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ORIGINAL RESEARCH

CCL22-based peptide vaccines induce anti-cancer immunity by modulating tumor 
microenvironment
Inés Lecoq a,b, Katharina L. Kopp a, Marion Chapellier a, Panagiotis Mantas c, Evelina Martinenaite a,b, 
Maria Perez-Penco b, Lars Rønn Olsen c, Mai-Britt Zocca a, Ayako Wakatsuki Pedersen a§, 
and Mads Hald Andersen b,d§

aDepartment of Research and Development, IO Biotech ApS, Copenhagen, Denmark; bNational Center for Cancer Immune Therapy (CCIT-DK), 
Department of Oncology, Copenhagen University Hospital, Herlev, Denmark; cSection for Bioinformatics, Department of Health Technology, Technical 
University of Denmark, Kongens Lyngby, Denmark; dDepartment of Immunology and Microbiology, University of Copenhagen, Copenhagen, 
Denmark

ABSTRACT
CCL22 is a macrophage-derived immunosuppressive chemokine that recruits regulatory T cells through 
the CCL22:CCR4 axis. CCL22 was shown to play a key role in suppressing anti-cancer immune responses in 
different cancer types. Recently, we showed that CCL22-specific T cells generated from cancer patients 
could kill CCL22-expressing tumor cells and directly influence the levels of CCL22 in vitro. The present 
study aimed to provide a rationale for developing a CCL22-targeting immunotherapy. Vaccination with 
CCL22-derived peptides induced CCL22-specific T-cell responses in both BALB/c and C57BL/6 mice, 
assessed by interferon-γ secretion ex vivo. Anti-tumor efficacy of the peptides was evaluated in mouse 
models engrafted with syngeneic tumor models showing a reduced tumor growth and prolonged survival 
of the treated mice. Vaccination induced changes in the cellular composition of immune cells that 
infiltrated the tumor microenvironment assessed with multicolor flow cytometry. In particular, the 
infiltration of CD8+ cells and M1 macrophages increased, which increased the CD8/Treg and the M1/M2 
macrophage ratio. This study provided preclinical evidence that targeting CCL22 with CCL22 peptide 
vaccines modulated the immune milieu in the tumor microenvironment. This modulation led to an 
augmentation of anti-tumor responses. This study provided a rationale for developing a novel immu-
notherapeutic modality in cancer.

ARTICLE HISTORY 
Received 17 January 2022  
Revised 28 March 2022  
Accepted 24 May 2022 

KEYWORDS 
CCL22; peptide vaccine; 
tumor microenvironment; 
immune modulation; 
immunotherapy

Background

Tumor cells have developed mechanisms to escape host immu-
nosurveillance and maintain local conditions favorable to their 
own growth and proliferation. They achieve this by creating an 
immunosuppressive tumor microenvironment (TME) that 
prevents the recognition and destruction of tumor cells by 
effector T cells. Regulatory T cells (Tregs) play a crucial role 
in immunoregulation; they can suppress CD4+ and CD8+ 

T cells, dendritic cells (DCs), B cells, natural killer (NK) cells, 
and macrophages.1 Tregs have been found to be increased in 
patients with various types of cancers,2–4 and their presence has 
been associated with a poor prognosis.5 Tregs contribute to 
immunosuppression through various cellular and molecular 
mechanisms. For example, Tregs secrete anti-inflammatory 
cytokines6,7 and they impair T cell activation by depleting 
interleukin-28 or by suppressing antigen-presenting cell 
function through CTLA-4-mediated signaling.9

To attract Tregs to the tumor site, tumor cells secrete cyto-
kines and chemokines, such as the C-C motif chemokine 
ligands (CCLs), CCL28,10 CCL5,11 CCL1,12 and CCL22.3 In 
particular, CCL22 binds to chemokine receptor 4 (CCR4), 
which is predominantly expressed on the surface of Tregs, 

but it is also found on T-helper (th) 2 cells and cutaneous 
T cells.13 CCL22 accumulation in solid tumors has been 
shown to lead to Treg infiltration in melanoma, ovarian, pros-
tate, breast carcinomas, and glioblastomas.3,14,15 In contrast, it 
was shown that tumors that lacked CCL22 expression were not 
infiltrated by Tregs, regardless of whether they produced other 
CCR4-binding chemokines, such as CCL17.16 Those findings 
suggested that the recruitment of Tregs to the TME occurs via 
the CCL22:CCR4 axis, and it leads to an adverse clinical 
outcome.16 Furthermore, studies have shown that increased 
CCL22 expression was associated with the presence of tumor- 
infiltrating macrophages, an increased presence of Tregs, and 
a subsequent suppression of host immune responses against 
cancer cells.13

Currently, several preclinical and clinical approaches are 
being evaluated that aim to disrupt Treg recruitment and 
immunosuppression by targeting the CCL22:CCR4 axis. The 
chemotactic recruitment of Tregs to the tumor site by CCL22 
was inhibited in vivo by an anti-CCR4 antibody in 
a humanized murine model, leading to the restoration of anti- 
tumor immunity.17 Another study showed that treatment with 
interferon α (IFNα) could suppress the in vivo secretion of 
CCL22, which was required for an effective CD8+ T-cell 
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response.18 These findings provided a rationale for targeting 
CCL22 to reduce immunosuppression and augment anti- 
tumor immune responses.

In this context, our research group previously described 
the presence of an immunogenic epitope derived from the 
signal sequence of CCL22 (which is cleaved prior to CCL22 
secretion).19 Importantly, T cells specific to the CCL22 
epitope recognize and kill CCL22-expressing cancer cells, 
reducing CCL22 levels in in vitro culture. These T cells 
were found to be present in PBMCs from both cancer 
patients and healthy donors. To investigate further into 
the therapeutic potential of targeting CCL22, the present 
study evaluated the therapeutic efficacy of CCL22 peptide 
vaccines in mice. The treatment with CCL22 peptides 
expanded CCL22-reactive T cells in vivo, leading to an 
antitumor activity accompanied by a reduction in CCL22 
production and Treg recruitment to the tumor site.

Methods

Cell culture

Tumor-derived murine cell lines, CT26 (colon carcinoma, 
RRID:CVCL_7256) and B16 (melanoma, RRID:CVCL_0159), 
were purchased from ATCC, and MC38 (colon carcinoma, 
RRID:CVCL_B288) cell line from Kerafast. The Pan02 
(RRID:CVCL_D627) was obtained from CCIT cell bank. The 
4T1 cell line (mammary carcinoma, RRID:CVCL_0125) was 
kindly donated by professor David Anz, Ludwig-Maximilians- 
Universität München. All cell lines used were mycoplasma 
tested. The cell lines were not authenticated. The cells were 
cultured in RPMI 1640 GlutaMax (Gibco, Cat: 61870–010) or 
Dulbecco’s modified eagle GlutaMax (Gibco, Cat: 31966–021) 
medium, supplemented with penicillin, streptomycin (Gibco, 
Cat: 15140–122) and 10% fetal calf serum (Life technologies, 
Cat: 1020070–106).

Mouse strains

Female BALB/cJRj and C57BL/6NRj were purchased from 
Janvier labs, and C57BL/6NCrl mice were purchased from 
Scanbur/Charles River. The protocols and experimental proce-
dures were approved by the Danish National Animal 
Experiments Inspectorate (Dyreforsøgstilsynet) and performed 
according to the national guidelines. All animal experiments 
were conducted according to the guidelines of Federation of 
European Laboratory Animal Science Association (FELASA). 
All mice were monitored and euthanized when displaying signs 
of discomfort.

Tumor engraftment and measurement

CT26 (0.2 × 106), B16 (0.5 × 106) or Pan02 (1 × 106) tumor cells 
were suspended in 200 µL phosphate buffered saline, and 
injected subcutaneously into the right flank of recipient mice. 
For orthotopic modeling, we inoculated 0.1 × 106 4T1 cells into 
the fat pad of the abdominal mammary gland. Mice were 
randomized to different treatment arms, with tumor sizes dis-
tributed evenly between the treatment groups. Tumor size was 

measured with a Vernier caliper, and tumor volume was cal-
culated based on the perpendicular diameters of individual 
tumors ( length x width2

2 ). Only mice that reached the endpoint, 
defined as a maximal tumor volume of 1500 mm3, were 
included in the survival analysis.

For flow cytometry and gene expression analysis, tumors 
were harvested 6 days after the last treatment dose. The har-
vested tissue was dissociated through incubation for 45 min at 
37°C and 650 rpm in Hanks’s Balanced salt solution (Sigma 
Aldrich, Cat: 55021C) containing 75 μg/mL DNase (Sigma 
Aldrich, Cat: DN25) and 2 mg/mL of collagenase IV 
(Millipore, Cat: C5138).

Peptide vaccination

Murine CCL22 peptide sequences were selected with the online 
epitope prediction database, SYFPEITHI.20 Sequences were 
selected based on high-affinity binding to MHC class I in the 
H2Ld for BALB/c or H2Db for C57BL/6 strain (Table 1). 
Peptides were purchased from Pepscan, and purity was ≥80%. 
Lyophilized peptides were mixed to a concentration of 10 mM 
in dimethyl sulfoxide (DMSO, Fisher Scientific, Cat: D12345). 
Dissolved peptides were emulsified at 1:1 in Montanide ISA 51 
VG water-in oil-adjuvant (SEPPIC, Cat: 36362ZFL2R3), with 
a double female luer lock connector (Promepla, Cat: 
ODG0015ST) and 1-ml Inject-F syringes (BRAUN, Cat: 
9166017 V). Peptides were administered to mice via a subcuta-
neous injection of 100 µg peptide in a volume of 100 µL. 
Injections were delivered at the base of the tail with a 27- 
gauge needle (BD Bioscience, Cat: 302200). Animals were 
vaccinated once per week and up to 2 times per experiment. 
Control mice received DMSO diluted in water and emulsified 
in Montanide.

ELISpot

Spleens and lymph nodes were processed through 70 µm cell 
strainers to obtain a single cell suspension, followed by a red 
blood cell lysis with RBC lysis solution (Quiagen, Cat: 158904). 
9 × 105 splenocytes or lymph node cells were seeded in tripli-
cate into 96-well MSIPN4W multiscreen plates (Millipore, Cat: 
MSIPN4W50) coated with 6 μg/mL anti-mouse interferon 
gamma (IFNγ) antibody (AN18 monoclonal capture antibody, 
Mabtech, Cat: 3321-2-1000). The cells were stimulated with 5 
μM of peptide (treatment), DMSO (negative control), or con-
canavalin A (positive control, Sigma-Aldrich, Cat: C5275). 
Incubation with the presence of the antigen lasted from 16 to 
18 h after which, they were washed off and secondary antibody 
was added (monoclonal anti-mouse IFNγ R4-8A2 biotinylated 
antibody, Mabtech, Cat: 3321-6-10), followed by streptavidin- 
ALP (Mabtech, Cat: 3321–10) for detection. The assay was 
developed with BCIP/NBT plus substrate (Mabtech, Cat: 

Table 1. Sequences of mouse CCL22-derived peptides.

Peptide
Peptide 
name

Length (amino 
acids)

Predicted haplotype 
binding Sequence

CCL22 CCL226-14 9 H2Ld VPLLVALVL
CCL2210-19 10 H2Db VALVLLAVAI

e2115655-2 I. LECOQ ET AL.



3650–10). Spots of IFNγ secreted from activated cells were 
counted with the ELISpot reader, CTL ImmunoSpot S6 
Ultimate analyzer (Cellular Technology Limited), and 
Immunospot Software (Cellular Technology Limited).

Flow cytometry

For flow cytometry analysis, cells were stained and fixed using 
standard protocols. Acquisition was performed with a BD 
LSRFortessa III (BD Biosciences), and data were analyzed 
with FlowLogic 7.2.1 software (inivai Technologies). Details 
on the used antibody panels are given in Supplementary 
Tables S1 and S2.

Quantitative PCR

Total RNA was purified from tumors with the RNeasy Plus 
Mini Kit (Qiagen, Cat: 74136), according to the manufacturer’s 
guidelines. Then, cDNA was synthesized from 1 μg RNA with 
the High Capacity cDNA reverse Transcription Kit (Applied 
Biosystems, Cat: 4368814), according to the manufacturer’s 
instructions. Quantitative real-time PCR (qRT-PCR) was per-
formed with the Light Cycler 480 TaqMan Master mix (Roche 
Diagnostics, Cat: 04887301001) and TaqMan Expression Assay 
probes (Applied Biosystems). Thermocycling was performed 
on a LightCycler 480 II system (Roche). Expression of the gene 
of interest was normalized to the expression of hypoxanthine 
phosphoribosyltransferase (HPRT), and differential expression 
was calculated with the ∆∆CT method. A list of probes used in 
this study can be found in Supplementary Table S3.

Gene expression analysis

RNA from CT26 tumor tissue was purified with the RNeasy 
Plus Mini Kit (Qiagen, Cat: 74136), according to the manufac-
turer’s guidelines. Gene expression was analyzed with the 
nCounter Mouse PanCancer Immune Profiling panel 
(Nanostring technologies), which included an array of 770 
immuno-oncology-related genes.21 Data were normalized to 
the expression of endogenous genes. Batch effects were cor-
rected with the empirical Bayes method, ComBat.22 

Differential expression analyses were performed with a quasi- 
likelihood F test (edgeR package).23 Genes that showed signifi-
cantly differential expression (p-values <0.05) were considered 
differentially expressed (note that changes were generally 
subtle and p-values were not corrected for multiple testing). 
Rank-based gene-set enrichment analyses24 were performed 
with the fgsea package,25 and gene ontology terms enriched 
with a p value < 0.05 were considered (likewise, these p-values 
were not corrected for multiple testing, as only immunological 
terms can be expected to be enriched from the Mouse 
PanCancer Immune Profiling panel, while the test defaults to 
all testing 7,573 biological process terms). These analyses were 
performed in R.

Statistical analysis

All statistical analyses, including the Student’s t-test, Log-Rank 
test, and mixed-model analysis, were performed with 

GraphPad Prism 9 (GraphPad Software). Unless otherwise 
noted, statistical significance was defined as a P-value <0.05.

Data availability

The data that supports the findings described in this study were 
generated by the authors and are available upon reasonable 
request.

RESULTS

CCL22 peptide therapy induces expansion of 
CCL22-specific T cells

We have previously demonstrated that, stimulating PBMCs 
from either healthy donors or cancer patients with a decamer 
peptide derived from the CCL22-signal sequence predicted to 
bind to HLA-A2, led to the activation of CCL22-specific 
T cells.19 To evaluate whether CCL22-specific T cells could be 
activated in vivo by vaccination with CCL22 peptide, murine 
CCL22 peptides that were predicted to bind to MHC class I in 
C57BL/6 and BALB/c mice were identified.

To assess the ability of each epitope to generate CCL22- 
specific T cells in vivo, mice were immunized with each CCL22 
peptide twice, and one week after the second immunization, 
CCL22 peptide-specific T-cell responses were evaluated by 
IFNγ Elispot assay. Two immunogenic CCL22 peptide 
sequences were identified: (i) for C57Bl/6 mice with predicted 
affinity for MHC class I H2Db (referred to as CCL2210-19) and 
(ii) for BALB/c mice predicted to bind to MHC class I H2Ld 

(referred to as CCL226-14). A significant CCL22-specific 
immune response was detected in both the spleen 
(CCL2210-19: Figure 1a-b,=0.0007; CCL226-14: Figure 2a-b, 
=0.0021) and the lymph nodes (CCL2210-19: Figure 1a,=0.0043; 
CCL226-14: Figure 2a,<0.0001).

CCL22 peptide therapy delays tumor growth

Having established that CCL22-specific T cells can be expanded by 
peptide vaccination, we hypothesized that vaccine-induced 
CCL22-specific T cells may traffic to the tumor site and target 
CCL22-expressing cells, leading to anti-tumor response. To iden-
tify a relevant tumor model for assessing the immunotherapeutic 
effect of CCL22 peptide vaccines, CCL22 expression in different 
engrafted syngeneic tumors was evaluated by qPCR (supplemen-
tary figure S1a). All tested models (CT26, 4T1, B16 and Pan02) 
confirmed expression of CCL22, and therefore examined in the 
subsequent experiments. To evaluate whether the immune infil-
trate in the TME are the main intratumoral source of CCL22 
in vivo, we analyzed CCL22 expression in the CD45 positive 
infiltrate and CD45 negative negative fraction of engrafted syn-
geneic tumors. We confirmed that CCL22 expression is limited to 
the CD45 positive fraction in all the analyzed models (supplemen-
tary figure 1B).

To investigate the potential anti-tumor effect of 
a CCL2210-19 peptide, the immunotherapeutic effect was eval-
uated in mice subcutaneously engrafted with pancreatic cancer 
(Pan02) or melanoma (B16) cells (Figure 1c–). Treatment with 
CCL22 vaccine led to significant reductions in tumor growth in 
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the Pan02 (Figure 1c p = 0.0116, and Figure D day 21 p -
= 0.0030, day 28 p = 0.0207) and B16 (Figure 1e p = 0.0013 and 
Figure E p = 0.035) models compared to control mice. The 
differences in growth were already present at 18 days after 
inoculation in the Pan02 model (p = 0.0143) and at 12 days 
in B16 (p = 0.046). Furthermore, the treatment significantly 
increased the survival of B16-bearing mice, which further 
confirmed the anti-tumor activity of CCL22-peptide vaccine 
(Figure 1g, = 0.0475).

Similarly, the immunotherapeutic effects of CCL226-14 
peptide was assessed in an orthotopic model of breast 
cancer (4T1) and a subcutaneous model of colon carcinoma 
(CT26) in BALB/c mice (Figure 2c-g). In mice bearing 4T1 

tumors vaccination led to significant reduction in tumor 
growth at day 9 after tumor inoculation (p = 00018). In this 
model, the CCL22 vaccine induced overall reduction in 
tumor growth in 4T1 model (Figure 2c; p = 0.0017), asso-
ciated with significantly lower metastasis burden in the 
lungs (Figure 2d; p = 0.0219) and improved survival 
(Figure 2e; p=0.0240), compared to untreated controls. 
CT26-bearing mice also displayed reduced tumor growth, 
which was detectable after a single treatment with the 
CCL226-14 peptide (figure 2f p = 0.0055 and 2g; 
p = 0.0006). In addition, the treated mice showed signifi-
cantly better survival compared to controls (Figure 2h; 
p=0.0372). Thus, the anti-tumor activity of CCL22 peptide 

Figure 1. Effects of CCL22 peptide vaccination in C57BL/6 mice. (a-b) H2Db-restricted CCL22-derived CCL2210-19 epitope was administered subcutaneously (n = 13). 
A peptide-free treatment (Montanide) served as a negative control (n = 5). (a) IFNγ ELISpot assay results show ex vivo cell responses to no stimulation (–) or stimulation 
with 5 μg/ml CCL22-peptide (+) in splenocytes (left) and lymph node cells (right) prepared from treated C57BL/6 mice. Significant differences were determined with the 
non-parametric Mann Whitney t-test. (b) Representative images of ELISpot wells show positive responses to CCL22 stimulation (bottom right) in splenocytes from 
CCL22-immunized C57BL/6 mice. (c-g) C57BL/6 mice were inoculated subcutaneously with Pan02 (C and D, n = 8) or B16 (E-G, n = 10) tumor cells, then treated with 
CCL2210-19 peptide on post-inoculation days 7 and 18 (C, black arrows) or on days 2 and 9 (E, black arrows). (c,e) Mean tumor growth ±standard error of the mean (SEM). 
Differences in tumor growth were evaluated with a mixed model analysis. (d) Differences in Pan02 tumor growth on post-inoculation days 21 (left) and 28 (right). (f) 
Differences in B16 tumor growth 15 days after inoculation. (g) Survival curves show survival of B16F mice, with or without a CCL2210-19 administration. Survival 
difference was assessed with the Gehan-Breslow-Wilcoxon test. *p ≤ 0.05, **p ≤ 0.01 ***p ≤ 0.001, ****p ≤ 0.0001.
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vaccines was confirmed in all the syngeneic tumor models 
tested.

CCL22 peptide vaccine impacts myeloid infiltration in 
CT26 tumors

Given the hypothesized mechanisms of action of CCL22 
vaccines, that the treatment may impact on tumor- 

promoting Treg cells via activation of CCL22-specific 
T cells, the CT26 model was chosen for subsequent experi-
ments based on previous studies demonstrating that the 
proportion of Tregs in the CT26 tumor TME was higher 
than the proportions observed in other tumor models.23 

Hence, CT26-tumor-bearing mice were treated with 
CCL226-14 peptide and tumor-infiltrating leukocytes were 
analyzed to evaluate treatment-induced changes in the 
TME (Figure 3). Given that M2 macrophages and dendritic 

Figure 2. Effects of CCL22 peptide vaccination in BALB/c mice. BALB/c mice were immunized subcutaneously with a H2Ld-restricted CCL22-derived epitope CCL226-14 (at 
least 7 mice per group). A peptide-free treatment (montanide) served as a negative control (n ≥ 7). (a) IFNγ ELISpot assay results show ex vivo cell responses to no 
stimulation (–) or stimulation with 5 μg/ml CCL22-peptide (+) in splenocytes (left) and lymph node cells (right). Significant differences were determined with the non- 
parametric Mann Whitney t-test. (b) Representative images of ELISpot wells show positive responses to CCL22 stimulation (bottom right) in splenocytes from CCL22- 
immunized BALB/c mice. (c-h) BALB/c mice were inoculated orthotopically with 4T1 cells (C-E, n = 11) or subcutaneously with CT26 (F-H, n = 12) tumor cells, then 
treated with CCL226-14 on post-inoculation days 2 and 9 (C, black arrows) or 6 (F, black arrow). (c) Average growth of 4T1 tumors ± SEM for CCL226-14-treated mice 
(Orange), compared to the Montanide control group (black). (d) Difference between groups in metastasis burdens in the lungs, on post-inoculation day 20. (e) Survival 
of mice bearing 4T1 tumors. The CCL226-14 immunization improved survival, from a median of 24 to 29 days. (f) Average growth of CT26 tumors ± SEM. (g) Difference 
between groups in the mean CT26 tumor growth on post-inoculation day 19 (n = 20). (h) Survival of CT26-bearing mice. The CCL226-14 treatment improved survival, 
from a median of 23 to 26 days. Differences in tumor growth were tested with a mixed model test; differences in survival were assessed with the Gehan-Breslow- 
Wilcoxon test. *p ≤ 0.05, **p ≤ 0.01) ***p ≤ 0.001, ****p ≤ 0.0001.
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cells are the primary source of CCL22 in the TME of 
murine tumors,18 we first evaluated the myeloid cell infil-
tration in CT26-bearing mice. Flow cytometry analysis of 
tumor samples showed a trend toward a decline in M2 
macrophage infiltration and an increase in M1 macrophage 
infiltration (Figure 3a,b), accounting for an average two- 
fold increase in the M1/M2 ratio (p = 0.056; Figure 3c). 
The treatment also led to an increased tumor infiltration of 
plasmatocytoid dendritic cells (p = 0.041; Figure 3d). In the 
majority of treated mice, the decline in M2 macrophages 
was associated with a reduction in the CCL22 expression 
levels in the TME, however this was not statistically sig-
nificant (p = 0.36; Figure 3e).

CCL22 peptide immunization leads to reduction in tumor 
Treg recruitment and increase in CD8 + T cells

Since the immunomodulatory function of CCL22 in cancer is 
attributed to its ability to recruit Tregs to the TME, the infiltration 
of lymphoid populations in CT26 tumors was then assessed. 
CCL22 peptide treatment resulted in a significant increase in 
CD8+ T cell infiltration (p = 0.0230; Figure 4a,d) and a significant 
reduction in Treg infiltration (p = 0.0203; Figure 4a,d). These 
changes resulted in a higher CD8/Treg ratio in treated animals 
(p = 0.0402; Figure 4b). Furthermore, the infiltration of PD-1+ 

CD8+ T cell subset also increased after treatment with CCL226-14 

(p = 00407; Figure 4c,d) while the PD-1 – CD8+ T cell fraction 
remained the same (data not shown). Taken together, these data 
suggests that the anti-tumor activity of CCL22 peptide vaccines is 
associated with a lower infiltration of immunosuppressive cells 
and a higher infiltration of pro-inflammatory cells, thus support-
ing our hypothesis that CCL22 vaccine modulates the immuno-
suppressive TME.

CCL22 peptide vaccine alters immune gene signature in 
the TME

To further elucidate the molecular mechanism underlying the 
therapeutic effect of the CCL22 peptide vaccine, gene expres-
sion of pan-immune markers from CCL22 peptide-treated 
CT26 tumors were analyzed with a Mouse PanCancer 
Immune Profiling Panel (NanoString technologies), which 
contained 770 immuno-oncology-related mouse genes.21 

Cluster classification was employed to find key immune and 
cellular processes, which identified a set of 20 differentially 
expressed genes (Supplementary figure 2). Next, a gene set 
enrichment analysis was performed to describe key signaling 
pathways affected by the CCL22 peptide treatment (Figure 5a) .

The gene set enrichment analysis revealed a significant upre-
gulation of cytotoxicity in the TME (p = 0.005, Figure 5ba), an 
increase in toll-like-receptor pathway signaling (p = 0.024, Figure 

Figure 3. CCL22 peptide immunization leads to alterations in myeloid infiltration of CT26 tumors. (a-d) Flow cytometry analysis of myeloid subsets that infiltrated CT26 
tumors performed on day 6 after a CCL226-14 immunization (n = 10) or control peptide free treatment (n = 10; also refered to as montanide in figures). (a) Percentages of 
M1 macrophages (MHC-II+, CD11b+, F4/80+, and CD206low), M2 macrophages (MHC-II+, CD11b+, F4/80+, and CD206high), and classical dendritic cells (cDC: MHC-II+, 
CD11c+, and CD11b+) among the total live infiltrating leukocytes (TILs: CD45+). (b) Representative example of dot plots for macrophague populations for the CCL226-14- 
immunized mice and control mice (peptide free treatment refered to as montanide in figure) (c) M1 to M2 ratio of tumor infiltrating macrophages and (d) 
Plasmatocytoid dendritic cell infiltration out of total live infiltrating cells (e) CCL22 expression determined by qPCR analysis on tumor samples resected 6 days after 
administering the CCL226-14 treatment. Expression was evaluated relative to hypoxanthine phosphoribosyltransferase (HPRT) expression. Data are shown as an average 
value ± SEM. Differences were evaluated with the unpaired t-test; *p ≤ 0.05.
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5ca) and an upregulation of NK-mediated immunity (p = 0.025, 
Figure 5da). Conversely, processes such as growth-factor binding 
(p = 0.007, Supplementary figure 3) and tissue morphogenesis 
(p = 0.028, Supplementary figure 3) were downregulated, which 
suggested a reduction in the activation of cells and processes 
associated with tumor progression. This reduction was illustrated 
by an individual gene expression analysis (Figure 5eb), which 
showed significant declines in the expression of hypoxia- 
inducible factor 1α26,27 (p = 0.0166) and CD27628,29 (p = 0.0403), 
after a CCL22-peptide treatment. Both have been associated with 
tumor growth and progression and with a poor clinical 
prognosis.26,27,29 The CCL22-vaccine treatment also caused 
a reduction of the expression of S100a8 which has been related 
with a macrophage promotion of tumor invasion and migration.30 

In addition, the treatment lead to an increase in the expression of 
interferon regulatory factor 131 (p = 0.0156) and CD16032,33 

(p = 0.0347), suggesting an enhancement in T-cell and NK-cell 
activity. Consistently with qPCR data, a reduction in the expres-
sion of CCL22 in treated CT26 tumors was also observed in the 
nanostring analysis (Figure 5fc)

Discussion

Accumulating evidence suggests that CCL22 expression is 
a key factor in the recruitment of Tregs into the TME of 
different types of human cancers; hence, CCL22 can promote 

an immunosuppressive microenvironment.16 This provided 
the rationale for targeting CCL22 to augment anti-tumor 
immune responses. Moreover, pro-inflammatory CCL22- 
specific T cells were found to be present in cancer patients 
and in healthy subjects, and they targeted CCL22-expressing 
cells in vitro.19 Accordingly, we postulated that a treatment 
with CCL22-derived peptide vaccines might potentially stimu-
late CCL22-specific T cells in vivo and lead to a beneficial anti- 
tumor effect.

In this study, we demonstrated that, as previously observed 
in humans, it is also possible to activate and expand CCL22- 
specific T-cell responses in mice with CCL22-derived peptides. 
Strikingly, simple treatment with the peptide leads to 
a significant delay in tumor growth in several murine syngeneic 
tumor models. Based on our observations of CCL22-specific 
T cells in humans and mice, we hypothesized that CCL22- 
specific T cells were an integral part of the immune system, 
which could be readily activated to modulate immune suppres-
sion in the TME, and thus, impair tumor development.

To our knowledge, CCL22 was the first chemokine to be 
described as a T-cell target. However, a recent study also 
identified T cells that targeted TGF-β-expressing cells in 
a cancer setting.34 Hence, this phenomenon of T cells targeting 
immunoregulatory antigens may be more general than origin-
ally thought. Indeed, in other studies, pro-inflammatory T cells 
were identified that recognized peptide sequences derived from 

Figure 4. CCL22 peptide vaccination-induced changes in the lymphoid infiltration of CT26 tumors. Flow cytometry analysis of T-cell subsets that infiltrated CT26 tumors 
resected 6 days after CCL22-immunization (n = 8) or peptide free control treatment (montanide, n = 8). (a) The populations are described as percentages of CD4+ T cells, 
CD8+ T cells, and Tregs (CD4+, Foxp3+), out of the total T-cell population (CD45+ CD3+); (b) ratio of CD8+ T cells to Tregs after CCL22 and control (Montanide) treatment. 
(c) Differences in populations of CD8+ PD1+ and CD4+ PD1+ subpopulations of activated tumor infiltrating T cells (d) Representative examples of dot plots for each 
population analyzed. Data are shown as average value per group ± SEM; differences between groups were evaluated with the unpaired t-test; *p ≤ 0.05.
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immunoregulatory antigens, such as PDL1,35 IDO,36 arginase 
137 and arginase 2.38 Moreover, promising results have been 
found in murine models with a peptide-based immunotherapy 
directed against an IDO39 and Arginase 1-expressing cells40 

combined with checkpoint inhibitors.
The present study demonstrated that a treatment with 

CCL22 peptides led to a reduction in the expression of 
CCL22 within the tumor. As anticipated, this reduction in 
CCL22 levels correlated with a reduction in Treg recruitment 
to the tumor site. In parallel, we observed an increase in the 
infiltration of pro-inflammatory cells to the TME of CT26 
tumors and an increase in the CD8/Treg ratio upon treatment. 
Furthermore, we also observed an increased activation of the 
infiltrated CD8 + T cells. These observations were previously 
associated with a favorable prognosis.41 The observed increase 
in the infiltration of CD8+ PD-1 + T cells in the tumor also 
raises the possibility of exploring the combination of the vac-
cination with CCL22-derived peptide with checkpoint inhibi-
tors targeting PD-1.

These findings were also supported by an RNA multiplex 
analysis, which revealed an upregulation of genes related to 
biological and molecular processes involved in immune 
responses in the TME and a downregulation in the expression 
of genes associated with tumor progression, such as hypoxia- 
inducible factor 1α and CD276. We also observed an increase 
in the expression of interferon regulatory factor 1, which is 
activated during inflammatory responses to IFNγ. 
Interestingly, interferon regulatory factor 1 is known to induce 
the production of type I IFN,42 which has been shown to 
suppress the intratumoral secretion of CCL22.18

The CCL22:CCR4 axis has been shown to function as an 
immune checkpoint; this axis is crucial for controlling T-cell 
immunity, particularly in the TME context, where a CCL22 defi-
ciency was correlated with prolonged survival.43 Consequently, 
different approaches to disrupt this axis are currently under inves-
tigation. A CCR4 antagonist (mogamulizumab), was recently 
developed to disrupt CCL22:CCR4-mediated Treg recruitment 
to the tumor.44 Anti-CCR4 antibodies showed promising results 

Figure 5. Gene expression in CT26 tumors after a CCL22-peptide vaccination. BALB/c mice were inoculated subcutaneously with CT26 tumor cells. At 6 days after 
inoculation, mice received a subcutaneous injection of either a control solution or CCL226-14 (n = 12 mice per group). Tumors were harvested on day 11, RNA was 
extracted, and gene expression was analyzed with the nCounter Mouse PanCancer Immune Profiling Panel. (a) Overview of major enriched GO biological processes that 
showed a statistically significant difference with immunization. (b-d) Examples of gene Set Enrichment (GSEA) analyses identified the biological processes that were 
upregulated upon treatment: (b) cell killing, (c) toll-like receptor signaling pathway and (d) natural killer cell mediated immunity. (e) Boxplots show significantly 
differentially expressed genes in CCL22-treated samples, compared to controls. IRF1: interferon regulatory factor 1; Hif1α: hypoxia-inducible factor 1α. (f) Boxlot showing 
CCL22 expression in nanostring sample readout. On box plots, the line indicates the median value and the box limits the first and third quartiles, while the bars indicate 
the maximum and minimum values.
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in vivo. These antibodies effectively inhibited chemotactic Treg 
recruitment to the tumor in a CCL22-dependent manner, which 
led to the restoration of anti-tumor immunity in a humanized 
murine model.17 Furthermore, those findings were reproduced in 
a clinical setting, and in 2018, mogamulizumab was approved by 
the FDA for the treatment of cutaneous T-cell lymphoma. 
Subsequently, a phase Ia trial tested a combination therapy of 
mogalinumab and nivolumab (anti-PDL1) in multicancer solid 
tumors and found that effector Tregs were depleted in peripheral 
blood and in the TME.45 In some cases, the Treg depletion induced 
by mogamulizumab was associated with serious autoimmune side 
effects.46,47 Its application in combination with checkpoint inhibi-
tors was tested in a phase I48 and a phaseI/II49 study. However, the 
combination did not results in a potent antitumor efficacy in 
patients with advanced solid tumors therefore, leaving an open 
door for other approaches aiming at targeting Treg recruitment 
through the CCL22:CCR4 axis.

In comparison, in the present study, we aimed to activate 
T cells that specifically targeted CCL22-producing cells in the 
TME. This approach led to a significant reduction in Treg 
recruitment to the tumor site correlating with a reduction of 
tumor growth. We speculated that CCL22-specific T cells could 
directly eliminate CCL22-expressing cells, but further research 
is needed to address this hypothesis. The targeting of CCL22- 
expressing cells may raise the question of a potential undesired 
alteration of peripheral tolerance induced by vaccination with 
CCL22-derived peptides. However, self-reactive cells against 
CCL22 have been identified in healthy individuals who do 
not suffer from any identified autoimmune disorder.19 

Moreover, similar vaccination strategies targetting other self- 
antigens have been tested in clinical trials without identifying 
severe adverse reactions to the treatment or long-term 
toxicity.50,51 Additionally, a phase 1/2 clinical trial recently 
showed that the combination of an immune-modulatory vac-
cine against IDO and PD-L1 with nivolumab improved the 
clinical efficacy of the checkpoint inhibitors for the treatment 
of metastatic melanoma without an increased toxicity.52 The 
exploration of the combination of the vaccination approach 
described in this paper with checkpoint inhibitors will be of 
high relevance for the translation of this therapeutic approach 
to the clinic.

In conclusion, we demonstrated that a CCL22-derived pep-
tide vaccines effectively inhibited tumor progression in vivo. 
This novel approach showed favorable therapeutic effects, and 
thus, it could potentially provide a basis for future cancer 
immunotherapy.

Acknowledgments

We would like to thank Rikke Christensen and Evelyn Kury for their 
excellent technical support and assistance, and Marco Carreta for his help 
with figure editing for this manuscript.

Disclosure statement

ILM, KLK, MC, EM and AWP are employed by IO Biotech. M-BZ 
is an employee and a shareholder in IO Biotech. MHA is 
Founder, a shareholder and a Scientific Advisory Board member 
in IO Biotech. The other authors declare no direct conflicts of 
interest.

Funding

This work was supported by Innovationsfonden [8054-00058A and 0153- 
0059B].

ORCID

Inés Lecoq http://orcid.org/0000-0001-6121-2750
Katharina L. Kopp http://orcid.org/0000-0002-9479-8513
Marion Chapellier http://orcid.org/0000-0003-1292-5695
Panagiotis Mantas http://orcid.org/0000-0001-6106-409X
Evelina Martinenaite http://orcid.org/0000-0002-4690-8722
Maria Perez-Penco http://orcid.org/0000-0003-4000-9184
Lars Rønn Olsen http://orcid.org/0000-0002-6725-7850
Mai-Britt Zocca http://orcid.org/0000-0003-3462-1553
Ayako Wakatsuki Pedersen http://orcid.org/0000-0001-5968-3000
Mads Hald Andersen http://orcid.org/0000-0002-2914-9605

Author contribution

Conceptualization: M-BZ, AWP, EM, MHA. Methodology: IL, KLK, 
AWP. Investigation: IL, KLK, MPP, PM, LRO. Writing—original draft: 
IL, MC, PM, LRO. Writing—review and editing: IL, AWP, MHA. Funding 
acquisition: M-BZ, AWP, MHA. Supervision: KLK, MC, AWP, MHA.

References

1. Menetrier-Caux C, Curiel T, Faget J, Manuel M, Caux C, Zou W. 
Targeting regulatory T cells. Target Oncol. 2012;7(1):15–28. doi:10. 
1007/s11523-012-0208-y.

2. Liyanage UK, Moore TT, Joo HG, Tanaka Y, Herrmann V, 
Doherty G, Drebin JA, Strasberg SM, Eberlein TJ, 
Goedegebuure PS, et al. Prevalence of regulatory T cells is 
increased in peripheral blood and tumor microenvironment of 
patients with pancreas or breast adenocarcinoma. J Immunol. 
2002;169(5):2756–2761. doi:10.4049/jimmunol.169.5.2756.

3. Curiel TJ, Coukos G, Zou L, Alvarez X, Cheng P, Mottram P, 
Evdemon-Hogan M, Conejo-Garcia JR, Zhang L, Burow M, et al. 
Specific recruitment of regulatory T cells in ovarian carcinoma 
fosters immune privilege and predicts reduced survival. Nat Med. 
2004;10(9):942–949. doi:10.1038/nm1093.

4. Schaefer C, Kim GG, Albers A, Hoermann K, Myers EN, 
Whiteside TL. Characteristics of CD4+CD25+ regulatory T cells 
in the peripheral circulation of patients with head and neck cancer. 
Br J Cancer. 2005;92(5):913–920. doi:10.1038/sj.bjc.6602407.

5. Nishikawa H, Sakaguchi S. Regulatory T cells in cancer 
immunotherapy. Curr Opin Immunol. 2014;27:1–7. doi:10.1016/j. 
coi.2013.12.005.

6. Turnis ME, Sawant DV, Szymczak-Workman AL, Andrews LP, 
Delgoffe GM, Yano H, Beres AJ, Vogel P, Workman CJ, 
Vignali DAA, et al. Interleukin-35 Limits Anti-Tumor Immunity. 
Immunity. 2016;44(2):316–329. doi:10.1016/j.immuni.2016.01. 
013.

7. Jarnicki AG, Lysaght J, Todryk S, Mills KHG . Suppression of 
antitumor immunity by IL-10 and TGF-beta-producing T cells 
infiltrating the growing tumor: influence of tumor environment 
on the induction of CD4+ and CD8+ regulatory T cells. J Immunol. 
2006;177(2):896–904. doi:10.4049/jimmunol.177.2.896.

8. Thornton AM, Shevach EM. CD4+ CD25+ Immunoregulatory 
T cells suppress polyclonal T cell activation in vitro by inhibition 
of interleukin 2 production. J Exp Med. 1998;188(2):287–296. 
doi:10.1084/jem.188.2.287.

9. Wing K, Onishi Y, Prieto-Martin P, Yamaguchi T, Miyara M, 
Fehervari Z, Nomura T, Sakaguchi S. CTLA-4 Control over 
Foxp3+Regulatory T Cell Function. Science. 2018;322 
(5899):271–275. doi:10.1126/science.1160062.

10. Facciabene A, Peng X, Hagemann IS, Balint K, Barchetti A, 
Wang L-P, Gimotty PA, Gilks CB, Lal P, Zhang L, et al. Tumour 

ONCOIMMUNOLOGY e2115655-9

https://doi.org/10.1007/s11523-012-0208-y
https://doi.org/10.1007/s11523-012-0208-y
https://doi.org/10.4049/jimmunol.169.5.2756
https://doi.org/10.1038/nm1093
https://doi.org/10.1038/sj.bjc.6602407
https://doi.org/10.1016/j.coi.2013.12.005
https://doi.org/10.1016/j.coi.2013.12.005
https://doi.org/10.1016/j.immuni.2016.01.013
https://doi.org/10.1016/j.immuni.2016.01.013
https://doi.org/10.4049/jimmunol.177.2.896
https://doi.org/10.1084/jem.188.2.287
https://doi.org/10.1126/science.1160062


hypoxia promotes tolerance and angiogenesis via CCL28 and 
T(reg) cells. Nature. 2011;475(7355):226–230. doi:10.1038/ 
nature10169.

11. Tan MCB, Goedegebuure PS, Belt BA, Flaherty B, Sankpal N, 
Gillanders WE, Eberlein TJ, Hsieh C-S, Linehan DC. Disruption 
of CCR5-dependent homing of regulatory T cells inhibits tumor 
growth in a murine model of pancreatic cancer. J Immunol. 
2009;182(3):1746–1755. doi:10.4049/jimmunol.182.3.1746.

12. Hoelzinger DB, Smith SE, Mirza N, Dominguez AL, Manrique SZ, 
Lustgarten J. Blockade of CCL1 inhibits T regulatory cell suppres-
sive function enhancing tumor immunity without affecting 
T effector responses. J Immunol. 2010;184(12):6833–6842. doi:10. 
4049/jimmunol.0904084.

13. Liu W, Wei X, Li L, Wu X, Yan J, Yang H, Song F. CCR4 mediated 
chemotaxis of regulatory T cells suppress the activation of T cells 
and NK cells via TGF-beta pathway in human non-small cell lung 
cancer. Biochem Biophys Res Commun. 2017;488(1):196–203. 
doi:10.1016/j.bbrc.2017.05.034.

14. Klarquist J, Tobin K, Farhangi Oskuei P, Henning SW, 
Fernandez MF, Dellacecca ER, Navarro FC, Eby JM, Chatterjee S, 
Mehrotra S, et al. Ccl22 diverts T regulatory cells and controls the 
growth of melanoma. Cancer Res. 2016;76(21):6230–6240. doi:10. 
1158/0008-5472.CAN-16-0618.

15. Li YQ, Liu FF, Zhang XM, Guo XJ, Ren MJ, Fu L. Tumor secretion 
of CCL22 activates intratumoral Treg infiltration and is indepen-
dent prognostic predictor of breast cancer. PLoS One. 2013;8(10): 
e76379. doi:10.1371/journal.pone.0076379.

16. Gobert M, Treilleux I, Bendriss-Vermare N, Bachelot T, 
Goddard-Leon S, Arfi V, Biota C, Doffin AC, Durand I, Olive 
D, et al. Regulatory T cells recruited through CCL22/CCR4 are 
selectively activated in lymphoid infiltrates surrounding pri-
mary breast tumors and lead to an adverse clinical outcome. 
Cancer Res. 2009;69(5):2000–2009. doi:10.1158/0008-5472. 
CAN-08-2360.

17. Chang DK, Peterson E, Sun J, Goudie C, Drapkin RL, Liu JF, 
Matulonis U, Zhu Q, Marasco WA. Anti CCR4 monoclonal anti-
body enhances antitumor immunity by modulating tumor infil-
trating Tregs in an ovarian cancer xenograft humanized mouse 
model. Oncoimmunology. 2016;5:1–14. doi:10.1080/2162402X. 
2015.1090075.

18. Anz D, Rapp M, Eiber S, Koelzer VH, Thaler R, Haubner S, 
Knott M, Nagel S, Golic M, Wiedemann GM, et al. Suppression 
of intratumoral CCL22 by type i interferon inhibits migration of 
regulatory T cells and blocks cancer progression. Cancer Res. 
2015;75(21):4483–4493. doi:10.1158/0008-5472.CAN-14-3499.

19. Martinenaite E, Munir Ahmad S, Hansen M, Met Ö, 
Westergaard MW, Larsen SK, Klausen TW, Donia M, Svane IM, 
Andersen MH, et al. CCL22-specific T cells: modulating the immu-
nosuppressive tumor microenvironment. Oncoimmunology. 
2016;5(11):1–10. doi:10.1080/2162402X.2016.1238541.

20. Syfpeithi 2012 [Available from: http://www.syfpeithi.de/ accessed 
01-December-2018.

21. Cesano A. nCounter((R)) pancancer immune profiling panel 
(nanostring technologies, Inc., Seattle, WA). J Immunother 
Cancer. 2015;3(1):42. doi:10.1186/s40425-015-0088-7.

22. Johnson WE, Li C, Rabinovic A. Adjusting batch effects in micro-
array expression data using empirical Bayes methods. Biostatistics. 
2007;8(1):118–127. doi:10.1093/biostatistics/kxj037.

23. McCarthy DJ, Chen Y, Smyth GK. Differential expression analysis 
of multifactor RNA-Seq experiments with respect to biological 
variation. Nucleic Acids Res. 2012;40(10):4288–4297. doi:10.1093/ 
nar/gks042.

24. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, 
Gillette MA, Paulovich A, Pomeroy SL, Golub TR, Lander ES, et al. 
Gene set enrichment analysis: a knowledge-based approach for 
interpreting genome-wide expression profiles. Proc Natl Acad Sci 
U S A. 2005;102(43):15545–15550. doi:10.1073/pnas.0506580102.

25. Sergushichev AA. An algorithm for fast preranked gene set enrich-
ment analysis using cumulative statistic calculation. bioRxiv. 2016. 
doi:10.1101/060012.

26. Semenza GL. Targeting HIF-1 for cancer therapy. Nat Rev Cancer. 
2003;3(10):721–732. doi:10.1038/nrc1187.

27. Unwith S, Zhao H, Hennah L, Ma D. The potential role of HIF on 
tumour progression and dissemination. Int J Cancer. 2015;136 
(11):2491–2503. doi:10.1002/ijc.28889.

28. Castellanos JR, Purvis IJ, Labak CM, Guda MR, Tsung AJ, Velpula 
KK, Asuthkar S. B7-H3 role in the immune landscape of cancer. 
Am J Exp Immunol. 2017;6(4):66–75.

29. Dong P, Xiong Y, Yue J, Hanley SJB, Watari H. B7H3 as 
a promoter of metastasis and promising therapeutic target. Front 
Oncol. 2018;8:264. doi:10.3389/fonc.2018.00264.

30. Lim SY, Yuzhalin AE, Gordon-Weeks AN, Muschel RJ. Tumor- 
infiltrating monocytes/macrophages promote tumor invasion and 
migration by upregulating S100A8 and S100A9 expression in can-
cer cells. Oncogene. 2016;35(44):5735–5745. doi:10.1038/onc.2016. 
107.

31. Chen FF, Jiang G, Xu K, ZHENG J-N. Function and mechanism by 
which interferon regulatory factor-1 inhibits oncogenesis. Oncol 
Lett. 2013;5(2):417–423. doi:10.3892/ol.2012.1051.

32. Liu S, Zhang W, Liu K, Wang Y. CD160 expression on CD8(+) 
T cells is associated with active effector responses but limited activa-
tion potential in pancreatic cancer. Cancer Immunol Immunother. 
2020;69(5):789–797. doi:10.1007/s00262-020-02500-3.

33. Sun H, Xu J, Huang Q, Huang M, Li K, Qu K, Wen H, Lin R, 
Zheng M, Wei H, et al. Reduced CD160 expression contributes to 
impaired NK-cell function and poor clinical outcomes in patients 
with HCC. Cancer Res. 2018;78(23):6581–6593. doi:10.1158/0008- 
5472.CAN-18-1049.

34. Holmstrom MO, Mortensen REJ, Pavlidis AM, Martinenaite E, 
Weis-Banke SE, Aaboe-Jørgensen M, Bendtsen SK, Met Ö, 
Pedersen AW, Donia M, et al. Cytotoxic T cells isolated from 
healthy donors and cancer patients kill TGFbeta-expressing cancer 
cells in a TGFbeta-dependent manner. Cell Mol Immunol. 2021;18 
(2):415–426. doi:10.1038/s41423-020-00593-5.

35. Munir S, Andersen GH, Met O, Donia M, Frøsig TM, Larsen SK, 
Klausen TW, Svane IM, Andersen MH. HLA-restricted CTL that 
are specific for the immune checkpoint ligand PD-L1 occur with 
high frequency in cancer patients. Cancer Res. 2013;73 
(6):1764–1776. doi:10.1158/0008-5472.CAN-12-3507.

36. Munir S, Larsen SK, Iversen TZ, Donia M, Klausen TW, Svane IM, 
Straten PT, Andersen MH. Natural CD4+ T-cell responses against 
indoleamine 2,3-dioxygenase. PLoS One. 2012;7(4):1–12. doi:10. 
1371/journal.pone.0034568.

37. Martinenaite E, Mortensen REJ, Hansen M, Holmström MO, 
Ahmad SM, Joergensen NGD, Met Ö, Donia M, Svane IM, 
Andersen MH. Frequent adaptive immune responses against 
arginase-1. OncoImmunology. 2017;7(3):1–9. doi:10.1080/ 
2162402x.2017.1404215.

38. Weis-Banke SE, Hubbe ML, Holmstrom MO, Jørgensen MA, 
Bendtsen SK, Martinenaite E, Carretta M, Svane IM, Ødum N, 
Pedersen AW, et al. The metabolic enzyme arginase-2 is 
a potential target for novel immune modulatory vaccines. 
Oncoimmunology. 2020;9(1):1771142. doi:10.1080/2162402X. 
2020.1771142.

39. Dey S, Sutanto-Ward E, Kopp KL, DuHadaway J, Mondal A, 
Ghaban D, Lecoq I, Zocca M-B, Merlo LMF, Mandik-Nayak L, 
et al. Peptide vaccination directed against IDO1-expressing 
immune cells elicits CD8 + and CD4 + T-cell-mediated antitumor 
immunity and enhanced anti-PD1 responses. J Immunother 
Cancer. 2020;8(2):e000605. doi:10.1136/jitc-2020-000605.

40. Aaboe Jorgensen M, Ugel S, Linder Hubbe M, Carretta M, Perez- 
Penco M, Weis-Banke SE, Martinenaite E, Kopp K, Chapellier M, 
Adamo A, et al. Arginase 1-based immune modulatory vaccines 
induce anticancer immunity and synergize with anti-PD-1 check-
point blockade. Cancer Immunol Res. 2021;9(11):1316–1326. 
doi:10.1158/2326-6066.CIR-21-0280.

41. Sato E, Olson SH, Ahn J, Bundy B, Nishikawa H, Qian F, 
Jungbluth AA, Frosina D, Gnjatic S, Ambrosone C, et al. 
Intraepithelial CD8 + tumor-infiltrating lymphocytes and a high 
CD8 + /regulatory T cell ratio are associated with favorable 

e2115655-10 I. LECOQ ET AL.

https://doi.org/10.1038/nature10169
https://doi.org/10.1038/nature10169
https://doi.org/10.4049/jimmunol.182.3.1746
https://doi.org/10.4049/jimmunol.0904084
https://doi.org/10.4049/jimmunol.0904084
https://doi.org/10.1016/j.bbrc.2017.05.034
https://doi.org/10.1158/0008-5472.CAN-16-0618
https://doi.org/10.1158/0008-5472.CAN-16-0618
https://doi.org/10.1371/journal.pone.0076379
https://doi.org/10.1158/0008-5472.CAN-08-2360
https://doi.org/10.1158/0008-5472.CAN-08-2360
https://doi.org/10.1080/2162402X.2015.1090075
https://doi.org/10.1080/2162402X.2015.1090075
https://doi.org/10.1158/0008-5472.CAN-14-3499
https://doi.org/10.1080/2162402X.2016.1238541
http://www.syfpeithi.de/
https://doi.org/10.1186/s40425-015-0088-7
https://doi.org/10.1093/biostatistics/kxj037
https://doi.org/10.1093/nar/gks042
https://doi.org/10.1093/nar/gks042
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1101/060012
https://doi.org/10.1038/nrc1187
https://doi.org/10.1002/ijc.28889
https://doi.org/10.3389/fonc.2018.00264
https://doi.org/10.1038/onc.2016.107
https://doi.org/10.1038/onc.2016.107
https://doi.org/10.3892/ol.2012.1051
https://doi.org/10.1007/s00262-020-02500-3
https://doi.org/10.1158/0008-5472.CAN-18-1049
https://doi.org/10.1158/0008-5472.CAN-18-1049
https://doi.org/10.1038/s41423-020-00593-5
https://doi.org/10.1158/0008-5472.CAN-12-3507
https://doi.org/10.1371/journal.pone.0034568
https://doi.org/10.1371/journal.pone.0034568
https://doi.org/10.1080/2162402x.2017.1404215
https://doi.org/10.1080/2162402x.2017.1404215
https://doi.org/10.1080/2162402X.2020.1771142
https://doi.org/10.1080/2162402X.2020.1771142
https://doi.org/10.1136/jitc-2020-000605
https://doi.org/10.1158/2326-6066.CIR-21-0280


prognosis in ovarian cancer. Proc Natl Acad Sci U S A. 2005;102 
(51):18538–18543. doi:10.1073/pnas.0509182102.

42. Ivashkiv LB, Donlin LT. Regulation of type I interferon responses. 
Nat Rev Immunol. 2014;14(1):36–49. doi:10.1038/nri3581.

43. Rapp M, Wintergerst MWM, Kunz WG, Vetter VK, Knott MML, 
Lisowski D, Haubner S, Moder S, Thaler R, Eiber S, et al. CCL22 
controls immunity by promoting regulatory T cell communication 
with dendritic cells in lymph nodes. J Exp Med. 2019;216 
(5):1170–1181. doi:10.1084/jem.20170277.

44. Kurose K, Ohue Y, Wada H, Iida S, Ishida T, Kojima T, Doi T, 
Suzuki S, Isobe M, Funakoshi T, et al. Phase ia study of FoxP3+ 
CD4 treg depletion by infusion of a humanized anti-CCR4 anti-
body, KW-0761, in cancer patients. Clin Cancer Res. 2015;21 
(19):4327–4336. doi:10.1158/1078-0432.CCR-15-0357.

45. Doi T, Muro K, Ishii H, Kato T, Tsushima T, Takenoyama M, Oizumi 
S, Gemmoto K, Suna H, Enokitani K, et al. A phase I study of the 
Anti-CC chemokine receptor 4 antibody, mogamulizumab, in combi-
nation with nivolumab in patients with advanced or metastatic solid 
tumors. Clin Cancer Res. 2019;25(22):6614–6622. doi:10.1158/1078- 
0432.CCR-19-1090.

46. Fuji S, Inoue Y, Utsunomiya A, Moriuchi Y, Uchimaru K, Choi I, 
Otsuka E, Henzan H, Kato K, Tomoyose T, et al. 
Pretransplantation Anti-CCR4 antibody mogamulizumab against 
adult T-cell leukemia/lymphoma is associated with significantly 
increased risks of severe and corticosteroid-refractory graft-versus- 
host disease, nonrelapse mortality, and overall mortality. J Clin 
Oncol. 2016;34(28):3426–3433. doi:10.1200/JCO.2016.67.8250.

47. Ifuku H, Kusumoto S, Tanaka Y, Totani H, Ishida T, Okada M, 
Murakami S, Mizokami M, Ueda R, Iida S, et al. Fatal reactivation 
of hepatitis B virus infection in a patient with adult T-cell 
leukemia-lymphoma receiving the anti-CC chemokine receptor 4 

antibody mogamulizumab. Hepatol Res. 2015;45(13):1363–1367. 
doi:10.1111/hepr.12513.

48. Zamarin D, Hamid O, Nayak-Kapoor A, Sahebjam S, Sznol M, 
Collaku A, Fox FE, Marshall MA, Hong DS. Mogamulizumab in 
combination with durvalumab or tremelimumab in patients with 
advanced solid tumors: a phase i study. Clin Cancer Res. 2020;26 
(17):4531–4541. doi:10.1158/1078-0432.CCR-20-0328.

49. Hong DS, Rixe O, Chiu VK, Forde PM, Dragovich T, Lou Y, 
Nayak-Kapoor A, Leidner R, Atkins JN, Collaku A, et al. 
Mogamulizumab in combination with nivolumab in a phase I/II 
study of patients with locally advanced or metastatic solid tumors. 
Clin Cancer Res. 2022;28(3):479–488. doi:10.1158/1078-0432. 
CCR-21-2781.

50. Jorgensen NG, Klausen U, Grauslund JH, Helleberg C, Aagaard 
TG, Do TH, Ahmad SM, Olsen LR, Klausen TW, Breinholt MF, 
et al. Peptide vaccination against PD-L1 with IO103 a novel 
immune modulatory vaccine in multiple myeloma: a phase I 
first-in-human trial. Front Immunol. 2020;11:595035. doi:10. 
3389/fimmu.2020.595035.

51. Kjeldsen JW, Iversen TZ, Engell-Noerregaard L, Mellemgaard A, 
Andersen MH, Svane IM. Durable clinical responses and 
long-term follow-up of stage III-IV non-small-cell lung cancer 
(NSCLC) patients treated with IDO peptide vaccine in a phase I 
study-A brief research report. Front Immunol. 2018;9:2145. doi:10. 
3389/fimmu.2018.02145.

52. Kjeldsen JW, Lorentzen CL, Martinenaite E, Ellebaek E, Donia M, 
Holmstroem RB, Klausen TW, Madsen CO, Ahmed SM, Weis- 
Banke SE, et al. A phase 1/2 trial of an immune-modulatory 
vaccine against IDO/PD-L1 in combination with nivolumab in 
metastatic melanoma. Nat Med. 2021;27(12):2212–2223. doi:10. 
1038/s41591-021-01544-x.

ONCOIMMUNOLOGY e2115655-11

https://doi.org/10.1073/pnas.0509182102
https://doi.org/10.1038/nri3581
https://doi.org/10.1084/jem.20170277
https://doi.org/10.1158/1078-0432.CCR-15-0357
https://doi.org/10.1158/1078-0432.CCR-19-1090
https://doi.org/10.1158/1078-0432.CCR-19-1090
https://doi.org/10.1200/JCO.2016.67.8250
https://doi.org/10.1111/hepr.12513
https://doi.org/10.1158/1078-0432.CCR-20-0328
https://doi.org/10.1158/1078-0432.CCR-21-2781
https://doi.org/10.1158/1078-0432.CCR-21-2781
https://doi.org/10.3389/fimmu.2020.595035
https://doi.org/10.3389/fimmu.2020.595035
https://doi.org/10.3389/fimmu.2018.02145
https://doi.org/10.3389/fimmu.2018.02145
https://doi.org/10.1038/s41591-021-01544-x
https://doi.org/10.1038/s41591-021-01544-x

	Abstract
	Background
	Methods
	Cell culture
	Mouse strains
	Tumor engraftment and measurement
	Peptide vaccination
	ELISpot
	Flow cytometry
	Quantitative PCR
	Gene expression analysis
	Statistical analysis
	Data availability

	RESULTS
	CCL22 peptide therapy induces expansion of CCL22-specific T cells
	CCL22 peptide therapy delays tumor growth
	CCL22 peptide vaccine impacts myeloid infiltration in CT26 tumors
	CCL22 peptide immunization leads to reduction in tumor Treg recruitment and increase in CD8 + T cells
	CCL22 peptide vaccine alters immune gene signature in the TME

	Discussion
	Acknowledgments
	Disclosure statement
	Funding
	ORCID
	Author contribution
	References

