
CD122+CD8+ Treg suppress vaccine-induced antitumor immune
responses in lymphodepleted mice

Li-Xin Wang1,2,3, Yuhuan Li1, Guojun Yang1, Pui-yi Pang1, Dan Haley4, Edwin B. Walker4,
Walter J. Urba5, and Hong-Ming Hu1,3

1Laboratory of Cancer Immunobiology, Earle A. Chiles Research Institute, Providence Portland
Medical Center, Portland, OR, USA
2Department of Microbiology and Immunology, Medical School of Southeast University, Nanjing,
Jiangsu, P. R. China
3Cancer Research and Biotherapy Center, The Second Affiliated Hospital of Southeast University
Nanjing, Jiangsu, P. R. China
4Laboratory of Immunological Monitoring, Earle A. Chiles Research Institute, Providence Portland
Medical Center, Portland, OR, USA
5Robert W. Franz Cancer Center, Earle A. Chiles Research Institute, Providence Portland
Medical Center, Portland, OR, USA

Abstract
Lymphodeleption prior to adoptive transfer of tumor-specific T cells greatly improves the clinical
efficacy of adoptive T-cell therapy for patients with advanced melanoma, and increases the
therapeutic efficacy of cancer vaccines in animal models. Lymphodepletion reduces competition
between lymphocytes, and thus creates “space” for enhanced expansion and survival of tumor-
specific T cells. Within the lymphodepleted host, Ag-specific T cells still need to compete with
other lymphocytes that undergo lymphopenia-driven proliferation. Herein, we describe the relative
capacity of naïve T cells, Treg, and NK cells to undergo lymphopenia-driven proliferation. We
found that the major population that underwent lymphopenia-driven proliferation was the CD122+

memory-like T-cell population (CD122+CD8+ Treg), and these cells competed with Ag-driven
proliferation of melanoma-specific T cells. Removal of CD122+CD8+ Treg resulted in a greater
expansion of tumor-specific T cells and tumor infiltration of functional effector/memory T cells.
Our results demonstrate the lymphopenia-driven proliferation of CD122+CD8+ Treg in
reconstituted lymphodepleted mice limited the antitumor efficacy of DC vaccination in
conjunction with adoptive transfer of tumor-specific T cells.
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Introduction
Due in large part to the limited expansion and survival of vaccine-induced tumor Ag-
specific T cells, active specific immunotherapy of tumor-bearing hosts with tumor vaccines
has generally been ineffective [1]. Therefore, a major goal of current T-cell based
immunotherapy protocols is to induce a large number of tumor-specific T cells capable of
mediating regression of established tumors and maintaining long-term memory to prevent
tumor recurrence. Lymphodepletion has been recently demonstrated to facilitate the
expansion and survival of therapeutic, adoptively transferred in vitro-expanded T cells,
which induced tumor regression in patients with melanoma (see review in [2]).
Concurrently, we and others have demonstrated that vaccination induced a dramatic
expansion of tumor-specific T cells, and improved the efficacy of active immunotherapy in
reconstituted lymphodepleted mice [3–7]. While lymphopenic conditioning has been shown
to benefit antitumor immunity, and aids in the establishment of the T-cell repertoire in
neonatal mice [8], it was detrimental for transplant tolerance [9], and precipitated the
development of autoimmune disease [10].

Homeostatic proliferation, or more precisely, lymphopenia-driven proliferation of
lymphocytes in irradiated or lymphocyte-deficient mice, is a well-studied phenomenon (see
review [11]). Both cytokines, IL-7 and IL-15, and self-MHC/peptide ligands are required for
the maintenance of the relatively stable size of the naïve and memory-like-cell pools in
normal lymphoreplete mice, and for the spontaneous T-cell proliferation observed in
lymphodepleted mice in the absence of exposure to exogenous Ag. However, the
proliferation of naïve and memory T cells in lymphodepleted mice is regulated differently;
homeostasis of naïve CD8+ T cells is regulated by IL-7 and self-MHC/peptide ligands,
whereas homeostasis of memory-like CD8+ T cells is MHC-independent, and controlled by
both IL-7 and IL-15. In addition to lymphopenia-driven proliferation, the co-transfer of a
small number of Ag-specific TCR transgenic T cells into irradiated mice following Ag
exposure resulted in a dramatic expansion of Ag-specific T cells [12]. Our recent published
data also demonstrated Ag-induced proliferation of melanoma-specific T cells in
lymphodepleted hosts, and showed that both Ag-induced expansion and lymphopenia-driven
proliferation of non-Ag specific T cells were IL-7 dependent [6]. The more rapid expansion
of Ag-activated T cells enabled them to outpace the lymphopenia-driven proliferation of
non-Ag specific T cells during the first 2 wk of immune reconstitution, but contraction
followed. The contraction was presumably due to the suppression mediated by Treg [13–
15], or competition with other lymphocyte subsets that undergo delayed proliferation driven
by the lymphopenic condition [16].

The disruption of T-cell homeostasis leads to profound changes in programs of T-cell
activation, differentiation, and survival. Different programming might promote or dampen
T-cell reactivity to Ag [17, 18]. Thus, it is critically important to determine how to set the T-
cell regulating programs and determine what underlying mechanisms promote the
development of effective antitumor immunity during immune reconstitution in
lymphodepleted hosts. Various investigators have provided data to suggest that improved
activation of T cells may be the result of elimination of Treg, creation of space, or removal
of cytokine sinks [7, 19]. However, the relative contribution of these mechanisms needs to
be further characterized. In this report, we carefully assessed the effect of lymphopenia-
driven proliferation of different subsets of lymphocytes on the concomitant Ag-driven
proliferation of melanomas-specific T cells, and the antitumor efficacy of adoptive T-cell
therapy in melanoma-bearing mice.
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Results
Combined CD25/CD122 depletion improved antitumor immune response

We have previously documented that vaccination with peptide-pulsed DC induced a rapid
and large expansion of melanoma-specific T cells in lymphodepleted mice that was followed
by a delayed lymphopenia-driven proliferation of co-transferred polyclonal naïve spleen
cells [6]. We hypothesized that the delayed proliferation of co-transferred spleen cells could
reduce the maximum expansion of tumor-specific T cells, and thus limit the therapeutic
activity of adoptively transferred T cells. First, we mixed titrated numbers of pmel-1 spleen
cells together with 10 million WT spleen cells before adoptive transfer to identify the
minimal number of pmel-1 needed to be able to measure quantitatively adequate numbers in
blood after vaccination with peptide-pulsed DC (Supporting Information Fig. 1). We found
that 104 was the optimal number of pmel-1 spleen cells that could be mixed with 107 WT
spleen cells. Compared with WT spleen cells, donor spleen cells from IL-15 KO mice has a
significantly less suppressive effect on the primary response of pmel-1 T cells to peptide-
pulsed DC than spleen cells from WT mice (Supporting Information Fig. 2). The
suppression mediated by co-transfer of WT spleen cells was even more dramatic when the
secondary response of pmel-1 T cells to DC vaccination was measured. Surprisingly, the co-
transfer of spleen cells from IL-15 KO mice did not suppress but increased the secondary
response of pmel-1 T cells. IL-15 KO mice are known to have deficient numbers of
CD122+CD8+ memory-like (sometimes referred to as “memory-phenotype” or “innate”) T
cells, NK, and NKT cells, but have sufficient numbers of CD25+CD4+ Treg (see review
[11], and Supporting Information Fig. 2), suggesting that lymphocytes other than
CD25+CD4+ Treg played the key suppressive role in our model. Consistent with this notion,
CD122+CD8+ memory-like cells constituted the major population of lymphocytes that
underwent lymphopenia-driven proliferation when adoptively transferred into sub-lethally
irradiated mice (Supporting Information Fig. 3).

To substantiate our initial observations and determine the effect of CD122 depletion on the
therapeutic efficacy of adoptive T-cell therapy in lymphopenic mice, we treated mice
bearing 6-day subcutaneous F10 tumors with irradiation, followed by adoptive transfer of
104 pmel-1 spleen cells and 107 congenic spleen cells with or without prior depletion of
CD122+ cells, and vaccination with peptide-pulsed DC. The absolute numbers of pmel-1,
congenic, and host T cells in the blood were enumerated at different intervals after
vaccination. We found that depletion of CD122+ cells doubled the number of pmel-1 T cells
found in the blood of vaccinated mice 2 wk after vaccination (Fig. 1A), and there was no
recovery of congenic T cells when CD122+ cells were depleted (Fig. 1B). CD122+

lymphocytes rather than CD122− cells were the primary lymphocyte subpopulation that
underwent lymphopenia-driven proliferation. In contrast, host T-cell recovery, which is
reflected by the thymic output of naïve T cells, did not differ in recipients of CD122-
depleted and non-depleted T cells. Most importantly, depletion of CD122+ lymphocytes
resulted in a greater antitumor efficacy (Fig. 1C and D). Depletion of CD122+ cells from
congenic donor spleen cells led to a significantly longer delay of tumor growth and an
increase in median survival of tumor-bearing mice (from 38 days to 58 days). Moreover,
35% of mice receiving CD122-depleted cells were rendered tumor-free and survived more
than 80 days; whereas, none of tumor-bearing mice that underwent adoptive transfer of
undepleted congenic spleen cells and pmel-1 T cells survived. In addition, co-transfer of
CD122-depleted spleen cells exhibited no effect on the tumor-growth and survival of
melanoma-bearing mice after treatment with transfer of pmel-1 T cells and DC vaccination
(Supporting Information Fig. 4), further supporting the notion that CD122+ cells were the
major suppressor cells in naïve spleens. Since CD122+CD8+ T cells that functioned as Treg
have been described in autoimmune disease models (see review [20]), we will hereafter refer
to these cells as the CD122+CD8+ Treg.
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Combined CD25/CD122 depletion enhanced expansion and survival of memory pmel-1 T
cells

The beneficial antitumor effects that follow depletion of CD4+CD25+ natural Treg have
been well described [21]. We sought to determine whether depletion of CD122+CD8+ Treg
in addition to CD4+CD25+ natural Treg would further enhance the expansion and survival of
pmel-1 T cells. Since NK cells and NK T cells were the other major CD122+ populations,
their contribution to immune regulation was also investigated. Spleen cells from WT mice
were subjected to depletion of CD25+ cells alone, CD25+ and NK1.1+ cells, and CD25+ and
CD122+ T cells using magnetic beads. As expected, depletion with anti-CD25 or NK1.1
antibodies resulted in near-complete disappearance of cells expressing CD25 or NK1.1,
respectively. NK depletion resulted in elimination of both NK and NKT cells, while the
CD122+ non-NK1.1 expressing cells remained. CD122− depletion resulted in near complete
elimination of both NK1.1+ cells and CD8+CD122+ T cells (Fig. 2A). At wk 4 after
vaccination, depletion of CD25+ cells from naïve spleen before adoptive transfer had no
effect on the number of pmel-1 T cells in blood (13% of CD8+ T cells) or spleen (400/106

spleen cells) (Fig. 2B and C). However, CD25- and CD122-depleted mice also exhibited a
pronounced increase in the number of endogenous peptide-specific T cells, identified by
hgp9-Db tetramer staining (GFP-tetramer+) (Fig. 2B). In addition, 7% of total CD8+ T cells
in the blood of mice with CD25 and CD122 depletion were positive for hgp9-tetramer+

GFP−, compared with 2 or 3% of CD8+ T cells in the control or CD25 only depletion group.
Thus, the removal of CD122+ cells in addition to CD25+ cells led to expansion of both
transgenic pmel-1 T cells and non-transgenic peptide-specific T cells. Four weeks after
adoptive transfer the number of pmel-1 T cells in the spleen of mice from the CD25 and
CD122 depletion group was threefold greater than in the control or CD25 depletion group
(Fig. 2C). The function of pmel-1 T cells found in spleens among all three groups of mice
was comparable as demonstrated by a similar production of IFN-γ upon ex vivo stimulation
with peptide (Fig. 2D). Taken together, these experiments showed that lymphopenia-driven
proliferation of CD4+CD25+ and CD122+CD8+ T cells negatively regulated proliferation of
Ag-specific pmel-1 T cells and non-transgenic T cells in lymphodepleted mice.

Combined CD25/CD122 depletion improved survival and enhanced tumor infiltration by
pmel-1 T cells

The effect of the removal of different subsets of lymphocytes on the antitumor efficacy of
vaccination in lymphodepleted tumor-bearing mice was assessed in mice bearing 6-day
established subcutaneous B16F10 tumors. Ten million WT congenic spleen cells depleted or
non-depleted were adoptively transferred into irradiated mice with 104 naïve pmel-1 spleen
cells, and were subsequently followed by three weekly vaccinations with peptide-pulsed DC.
The absolute numbers of pmel-1 T cells from wk 1–4 after adoptive transfer was determined
(Fig. 3A). Compared with the non-depleted control group, CD25 depletion increased the
number of pmel-1 T cells only at wk 2, whereas depletion of both CD25 and NK cells
increased the number of pmel-1 T cells on both wk 1 and 2. As shown for pmel-1 T cell
numbers in mice with single depletion of CD122 (Fig. 1A), the number of pmel-1 T cells at
wk 3 or 4 in mice subjected to CD25 alone or CD25 and NK double depletion did not differ
from mice that received undepleted naïve spleen cells (Fig. 3A). However, the number of
pmel-1 T cells in tumor-bearing mice gradually increased until wk 3, whereas mice that
received CD25 alone, or CD25 and NK double depletion contrasted similarly to control
mice at wk 3 despite being vaccinated at wk 2. Thus, our data indicated that CD25 or NK
depletion acted on the early expansion phase of pmel-1 T-cell proliferation, while CD122
depletion acted on late phases of T-cell survival to enable persistent expansion of pmel-1 T
cells. Depletion of CD25 and CD122 expressing cells acted synergistically in this model to
augment the expansion and survival of tumor-reactive T cells after vaccination.
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When 104 pmel-1 spleen cells (approximately 2000 pmel-1 hgp100-specific CD8+ T cells)
were adoptively transferred together with untreated congenic spleen cells, a small but
significant delay of tumor growth occurred (Fig. 3B). CD25 depletion further retarded tumor
growth and also prolonged median survival. Depletion of CD122+ cells, but not NK cells,
combined with CD25- depletion to result in a much greater delay of tumor growth and
prolonged survival of mice. Only mice reconstituted with CD25- and CD122-depleted
congenic spleen cells exhibited tumor-free survival more than 90 days after tumor
inoculation (Fig. 3C). These results further demonstrated that CD122+CD8+ T cells were the
other major population of Treg that inhibited vaccine-induced proliferation of pmel-1 T cells
and antitumor efficacy in lymphodepleted tumor-bearing mice. Next, we examined the effect
of depletion on the relative infiltration of tumors with GFP+ pmel-1 T cells (Fig. 3D). The
highest percentage of pmel-1 T cells (12%) was observed when the co-transferred cells were
depleted of both CD25+ and CD122+ cells. In the absence of direct imaging, it is difficult to
know whether increased infiltration of pmel-1 T cells resulted from increased trafficking or
increased expansion of pmel-1 T cells in situ after removal of CD25+ and CD122+ cells.

We sought to test whether multiple DC vaccinations at short intervals could lead to
sustained Ag-induced proliferation in lymphodepleted mice. Mice were vaccinated with
peptide-pulsed DC on days 6, 9, 12, and 19 post tumor injection. Tumor-bearing mice were
irradiated 6 days after tumor injection and reconstituted with 104 naïve pmel-1 spleen cells
together with 107 congenic spleen cells, with or without CD25 and CD122 depletion (Fig.
4A). After multiple DC vaccinations, Pmel-1 T cells still contracted immediately when co-
transferred with undepleted spleen cells after the last vaccination. However, CD25 and
CD122 depletion led to a prolonged expansion and delayed contraction of pmel-1 T cells.
These results suggested that the suppression of tumor-reactive T cells mediated by CD25+

and CD122+ T cells could not be overcome by multiple vaccinations alone. Tumor-growth
in melanoma-bearing mice subjected to reconstitution with pmel-1 T cells together with
CD25- and CD122-double depleted spleen cells was significantly delayed compared with
mice that received pmel-1 T cells together with undepleted spleens (Fig. 4B).

To further characterize pmel-1 T cells in different organs, and in tumors, treated mice were
sacrificed on day 44. Spleen, blood, and tumors were collected for the analysis of the
abundance of pmel-1 T cells (Fig. 4C). The percentage of CD8+ T cells that were
GFP+(pmel-1 T cells) found in the spleen and blood or in the tumors of mice reconstituted
with depleted spleen cells was double that of mice reconstituted with undepleted spleen
cells. The majority (around 67%) of pmel-1 T cells, and a significant fraction of non-pmel-1
T cells found in the spleen produced IFN-γ (Fig. 4D), with or without depletion. Thus,
pmel-1 T cells in peripheral tissues of tumor-bearing mice were functional effector/memory
T cells. However, depletion did increase the percentage of IFN-γ producing non-pmel-1 T
cells, primarily due to an increased frequency of peptide-specific T cells. A much lower
percentage of pmel-1 T cells (18%) found in tumors were able to produce IFN-γ as
compared with pmel-1 T cells found in spleens (62%). These results strongly suggested that
functional inactivation of pmel-1 T cells occurred locally in tumor sites. Interestingly, this
inactivation could be ameliorated by CD25 and CD122 depletion, which almost doubled the
percentage of IFN-γ-producing pmel-1 T cells from 18 to 34%. A much more dramatic
increase of IFN-γ-producing, peptide-specific non-pmel-1 T cells was found in tumors from
mice reconstituted with CD25- and CD122-depleted cells (5–23%). This could result from
both an increased frequency and functionality of these tumor-specific T cells in tumor sites
after depletion of Treg.
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Exogenous IL-7 reduced suppression and prolonged mice survival after reconstitution and
vaccination

Because both the expansion and survival of vaccine-induced pmel-1 T cells and
lymphopenia-driven proliferation of CD122+CD8+ T cells are IL-7 dependent [6], we sought
to determine whether administration of excess IL-7 would minimize the competition and
improve the proliferation and expansion of pmel-1 T cells. Tumor-bearing mice were
irradiated at day 6 and reconstituted with pmel-1 T cells together with congenic spleen cells
with or without CD25 and CD122 depletion. Vaccines were given at days 6 and 13 and
recombinant human IL-7 was administrated i.p. every day for 5 days. At 3 wk after adoptive
transfer, IL-7 administration resulted in marginal, but statistically insignificant, increase in
the percentage of pmel-1 T cells in the blood (from 15 to 18%). This number was higher in
the blood of mice that received co-transfer of CD25- and CD122-depleted naïve spleen cells
(24%). However, IL-7 did not further increase the number of pmel-1 T cells (from 24% to
25%) in mice that received CD25- and CD122-depleted spleen cells (Fig. 5A). Similarly,
non-transgenic hgp9-specific T cells were only slightly increased by IL-7 administration.
Despite the marginal increase of peptide-specific T cells, IL-7 administration did result in a
significant delay of tumor growth (Fig. 5B) and prolonged survival of tumor-bearing mice to
the same degree as that produced by depletion of CD25+ and CD122+cells (Fig. 5C). The
median survival for the IL-7 group and for the CD25 and CD122 double depletion group
was the same (48 days compared with 35 days in the control group). The addition of IL-7 to
CD25 and CD122 depletion did not further improve antitumor efficacy. These results
strongly suggested that consumption of IL-7 by CD122+ T cells may be one potential
limiting factor that restricts Ag-induced proliferation and expansion, and the functional
differentiation of pmel-1 T cells. The profound effect on the tumor growth by IL-7
administration is not simply caused by its effect on pmel-1 expansion or survival.

Discussion
A dramatic expansion of Ag-specific CD8+ T cells is usually observed during primary and
secondary infections [22, 23]; however, the same type of expansion is rarely seen during
tumor progression or after vaccination with tumor-associated Ag. There are too many
examples of early and late development of therapeutic cancer vaccines that end up in failure
[24]. One might argue that the meager, usually barely detectable, CD8+ T-cell response to
tumor Ag is the culprit, and active immunotherapy will be effective only when the antitumor
immune response achieves a level comparable to that seen following infection. In contrast to
the dismal success of active immunotherapy, adoptive immunotherapy with tumor-reactive
T cells after lymphodepletion has yielded exceptionally high rates of tumor regression in
patients with advanced melanoma [2]. Therefore, it is reasonable to think that therapeutic
cancer vaccines could be effective if the resulting expansion and persistence of tumor-
reactive T cells reach the levels of adoptive-transferred T cells in lymphodepleted hosts.
Previously, we and others demonstrated that vaccination during reconstitution of
lymphodepleted hosts enabled selective expansion from the polyclonal naïve T cell
repertoire and long-term survival of tumor-reactive T cells [3–7]. This novel active
immunotherapy strategy rekindled the interest in cancer vaccines and provides a strong basis
to combine active immunization with adoptive T-cell transfer.

Depletion of Treg and removal of cytokine sinks have been proposed as mechanisms to
explain the phenomena that results in the preferential expansion of Ag-specific T cells in the
lymphodepleted host [13–15]. Using the same tumor model and pmel-1 TCR transgenic T
cells, Restifo’s group showed that the preferential expansion of Ag-induced T-cell responses
was primarily due to the removal of γc responsive lymphocytes, including T cells and NK
cells, by lymphodepletion, which would effectively reduce their consumption of IL-7 and
IL-15 [7]. However, γc deficiency resulted in the complete absence of multiple lymphocyte
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subsets, and thus the relative contribution of different individual subsets was not addressed.
In this report, we used antibody depletion and reconstitution to show that CD4+CD25+ and
CD8+CD122+ T cells underwent lymphopenia-driven proliferation, and both populations
negatively regulated vaccine-induced expansion and survival of tumor-specific T cells.
Although NK cells, NKT cells, and γδ T cells also undergo lymphopenia-driven
proliferation, their effect on Ag-induced antitumor CTL responses is less pronounced than
that of CD4+CD25+ Treg and CD8+CD122+ Treg. We found that removal of CD4+CD25+

and CD122+CD8+ Treg led to a marked increase in the number and function of tumor-
infiltrating T cells, suggesting that Treg may also affect trafficking, secondary expansion of
tumor-specific T cells, and their functional differentiation in tumor sites. In an autoimmune
diabetes model, CD4+CD25+ T cells also appeared to diminish autoreactive T cells primarily
in the target organ [25].

The major finding of the current study was the identification of CD8+CD122+ Treg as
another, yet more potent, negative regulator of vaccine-induced expansion and survival of
tumor-specific T cells. During acute viral infection, both attrition of memory CD8+ T cells
and lymphopenia can be observed and may account for the dramatic expansion of virus-
specific CD8+ T cells [26, 27]. The rapid attrition of pre-existent memory-like CD8+ T cells
during viral or bacterial infection was thought to be due to the strong type I or II IFN
response invoked by viral or bacterial replication [28, 29]. The early attrition of memory-
like CD8+ T cells allows more room for the vigorous T-cell expansion and a more diverse T-
cell response. It is interesting that our rather serendipitous finding that lymophodepletion
enhanced antitumor immune responses [4] was an active strategy utilized by the immune
system to combat natural infection. This could also explain why the strong inflammatory
response to viral infection, which is missing during tumor progression, is critically important
for the rapid expansion of viral Ag-specific effector/memory T cells. Understanding the
mechanism by which viruses induce attrition of memory T cells could help us to induce a
higher level of antitumor CD8+ T cells without the need for the toxic methods currently used
solely for the purpose of lymphodepletion.

Earlier published work and our current study established that CD8+CD122+ Treg are the
major population that undergoes lymphopenia-driven proliferation. They may also serve a
regulatory function and prevent the development of dangerous self-reactive T cells in the
lymphodepleted mice and in the mouse models of EAE and Graves’ hyperthyroidism [20,
30–32]. Recent studies demonstrated the key role of IL-10 produced by CD8+CD122+ Treg
in their suppressive function [32–34]. The role of IL-10 in our model needs to be
determined. In lymphoreplete mice, CD8+CD122+ Treg and CD4+CD25+ Treg are
maintained primarily by IL-15 produced by DC [35] and IL-2 produced by naïve CD4+ T
cells, respectively [36]. Our data indicate that both IL-7 and IL-15 are required for the
maximum proliferation of CD8+CD122+ Treg in lymphodepleted mice (Supporting
Information Fig. 3). Only overexpression of IL-7 but not the normal levels of IL-7 found in
IL-15-deficient mice could rescue CD8+CD122+ Treg, strongly suggesting these Treg could
act as a cytokine sink in lymphodepleted mice [37, 38]. Recently, it was found that
CD8+CD122+ T cells with innate function are enriched in mice lacking the IL-2-inducible
T-cell kinase and primarily selected by on hemato-poietic cells in thymus [39–44]. The
innate T cells shared same memory T-cell markers with CD8+CD122+ Treg; however, it
remains to be determined whether they are functionally similar to NKT cells, i.e. they could
play a dual role in both innate immunity and as Treg.

Our study did not differentiate these cells from among all CD122+ T cells. A caveat of our
study pertains to the face we relied on the co-transfer of competing cell populations rather
than the depletion of endogenous CD122+ cells in a replete host – it was proved to be
impossible to deplete endogenous CD122+ cells without affecting expanded pmel-1 T cells
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that acquired CD122 after activation. Nevertheless, our results do suggest that regulatory
CD8+ cells impede the response of tumor reactive cells by competition for limiting
cytokines (especially IL-7).

Another interesting observation is that depletion of CD122+ cells from spleen cells co-
transferred with pmel-1 cells showed a dramatic effect on tumor growth (Fig. 3C). However,
depletion of CD122+ cells increased the number of pmel-1 cells only at the peak of
expansion (2 wk after tumor inoculation); no significant difference of pmel-1 cell number
was observed at 3–4 wk after tumor inoculation (Fig. 1A), when tumor growth was most
critically affected (Fig. 1C). This result indicates that there was not only a quantitative
change but also some qualitative change that occurred in pmel-1 cells, which was caused by
the depletion of CD122+ cells. Consistent with this notion, significantly more IFN-γ-
producing pmel-1 T cells and endogenous peptide-specific T cells were found in tumor sites
from mice that received CD25 and CD122 double depletion (Fig. 4D). This qualitative
change might be due to better differentiation of effector/memory T cells in tumor sites after
depletion of Treg. This result might not be readily explained by the disappearance of simple
competition for IL-7 between pmel-1 cells and CD122+ cells. However, our data did suggest
that a large amount of exogenous IL-7 (1 μg×10 times, Fig. 5) could mimic certain aspects
of CD25 and CD122 depletion. The administration of a super-physiological amount of IL-7
could have also resulted in other qualitative changes in pmel-1 cells.

Together with recent findings that CD122+CD8+ Treg can suppress autoimmunity in the
murine Graves’ hyperthyroidism and EAE model independent of lymphopenia-driven
proliferation [31, 32], our results indicate that, like CD25+CD4+ Treg, CD122+CD8+ Treg
are in fact another group of bona fide natural Treg, whose immune regulatory functions and
suppressive mechanisms are waiting to be exploited in the near future.

Materials and methods
Mice

Mice were purchased from the Jackson Laboratory (Bar Harbor, Main) and from Charles
River Laboratories (Wilmington, MA). Pmel-1 transgenic mice, Pmel-1 and GFP double
transgenic mice, and IL-15 knockout mice (IL-15−/− ) were described before [6]. All animal
protocols were approved by the Earle A. Chiles Research Institute Animal Care and Use
Committee.

DC preparation and loading of peptide
DC were generated and isolated as described previously [6]. Briefly, bone marrow cells
were isolated and cultured in complete media supplemented with murine GM-CSF (50 ng/
mL) for 8–10 days. Expanded cells were harvested and frozen in mulitple aliquots in LN2.
Frozen DC were rapidly thawed at 37°C and pulsed for 2–4 h at 37°C with 10 μg/mL of the
appropriate peptide in complete medium. In all experiments, the H-2Db-restricted human
gp100 (KVPRNQDWL; hgp-9) was used. Loaded DC were washed with PBS before
injection.

Immunotherapy of melanoma-bearing mice with irradiation, adoptive T-cell transfer, and
vaccination

The detailed immunotherapy protocol has been described elsewhere [6]. Briefly, C57BL/6
mice subcutaneously injected with B16F10 melanoma were subjected to whole body
irradiation (500 Gy) on day 5, and adoptively transferred with naïve spleen cells from mice
as indicated. In some experiments, CD25+ cells alone or together with NK cells or CD122+

cells (including T cells and NK cells) were depleted using biotin-conjugated anti-CD25,
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anti-CD122, or anti-NK1.1 antibodies and strepavidin-conjugated MACS MicroBeads
(Milenyi Biotec) before adoptive transfer into tumor-bearing mice (n=5–8 per group).
Adoptive transfer was followed immediately by s.c. vaccination with 1~2×106 DC pulsed
with hgp-9 peptide. In some experiments, additional DC vaccinations were administrated at
indicated intervals. Tumor size was measured three times a week, and mice were sacrificed
when one diameter exceeded 150 mm. All experiments were carried out in a blinded and
randomized fashion. In some experiments, IL-7 was blocked by injection of mice with 1 mg
purified monoclonal anti-IL-7 antibody (clone M25).

Flow cytometry
Single-cell suspensions prepared from blood, spleen, or F10 tumor tissues were stained with
APC-labeled anti-CD8 and PE–labeled anti-CD45.1 antibodies (eBiosciences, San Diego,
CA) for FACS® analysis. Pmel-1 transgenic T cells were gated on GFP and CD8 double-
positive populations (GFP+CD8+CD45.1−). GFP-CD8+CD45.1+ cells were the adoptively
transferred congenic T cells, whereas GFP-CD8+ CD45.1− cells are repopulated host T cells
after irradiation. At least 20 000 live cell events, gated using scatter plots, were analyzed for
each sample. In some experiments, APC-labeled hgp-9/H-2Db MHC tetramer was used to
stain peptide-specific cells (obtained from the NIH tetramer core facility).

For cell division analysis, spleen cells were labeled with CFSE (5 μmol/L) according to the
suggested protocol from Molecular Probes (Eugene, OR). For pmel-1 T cells functional
analysis, single-cell suspensions prepared from blood, spleen, or F10 tumor tissues were
stimulated for 6 h in medium containing 1 μg/mL hgp-9, 5 μg/mL anti-CD3 Ab, 1 μg/mL
TRP2, or CM alone respectively, and then cells were harvested to stain for intracellular IFN-
γ. Flow cytometric analysis was done with the FACSCalibur and Cellquest software (Becton
Dickinson, Mountain View, CA).

Statistical analysis
Log-rank nonparametric analysis was used to analyze the tumor-free survival data. Each
group consisted of at least six mice, and no animal was excluded from the statistical
evaluation. Student’s t-test was used to analyze the number of T cells and percentage of T
cells producing IFN-γ. A two-sided p<0.05 was considered significant.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Removal of CD122+ cells from adoptively co-transferred cells enhanced antitumor activity
and expansion of pmel-1 T cells in vaccinated lymphodepleted mice. Naïve C57BL/6 mice
(n=10 per group) were injected with 2×105 B16-F10 tumor cells s.c. at day 0. Five days
later, the tumor-bearing mice were sublethally irradiated. At day 6 after F10 inoculation,
irradiated mice were adoptively reconstituted with 104 pmel-1 T cells together with 107 of
either congenic splenocytes or CD122-depleted congenic spleen cells, followed by s.c.
vaccination of 2×106 peptide-pulsed DC loaded with hgp-9 peptide at days 6 and 12 post
tumor injection. Tumor size was measured three times each week. Mice were sacrificed
when the tumor size exceeded 200 mm2. (A) The number of pmel-1 T cells, data show mean
±SEM (n=3). (B) The number of congenic CD8+ T cells in blood drawn weekly from
vaccinated mice, data show mean±SEM. (C) Tumor growth and (D) survival rate of mice.
Time-to-death (or tumor-free survival, etc.) between groups was compared using the
nonparametric log-rank test, and median survival time was estimated from the Kaplan–
Meier survival curves. All results shown are representative of three independent
experiments.
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Figure 2.
The effects of CD25, NK, CD25, and CD122 depletion on the pmel-1 T-cell response. (A)
Depleting splenocytes in vitro with anti-CD122 antibody conjugated to MACS MicroBeads
removed NK and CD122+CD8+ T cells, while antibodies against NK1.1 or CD25 only
removed the corresponding cell population. After MACS separation, different depleted cell
populations were stained with anti-CD4, anti-CD25, anti-CD122, and anti-NK1.1 antibody
for flow cytometric analysis. (B) Both Tg pmel-1 and non-Tg gp100-specific T cells were
increased after CD25 and CD122 double depletion. Blood samples from each group as
described in (A) were collected at wk 4 and pooled to stain with anti-CD8 Ab and hgp-9/Db
MHC tetramers for flow cytomteric analysis. The numbers indicate the percentage of
tetramer-positive pmel-1 transgenic T cells or endogenous non-transgenic T cells in total
gated CD8+ cells. (C) Spleens from each group as described in (B) were harvested at wk 4,
the absolute number of pmel-1 T cells in 106 splenocytes was determined by flow
cytometric analysis. (D) 2×106 splenocytes pooled from five mice of each group as
described in (B) were stimulated for 6 h in medium containing 1g/mL hgp9 peptide derived
from melanoma Ag hgp100, 5 g/mL anti-CD3 Ab, 1 g/mL TRP2 or CM alone, respectively.
Results shown are the percentages of IFN-γ+gated pmel-1+ T cells determined by
intracellular staining and flow cytometric analysis. Representative results from three
independent experiments are shown.
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Figure 3.
Removal of both CD25+ and CD122+ cells significantly reduced the suppression and
enhanced the antitumor efficacy of adoptive immunotherapy and vaccination in
lymphodepleted mice. (A) CD25 and CD122 double depletion greatly promoted the
expansion and survival of pmel-1 T cells. Irradiated mice (n=5–6 per group) were
adoptively co-transferred with 104 pmel-1/GFP double Tg spleen cells together with 107

congenic spleen cells, CD25-depleted cells, CD25- and NK-depleted cells, CD25- and
CD122-depleted congenic spleen cells, respectively; and followed immediately by three,
weekly vaccinations with peptide-pulsed DC. Absolute number of pmel-1 T cells (gated on
CD8+GFP+CD45.2+) in blood samples at the indicated times. Data show mean±SEM. (B)
Naïve C57BL/6 mice (n=10 per group) were injected with 2×105 B16-F10 tumor cells s.c. at
day 0. Five days later, the tumor-bearing mice were sublethally irradiated. At day 6 after
F10 inoculation, irradiated mice were adoptively transferred with 104 pmel-1 T cells
together with 107 of either congenic splenocytes or with CD25−, NK−, CD25+NK, or
CD25+CD122-depleted spleen cells, in conjunction with peptide-pulsed DC vaccination at
days 6, 13, and 20 after F10 inoculation. (B) Tumor growth and (C) survival of mice.
Results shown are representative of three independent experiments. Time-to-death (or
tumor-free survival, etc.) between groups was compared using the nonparametric log-rank
test and median survival time was estimated from the Kaplan–Meier survival curves. Results
shown are representative of one of three independent experiments. (D) At wk 5 after F10
inoculation, tumor tissues from the vaccinated mice were harvested. Percentage of pmel-1 T
cells in total gated CD8+ T cells in digested tumors was determined by flow cytometry
analysis of GFP and CD8 expression of transferred pmel-1 T cells.
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Figure 4.
Removal of CD25+ and CD122+ cells from co-transferred naïve spleen cells enhanced the
tumor infiltration of IFN-γ-producing pmel-1 and non-pmel-1 effector/memory T cells.
Naïve C57BL/6 mice (n=10 per group) were injected with 2×105 B16-F10 tumor cells s.c. at
day 0. Five days later, the tumor-bearing mice were sublethally irradiated. At day 6 after
F10 inoculation, irradiated mice were adoptively transferred with 104 pmel-1 T cells
together with 107 of either congenic splenocytes or with CD25- and CD122-depleted spleen
cells, in conjunction with peptide-pulsed DC vaccination at days 6, 9, 13, and 20 after F10
inoculation. (A) The absolute number of pmel-1 T cells was determined in blood of mice at
indicated time points after tumor injection (n=5 per group). Data show mean±SEM. (B)
Growth of B16F10 tumors were monitored. Results shown are representative of two
independent experiments. (C) At wk 5 after F10 inoculation, blood, spleen, and tumor
tissues from the vaccinated mice were harvested. Percentage of pmel-1 T cells as a fraction
of total CD8+ T cells in tumors was determined by flow cytometric analysis of GFP and
CD8 expression of pmel-1 T cells. (D) Spleen cells were stimulated in vitro with hgp-9
peptide, and IFN-γ production by pmel-1 T cells (GFP+, top panel) and non-pmel-1 T cells
(GFP−, bottom panel) in spleens, blood, and tumors was determined by flow cytometry
analysis after intracellular staining of stimulated T cells with PE-conjugated anti-IFN-γ
antibody. Results shown are representative of two independent experiments.
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Figure 5.
Administration of exogenous recombinant IL-7 mimics the effect of CD25 and CD122
depletion. Naïve C57BL/6 mice (n=10 per group) were injected with 2×105 B16-F10 tumor
cells s.c. at day 0. Five days later, the tumor-bearing mice were sublethally irradiated. At
day 6 after F10 inoculation, irradiated mice were adoptively transferred with 104 pmel-1 T
cells together with 107 of either congenic splenocytes or with depletion of both CD25+ and
CD122+ cells, in conjunction with peptide-pulsed DC vaccination at days 6 and 13 after F10
inoculation. Two days after each vaccination, exogenous protein of IL-7 (1 μg) was
administrated IP twice daily five times. (A) Blood samples were collected 3 wk after
vaccination, and stained with hgp-9/Db MHC tetramers. The numbers indicate the
percentage of tetramer-positive pmel-1+ T cells, or pmel-1− CD8+ T cells from pooled blood
of three to five mice. (B) Tumor growth and (C) survival rate of mice. Mice were sacrificed
when the tumor size exceeded 200 mm2. Time-to-death (or tumor-free survival, etc.)
between groups was compared using the nonparametric log-rank test and median survival
time was estimated from the Kaplan–Meier survival curves. Results shown are
representative of two independent experiments.
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