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ABSTRACT
Tumor cells and tumor-infiltrating macrophages produce the chemokine CCL22, which attracts regulatory
T cells (Tregs) into the tumor microenvironment, decreasing anticancer immunity. Here, we investigated
the possibility of targeting CCL22-expressing cells by activating specific T cells. We analyzed the CCL22
protein signal sequence, identifying a human leukocyte antigen A2- (HLA-A2-) restricted peptide epitope,
which we then used to stimulate peripheral blood mononuclear cells (PMBCs) to expand populations of
CCL22-specific T cells in vitro. T cells recognizing an epitope derived from the signal-peptide of CCL22 will
recognize CCL22-expressing cells even though CCL22 is secreted out of the cell. CCL22-specific T cells
recognized and killed CCL22-expressing cancer cells. Furthermore, CCL22-specific T cells lysed acute
monocytic leukemia cells in a CCL22 expression-dependent manner. Using the Enzyme-Linked
ImmunoSPOT assay, we examined peripheral blood mononuclear cells from HLA-A2+ cancer patients and
healthy volunteers for reactivity against the CCL22-derived T-cell epitope. This revealed spontaneous T-cell
responses against the CCL22-derived epitope in cancer patients and in healthy donors. Finally, we
performed tetramer enrichment/depletion experiments to examine the impact of HLA-A2-restricted
CCL22-specific T cells on CCL22 levels among PMBCs. The addition or activation of CCL22-specific T cells
decreased the CCL22 level in the microenvironment. Activating CCL22-specific T cells (e.g., by vaccination)
may directly target cancer cells and tumor-associated macrophages, thereby modulating Treg recruitment
into the tumor environment and augmenting anticancer immunity.
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Introduction

Solid tumors comprise both cancerous cells and the stroma that
provide a supportive framework and enables immune evasion.
To create and sustain an immune-permissive environment,
tumors attract immune suppressive cells, such as dendritic cell
subtypes, myeloid-derived suppressor cells (MDSC), M2 (or
tumor-associated) macrophages, and factor forkhead box P3
(Foxp3)-positive regulatory T cells (Tregs), a subpopulation of
immunosuppressive T lymphocytes.1 Cancer patients report-
edly harbor increased numbers of Tregs, which progressively
accumulate in the blood and lymphoid organs, and abundantly
infiltrate the tumor tissue itself.2 Intratumoral Tregs suppress
CD8+ T-cell responses locally at the tumor site, and high num-
bers of tumor-infiltrating Tregs correlate with poor prognosis.3

Chemokines are a family of small and structurally related
chemotactic cytokines that interact with their chemokine
receptors to orchestrate cell migration and homing in the body.
CC chemokine receptor 4 (CCR4) is a transmembrane protein
that acts as the receptor for two CC chemokine ligands (CCLs):
CCL22 (a macrophage-derived chemokine to which CCR4
shows the highest affinity) and CCL17 (a thymus- and activa-
tion-regulated chemokine). CCR4 is predominantly expressed
by Tregs, and also expressed by Th2 cells and cutaneous

lymphocyte antigen-positive skin-homing T cells. Its ligand
CCL22 is abundantly expressed in many types of human can-
cer, including ovarian and prostate tumors, gliomas, and
esophageal, gastric, and breast carcinomas.4-8

CCL22 reportedly promotes Treg recruitment to cancer tis-
sue.4,5 Zou and colleagues first described the importance of
CCL22 for the specific recruitment of Tregs, which foster
immune privilege.4 In their study of patients with ovarian carci-
noma, they found that Tregs suppressed tumor-specific T-cell
immunity and demonstrated that Treg presence at the tumor
site was associated with reduced survival. They further showed
that CCL22 mediated the trafficking of Tregs to the tumor.
Since CCL22 was mainly produced by tumor cells and tumor-
associated macrophages in the primary ovarian tumors, Tregs
accumulated in tumors and ascites, and rarely entered the
draining lymph nodes in later cancer stages. In a subsequent
study, Li and coworkers demonstrated that breast tumor-cell-
derived CCL22 is an independent prognostic predictor of sur-
vival among breast cancer patients.10 Moreover, it was recently
reported that circulating CCL22 levels are related to both gli-
oma risk and survival duration.6

Researchers are presently investigating various potential
therapeutic strategies for targeting immune suppression in
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cancer, particularly the use of monoclonal antibodies to block
checkpoint inhibitory pathways (e.g., PD-1/PD-L1). Anticancer
immunity could also potentially be increased by blocking Treg
migration or function. In mouse models, CCR4 antagonists
reportedly prevent CCL22-mediated recruitment of Treg and
Th2 cells to the tumor, which is associated with better survival,
indicating that targeting CCL22–CCR4 interaction can be an
effective cancer treatment approach.9 In the present study, we
examined the possibility of using stimulation of CCL22-specific
T cells to target the recruitment of regulatory cells to the
microenvironment.

Results

CCL22-specific T cells

We screened the amino acid sequence of human CCL22 protein
for possible HLA-A2-binding peptide epitopes using the SYF-
PEITHI epitope prediction algorithm available at www.syfpei
thi.de. Interestingly, all high-scoring epitopes were located in
the signal peptide portion of the sequence, which is cleaved off
before the protein is secreted. One of the high-scoring CCL22-
derived peptides was RLQTALLVVL, hereafter referred to as
pCCL223–12. To characterize pCCL223–12-specific T cells, we
acquired peripheral blood mononuclear cells (PBMCs) from a
melanoma patient and stimulated these cells using autologous
dendritic cells (DCs) or PBMCs pulsed with the pCCL223–12
peptide. After five stimulations, we performed pCCL223–12-tet-
ramer staining, which revealed small but distinct population of
tetramer-positive cells (Fig. 1A, left). The tetramer-positive
populations were successfully isolated and expanded using the
rapid expansion protocol (Fig. 1A, right). On the expanded cul-
ture, we performed intracellular staining for INFg and TNFa
in response to peptide stimulation. Around 30% of CD8+ cells
secreted interferon-gamma (IFNg) and TNFa in response to
pCCL223–12 peptide stimulation (Fig. 1B). Only CD8C T cells
secreted INFg and TNFa in response to the pCCL223–12 pep-
tide, with no response detected from CD4C T cells. The same
results were found with intracellular staining before tetramer
isolation and expansion (data not shown).

pCCL223–12-specific T cells exhibit HLA-A2-restricted killing

Next, we examined the cytotoxic capability of CCL22-specific T
cells. The pCCL223–12-specific T cells were able to lyse
pCCL223–12-pulsed T2 cells but did not recognize T2 cells
pulsed with a negative control peptide from HIV (Fig. 1C). To
confirm the HLA-A2-restricted reactivity of CCL22-specific T
cells, we used HLA-A2-transfected K562 cells pulsed with and
without pCCL223–12 as targets (Fig. 1D) and found that the T
cells only recognized the K562-A2 cells pulsed with pCCL223–
12. As an additional control, we examined non-transfected
HLA-negative K562 cells, determining that these cells were not
recognized by the pCCL223–12-specific T cells even when pulsed
with pCCL223–12.

Previous reports show that T2 cells can efficiently cross-
present long peptides.10,11 Thus, we further examined whether
the pCCL223–12 epitope could be cross-presented from the 22-
mer signal peptide sequence of the CCL22 protein (termed the

CCL22-signal peptide; MDRLQTALLVVLVLLAVALQAT).
Indeed, pCCL223–12-specific T cells lysed the T2 cells that were
pulsed with CCL22-signal peptide (Fig. 1E), indicating that T2
cells could cross-present the pCCL223–12 epitope even without
TAP expression in these cells. We then examined the T-cell
avidity of pCCL223–12-specific T cells toward the pCCL223–11
peptide (RLQTALLVV), which is one amino acid shorter than
pCCL223–12 and was predicted by the computer algorithm to
bind to HLA-A2 with high affinity. Although the T cells reacted
toward both peptides, they showed the highest avidity toward
the decamer pCCL223–12 epitope (Fig. 1F).

Cytotoxicity against CCL22-expressing cancer cells

The CCL22-specific cytotoxic T-cell lymphocyte (CTL) culture
was tested for reactivity against the leukemia cell lines THP-1,
RPMI6666, and SET-2. PCR analysis revealed CCL22 expres-
sion in all of these cell lines, although SET-2 showed only a
weak band. We found that pCCL223–12-specific cells lysed most
of the investigated cancer cell lines, both with and without pre-
treatment with IFNg (Fig. 2A-C). IFNg reportedly induces
CCL22 expression in cancer cell lines12 and increases surface
expression of HLA. Chromium release assay revealed that SET-
2 cells were not killed (Fig. 2B), which were only weakly posi-
tive for CCL22 mRNA on PCR and showed no detectable
CCL22 expression as measured by CCL22 ELISA (Fig. 2D). To
confirm that the killing of cancer cells by CCL22-specific CTLs
was indeed dependent on CCL22 expression, we used siRNA
transfection to inhibit CCL22 expression in IFNg pre-treated
THP-1 cells. This transfection rescued these cells from T-cell-
mediated lysis (Fig. 2E). Fig. 2F depicts the CCL22 inhibition in
THP-1 cells after siRNA transfection as measured by ELISA
from the supernatant.

Spontaneous T-cell responses against CCL22

We next acquired PBMCs from 13 cancer patients and 10
healthy individuals and stimulated these cells with the
pCCL223–12 peptide for 2 weeks in the presence of low-dose IL-
2. We used the IFNg Enzyme-Linked ImmunoSPOT (ELI-
SPOT) assay to analyze the reactivity toward the pCCL223–12
peptide. Spontaneous specific T-cell reactivity against
pCCL223–12 was detected in a number of melanoma patients
and healthy donors (Fig. 3A). Notably, the overall responses
appear to be similar in healthy donors and cancer patients
(Fig. 3B).

T-cell-mediated decrease in CCL22 levels in the
microenvironment

Donor PBMCs that showed a pCCL223–12 response in ELI-
SPOT were then stimulated twice with pCCL223–12 peptide in
the presence of IL2. Next, the culture was depleted of
pCCL223–12-reactive T cells using HLA-A2/pCCL223–12-tetra-
mer and magnetic beads. This T-cell-depleted culture was
divided into two portions, and the HLA-A2/pCCL223–12-tetra-
mer-isolated T cells were added back to one of the portions
(Fig. 3C). We then monitored the CCL22 concentration in the
supernatants of both cultures. Notably, CCL22 levels were
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lower in the culture with added pCCL223–12-specific T cells
after only 1 d, and this difference increased over the culturing
time. After 9 d of culture, the CCL22 concentration was over
two times higher in the tetramer-depleted culture compared to
that in the tetramer-enriched culture (Fig. 3D).

pCCL223–12 stimulation decreased the CCL22 levels in the
microenvironment

To mimic a setting in which cancer patients are vaccinated with
CCL22-derived peptides, we stimulated PMBCs with the
pCCL223–12 peptide epitope and IL-2 in vitro. We then investi-
gated whether this activation of pCCL223–12-specific T cells
affected the overall CCL22 concentration among the PMBCs.
First, donor PBMCs that showed a pCCL223–12 response in
ELISPOT were stimulated using the pCCL223–12 peptide, and
we measured the CCL22 concentration in the supernatant over

1 week (Fig. 4A). CCL22 expression was lower in the cultures
stimulated with pCCL223–12 peptide compared to cultures
stimulated with an HIV control peptide. This difference was
apparent after 2 d of culture and reached significance after 1
week (p D 0.01).

We subsequently used pCCL223–12 peptide or an HIV con-
trol peptide to stimulate PBMCs from 11 healthy donors and
13 cancer patients, and then measured the CCL22 concentra-
tion in the supernatants one week after stimulation. In PBMCs
from healthy donors, the CCL22 concentration significantly
decreased following stimulation with pCCL223–12 peptide (p D
0.02) (Fig. 4B). On the other hand, in PBMCs from cancer
patients, the overall decrease in CCL22 concentration after
stimulation with pCCL223–12 did not reach significance (p D
0.17) (Fig. 4C). When PBMCs from cancer patients were
stratified according to low CCL22 expression (� 2,000 pg/mL)
and high CCL22 expression (� 5,000 pg/mL) (Fig. 4C), the

Figure 1. CCL22-specific CD8C T cells are cytotoxic. (A) Left: pCCL223–12 peptide (RLQTALLVVL) reactive T cells among PMBC of a melanoma patient after in vitro stimula-
tion with the epitope as measured by pCCL223–12-tetramer (PE and APC) staining. Right: tetramer staining of isolated and expanded CCL223–12-specific T cells from the
same donor. (B) Intracellular IFNg and TNFa staining of CD8C T cells after pCCL223–12 epitope (right) and HIV control peptide (left) stimulation. (C) 51Cr release assay show-
ing lysis of pCCL223–12 and HIV peptide pulsed T2 cells by CCL22-specific T cells. (D) Cytotoxic activity of CCL22-specific T cells against K562 cells lacking HLA-A2 or K562
cells stably transfected with HLA-A2 with or without addition of pCCL223–12 peptide. (E) CCL22-specific T cell cytotoxicity against T2 cells cross presenting the CCL22 signal
peptide (MDRLQTALLVVLVLLAVALQAT) or an irrelevant long peptide (CILDSKLEVEALAQLLTFALK), compared to lysis of T2 cells pulsed with pCCL223–12. T2 cells were cul-
tured with CCL22 signal peptide or the irrelevant control peptide overnight before analysis. (F) Peptide titration 51Cr release assay using T2 cells and pCCL223–12-specific
T cells. Effector to target ratio of 3:1 was maintained and a 10-fold peptide titrations of 9-mer pCCL223–11 (RLQTALLVV) or the 10-mer pCCL223–12 epitope.
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Figure 2. CCL22-reactive T cells are able to recognize and kill CCL22-expressing cancer cell lines. 51Cr release assays of IFNg non-treated or pretreated cancer cell lines:
RPMI6666—Hodgkin’s lymphoma (A); Set-2—essential thrombocytemia (B); THP-1—acute monocytic leukemia (C). The same effector CCL22-specific T cell culture was
used as effector cells. (D) CCL22 expression in the supernatant of cancer cell lines as measured by CCL22 ELISA. (E) Lysis of IFNg induced THP-1 cells transfected with
CCL22 siRNA transfection or Mock transected by CCL22-specific T cells. Assay performed 48 h after transfection. (F) ELISA analysis of CCL22 expression in the supernatant
from siRNA transfected THP-1 cells compared to THP-1 cells transfected with Mock control, 48 h after electroporation.
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Figure 3. CCL223–12-reactive T cells are present in healthy donors and cancer patients. (A) IFNg ELISPOT examples showing T-cell responses against the pCCL223–12 epi-
otpe in three melanoma patients (MM) and two healthy donors (HD). (B) pCCL223–12 peptide-specific IFNg ELISPOT responses in cancer patients and healthy donors. The
average number of pCCL223–12-specific spots (after subtraction of spots in wells without added peptide) was calculated per 3 £ 105 PBMC for each donor. (C) Experimen-
tal setup of pCCL223–12-specific T-cell depletion/enrichment in PBMCs. PBMCs from a healthy donor were stimulated twice with pCCL223–12 peptide before the pCCL223–
12-specific T cells (anti-CCL22 T cells) were isolated using pCCL223–12-PE-tetramer in combination with anti-PE magnetic beads. The remaining depleted PBMCs were
divided into two cultures before pCCL223–12-tetramer-isolated cells were added into one of these, resulting in a tetramer-enriched culture. CCL22-specific T cells in a
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high-expression group showed a significant decrease in CCL22
concentration after pCCL223–12 stimulation (p D 0.005).

Ovarian ascetic fluid reportedly contains a mixture of cancer
cells and immune-infiltrating cells, along with high levels of
CCL22.4 To examine whether pCCL223–12-specific T cells may
influence CCL22 concentration directly in the tumor microen-
vironment, we collected ascetic fluid from five patients with
HLA-A2-positive epithelial ovarian cancer and isolated the
ascites cells. The ascites cells from two of these patients showed
low viability and, thus, we could only analyze cells from three
patients. The ascites cells from one of these patients did not
include any T lymphocytes. The ascites cells from the remain-
ing two ovarian cancer patients were stimulated with
pCCL223–12 peptide, which led to a decrease in the overall
CCL22 levels in the supernatants at 1 week after stimulation
(Fig. 4D).

pCCL223–12 stimulation influenced the cytokine milieu

We further examined the PBMC supernatants from 11 cancer
patients and 10 healthy donors with regard to changes in cyto-
kine levels after 1 week of stimulation with pCCL223–12 peptide

compared to with an HIV control peptide. The PBMCs from
cancer patients that were stimulated with CCL22 peptide
showed a significant increase in IL-6 level (p D 0.02). A similar
increase was observed in cultures of PBMCs from healthy
donors, although this change did not reach significance (p D
0.06) (Fig. 5A). We also observed a tendency of decreasing
TNFa levels in cultures of PBMCs from healthy donors (7 out
of 10) and cancer patients (7 out of 11); however, these changes
did not reach significance (p D 0.7 and p D 0.16, respectively)
(Fig. 5B). We further examined the concentrations of IL-1b,
IL-10, and IFNg in the culture supernatants. We detected no
unambiguous differences in these cytokines between cultures
stimulated with pCCL223–12 peptide versus control peptide.
After stimulation, IL-10 was almost undetectable in the super-
natants, and IL-1b was induced after stimulation with
pCCL223–12 in only one cancer patient and two healthy donors
(Fig. S1).

Discussion

CCL22 secretion by tumor cells, as well as by tumor-associated
macrophages, attracts and recruits Tregs to the tumor

Figure 4. Activation of CCL22-specific T cells decreases CCL22 levels in the microenvironment. (A) CCL22 levels in supernatants from PBMC isolated from a healthy donor
after stimulation with either pCCL223–12 or HIV peptide as measured by CCL22 ELISA (�p D 0.01, ns—not significant, t-test). Experiments were performed in triplicates for
each peptide. (B) Changes in CCL22 levels in supernatants from PBMC isolated from 11 healthy donor PBMCs after stimulation with pCCL223–12 peptide compared to HIV
control peptide as measured by CCL22 ELISA on day 7. (C) Changes in CCL22 levels in in supernatants from PBMC isolated from 13 cancer patients after stimulation with
pCCL223–12 peptide compared to HIV control peptide as measured by CCL22 ELISA on day 7. Experiments were performed in triplicates or duplicates for each peptide. (D)
CCL22 levels in supernatants from cells isolated from ovarian cancer ascites isolated from two ovarian cancer patients after stimulation with either pCCL223–12 or HIV pep-
tide as measured by CCL22 ELISA.
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microenvironment, resulting in suppression of anticancer
immunity.4,13 Solid tumor production of CCL22 reportedly
causes Treg accumulation in many cancers, including ovarian,
prostate, esophageal, gastric, and breast carcinomas, and glio-
blastomas.5,8 On the other hand, tumors lacking CCL22 expres-
sion are not infiltrated by Tregs, regardless of the productions
of other CCR4-binding chemokines (e.g., CCL17), suggesting
that Treg recruitment to the tumor environment occurs via the
CCL22:CCR4 axis.5

Tumor-infiltrating Tregs inhibit antitumor immunity and
are associated with poor prognosis in several types of human
cancer.4,5 Thus, many cancer treatment strategies involve Treg
depletion or modulation. Cyclophosphamide and anti-CD25
antibodies have been examined to target Tregs.14 Likewise, clin-
ical trials have investigated the use of a CD25-directed diphthe-
ria toxin (Ontak) to eliminate Tregs in patients suffering from
renal cell carcinoma or melanoma.15 In our present study, we

suggest the use of activated T cells to target CCL22-expressing
cells as a novel method of decreasing Tregs in tumors and
thereby increasing anticancer immunity. CCL22 epitopes could
easily be added to cancer vaccines as a means of strengthening
anticancer immune responses in patients.

Our present findings demonstrated that it was possible for
specific T cells to target CCL22-expressing cells. Scrutiny of the
CCL22 signal sequence for possible HLA-A2-binding peptides
revealed that the most probable epitope sequence was derived
from the CCL22 signal peptide. A signal sequence is the N-ter-
minal extension of a newly synthesized secretory or membrane
protein, which is usually 16–30 amino acid residues in length.
The CCL22 signal peptide is cleaved off by signal peptidases
prior to CCL22 secretion from the cell. Hence, T cells that rec-
ognize an epitope derived from the CCL22 signal peptide will
identify CCL22-expressing cells even though CCL22 has been
secreted out of the cell. Several HLA-restricted epitopes derived

Figure 5. Stimulation of CCL22-specific T cells affects the PBMC cytokine profile. (A) Overall changes in IL-6 expression in supernatants from PBMC isolated from 11 cancer
patients (left) or 10 healthy donors (right) after pCCL223–12 stimulation compared to HIV control peptide stimulation (pD 0.02 and pD 0.06, respectively, paired t-test). (B)
Overall changes in TNFa expression in supernatants from PBMC isolated from 11 cancer patients (left) or 10 healthy donors (right) after pCCL223–12 stimulation compared
to HIV control peptide stimulation (p D 0.16 and p D 0.7, respectively, paired t-test).
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from protein signal sequences have previously been
described.10,16,17

We demonstrated that it was possible for T cells to recognize
an HLA-restricted CCL22-derived peptide epitope, and we
were thus able to expand CCL22-specific T cells by re-stimula-
tion of PBMCs with a CCL22 peptide in vitro. The results of
our chromium release cytotoxicity assays further demonstrated
specific recognition and lysis of CCL22-expressing leukemia
cells. Moreover, CCL22 knockdown by siRNA transfection res-
cued cells from being killed by CCL22-specific T cells. These
findings suggest that in CCL22-expressing cells, the signal pep-
tide is degraded and the epitope is subsequently processed and
presented on the cell surface restricted to HLA-A2 molecules.
We also found that the CCL22 signal peptide could be taken up
and cross-presented on the surface of non-professional anti-
gen-presenting cells.

We used the ELISPOT assay to examine PBMCs from HLA-
A2C cancer patients and healthy individuals for reactivity
against the CCL22-derived T-cell epitope and found that T cells
spontaneously reacted to the CCL22-derived peptide. Tetramer
enrichment/depletion experiments revealed that the addition of
HLA-A2-restricted CCL22-specific T cells to PBMCs decreased
the CCL22 level in the microenvironment. We further deter-
mined that activation of CCL22-specific T cells via stimulation
with the peptide epitope significantly decreased CCL22 levels
among PMBCs from both healthy donors and cancer patients
with high CCL22 production. Such activation also led to a
CCL22 decrease in supernatants of ascites-derived cells isolated
from ovarian cancer patients. These findings suggest that
CCL22-specific T cells may be used to target CCL22-expressing
cells and to thereby suppress CCL22-mediated Treg migration
into the tumor microenvironment.

Interestingly, activating CCL22-specific T cells by peptide
stimulation also resulted in increased release of IL-6 into the
PMBC supernatants, suggesting that CCL22-specific T cells may
influence the overall pro-inflammatory microenvironment. ELI-
SPOT results showed spontaneous CCL22-specific T-cell
responses in both cancer patients and healthy donors, which
was somewhat surprising since CCL22 is abundantly expressed
in normal immune cells. It is thought that self-reactive T cells
harboring T-cell receptors with high affinity to a target/HLA
complex undergo clonal deletion to maintain self-tolerance.
Thus, under healthy conditions, T cells should be tolerized to an
inflammation-induced protein like CCL22. However, Yu and
colleagues recently reported that clonal deletion prunes the T-
cell repertoire without fully eliminating self-reactive T cell
clones.18 Thus, self-reactive T cells that survive thymic selection
(including CCL22-specific T cells) may actively participate in
immune regulation. We recently reported the frequent detection
of self-reactive pro-inflammatory T cells that recognize regula-
tory immune cells, which apparently have a function that coun-
teracts the immune-suppressive feedback signals in the immune
system. For example, we previously described self-reactive T
cells that specifically recognize indoleamine 2,3-dioxygenase
(IDO), tryptophan 2,3-dioxygenase (TDO), programmed
death-ligand 1 (PD-L1), and Foxp3 (reviewed in refs.19,20). We
recently proposed that these cells should collectively be termed
anti-regulatory T cells (anti-Tregs).20 CCL22 and other proteins,
including Foxp3, PD-L1, and IDO, are commonly expressed in

normal immune cells under different physiological conditions,
including inflammation and stress. Anti-Tregs could contribute
to immune homeostasis, potentially serving to counteract the
function of suppressive regulatory immune cells. Essentially,
anti-Treg cells may “support” effector T cells by directly elimi-
nating regulatory cells or by locally secreting pro-inflammatory
cytokines into the microenvironment. Anti-Treg activation can
strongly influence immunity via both direct and indirect mecha-
nisms.20 Our presently described data suggest that CCL22-spe-
cific T cells can be defined as anti-Tregs.

In conclusion, our present results showed that CD8C T cells
could recognize an HLA-restricted CCL22 peptide epitope.
These T cells recognized and lysed various cancer cell lines in a
manner dependent on CCL22 expression and were naturally
present in cancer patients and healthy individuals. Activation
of CCL22-specific T cells may directly influence the CCL22
concentration in the microenvironment.

Methods

Patient material

PBMCs were collected from healthy individuals and cancer
patients (melanoma, renal cell carcinoma, and breast cancer
patients). Blood samples were drawn a minimum of 4 weeks
after termination of any kind of anticancer therapy. PBMC
were isolated using LymphoprepTM separation, HLA-typed,
and frozen in FCS with 10% dimethyl sulfoxide (DMSO). Fresh
ovarian ascites was filtered with a 70-mm filter and the cells
were isolated by centrifugation (1500 RPMI-1640, 5 min). If
the ascites contained a high abundance of erythrocytes, they
were removed by adding lysis buffer (Ortho-Mune Lysing Solu-
tion) to the cells with incubation of 3–5 min. The lysis buffer
was quickly washed away and the cells cryopreserved in human
serum with 10% DMSO at ¡140� until use. The protocol was
approved by the Scientific Ethics Committee for The Capital
Region of Denmark and conducted in accordance with the pro-
visions of the Declaration of Helsinki. Written informed con-
sent from the patients was obtained before study entry.

Cancer cell lines

Cancer cells were cultured in RPMI-1640 (Life technologies) with
10% or 20% FCS. Cell cultures were split 2 to 3 times a week,
depending on the observed cell density. Last validation of cancer
cell lines: the cancer cell lines were validated upon acquisition
from the commercial supplier. The cell lines used were T2, THP-
1, RPMI6666 cells (all available at the American Type Culture
Collection (ATCC)), and Set-2 cells (available a Deutsche Samm-
lung vonMikroorganismen und Zellkulturen GmbH (DCMZ)).

ELISPOT assay

PBMCs were placed in the bottom of ELISPOT plate (nitrocel-
lulose bottomed 96-well plates by MultiScreen MAIP N45;
Millipore) pre-coated with IFNg capture Ab (Mabtech) and the
peptides were added at 5 mg/mL. PBMCs from each patient
were set up in duplicates or triplicates for peptide and control
stimulations. Cells were incubated in ELISPOT plates in the
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presence of an antigen for 14–16 h after which they are washed
off and secondary biotinylated Ab (Mabtech) was added. After
2 h incubation unbound secondary antibody was washed off
and streptavidin conjugated alkaline phosphatase (AP) (Mab-
tech) was added for 1 h. Next, unbound conjugated enzyme is
washed off and the assay is developed by adding BCIP/NBT
substrate (Mabtech). Developed ELISPOT plates were analyzed
on CTL ImmunoSpot S6 Ultimate-V analyzer using Immuno-
spot software v5.1. Responses were calculated as the difference
between average numbers of spots in wells stimulated with
pCCL223–12 peptide and control wells.

Peptides

HLA-A2-restricted peptides were predicted using an online
epitope prediction database SYFPEITHI available on the web
(www.syfpeithi.de). A 10 amino acid long HLA-A2-restricted
peptide epitope derived from the signal sequence of CCL22
(here referred to as pCCL223–12, RLQTALLVVL) was synthe-
sized by TAG Copenhagen, Copenhagen, Denmark. Other pep-
tides: pCCL223–11 peptide: RLQTALLVV, HIV peptide HIV-1
pol476-484: ILKEPVHGV, CCL22 signal peptide:
MDRLQTALLVVLVLLAVALQAT as well as a long irrelevant
random control peptide: CILDSKLEVEALAQLLTFALK. Pepti-
des were dissolved in either DMSO or sterile water.

Establishment of antigen-specific T-cell cultures

CCL22-specific T cell culture was established by stimulation of
cancer patient PBMC with irradiated pCCL223–12 peptide-
loaded autologous DC or PBMCs. The following day IL-7 and
IL-12 (PeproTech, London, UK) were added. Stimulation of the
cultures was carried out every 8 d with CCL223–12 peptide-
loaded irradiated autologous DC followed by pCCL223–12 pep-
tide-loaded irradiated autologous PBMC. The day after peptide
stimulation IL-2 (PeproTech, London, UK) was added. Four
DC stimulations and one PBMC stimulation were made in total.

Generation of dendritic cells

DCs were generated from monocytes isolated from PBMCs by
adherence on culture dishes at 37�C for 1 to 2 h in RPMI-1640.
Adherent monocytes were cultured in RPMI-1640 supple-
mented with 10% FCS in the presence of IL-4 (250 U/mL) and
GM-CSF (1,000 U/mL) for 6 d. DCs were matured by addition
of IL-b (1,000 U/mL), IL-6 (1,000 U/mL) TNF-a (1,000 U/
mL), and PGE2 (1 mg/mL).

Cytotoxicity assay

Conventional 51Cr-release assays for CTL-mediated cytotoxic-
ity were carried out as described elsewhere.21 HLA-A2-positive
cells were used as targets: T2-cells (ATCC), HLA-A2C Hodg-
kin’s lymphoma cell line (RPMI6666), monocytic leukemia
cells (THP-1), and essential thrombocythemia (Set-2) with or
without IFNg (100 U/mL) addition for 2 d prior to performing
cytotox assay.

For peptide titration cytotoxicity assay, T2 cells were used as
target cells and a constant effector to target ratio of 3:1 was

used for all peptide concentrations. 10-fold serial peptide dilu-
tions ranging from 10¡2 mM to 10¡9 mM of pCCL223–12 and
pCCL223–11 were made.

siRNA-mediated CCL22 silencing

A set of three Stealth siRNA duplexes for targeted silencing of
CCL22 (HSS109578, HSS184551, HSS184552) were obtained
from Invitrogen (Invitrogen, Paisley, UK). siRNA dublex
sequences: HSS109578 sense 50-CCUGGGUGAAGAUGAUU-
CUCAAUAA-30 and antisense 50-UUAUUGAGAAUCAU-
CUUCACCCAGG-30; HSS184551 sense 50-CCCUGCGCGUG
GUGAAACACUUCUA-30 and antisense 50-UAGAAGUGUU
UCACCACGCGCAGGG-30; HSS184552 sense 50-GCCAACA
UGGAAGACAGCGUCUGCU-30 and antisense 50-AGCAGA
CGCUGUCUUCCAUGUUGGC-30. For CCL22 silencing
experiments, THP-1 cells were transfected with CCL22 siRNA
using electroporation parameters as previously described.22

Flow cytometric analysis

Flow cytometry analysis was performed on a FACSCantoTM II
(BD Biosciences, San Jose CA, USA), and cell sorting was per-
formed on FACSAriaTM (BD Biosciences, San Jose CA, USA).

Intracellular staining of CCL22-specific T cell cultures was
performed after the cells were stimulated with HIV or
pCCL223–12 peptides for 5 h (BD GolgiPlugTM was added after
the first hour). The cells were then stained for surface markers,
and then washed and permeabilized by using Fixation/Permea-
bilization and Permeabilization Buffer (eBioscience), according
to manufacturer’s instructions. Antibodies used: IFNg- PE-
Cy7, TNFa- APC, CD4-PerCP, and CD8-FITC (all from BD
Biosciences). Dead cells were stained using LIVE/DEAD� Fix-
able Near-IR Dead Cell Stain Kit according to manufacturer’s
instructions.

For tetramer staining and sorting, PE- and APC-coupled
HLA-A2 multimers with HIV or pCCL223–12 peptides were
used in addition to the CD4-PerCP and CD8-FITC (BD Bio-
sciences). HLA-A2 multimers were produced in house by using
a previously described MHC peptide exchange technology.23

Analysis of CCL22 expression

Cell culture supernatants from PBMC, cancer cell lines, and
ascites cell cultures as well as siRNA-transfected THP-1 cells
were analyzed using Human CCL22/MDC DuoSet ELISA kit
(R&D Systems) according to manufacturer’s instructions.

Peptide stimulation of PBMCs and ascites cells

PBMCs from healthy donors or cancer patients were thawed
and rested for 4 h in X-VIVO 15TM (Lonza) before being set up
into 24-well plates with 2 £ 106 cells/well in X-VIVO medium
with 5% human serum. A total of 20 mg/mL of pCCL223–12
peptide in DMSO or HIV peptide in sterile water were added
to each well. Appropriate amount of DMSO was added to HIV
control wells to control for the solvent of pCCL223–12 peptide.
The following day, IL-2 was added to a final concentration of
120 U/mL (360 U for ascites cells stimulation). Supernatant

e1238541-8 E. MARTINENAITE ET AL.

http://www.syfpeithi.de


samples were collected after 2 or 7 d of culture. Cells were stim-
ulated twice before being tested in ELISPOT assay.

Cytokine expression LUMINEX

Cell culture supernatants from PBMCs or ascites cells
stimulated with CCL22-3 or HIV peptide were analyzed for
IFNg, TNF-a, IL-6, IL-10, and IL-1b using Bio-Plex ProTM

Human Chemokine assays from Bio-Rad. Samples were
acquired on the Bio Plex 200 system and analyzed using
Bio-Plex ManagerTM v6.

Statistical analysis

T-test was used for the statistical analysis of ELISA samples
from cancer patients and healthy donors when comparing
pCCL223–12 stimulation with HIV control. The same analysis
was used to compare IFNg, TNF-a, IL-6, and IL-10 expression
after pCCL223–12 stimulation with HIV control. Wilcoxon-
signed rank test was used for statistical analysis of IL-10 expres-
sion due to multiple zero values.
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