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ORIGINAL ARTICLE

CCL4 as an adjuvant for DNA vaccination in a Her2/neu

mouse tumor model

T Nguyen-Hoai'***, M Pham-Duc'*** M Gries'*3, B Dérken'?3, A Pezzutto'*® and J Westermann'%3

Chemokines are key regulators of both innate and adaptive immune responses. CCL4 (macrophage inflammatory protein-14,
MIP-1PB) is a CC chemokine that has a broad spectrum of target cells including immature dendritic cells, which express the cognate
receptor CCR5. We asked whether a plasmid encoding CCL4 is able to improve tumor protection and immune responses in a Her2/
neu+ mouse tumor model. Balb/c mice were immunized twice intramuscularly with plasmid DNA on days 1 and 15. On day 25, a
tumor challenge was performed with 2 x 10° syngeneic Her2/neu+ D2F2/E2 tumor cells. Different groups of mice were vaccinated
with pDNA(Her2/neu) plus pDNA(CCL4), pDNA(Her2/neu), pDNA(CCL4) or mock vector alone. Our results show that CCL4 is able to
(i) improve tumor protection and (ii) augment a TH1-polarized immune response against Her2/neu. Although Her2/neu-specific
humoral and T-cell immune responses were comparable with that induced in previous studies using CCL19 or CCL21 as adjuvants,
tumor protection conferred by CCL4 was inferior. Whether this is due to a different spectrum of (innate) immune cells, remains to
be clarified. However, combination of CCL19/21 with CCL4 might be a reasonable approach in the future, particularly for DNA
vaccination in Her2/neu+ breast cancer in the situation of minimal residual disease.
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INTRODUCTION

DNA vaccination using plasmid DNA encoding a particular antigen
is a vaccination strategy which is used both in infectious disease
and in cancer.'® Despite strong immunogenicity in mice, the
efficacy of DNA vaccines in large animals and humans has been
disappointing so far.” Therefore, during the past decades, different
strategies have been pursued to improve efficacy of DNA vaccines,
including the coadministration of immunomodulatory molecules
as genetic adjuvants.®®

Chemokines are key regulators of immune responses and
may orchestrate the interactions and the migration of different
immune cells during innate and adaptive immune responses.
Therefore, chemokines are among these different immunomodu-
latory molecules that have been studied as adjuvants for different
vaccination strategies both in infectious disease and in
cancer.'®'® As CCR7 agonists, such as CCL19 and CCL21, have a
central role for interactions between dendritic cells (DC) and naive
T cells in the immunological synapse, these chemokines have
been in the focus of animal models by several groups including
ours. Meanwhile, there is a large body of evidence showing that
the use of CCL19 or CCL21 as adjuvant for vaccines is able to
enhance TH1-polarized immune responses and to protect mice
from tumor growth or viral infection.'®™?

CCL4 (macrophage inflammatory protein-13, MIP-1f) is a CC
chemokine that belongs to the group of inflammatory chemo-
kines and acts as a chemoattractant for different immune effector
cells such as immature DC, TH1 T cells, NK cells and monocytes. In
contrast to CCR7 that is expressed on mature DC and naive T-cell
subsets, the CCL4 receptor CCR5 is expressed on immature DC and
TH1-polarized T cells.'*® Consequently, it has to be assumed

that—when applied as an adjuvant during DNA vaccination—
the spectrum of immune cells recruited by CCL4 and CCL19/21 will
be clearly distinct from each other and thus may induce different
immunological effector mechanisms. In this study, we asked
whether CCL4 is able to enhance the efficacy of a Her2/neu DNA
vaccine in @ mouse tumor model, in which syngeneic Her2/neu
tumor cells are used for tumor challenge experiments.

MATERIALS AND METHODS

Animals

Female 6-8-week-old BALB/c mice (H-2k%) mice were purchased from
Charles River (Sulzfeld, Germany) and housed in our animal facility (Max
Delbriick Center for Molecular Medicine (MDC), Berlin, Germany) under
standard pathogen-free conditions. Experiments were approved by local
authorities (LAGeSo, Berlin, Germany) and were performed in accordance
with German animal protection law.

Cell line

Mouse mammary tumor cell line D2F2 is derived from a spontaneous
mouse mammary tumor, which arose in a BALB/c background from the
hyperplastic alveolar nodule cell line D2. The cells were kindly provided
by Dr S Preise and Dr T Kammertoens (MDC). The cell line and culture
conditions have previously been described.?%233%3

Plasmids

pVax was purchased from Invitrogen (Carlsbad, CA, USA). pDNA(Her2/neu)
encoding human Her2/neu was kindly provided by Dr S Preise and Dr T
Kammertoens (MDC). The Her2/neu plasmid pVax/E2A contains the E2A
gene from pCMV/E2A, which was cloned into the expression vector pVax.
E2A contains a lysine to alanine mutation in nucleotide sequence position
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Figure 1. Structure of the CCL4 plasmid. (a) The CCL4 gene was
cloned into the cloning site Notl and Xbal of the vector pVax.
(b) Appropriate insertion of the CCL4 gene into pVax was confirmed
by restriction enzyme analysis with Notl and Xbal. Lane a: DNA
ladder (NEB); b: mock vector; c: pVax(CCLA4).

2257-2258, which corresponds to position 753 of the amino acid sequence.
This alteration leads to the elimination of tyrosine signaling in the Her2/
neu proto-oncogene, which is an important issue under safety aspects for
a potential clinical vaccine development. The plasmids were amplified in
E. coli X1-blue strain (Agilent Technologies, Waldbronn, Germany) and
purified using the EndoFree Giga-Prep-Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions.

Murine CCL4 (MIP-1B) was synthesized and optimized for expression in
mammalian cells by GeneArt (Regensburg, Germany) with Notl and Xbal as
indicators and cloned into the cloning sites Kpal and Sacl of the vector
pGA4. The CCL4 gene was then subcloned into the cloning site Notl and
Xbal of pVax (Invitrogen) (Figure 1a). The plasmid was amplified and
purified as described above. Appropriate insertion of the CCL4 gene into
pVax was confirmed by restriction enzyme analysis with Notl and Xbal
(Figure 1b).

CCL4 expression in murine NIH 3T3 cells

Murine NIH 3T3 cells were transfected with pVax (CCL4) by electroporation.
CCL4- transfected NIH 3T3 cells were cultured for 24-48 h in Dulbecco's
modified Eagle's medium (Life Technologies, Karlsruhe, Germany). Cell
culture supernatant and the adherent cells were collected separately to
analyze the expression of CCL4 protein by ELISA (supernatant) and western
blot (cell lysate). CCL4-transfected NIH 3T3 cells were lysed and used for
western blot analysis. Biotinylated anti-murine CCL4 antibody (BFA 451,
R&D, Abingdon Science Park, UK) were used together with Streptavidin-
HRP and an ELC plus detection kit (Amersham Pharmacia Biotech,
Piscataway, NJ, USA). CCL4 in the cell culture supernatant was quantified
by an ELISA Kit (R&D) according to the manufacturer’s instructions. The
lower detection limit of the assay was 3 pgml~".

Immunization and tumor challenge protocol

Mice were injected twice intramuscularly with 100 pg of plasmid DNA on
days 1 and 15. Each experimental group consisted of 8-10 mice. Mice were
injected with pDNA(Her2/neu) plus pDNA(CCL4), pDNA(Her2/neu), pDNA
(CCL4) or mock vector alone. On day 25, the immunized mice were
challenged subcutaneously with 2x10° Her2/neu+ syngeneic D2F2/E2
tumor cells. Tumor growth was subsequently observed. Progressively
growing masses >1 mm in mean diameter were defined as tumors. Tumor
diameters were measured one to two times weekly by calipers. Tumor
volumes were calculated according to the formula tumor volume=1/6 n
d® (d=diameter). On day 30, sera and splenocytes were collected for the
different immunological assays.?*

ELISpot

Enzyme-linked immunospot (ELISpot) assays were performed with
splenocytes from vaccinated mice as previously described.??**3° Briefly,
spleens were aseptically removed and a single cell suspension was
generated in complete medium. Splenocytes were seeded in triplicates
(2 10° splenocytes per well) on an y-interferon- or IL-4-precoated ELISpot
plate (ELISpot Kit, Pharmingen, Heidelberg, Germany) and restimulated by
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the following Her2/neu peptides: (i) peptides derived from the extracellular
domain (Her2/neu-ECD): a/ Her2p63-71: TYLPTNASL, b/ Her2p342-350:
CYGLGMEHL, ¢/ Her2p369-377: KIFGSLAFL, d/ Her2p440-448: AYSLTLQGL;
(i) peptides derived from the intracellular domain (Her2/neu-ICD): a/
Her2p773-782: VMAGVGSPYV, b/ Her2p780-788:PYVSRLLG, ¢/ Her2-2p883-
899 KVPIKWMALESILRRRF, d/ Her2p907-915: SYGVTVWEL. K¢ restriction
and potential immunogenicity in mice has previously been shown for most
of these peptides.3?* Using the BIMAS epitope prediction algorithm
(www.bimas.cet.nih.gov), most peptides are high affinity binders for K.
Only peptides 1¢, 2a and 2c are predicted to have a low affinity for K. All
peptides were purchased from Wita GmbH (Berlin, Germany) and had a
purity of >95%. Peptides were added at a concentration of 100 ng per
well. Incubation was performed overnight and ELISpot plates were
developed according to the manufacturer's instructions. Evaluation was
performed by means of an ImmunoSpot reader system (ImmunoSpot,
Cellular Technology Ltd., Bonn, Germany). Antigen-specific responses were
defined as having (i) a ratio of specific peptide: control >2 and (ii) an
absolute number of spots > 20. Results were expressed as 'spots per 10°
splenocytes'.

Humoral anti-Her2/neu immune responses

Flow cytometric assays were performed as previously described.?>?33
Briefly, frozen sera were thawed and subsequently diluted in phosphate-
buffered saline (PBS; 1:30, 1:60 and 1:120). Sera were then incubated with
3-5x 10 SK-BR-3 cells for 30-60 min at 4 °C. After that time, cells were
washed twice with PBS. Pellets were resuspended in PBS containing 50 pl
of biotinylated anti-mouse IgG1, 1gG2a, 1gG2b, IgG3 (dilution 1:50)
(BD Pharmingen, San Diego, CA, USA). Cells were incubated for
30-60 min at 4 °C, washed twice with fluorescence-activated cell sorting
buffer and resuspended in PBS containing 50 pl of streptavidin-APC (BD
Pharmingen) (dilution 1:200). Cells were incubated for 15-30 min at 4 °C,
washed with fluorescence-activated cell sorting buffer and resuspended in
200 pl fluorescence-activated cell sorting buffer (1x PBS containing 0.5%
bovine serum albumin, 2 mM EDTA, 0.05% NaNs) for flow cytometric
analysis. Relative quantification of anti-Her2/neu serum IgG1, IgG2a, IlgG2b
and IgG3 was performed by comparing the mean channel fluorescence in
the different samples. Mean channel fluorescence reflects the binding of
anti-Her2/neu antibodies to SK-BR3 cells and is therefore a suitable
parameter for the quantification of humoral anti-Her2/neu immune
responses 22330

Statistical methods
For comparison of the means of three or more groups, analysis of variance
was used together with PRISM software. Student’s t-test was used to
compare the means between two groups. A P-value < 0.05 was considered
statistically significant.

RESULTS

Transfected CCL4 is expressed in NIH 3T3 cells and secreted into
the supernatant

To confirm the expression of CCL4 on a protein level, murine NIH
3T3 cells were transfected with pDNA(CCL4) by electroporation.
Cell lysates of the transfected cells as well as supernatant from the
cell culture were used for western blot and ELISA to detect CCL4
protein. Our results show that CCL4 protein is not only expressed
on a cellular level, moreover, substantial secretion into the
supernatant could be detected. Slightly increasing amounts of
CCL4 protein were observed over the first 48 h after transfection
(Figures 2a and b).

CCL4 as an adjuvant is able to improve the protective immunity of
a DNA vaccine against Her2/neu* tumors

To study CCL4 as an adjuvant for Her2/neu DNA vaccination, mice
(n=8-10 per group) were immunized intramuscularly with
plasmid DNA on days 1 and 15, and tumor challenge with
syngeneic Her2/neu® D2F2/E2 tumor cells was performed on
day 25. Vaccination with pDNA(Her2/neu) plus pDNA(CCL4) was
compared with pDNA(Her2/neu), control groups were injected
with pDNA(CCL4) or mock vector (pVax) alone.
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Figure 2. CCL4 expression in murine NIH 3T3 cells. Murine NIH
3T3 cells were transfected with pDNA(CCL4) by electroporation.
(@) Expression of CCL4 protein was detected by western blot in cell
lysates 24 and 48 h after transfection. (b) Secretion of CCL4 into the
cell culture supernatant was detected 24 and 48 h after transfection.
Results are representative for three independent experiments.

The percentages of tumor-free mice as well as tumor growth
were monitored thereafter. Coexpression of CCL4 as an adjuvant
together with the Her2/neu DNA vaccine was able to increase the
percentage of tumor-free mice as compared with pDNA(Her2/
neu) alone.

On day 38 after tumor challenge, 26% of the mice immunized
with pDNA(Her2/neu) plus pDNA(CCL4) remained tumor-free as
compared with 13% of mice in the group that had been
vaccinated with pDNA(Her2/neu) alone (P < 0.05). In contrast, all
of the mice immunized with pDNA(CCL4) or mock vector
developed a tumor (P < 0.05). Results are depicted in Figure 3a.
Improved tumor protection by the adjuvant use of CCL4 was not
only reflected by the percentage of tumor-free animals, but also
by the tumor growth slope in immunized animals: there was a
substantial retardation of tumor growth in the group of animals
that had been vaccinated with pDNA(Her2/neu) plus pDNA(CCL4)
as compared with all control groups (P < 0.05). Results are shown
in Figure 3b.

CCL4 induces a TH1-polarized anti-Her2/neu T-cell response
Induction of an anti-Her2/neu T-cell response was evaluated in the
same experimental setting. Mice that had been vaccinated with
pDNA(Her2/neu) plus pDNA(CCL4) were compared with pDNA
(Her2/neu), pDNA(CCL4) and mock vector alone.

Splenocytes from the vaccinated mice were prepared on day 5
after the tumor challenge and were analyzed by IFN-y and IL-4
ELISpot assays using peptides from the intracellular and/or
extracellular domain of Her2/neu for restimulation. Our results
show that two vaccinations with pDNA(Her2/neu) are not
sufficient to induce a significant anti-Her2/neu T-cell response,
which is in line with our previous studies in this mouse model.?'>
In contrast, coadministration of CCL4 led to a strong TH1-polarized
anti-Her2/neu immune response. As previously shown,>'>* the
T-cell response was directed against peptides from the extra-
cellular domain of Her2/neu. T cells showed a predominant TH1
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Figure 3. Improved tumor protection after coadministration of CCL4
as an adjuvant for Her2/neu DNA vaccination. Mice were immunized
with pDNA(Her2/neu) plus pDNA(CCL4), pDNA(Her2/neu), pDNA
(CCL4) or mock vector on days 1 and 15. On day 25, tumor challenge
was performed with 2x10° Her2/neu+ syngeneic D2F2/E2 tumor
cells. Tumor growth was monitored thereafter. Data are representa-
tive for two independent experiments. (a) Coexpression of CCL4
was able to improve tumor protection of the immunized animals
(n=8-10 for each group of mice). (b) In the same experimental
setting, the tumor growth slope was observed over 30 days after
DNA vaccination. Coexpression of CCL4 led to a significant
retardation of tumor growth as compared with all control groups
(P < 0.05). *P < 0.05 as compared with all other groups. **P < 0.05 as
compared with pDNA(CCL4) and mock vector.

cytokine profile with peptide-specific y-IFN-release (Figure 4a),
whereas IL-4-ELISpots were always negative (Figure 4b).

Induction of a humoral anti-Her2/neu immune responses by CCL4
as an adjuvant

In the same groups of mice that had been immunized with pDNA
(Her2/neu) plus pDNA(CCL4), pDNA(Her2/neu), pDNA(CCL4) or
mock vector (pVax) alone, anti-Her2/neu antibodies (IgG1, 1gG2a,
IgG2b and IgG2b isotypes) were quantified in the serum of the
animals as described in materials and methods. There was a
strong induction of anti-Her2/neu antibodies with an lgG2a
isotype and—to a lesser extent—an IgG3 isotype, whereas anti-
Her2/neu antibodies of the subclasses IgG1 and IgG2b were not
elevated over background levels (Figure 5). These results are
consistent with a TH1-polarized immune response and therefore
fit very well with the data obtained from the ELISpot assays.

DISCUSSION

During the past decade, it has become increasingly evident that
chemokines may serve as adjuvant for both innate and adaptive
immune responses.® 33357 Ag tumor vaccination is mainly
focused on the induction of T-cell responses, chemokines such as
CCL19 and CCL217e™ 1% 16-28) 5ra of particular interest because of
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Figure 4. Anti-Her2/neu T-cell immune response after vaccination.
Splenocytes from vaccinated mice were stimulated with different
peptides from the extracellular or the intracellular domain of
Her2/neu. Her2/neu-specific T-cell responses were analyzed by
v-IFN- (a) and IL-4-ELISpot (b). The mice had been immunized with
DNA on days 1 and 15 and challenged on day 25 with the 2x 10°
D2F2/E2 Her2/neu+ tumor cells. ELISpot assays were performed
5 days after the tumor challenge. For ELISpot assays, splenocytes in
the different groups of mice were pooled. Data are representative
for two independent experiments. *P < 0.05 as compared with all
control groups.

their chemoattractant capacity with regard to mature DC and
naive T cells within the immunological synapse.'*'*

In this study, we were able to demonstrate that CCL4, a CC
chemokine with a completely different spectrum of target cells
(immature DC, TH1-polarized T cells, NK cells and monocytes,
which all express the cognate receptor CCR5) is also able to
amplify antigen-specific T-cell responses. Moreover, the adjuvant
effect of CCL4 led to an inhibition of tumor growth in our
syngeneic Her2/neu mouse tumor model. After successful
transfection, the chemokine is secreted into the environment,
which is assumed to be a prerequisite for the attraction of
immune effector cells. CCL4 is able to enhance (i) a Her2/neu-
specific T-cell and antibody response, and (ii) the protection from
tumor growth in tumor challenge experiments. In our mouse
tumor model, the amplification of both the anti-Her2/neu-directed
T-cell response and the antibody response induced by CCL4 was
in the same order of magnitude or even higher than it had been
observed using CCL19 or CCL21 as adjuvants.**** As we have
previously described,?>?* the anti-Her2/neu T-cell response was
again directed against peptides from the extracellular domain of
Her2/neu, whereas peptides from the intracellular Her2/neu
domain were not recognized (Figure 4). Although the application
of CCL4 led to comparable anti-Her2/neu immune responses,
protection from tumor growth after a tumor challenge with
syngeneic Her2/neu™ tumor cells (26% tumor-free mice) was lower
than that observed in the same mouse tumor model with CCL19
(58% tumor-free mice) or CCL21 (38% tumor-free mice).>** It is
very difficult—if possible at all—to dissect the underlying
immunological mechanisms, which are responsible for these
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differences. This is because of the fact that the chemokines act on
many different immune cells and that the effects are partly
interdependent. This interdependency becomes clear considering
the interactions of DC and T cells. Therefore, even experiments in
knockout mice or after depletion of particular subsets of immune
cells (which are far beyond the scope of this study) will
presumably not be able to give clear-cut answers with regard to
the observed differences in chemokine-induced anti-tumor
responses. However, it is tempting to speculate that the observed
differences might basically be explained in two different ways:
(i) although the analysis of Her2/neu-specific immune responses
suggests largely comparable efficacy of CCL4, CCL19 and CCL21,
there might be differences with regard to epitope specificity and/
or functional activity of the T cells/antibodies that are induced.
These differences might result in different anti-tumor activity and,
moreover, the T-cell specificities detected in vitro might not
completely reflect the true rejection epitopes in vivo. Therefore,
the in vitro assays can only be considered as 'surrogate parameter'
for the emerging anti-Her2/neu immune response in vivo;
(i) despite comparable Her2/neu-specific immune responses
(T-cell and humoral responses) with CCL4, CCL19 and CCL21, the
observed differences in tumor protection may be attributed to a
different spectrum of innate effector cells such as NK cells,
neutrophils and monocytes/macrophages, which are attracted by
these three chemokines. Curcio et al.*’ have previously demon-
strated in a Her2/neu-transgenic mouse model that the extent of
vaccine-induced protection from tumor growth is largely the
sum of different antigen-specific and non-specific mechanisms,
involving T cells, B cells, neutrophils and macrophages. In line with
these results, the different expression pattern of the chemokine
receptors CCR5 (ligand: CCL4) and CCR7 (ligand: CCL19 and
CCL21) might very well explain a varying contribution of these
different innate and adaptive effector mechanisms during
Her2/neu DNA vaccination with chemokines as adjuvants. Finally,
CCL19 and CCL21 affect T-cell immunity primarily by creating a
chemokine gradient towards lymphatic tissues leading to an
interaction of CCR7* mature, antigen-loaded DC and CCR7* naive
T cells within the immunological synapse.***° In contrast, the
effect of CCL4 on T-cell immune responses might rather rely on a
recruitment of CCR5" immature DC at the injection site. This may
result in an enhancement of antigen uptake because the antigen
(in our study Her2/neu) is locally overexpressed in the muscle
tissue. Subsequently, and after maturation, which is supported by
vaccine-derived CpG sequences, these Her2/neu-loaded DC
migrate into the draining lymph nodes and elicit Her2/neu-
specific immune responses.

In conclusion and somewhat unexpectedly, our present study
shows that—in comparison with CCL19 and CCL21—the use of
CCL4 (targeting mainly immature DC) does not impair Her2/neu-
specific immune responses in as far as they are detectable in vitro.

In the literature, data on the effect of CCL4 in the context of
vaccination are very scarce. Lillard et al?® reported on the
differential effects of CCL3 and CCL4 on humoral and T-cell
immune responses against ovalbumin in a mouse model for
mucosal immunization. They were able to show that the
administration of CCL4 leads to an enhancement of both humoral
and (CD4) T-cell responses against ovalbumin. However, to the
best of our knowledge, this is the first study using plasmid-
encoded CCL4 as an adjuvant for a DNA vaccine in a mouse tumor
model. Although tumor protection by CCL4 is inferior to CCL19
and CCL21 in our Her2/neu mouse tumor model, our study shows
the ability of CCL4 to amplify a TH1-polarized anti-Her2/neu
immune response. Therefore, CCL4 as an adjuvant is an interesting
combination partner for CCL19 or CCL21. The most appropriate
clinical perspective for such a genetic Her2/neu vaccine with
chemokines as adjuvant might be Her2/neu-positive breast cancer
in the situation of minimal residual disease after surgery or
successful  systemic therapy. Combination with immune
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Figure 5.
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Induction of a humoral anti-Her2/neu immune response after vaccination. Mice were immunized with pDNA(Her2/neu) plus pDNA

(CCL4), pDNA(Her2/neu), pDNA(CCL4) or mock vector on days 1 and 15. On day 25, tumor challenge was performed with 2 x 10°> Her2/neu+
syngeneic D2F2/E2 tumor cells. Antibody responses against Her2/neu (IgG1 (a); IgG2a (b); IgG2b (c) and 1gG3 (d)) were analyzed on day 5 after
the tumor challenge. The different colors of the bars indicate different dilutions: white bar: 1:30, gray bar: 1:60, black bar: 1:120. Data are
representative for two independent experiments. *P < 0.05 as compared with all control groups.

checkpoint inhibitors such as anti-PD1 antibodies might further
increase immunogenicity of the DNA vaccine.
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