control (BD
Pharmingen). The samples were analyzed by flow cytometry.

Gr-1* ImC from tumor-bearing mice induce T cell non-responsiveness in vivo

To investigate the nature of cells responsible for tumor-induced tolerance we selected the model
that utilizes tumor-free mice after adoptive transfer of transgenic T cells and ImC. The goal
was to avoid a potential effect of tumor-derived factors on APC and T cells and ascertain that
ImC will not be present during the analysis of T-cell function. Our previous study has
demonstrated that ImC differentiate into macrophages or DCs within 5 days after their transfer
into congeneic tumor-free recipient and Gr-1*CD11b* ImC became undetectable in LN ((7)
and data not shown). Thus, antigen-specific immune response in LN could be assessed without
the presence of ImC. H2KP OT-1 TCR transgenic T cells specific to OVA-derived peptide
(SIINFEKL) were adoptively transferred into naive C57BL/6 mice. After 2—3 days these mice
were immunized s.c. with this peptide in IFA. At the time of immunization mice were injected
i.v. with PBS (control) or with non-manipulated Gr-1* ImC isolated from spleens of EL-4
tumor-bearing mice. Ten days later draining lymph nodes were collected and cells were re-
stimulated in vitro with cognate or irrelevant control peptides (Fig 1A).

LN cells from control mice demonstrated potent response (IFN-y, IL-2 production, and
proliferation) to the specific antigen, whereas the response of LN cells isolated from mice after
adoptive transfer of ImC was either dramatically reduced or completely eliminated (Figs. 1 B,
C, and D). To ascertain that these findings are not restricted to only a single experimental
model, similar experiments were performed with adoptive transfer of T cells from transgenic
2C mice. Recipient mice were immunized with 2C specific peptide (SIY). As was in case of
OT-1T cells, Gr-1*ImC rendered T-cells from 2C mice non-responsive to the specific peptide
(Fig. 1E). Gr-1* ImC isolated from C3-fibrosarcoma showed the same effect on T cells as ImC
from EL-4 tumor (data not shown).

To test the cytotoxic activity of CD8" T cells in vivo, splenocytes from syngeneic C57BL/6
mice loaded with fluorescent dye CFSE were used as targets. Splenocytes pulsed with the
specific peptide (SIINFEKL) were loaded with 10 uM CFSE and splenocytes pulsed with the
control peptide were loaded with 1 uM CFSE. Cells were then mixed together at 3:1 ratio and
injected i.v. into mice 10 days after immunization and ImC administration as described in Fig.
1A. Thirty-six hours later spleens were collected and the ratio of labeled target cells was
calculated. Specific CTLs recognize and kill splenocytes pulsed with the specific but not with
the control peptide, which should significantly decrease the ratio of these two target
populations. In our experiments in control non-immunized mice the ratio of splenocytes pulsed
with specific vs. control peptides was 2.6:1 (Fig. 1F). In mice immunized with the specific
peptide the population of splenocytes pulsed with SIINFEKL was significantly reduced and
the ratio was markedly decreased to 0.8:1 (Fig. 1F), whereas in immunized mice that received
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ImC that ratio remained at the original level (3.1:1) (Fig. 1F). Thus, these results showed the
induction of antigen specific CTLs in immunized mice. Administration of ImC completely
abrogated that CTL activity.

Antigen-specific nature of InC mediated CD8* T cell tolerance

Next, we verified that inhibition of T-cell response was due to the presentation of the specific
peptide by ImC. Gr-1* ImC were pulsed in vitro with control or specific peptides and then
injected into recipient mice 8 days after the immunization. Mice were sacrificed in 24 hr and
LN cells were re-stimulated with control or specific peptides. Administration of ImC loaded
with the control peptide did not significantly affect the response of T-cells to immunization.
In contrast, ImC loaded with the specific peptide significantly reduced T-cell response (Fig.
2A). In another set of experiments F1 (BALB/cxC57BL/6) mice were used as recipients of
OT-1 T cells. Mice were immunized with specific peptide and received ImC at the time of
immunization and response was evaluated 10 days later. Two sources of ImC were used in
these experiments: EL-4 tumor-bearing C57BL/6 mice or MethA sarcoma-bearing BALB/c
mice. If inhibition of T-cell response was MHC class I restricted then ImC from BALB/c mice
(H2%) should not suppress the response of OT-1 T cells (H2P) to H2KP matching peptide. This
was indeed the case. No inhibition of T-cell response to the specific peptide was found in
immunized mice after administration of Gr-1* ImC isolated from tumor-bearing BALB/c mice.
In contrast, administration of ImC from tumor-bearing C57BL/6 mice resulted in almost a
complete block of antigen-specific T-cell response (Fig. 2B). Taken together these results
demonstrate that Gr-1" ImC induce MHC class I restricted antigen-specific tolerance of
CD8* T cells.

The development of T-cell tolerance required time. If LN cells were collected 3 days after
immunization and ImC administration no defect in antigen-specific CD8*T-cell response was
found (Fig. 2C). In contrast to cells isolated 10 days after ImC administration - antigen-specific
T cells demonstrated normal level of proliferation (Fig. 2D). We asked whether this effect was
caused by time requirement for ImC to pick up process and antigen. To test this hypothesis
Gr-1* ImC were loaded with control or specific peptide in vitro and then administered 3 days
after immunization of mice. ImC loaded with specific peptide completely abrogated antigen-
specific CD8* T-cell response (Fig. 2E). This data confirm critical role of antigen availability
for ImC mediated T-cell non-responsiveness. To investigate this issue further, we used for
immunization the peptide loaded on DCs. In contrast to immunization with free peptide in IFA,
in this case ImC would not have access to a substantial amount of free peptide. Mice after
adoptive transfer of OT-1 cells were immunized with either peptide-pulsed DCs or with s.c.
injection of the peptide in IFA. ImC were administrated i.v. at the time of immunization. Ten
days later the response of CD8™T cells to the specific peptide was measured in ELISPOT assay.
ImC failed to induce tolerance in mice immunized with peptide-pulsed DCs (Fig. 2F).

CD8* T cells tolerance is mediated by tumor-derived ImC but not their control counterparts
or progenies

Gr-1* myeloid cells are intrinsic part of normal myelopoiesis. Therefore, we compared the
ability of ImC isolated from tumor-free and tumor-bearing hosts to induce T-cell tolerance. In
contrast to ImC from tumor-bearing mice, Gr-1* ImC from naive mice were not able to inhibit
T-cell response (Fig. 3A). DCs are professional bone marrow derived APC. Recent data
demonstrated that immature DCs could induce T-cell tolerance in tumor-free host (17). We
asked whether DCs directly isolated from tumor-bearing mice could induce T-cell tolerance.
CD11c* DCs isolated from spleens of EL-4 tumor-bearing mice failed to induce T-cell
tolerance (Fig. 3A). It was plausible that in tumor-free environment DCs quickly differentiate
and lose the ability to suppress T-cells. Therefore we modified the experimental conditions.
CD11c* DCs isolated from tumor-bearing mice were pulsed with SIINFEKL peptide and then
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injected into immunized mice on day 8 after the immunization. LN cells were collected 24 hr
later and stimulated with control or specific peptide. Under these conditions ImC demonstrated
dramatic inhibition of CD8* T cell response (Fig. 2A). However, CD11c*DCs again failed to
suppress T cells (Fig. 3B). Although these experiments cannot rule out the possible role of DC
in induction of tumor-associated CD8*T-cell tolerance, they indicate that direct effect of DCs
on induction of tolerance at least is not as strong as that of ImC.

Tumor-bearing mice derived ImC differentiate into mature myeloid cells within 5 days after
adoptive transfer into congenic tumor-free recipient (7). To investigate the role of ImC progeny
in the induction of T-cell tolerance Gr-1* cells isolated from EL-4 tumor-bearing mice were
transferred i.v. into naive C57BL/6 recipient 5 days before the immunization. Under these
experimental conditions ImC did not affect peptide-specific immune response (Fig.3C). Thus,
it appears that the ability to induce T-cell non-responsiveness was restricted primarily to the
population of ImC.

The mechanism of CD8" T-cell tolerance induced by Gr-1* myeloid cells

T-cell tolerance could be caused by the deletion of antigen-specific T cells or by the induction
of T-cell anergy. We traced the presence of antigen-specific transgenic CD8* cells expressing
TCRVa2 in mice after adoptive transfer. Ten days after immunization and ImC administration,
mice treated with Gr-1* ImC had the same proportion of CD8*Va2* as control mice (Fig. 4A).
Next, we asked whether T-cell non-responsiveness was limited only to the specific antigen.
Cells collected from draining lymph nodes 10 days after immunization were re-stimulated with
either specific peptide or anti-CD3 antibody. Production of IFN-y was measured using
intracellular staining inside the population of antigen-specific CD8*Va2* cells. Re-stimulation
of LN cells with the specific peptide resulted in a significant increase in the proportion of IFN-
vy positive antigen-specific cells, whereas no such increase was observed in the cells isolated
from mice that received ImC (Fig. 4B). However, cells from both control and ImC treated mice
responded equally well to the non-specific stimulation with anti-CD3 antibody (Fig. 4B).

We investigated the possibility of reversing this T-cell tolerance in vivo. 2C T cells were
adoptively transferred into C57BL/6 mice. All mice were immunized s.c. with the specific
peptide and ImC were administered at the time of immunization. Ten days later mice were
immunized s.c. with LPS activated DCs generated from control C57BL/6 mice. DCs were
loaded in vitro with either specific (SIY) or control (QL9) peptides. Seven days after the
immunization with DCs, LN were isolated and cells were re-stimulated with specific or control
peptides. Control mice (no ImC administration) immunized with specific SI'Y peptide retained
strong response to this specific peptide 17 days after initial immunization. Mice that received
Gr-1* ImC and immunized with control DCs (QL9) had very low level of T-cell response to
the specific peptide indicating the persistence of T-cell tolerance in these mice (Fig. 4C).
However, immunization of mice with DCs loaded with the specific peptide completely restored
antigen-specific T-cell response. This data indicate that at least in this model T-cell tolerance
could be overcome with activated DCs.

Naturally arising CD4*CD25* regulatory T cells (Tyeg) play an important role in induction and
maintenance of T-cell tolerance. It was reported that their presence is increased in tumor-
bearing hosts (rev. in (18). We investigated whether ImC could induce Tyeq. The main
functional characteristic of Tyeq is their ability to suppress other T cells. T cells were isolated
on day 9 after adoptive transfer of ImC and were mixed together with naive syngeneic
splenocytes at different ratios. Cells were then stimulated with anti-CD3/CD28 mAb. Even at
1:1 ratio T cells from ImC treated (tolerized mice) mice did not affect anti-CD3/CD28
antibodies-induced proliferation of syngeneic T cells (Fig. 4D). Similar results were obtained
with cells isolated on day 4 after adoptive transfer (data not shown). Furthermore, no
differences were found in the presence of CD4*CD25* T cells in spleens of control or tolerant
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mice (Fig. 4E). Taken together these data argue against the possibility that ImC might induce
tolerance via up-regulation of T

Gr-1* myeloid cells induce tolerance to tumor-associated antigens in tumor-bearing mice

The important question is whether the above described findings are directly relevant to the
situation in tumor-bearing mice. First, we investigated whether ImC can migrate to a tumor
site. Tumor-bearing mice derived ImC were labeled with cell tracker orange CMTMR and
injected intravenously into syngeneic EL-4 tumor-bearing mice. Brightly fluorescent ImC were
readily detectable in tumor tissues 16 hr after administration (Fig. 5A). Their number slightly
decreased with time from 9.4 cells per field after 16 hr to 5.1 cells after 48 hr (Fig. 5A). Next,
we tested the ability of ImC to pick up soluble protein. OVA protein, conjugated with FITC
was injected i.p. to EL-4 tumor-bearing mice. Two hours later, a significant proportion (>70%)
of Gr-1*CD11b* ImC in spleens became FITC positive, indicating that they were able to take-
up soluble OVA (Fig.5B).

The ability of Gr-1* myeloid cells to pick up and process TAA in vivo was addressed using
tumors containing model antigen. EG-7 tumor cells derived from EL-4 lymphoma by stable
transfection with OV A or parent EL-4 tumor cells were inoculated s.c. into C57BL/6 mice.
Two weeks later when tumor size reached 1-1.5 cm in diameter APC in spleens and LN were
analyzed using flow cytometry. The proportion of the cells expressing OVA-derived epitope
was calculated within the populations of CD11¢* DCs, F4/80" macrophages, or
Gr-1*CD11b* ImC using 25-D1.16 antibody that recognizes H2-KP-OVA,s57_564 complex. In
EG-7 tumor-bearing mice about 5% of ImC in spleen and about 14 % in LN were recognized
by 25-D1.16 antibody (Fig. 5C and D). Considerably higher proportion of F4/80* and
CD11c* cellsin spleens of EG-7 tumor-bearing mice expressed OVA-derived epitope, whereas
in LN their proportion was at the same level as of ImC (Fig. 5D). This data indicates that ImC
can capture and process TAA. Gr-1* cells isolated from spleens of EL-4 or EG-7 tumor-bearing
mice were injected i.v. into immunized mice as described in Fig. 2A. The response of LN cells
to the specific peptide was evaluated 24 hr later. ImC cells isolated from EL-4 tumor-bearing
mice did not affect SIINFEKL-specific CD8*T-cell response, whereas ImC cells isolated from
EG-7 mice almost completely abrogated that response (Fig. 5E). These data indicate that ImC
in tumor-bearing mice can process TAA and suppress single epitope-specific T cells.

Effect of ImC on tumor growth

We asked whether spontaneous tumor rejection could be associated with accumulation of ImC.
In these experiments we used methylcholantrene-induced (MethA) sarcoma, which if
inoculated at cell dose less than 3x10° per mouse is characterized by a significant rate of
spontaneous rejection (> 30% of mice usually reject tumor within 10 days after tumor
inoculation). Our experiments demonstrated close association between tumor rejection and
accumulation of ImC (Fig. 6A, B). On day 12 after tumor inoculation mice with progressing
tumor had significantly higher level of ImC than mice with regressing tumors (Fig. 6B). As
was shown in previous studies accumulation of ImC became significant on relatively late stages
of tumor growth. What effect ImC may have during early stages of tumor growth? MethA
sarcoma or CT-26 colon adenocarcinoma cells were inoculated s.c. into BALB/c mice. On day
5, when tumors became palpable mice were injected i.v. with 4x108 unmodified Gr-1¥ImC. In
tumor-bearing mice ImC are generated in bone marrow and spleens and migrate to tumor site
via circulation. Therefore ImC were administered not to the site of tumor but intravenously.
ImC isolated from CT-26 tumor-bearing mice were transferred into MethA sarcoma-bearing
mice and vice versa. Tumor-bearing mice that have received PBS comprised control groups.
Within a week after ImC administration differences in tumor size became statistically
significant and 10 days after ImC administration the tumor size in mice that received ImC was
more than 3-fold larger than in control mice (Fig. 6C,D). The differences became smaller one
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week later, apparently because of accumulation of endogenous ImC in control tumor-bearing
mice. These data indicate that ImC from circulation can promote tumor growth in different
tumor models.

Discussion

Studies during recent years provide clear understanding that host immunity plays a significant
role in control of tumor development and progression(1,19). At the same time, tumor has
developed elaborate mechanisms to avoid recognition and elimination by the immune system
(20). Altered function of antigen-specific T cells is one of the major factors responsible for
tumor escape. T cell ignorance apparently plays the most critical role at early stages of tumor
development (21,22), whereas acquired CD4* and CD8™" T-cell tolerance to TAA is more
prominent at later stages(2,3,23-27). Previous studies have established that induction of
CD4* T-cell tolerance in cancer requires tumor antigen capture and processing by bone
marrow-derived APCs (3,28). However, the nature of these cells remained unknown. Here, we
focused on recently a defined population of Gr-1*CD11b* myeloid cells. They exerted
immunosuppressive activity in different in vitro tests and their removal from tumor-bearing
hosts improved immune response (8,10,12-14,16,29-31). Suppressive activity of freshly
isolated ImC was limited to CD8* T cells and mediated via MHC class | primarily due to the
fact that in a number of tumor models ImC don’t express MHC class Il (12,32). These facts
form a basis for our hypothesis that tumor-induced CD8*T cell-tolerance might be mediated
by Gr-1* ImC.

Testing this hypothesis represented a technical challenge since presence of tumors stimulate
generation of ImC and affect APC, which would make analysis of the role of the specific cell
populations very difficult. Gr-1* cells are part of a normal pathway of myeloid cell
differentiation and elimination of these cells with anti-Gr-1 antibody would affect this process
with the consequences that will be hard to interpret. Use of pharmacological agents like all-
trans-retinoic acid resulted in only partial elimination of these cells(16). Therefore, we selected
the model that utilizes tumor-free mice after adoptive transfer of transgenic T cells and ImC.
Our previous studies have shown that LN from tumor-bearing mice contained substantial
proportion of Gr-1* ImC. In contrast, ImC differentiate into macrophages or DCs within 5 days
after their transfer into congeneic tumor-free recipient (7) and Gr-1*CD11b* ImC were
undetectable in LN ((7) and data not shown). This provides us with the opportunity to assess
antigen-specific immune response in LN without the presence of ImC.

Our experiments using adoptive transfer of OT-1 and 2C transgenic T-cells into tumor-free
recipients have demonstrated that administration of tumor-derived ImC dramatically inhibit
CD8™ T cell response to the specific antigen. This effect was observed 10 days after the
administration of specific peptide and ImC, when ImC were no longer present during the in
vitro re-stimulation of CD8*T cells. This non-responsiveness was antigen-specific and
restricted to MHC class . Taken together these data indicate that ImC induced CD8* T-cell
tolerance. CD8™ T cells retained the ability to respond to non-specific stimulus (anti-CD3
antibody) and to stimulation with functionally competent specific antigen-loaded DCs. These
data indicate that ImC induce state of anergy in antigen-specific T cells.

Gr-1* myeloid cells from tumor-free mice have failed to produce this effect. This was consistent
with previous observations in vitro where T-cell suppressive activity was restricted only to
ImC derived from tumor-bearing but not from control mice(32). One of the possible
mechanisms of this effect could be that ImC from tumor-bearing mice have higher arginase |
activity and produce substantially higher level of ROS than their control counterparts (32).
Important role of ROS in T-cell defects has been demonstrated previously (33,34). Several
studies demonstrated an important role of arginase | in immune suppression by myeloid cells,
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which is mediated by depletion of L-arginine (35-37). Both ROS and L-arginin depletion can
down-regulate CD3( expression, which is critically important for signaling in T-cells.(33,38).
It also may affect a down-stream adaptor proteins mediating T-cell signaling like ZAP-70 or
p56!°k. ROS can also affect the affinity of antigen-specific TCR. This could explain the
specificity of the tolerance induced by ImC. In addition to the effect of arginase | and ROS,
ImC may affect CD8" T cells via inhibitory molecules B7-H1, and B7-H4. In this study we
could not address all questions regarding the molecular mechanisms of ImC mediated T-cell
tolerance. All these potential mechanisms are subjects of ongoing investigation.

Our data with functional maturation of ImC indicate that their progeny did not render T-cells
unresponsive. It is important to point out that differentiation of ImC in tumor-bearing host is
different from that in naive mice(7). Therefore it was possible that the progeny of ImC in tumor-
bearing mice might have different functional features. We have specifically focused on
CD11c* DC population since DCs are most potent APC, the presence of immature DCs is
increased in tumor-bearing hosts (6), and recent data have demonstrated that immature DCs in
steady state loaded with antigen could induce T-cell tolerance in tumor-free host(17). We
isolated CD11c* DCs from tumor-bearing mice and immediately administered them to
immunized mice instead of ImC. We hypothesized that if tumor-associated DCs were able to
suppress T-cell response it would be detectable under these experimental conditions. However,
CD11c*DCs derived from tumor-bearing mice failed to induce T-cell tolerance or suppress T-
cell response in vivo. These experiments cannot completely rule out the possible role of DC in
the induction of tumor-associated CD8*T-cell tolerance. However, they indicate that direct
effect of DCs on induction of tolerance is not as strong as of ImC.

In this study activated DCs were used as a tool to overcome T-cell tolerance in the absence of
Gr-1* ImC. The fact that DCs can overcome T-cell tolerance is encouraging from the standpoint
of cancer immunotherapy. However, it underscores the important point that vaccination effort
in tumor-bearing hosts will not be fully successful until ImC will be eliminated or their presence
substantially reduced.

It is unlikely that TAA are presented to ImC in an already processed form. ImC probably
encounter those antigens in the form of soluble proteins or in association with dying tumor
cells. Our experiments with OV A-expressing tumor-bearing mice demonstrated that ImC were
able to migrate into tumor site, pick-up tumor associated antigens, process, and present epitopes
on the cell surface and induce antigen-specific T-cell non-responsiveness. These facts were
confirmed in two other tumor models (MethA sarcoma and CT-26 colon adenocarcinoma).
Previous studies have demonstrated that accumulation of ImC in these tumor-bearing mice did
not start until 10 days after tumor inoculation (7,32). We proposed that if our hypothesis is
correct then administration of ImC shortly after tumor inoculation should affect the rate of
tumor growth. And indeed ImC injected i.v. 5 days after s.c. inoculation of tumor significantly
increased tumor growth in mice. This difference starts disappearing after 2 weeks apparently
when accumulation of endogenous ImC took place.

Thus, this study, for the first time, has provided evidence in favor of a role of ImC in induction
of CD8*T cell tolerance in cancer. This not only helps to clarify the component responsible
for this important phenomenon but also suggests direct approach to overcome this tolerance
and improve the effect of cancer vaccines.
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Figure 1. Induction of CD8 T cell non-responsiveness by adoptive transfer of Gr-1* ImC derived

from tumor-bearing host.

A. Adoptive transfer model.
B. LN cells isolated from mice after adoptive transfer of OT-1 T cells were incubated in
triplicates in the presence of specific (SIINFEKL) (S.P.) or control (RAHYNIVTF) (C.P.)
peptides for 24 h. Number of IFN-y producing cells was scored in ELISPOT assay. Results
presented as MeanSD. Six experiments with the same results were performed.
C. Antigen specific IL-2 production. LN cells isolated from mice as described above were
cultured in the presence of specific or control peptide for 24 hr. Cells were then labeled with
anti-CD8-APC and anti-Valpha2- PE antibodies, and then, fixed, permeabilized and stained
with anti-IL-2-FITC antibody. The percentage of IL-2 positive cells amongst the CD8*Va2*
population is shown at the upper corner. Two experiments with the same results were

performed.

D. Antigen-specific proliferation. LN cells isolated from mice as described above were cultured
for 4 days in triplicates in U-bottom 96-well plates (10° cells per well) in the presence of 10
ug/ml of specific or control peptide. Eighteen hours prior harvesting 1 uCi 3H-thymidine was
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added in each well and radioactivity was measured on liquid scintillation counter. Results
presented as MeanzSD.

E. LN cells isolated from mice after adoptive transfer of 2C T cells were incubated in triplicates
in the presence of specific or control peptides for 24 h. Number of IFN-y producing cells was
evaluated in ELISPOT assay. Results presented as Mean+SD. Four experiments with the same
results were performed.

F. Cytotoxic activity in vivo. Splenocytes from syngeneic C57BL/6 mice loaded with
fluorescent dye CFSE were used as targets. One group of splenocytes was pulsed for 2 hr with
10 pg/ml of the specific peptide (SIINFEKL), washed and loaded with 10 uM CFSE. The other
group was pulsed with the control peptide (RAHYNIVTF) and loaded with 1 uM CFSE. Cells
were then mixed together at 3:1 ratio and injected i.v. into mice 10 days after immunization
and ImC administration as described in Fig. 1A. Thirty-six hours later spleens were collected
and CFSE positive cells were evaluated. Left peak on histogram reflects the population of
splenocytes pulsed with the control peptide, right peak — cells pulsed with the specific peptide.
Two experiments with the same results were performed.
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Figure 2. Antigen-specific nature of ImC mediated CD8*T-cell tolerance

T T T T
Wy A0 a0 B0 T000

A. Naive mice recipients of OT-1 T cells were immunized with SIINFEKL. Gr-1* cells were
isolated from spleens of EL-4 tumor-bearing mice, pulsed with specific or control peptides and
injected i.v. (3x10° cells) 8 days after immunization. LNs were collected 24 hr later. Cells were
re-stimulated with control or specific peptides and IFN-y production was evaluated in

ELISPOT assay. Actual results of one experiment are shown. Numbers represent average of

three wells. Three experiments with the same results were performed.

B. OT-1 transgenic T cells (H2P) were transferred to F1 hybrid (C57BL/6(H2°) x BALB/c
(H2%) mice. Three days later these mice have received Gr-1* cells from either EL-4 tumor-
bearing C57BL/6 mice (H2) or from MethA sarcoma-bearing BALB/c mice (H29) and at the
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same time were immunized with SIINFEKL peptide. After 10 days LN cells from these mice
were tested for production of IFN-y in response to specific or control peptide using ELISPOT
assay. Two independent experiments with the same results were performed.

C. OT-1T cells (3x106) were adoptively transferred into naive recipient mice. Two days later
these mice were injected with Gr-1* cells (3x106) from EL-4 tumor-bearing mice and
immunized s.c. with SIINFEKL peptide. Three days later LN cells were collected and
stimulated with control or specific peptide as described in Fig. 1B. The number of IFN-y
producing cells was evaluated in ELISPOT assay.

D. OT-1 T cells (3x108) were adoptively transferred into naive recipient mice. Two days later
these mice were injected with Gr-1* cells (3x106) from EL-4 tumor-bearing mice and
immunized s.c. with SIINFEKL peptide. Three days after immunization mice were injected
i.p. with Img of BrdU. The next day regional LNs of immunized mice were isolated and cells
were stained with anti-CD8-APC antibody, anti-Valpha2-PE antibody, anti-BrDU-FITC
antibody and 7 AAD. CD8+Valpha+ cells were gated (left two panels) and BrDU positive
proliferating cells were evaluated (gate # 1 in two right panels).

E. OT-1T cells (3x10%) were adoptively transferred into naive recipient mice. Two days later
these mice were immunized s.c. with SIINFEKL peptide. Gr-1* ImC isolated from EL-4 tumor-
bearing mice were loaded (2 hr incubation at 37°C) with control (C.P.) or specific (S.P.)
peptides, washed and then injected i.v. (3x10° cells). Three days later LN cells were collected
and the number of IFN-y producing cells was evaluated in ELISPOT assay.

F. After adoptive transfer of OT-1 cells mice were immunized with either s.c. injection of
specific peptide (SIINFEKL) with IFA or with 2x10° DCs pulsed with specific peptide. ImC
(3x10° cells) were injected i.v. at the time of immunization. LN were collected 10 days after
immunization and cells were stimulated with control or specific peptides as described above.
The number of IFN-y producing cells was measured in ELISPOT assay. To simplify the
presentation of the data the values of IFN-y producing cells after stimulation with control
peptide were subtracted from the values of IFN-y producing cells after stimulation with specific
peptide.
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Figure 3. The nature of cells responsible for ImC mediated CD8" T cell tolerance

A. Experiments were performed as described in Fig. 1A. Gr-1* cells were isolated from spleens
of naive tumor-free mice or EL-4 tumor-bearing mice. CD11c™ cells were isolated from spleens
of EL-4 tumor-bearing mice. Ten days later LN cells were isolated, re-stimulated with specific
(S.P.) or control (C.P.) peptide and the number of IFN-y producing cells was analyzed by
ELISPOT assay. Results presented as Mean=SD. Two experiments with the same results were
performed.

B. OT-1T cells were transferred i.v. into naive C57BL/6 mice. Mice were immunized with
SIINFEKL. CD11c™ cells were isolated from EL-4 tumor-bearing mice, pulsed with the
specific peptide, and administered i.v. into mice 8 days after immunization. LN cells were
collected 24 hr later and stimulated with either control or specific peptide. The number (Mean
+ SD) of IFN-y producing cells per 10% LN cells is shown.

C. Gr-1* cells isolated from tumor-bearing mice were transferred first into naive recipient mice.
Three days later these mice received OT-1 T cells and 2 days after that, mice were immunized
with SIINFEKL peptide. LN cells were collected 10 days after immunization and were re-
stimulated with control or specific peptides and the number of IFN-y producing cells was
analyzed in ELISPOT assay. Results presented as Mean+SD.
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Figure 4. The mechanisms of CD8" T-cell tolerance induction by ImC

A. Adoptive transfer of OT-1 cells, Gr-1* cells and immunization with peptide was done as
shown above in Fig.1A. LN cells were isolated on day 10 after immunization and percentage
of antigen-specific CD8*Valpha2* T cells was determined by flow cytometry. A representative
experiment of three performed is shown.

B. Adoptive transfer of OT-1 cells, Gr-1+ cells and immunization with peptide was done as
shown in Fig.1A. Draining LNs were re-stimulated in vitro with specific (S.P.) or control (C.P.)
peptides (10 pg/ml) or anti-CD3 antibody (1ug/ml) for 48 h. Production of IFN-y was measured
using intracellular staining within antigen-specific CD8*Va2* T cells. Typical results of one
of two performed experiments are shown.

C. 2C T cells (3 x 10%) were adoptively transferred i.v. into naive C57BL/6 recipients followed
by 3 days later immunization with 2C specific peptide SIYRYYGL (100 pg) and injection of
Gr-1* cells (3 x 105) from EL-4 tumor-bearing mice. DCs generated in vitro from control
C57BL/6 mice were activated with LPS, pulsed with either specific (SIY) or control (QL9)
peptides, and injected s.c. (4x10°) into mice 10 days after first immunization. In 7 days after
that mice were sacrificed, LN cells isolated and re-stimulated with specific (S.P.) or control
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(C.P.) peptides. The number of IFN-y producing cells was measured by ELISPOT. Results
presented as MeanzSD.

D. T cells isolated from OT-1 mice were transferred i.v. into naive C57BL/6 mice. Mice were
immunized with SIINFEKL together with the transfer of Gr-1* isolated from spleens of EL-4
tumor-bearing mice. Ten days later LN cells were collected and T cells were isolated and added
in triplicates at indicated ratio to 10° splenocytes isolated from naive mice and incubated for
4 days with 0.5 pg/ml anti-CD3 antibody and 0.1 pg/ml anti-CD28 antibody. Cell proliferation
was evaluated using 3H-thymidine uptake. Results presented as MeanSD. Control T cells —
T cells isolated from immunized mice without transfer of Gr-1*ImC, tolerized T cells — T cells
isolated from mice after adoptive transfer of Gr-1* cells.

E. Adoptive transfer of OT-1 cells, Gr-1* cells and immunization with peptide was done as
shown in Fig.1A. LN cells were isolated on day 9 after immunization and percentage of
CD4*CD25* cells was determined by flow cytometry. Typical results of one of two performed
experiments are shown.
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Figure 5. ImC ability to induce CD8" T-cell tolerance in tumor-bearing mice

A. Cell detection in tumor tissues. Gr-1* cells were labeled with 20 uM cell tracker orange 5-
(and-6)-(((4-chloromethyl) benzoyl) amino) tetramethylrhodamine (CMTMR, Molecular
Probes, Eugene, OR) and then injected (5x108/mouse) intravenously. Tumor tissues were taken
out at different time points and snap-frozen in tissue freezing media (Triangle Biomedical
Sciences, Durham, NC) at —80 °C. Frozen tissue sections were examined by fluorescence
microscopy using a 540 nm filter. Labeled cells were counted in 10 fields at the total
magnification x200.

B. ImC take up soluble protein in vivo. Tumor-bearing mice were injected i.p. with 0.5 mg of
OVA-FITC. Two hours later spleens were isolated and percentage of OVA-positive cells was
determined within Gr-1*CD11b* population of ImC. Typical results of one of two performed
experiments are shown.
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CandD. C57BL/6 mice were inoculated s.c. with EG-7 or parent EL-4 tumor cells. Two weeks
later when tumor reached 1.5 cm in diameter spleens and LNs were isolated and used in further
experiments. B, C. Splenocytes and LN cells were stained with anti-Gr-1-APC and CD11b*-
PE antibodies (Gr-1*), anti-CD11c-APC antibody (CD11c*), or anti-F4/80 antibody
(F4/80™) in combination with anti-OVA 25-D1.16 antibody followed by staining with anti-
mouse 1gG-FITC. OVA-epitope positive cells were calculated after subtraction of the
proportion of cells stained positive with isotype control IgG from cells stained positive with
25-D1.16 antibody. C. The result of typical experiment is shown (splenocytes). D. The
proportion of OVA positive cells was calculated within each population of cells. Three
experiments with similar results were performed.

E. Recipients of OT-1 cells were immunized with SIINFEKL as described above. Gr-1* cells
were isolated from spleens of EL-4 or EG-7 tumor-bearing mice and these non-manipulated
cells were injected into mice 8 days after immunization. As positive control Gr-1* cells isolated
from EL-4 tumor-bearing mice and pulsed with specific peptide were used. LN cells were
collected 24 hr later and re-stimulated in triplicates with control (C.P.) or specific (S.P.) peptide.
The number of IFN-y producing cells was calculated per 10% LN cells.
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Figure 6. Effect of ImC on tumor growth

A. MethA sarcoma cells were inoculated s.c. (3x10° cells per mice) into 12 BALB/c mice.
Tumor volume was monitored as indicated and calculated as follows: Tumor Volume= 0.5
(length) (breadth) (breadth). Five mice eventually rejected tumor (regressing MethA) and 7
had progressing tumor (progressing MethA). Tumor size for each group was traced back to
day 6 after tumor inoculation.

B. Splenocytes were labeled with anti-Gr-1-APC and anti-CD11b-PE antibodies and the
percentage of double-positive cells was evaluated by flow cytometry. Background level of
Gr-1*CD11b* ImC was established in naive tumor-free mice (designates as day 0). On day 6
after MethA sarcoma inoculation the presence of ImC was evaluated in 6 mice. All mice
showed the same slightly elevated level of ImC. On day 12, mice were split into two groups
(with progressing and regressing tumors). Three mice per group were evaluated. The same
groups were analyzed on day 25.

C and D. MethA sarcoma cells (C) or CT-26 tumor cells (D) (both 5x10° cells per mouse)
were inoculated s.c. into BALB/c mice. Five days later mice were split into two groups (4 mice
per group for each tumor model) with equal tumor volume. Control groups have received i.v.
injection of 0.2 ml PBS, Gr-1 groups have received 4x108 Gr-1* ImC derived either from
CT-26 tumor-bearing mice (injected into MethA sarcoma-bearing mice) or from MethA tumor-
bearing mice (injected into CT-26 tumor-bearing mice). Tumor volume was monitored as
indicated. Mean + SD are shown.

J Immunol. Author manuscript; available in PMC 2006 October 1.



