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Abstract The anti-tumor properties of Toll-like receptor
(TLR) 9 agonist CpG oligodeoxynucleotides (ODN) are
enhanced by combinations with several cytotoxic chemo-
therapy regimens. The mechanisms of this added benefit,
however, remain unclear. We now report that, similar to the
depletion of regulatory T cells (Treg) using anti-CD25, pac-
litaxel increased the anti-tumor effect of the TLR9 agonist
PF-3512676 in a CD8" T cell-dependent fashion. Paclitaxel
treatment decreased Treg numbers in a TLR4-independent
fashion, and preferentially affected cycling Treg expressing
high levels of FoxP3. The paclitaxel-induced reduction in
Treg FoxP3 expression was associated with reduced inhibi-
tory function. Adoptively transferred tumor-antigen spe-
cific CD8* T cells proliferated better in mice treated with
paclitaxel and their recruitment in the tumor was increased.
However, the systemic frequency of PF-3512676-induced
tumor-antigen specific effector CD8* T cells decreased with
paclitaxel, suggesting opposite effects of paclitaxel on the
anti-tumor response. Finally, gene expression profiling and
studies of tumor-associated immune cells revealed a com-
plex modulation of the PF-3512676-induced immune
response by paclitaxel, including a decrease of IL-10
expression and an increase in IL-17-secreting CD4* T cells.
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Collectively, these data suggest that paclitaxel combined
with PF-3512676 may not only promote a better anti-tumor
CD8* response though increased recruitment in the tumor,
possibly through Treg depletion and suppression, but also
exerts more complex immune modulatory effects.
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Abbreviations

APC  Antigen presenting cell

BrdU Bromodeoxyuridine

CTX  Cyclophosphamide

CTL  Cytotoxic T lymphocyte

1P Intraperitoneal

v Intravenous

ODN  Oligodeoxynucleotide

OVA  Ovalbumin

PCR  Polymerase chain reaction

SC Subcutaneous

TADC Tumor-associated dendritic cell
TLR  Toll-like receptor

Treg  Regulatory T cell
Introduction

Toll-like receptors (TLR) recognize conserved molecular
patterns expressed exclusively by microbes, as well as oth-
ers which are expressed by host cells but which are not nor-
mally accessible to the TLRs. Together with other
molecular sensors, TLRs serve as a first line of defense for
the immune system, inducing soluble and cellular media-
tors of innate immunity and initiating key steps of the adap-
tive immune response [36]. The use of TLR agonists for
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therapeutic purposes relies on the ability of these com-
pounds to induce, at least partially, some of the immune
events that occur during natural infections. In particular,
administration of synthetic CpG-containing oligodeoxynu-
cleotide (ODN) TLR9 agonists mimics the stimulation of
the immune system by bacterial or viral DNA. CpG ODNs
are being developed for cancer vaccines and cancer ther-
apy, owing to their capacity to stimulate potent Th1-like
innate and adaptive anti-tumor responses in numerous pre-
clinical models (reviewed in [20]).

In mice with relatively small tumors up to a few millime-
ters in diameter, CpG ODN monotherapy can be sufficient to
induce T cell-mediated tumor regression [4, 25]. CpG ODN
efficacy in mouse tumor models has been improved when
combined with a wide variety of anti-tumor strategies,
including monoclonal antibody therapy, other immune ther-
apies, angiogenesis inhibitors, radiation therapy, surgery,
cryotherapy, and chemotherapy (reviewed in [20]).

Although chemotherapy can suppress some immune
functions, the immune enhancing effects of various chemo-
therapeutics have been identified in several animal studies
[5,7, 8, 12-16, 27, 28, 32, 33, 43]. However, the mode of
action could differ according to the nature of the chemo-
therapeutic agent and, importantly, many of these studies
were anti-tumor vaccination protocols in which the timing
of chemotherapy relative to vaccine administration was
crucial. A commonly evoked mechanism was a depletion of
regulatory T cells (Treg) [7, 8, 15, 16, 27, 43], but other
mechanisms such as an increase in the immunogenicity of
tumor cells via calreticulin exposure [33], or a change in
T cell homeostasis [13] were also proposed.

The TLRY agonist PF-3512676 (formerly CPG 7909) is
being developed for oncology indications and in particular
has been clinically applied together with taxane-based che-
motherapy for the treatment of advanced non-small cell
lung cancer [20, 30]. The prototypical microtubule-stabiliz-
ing taxane paclitaxel has been shown to synergize with
some tumor immune therapies [14, 45], but the underlying
mechanism(s) remain unclear.

In the present study, we have examined the anti-tumor
effects and modulation of the immune response of combina-
tions of paclitaxel and PF-3512676 in mouse tumor models.

Materials and methods

Mice

Female BALB/c and C57BL/6 mice (18-22 g at start of
study) were purchased from Charles River Canada (Quebec,
QC, Canada). OT-1 and C3H/HeN mice were purchased

from The Jackson Laboratory (Bar Harbor, MN) and C3H/
HeJ mice from Taconic (Albany, NY, USA). All animals
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were housed in micro-isolator cages in Coley’s AAALAC
accredited facility and all studies were conducted in accor-
dance with the Animal Care Committee of Coley Canada
under the guidance of the Canadian Council on Animal
Care as well as with the “Principles of laboratory animal
care” (NIH publication No. 85-23, revised 1985).

Culture medium

Cell culture medium consisted of RPMI 1640 supple-
mented with 10% heat-inactivated FBS, penicillin—strepto-
mycin (final concentration of 1,000 U/ml and 1 pg/ml
respectively), and 5 x 107> M f-mercaptoethanol (all from
Life Technologies, Grand Island, NY, USA).

Treg in vitro inhibitory assay

Treg inhibitory function was assessed in vitro by the
capacity of purified spleen CD4*CD25" cells to inhibit
naive T cell proliferation [44]. CD4*CD25" T cells and
CD4CD62L" naive T cells were purified using magnetic
bead isolation kits (Miltenyi Biotec, Auburn, CA, USA).
Antigen-presenting cells (APC) were 20 Gy-irradiated
spleen cells. Naive T cells, 2 x 104, were cultured with 10°
APC in 96-well round bottom plates in triplicate with vari-
ous ratios of CD4*CD25* cells in 200 pl culture medium
containing 5 pg/ml anti-mouse CD3 antibody (BD Biosci-
ence, Mississauga, ON, Canada). Cells were grown for 72 h
and 1 pCi/well H3-thymidine (Amersham-GE Healthcare,
Piscataway, NJ, USA) added for the last 18 h of culture to
assess proliferation.

Tumor-associated dendritic cell induction of naive T cell
proliferation in vitro

Dendritic cells from EG.7 tumors (harvested when reaching
an average of 1 cm diameter) and from associated tumor-
draining lymph nodes (TADC for tumor-associated den-
dritic cells) were enriched using CD11c* magnetic beads
according to the manufacturer’s protocol (Miltenyi Biotec)
and as described previously [11]. Naive OT-I T cells were
labeled with 7.5 pmol/L CFSE (Molecular Probes, Eugene,
OR, USA) and cultured in 96-well plates at 1 x 10° cells/
ml with 2 x 10°/ml irradiated TADC, with or without
10 nmol/L. OVA SIINFEKL peptide (Sigma Genosys,
Oakville, ON, Canada). After 5 days of culture, cell divi-
sion was analyzed based on CFSE labeling intensity using
Modfit software (BD Biosciences).

Tumor models and in vivo treatments

Mouse renal cell carcinoma (Renca) cells were obtained
from Dr. Lu Anne Thompson-Snipes (McGill University,
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Montreal, QC, Canada). BALB/c mice were implanted with
1 x 10° Renca cells under the kidney capsule on day 0 (D0)
and treated with weekly subcutaneous (SC) injections of
200 pg PF-3512676 (Coley, Wellesley, MA, USA) deliv-
ered as a split injection in four distinct sites (50 pg/site)
from D7 to 3 months and/or weekly intraperitoneal (IP)
injections of 36 mg/kg paclitaxel (Taxol®, Bristol-Myers
Squibb, Montreal, QC, Canada) from D7 to D35. Control
groups received injections of endotoxin-free PBS (Life Sci-
ences). For CD4 and CD8 depletion, mice were further
injected with 0.5 mg of purified no-azide low endotoxin
anti-CD4 (clone GK1.5) or anti-CDS8 (clone 53.6-7) anti-
bodies (BD Biosciences) or purified rat IgG (Chemicon,
Temecula, CA, USA) as control, on D3, D4, D5 and
weekly for 3 months. For Treg depletion, 0.25 mg anti-
CD25 antibody (clone PC61.5.3) or control purified rat
IgG1 (Cedarlane, Burlington, ON, Canada) was injected IP
at D-4. Tumor-free BALB/c mice were also treated with
weekly IP injection(s) of 36 mg/kg paclitaxel or 2 mg
cyclophosphamide (Sigma) for the analysis of Treg pheno-
type and function.

C57BL/6 mice were implanted subcutaneously with
1 x 10° E.G7 cells (EL-4 lymphoma cells stably expressing
ovalbumin, ATCC, Manassas, VA) and received weekly
treatments of 100 pg PF-3512676 injected peri-intratumor-
ally and/or IP injections of 36 mg/kg paclitaxel starting on
D7 post-tumor implantation. Tumor volume was monitored
thrice weekly. In some experiments, mice were adoptively
transferred with 2 x 107 CFSE-labeled OT-I naive T cells
as previously described [11]. Cell division, surface pheno-
type and intra-cellular cytokine production were analyzed
in spleen and/or tumor and tumor-draining lymph nodes by
flow cytometry 3 days following transfer.

Flow cytometry analyses

All antibodies used in this study, except the FoxP3 anti-
body (clone FJK-16, e-Bioscience, San Diego, CA, USA),
were from BD Biosciences: CD4 (L3T4), CD8a (Ly-3.2),
CD25 (7D4), CD62L (MEL-14), CDllc (HL3), Vo2
(B20.1), IFN-y (XMG1.2), IL-17 (TC11-18H10) and IL-10
(JES5-16E3). Fc receptors were blocked using Fc-Block
(BD Biosciences) prior to cell surface staining. Fix-perm
buffer (BD Biosciences) was used for intracellular staining,
except for FoxP3 where the fixation and permeabilization
buffers were from e-Bioscience. Cycling cells in vivo were
analyzed using the BrdU flow kit (BD Bioscience) with
BrdU being administered in drinking water for 3 days
before drug treatment, following the manufacturer’s
instructions. For analysis of tumor-infiltrating lymphocytes,
tumors were minced and then incubated for 90 min at 37°C
with 250 U/ml collagenase IV (InVitrogen, Burlington,
Canada) and 50 U/ml DNase (Sigma) in DMEM (Life

Sciences), strained on a 70 pum filter (BD Biosciences) to
remove debris, washed with RPMI 1640, then resuspended
in 40% Percoll (Sigma), and layered over 10 mL 80% Per-
coll and spun at 600 g for 15 min. Cells at the interphase
were washed and resuspended in culture medium and incu-
bated at 37°C for 4 h with 10 ng/ml PMA, 1 mg/ml iono-
mycin (both from Sigma), and 10 mg/ml Golgi Plug (BD
Biosciences). All analyses were performed on an FC500
flow cytometer using Expo32 software (Beckman-Coulter).
Treg were defined as CD4*CD25*FoxP3* lymphocytes
unless otherwise indicated.

In vivo CTL assay

Spleen cells from C57BL/6 mice were pulsed with 10 nmol/
1 OVA class I peptide and labeled with CFSE at a final con-
centration of 1 pmol/l; un-pulsed spleen cells were labeled at
a final concentration of 10 pmol/l. The two cell populations
were mixed at a 1:1 ratio and 2 x 107 total cells were
injected intravenously (IV) into tumor-bearing or naive
mice. The percentage of antigen-specific lysis was deter-
mined 16 h following target cell injection as described [11].

Real-time PCR analysis of gene expression

Tumors and axillary lymph nodes were collected 24 h after
the second treatment with PF-3512676 and/or paclitaxel and
stored in RNALater stabilization reagent (Qiagen, Mississa-
uga, ON, Canada). Tissue samples were homogenized and
RNA was isolated from tumors using the Qiagen RNA midi
kit according to the manufacturer’s instructions, with an
additional step of DNase treatment on column (RNase free
DNase Set, Qiagen). RNA was isolated from lymph nodes
using the Qiagen RNA mini kit. One pg from each sample
was tested for RNA integrity, the presence of inhibitors of
reverse transcription and PCR amplification, and for geno-
mic DNA contamination, using the RT?> RNA QC PCR
Array (SuperArray Bioscience, Frederick, MD). All PCR
experiments were conducted with an Mx3005P Quantitative
PCR System (Stratagene, La Jolla, CA, USA). For PCR
array experiments, an RT? Profiler Custom PCR Array was
used to simultaneously examine the mRNA levels of various
genes, including three housekeeping genes (SuperArray
Bioscience). cDNA was synthesized from 1 pg of purified
RNA using the RT? First Strand Kit (SuperArray). Quantita-
tive PCR amplification was carried out in a total reaction
volume of 25 pl containing 12.5 pl of 2x SuperArray RT2
qPCR master mix, 1 pl of diluted cDNA, and water. PCR
reactions were cycled 40 times after initial denaturation
(10 min at 95°C) under the following parameters: 15 s at
95°C and 1 min at 60°C. The raw Ct values were collected
by the instrument and converted to relative expression val-
ues by the AACt method using MxPro QPCR software
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(Stratagene) for data analysis. In this analysis, the average Ct
value for the housekeeping genes is subtracted from the Ct
value of the target gene. The ACt value for the treated sam-
ple is then subtracted from the ACt value of the untreated
(PBS) control sample (AACt). The fold difference in the
expression of each gene between the treated and the control
sample is then calculated as: 2744,

Statistical analyses

The appropriate statistical tests are indicated in the legends
of figures or results and were all performed using Graphpad
software (San Diego, CA, USA).

Results

Anti-tumor effect of the TLRY agonist PF-3512676
and paclitaxel

In the mouse metastatic Renca model, we observed that
both SC administration of PF-3512676 and IP administra-
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Fig. 1 Anti-tumor effect of paclitaxel and PF-3512676 in a mouse
orthotopic renal cell carcinoma model. BALB/c were implanted under
the kidney capsule with Renca tumor cells at DO and treated with
weekly IP injections of paclitaxel and SC injections of PF-3512676 or
control, with or without various antibody treatments as described in
“Materials and methods”; survival was monitored. Symbols represent-
ing each treatment group are indicated for each panel. a Paclitaxel en-
hanced the anti-tumor effect of PF-3512676 (P <0.0001 by logrank
analysis for combination therapy compared to either treatment alone).
b Anti-CD25 antibody enhanced the anti-tumor effect of PF-3512676
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tion of paclitaxel had a significant anti-tumor effect over
control (P =0.0007 and P < 0.0001, respectively, by log-
rank analysis) (Fig. 1a). In addition, the combination of
PF-3512676 and paclitaxel showed a better anti-tumor
effect than either treatment alone (P < 0.0001) (Fig. 1a).
The role of CD4 or CD8 T cells in the metastatic Renca
model were then analyzed using specific antibody treat-
ments. Either CD4 or CD8 depletion had little effect on
mice treated with PBS (Fig. 1c). However, CD8 depletion
partly or completely abrogated the anti-tumor effects of
PF-3512676, paclitaxel or PF-3512676 + paclitaxel (Fig. 1d—f).
Conversely, CD4 depletion improved the anti-tumor effects
of PF-3512676, paclitaxel or PF-3512676 + paclitaxel to
some degree (Fig. 1d-f). Since CD4" cells encompass both
conventional T cells and regulatory T cells (Treg), we also
administered to mice an anti-CD25 antibody which has
been shown to more specifically affect the CD4*CD25*
Treg population [19, 34]. The anti-tumor effects of
PF-3512676 were improved with anti-CD25 antibody treat-
ment, while the antibody alone had a modest effect which
did not reach statistical significance (P =0.09) (Fig. 1b).
Collectively, these data indicate that CD8* cells, presumably
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(P =0.015). ¢ Anti-CD4 and anti-CD8 antibodies alone had no effect
on survival. d Paclitaxel anti-tumor effect was CD8-dependent
(P = 0015); anti-CD4 effect non-significant. e PF-3512676 anti-tumor
effect was increased with anti-CD4 (P = 0.0027), anti-CD8 effect non-
significant. f Paclitaxel plus PF-3512676 anti-tumor effect was CD8-
dependent (P = 0.0044); anti-CD4 effect non-significant. a Results are
representative of more than three independent experiments (n = 10 per
group). b—f Results are representative of two independent experiments
(n =5 per group)
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CD8* T cells, play an important positive role in the anti-
tumor effect of PF-3512676, paclitaxel, or paclitaxel + PF-
3512676, while CD4" cells play a negative role. Results
obtained with anti-CD25 antibody would further support a
role for CD4* Treg in negatively modulating the effects of
PF-3512676.

Paclitaxel affects both Treg numbers and function

The number of CD4*CD25*FoxP3* Treg cells in the spleen
of normal and tumor-bearing mice was analyzed 48 h after
a single injection of paclitaxel. Treg numbers were signifi-
cantly reduced in the spleen of normal mice, the average
decrease being around 20% (Fig. 2a). The 48 h time-point
was determined as optimal when performing kinetic studies
of Treg numbers in the spleen following paclitaxel adminis-
tration, from 24 h to 1 week (data not shown). However,
the number of conventional T cells was also reduced in
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>

e
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similar proportions (Fig. 2b). Since paclitaxel has been
shown to possibly trigger TLR4 [6], and TLR4 is possibly
involved in Treg biology [35], the effect of paclitaxel in
C3H/HeJ mice deficient in TLR4 signaling [37] was ana-
lyzed. In C3H/Hel] mice, Treg decrease following paclit-
axel injection was observed, ruling out TLR4-dependence
for the effect of paclitaxel on Treg numbers in our model
(Fig. 2¢). A similar decrease was also observed in TLR4-
competent C3H/HeN mice, (data not shown). In EG.7
tumor-bearing mice, a significant decrease of Treg numbers
in the spleen 48 h following the last of 3 weekly injections
of paclitaxel was also observed (Fig.2d). Importantly,
3 weekly SC injections of PF-3512676 in this tumor model
had no effect on spleen Treg numbers, and mice injected
with both paclitaxel and PF-3512676 had reductions in
Treg number similar to those seen in mice treated with pac-
litaxel alone (Fig. 2d). When treating mice with cyclophos-
phamide (CTX), another chemotherapeutic drug reported to
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Fig. 2 Paclitaxel decreased Treg numbers in normal and tumor-bear-
ing mice in a TLR4-dependent fashion and preferentially affected cy-
cling cells. CD4*CD25" FoxP3* Treg (a) as well as CD4"CD25 T cell
(b) numbers were analyzed in spleens from BALB/c mice 48 h after
paclitaxel (black bars) or PBS (white bars) treatment. Results com-
bined five different independent experiments (n =5 per group). c
CD4*CD25* FoxP3* Treg numbers were analyzed in spleens from
TLR4-deficient C3H/Hel] mice 48 h after paclitaxel (black bars) or
PBS (white bars) treatment. Results are representative of three inde-
pendent experiments (n =35 per group). d CD4*CD25*FoxP3* Treg
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numbers were analyzed in spleens from EG.7 tumor-bearing C57BL/6
mice 48 h after 3 weekly cycles of PBS (white bars), PF-3512676
(black bars) paclitaxel (gray bars) or both treatments (hatched bars).
Results are representative of three independent experiments (n = 6 per
group). e The percentage of cycling BrdU + cells within Treg (defined
here as CD4*CD25" cells, black bars) and CD4*CD25 cells (gray
bars) was determined in BALB/c mice previously treated for 3 days
with BrdU 48 h following paclitaxel or cyclophosphamide (CTX)
treatment. Results are representative of two independent experiments
(n =5 per group). Statistical analyses: Mann—Whitney test
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decrease Treg numbers, it was shown that the cycling frac-
tion of Treg was preferentially affected [15]. We confirmed
this observation by showing a decrease in the proportion of
BrdU™ cells within CD4*CD25" spleen cells following in
vivo BrdU administration and CTX treatment, and found
that paclitaxel resulted in a similar pattern (Fig. 2e). Inter-
estingly, both chemotherapies also affected cycling conven-
tional T cells, but the proportion of cycling cells within
spleen Treg at the steady state was higher than within con-
ventional T cells, as previously reported [15].

Although significant, the effect of paclitaxel on Treg
numbers remained modest. We therefore analyzed features
of the remaining population that could account for a Treg
functional defect greater than that which could be deduced
based on cell numbers only. We first observed that the
mean fluorescence intensity of FoxP3 staining within the
remaining CD4*CD25*FoxP3" cells after paclitaxel treat-
ment was lower (Fig.3a), strongly suggesting a lower
expression of FoxP3. Furthermore, the inhibitory capacity
of the remaining CD4*CD25* cells, tested for in a classical
in vitro naive T cell proliferation assay, was decreased

Spleen LNs
A 25
g’ 20 - p<0.01 voV p<0.01
_ " 151 SRR vV
ic £ e Yy
= o °
a 10
3
w 5
0 T . : :
2 > ) >
QQ "\6" Q¢ .\'5"
N N
‘bo q,(’
< <
200000
B Controls | PBS
150000 - I paclitaxel
g. 100000 -
o
50000 -
0
APC + - + + + + + +
Naive - + + - + o+ + o+
Treg - - - + 1:8 1:4 1:2 1

Fig. 3 Treg from paclitaxel-treated mice have lower FoxP3 expres-
sion and inhibitory activity. a The mean fluorescence intensity of
FoxP3 expression was analyzed among CD4*CD25*FoxP3* spleen
and lymph node cells 48 h after PBS (open symbols) or paclitaxel
(closed symbols) treatment. Results are expressed as individual data
and mean and are representative of three independent experiments.
Statistical analysis: Mann—Whitney test. b In vitro inhibition of naive
T cell proliferation was assessed using purified Treg (CD4*CD25%)
from the spleen of BALB/c mice 48 h after three weekly cycles of pac-
litaxel (black bars) or PBS (gray bars) and CD4*CD62L naive T cells
from untreated mice. White bars: naive T cells alone. Results are rep-
resentative of three independent experiments
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following paclitaxel treatment when comparing to equivalent
numbers of CD4*CD25" cells from naive animals (Fig. 3b).

Taken together, this data shows not only that paclitaxel
decreases Treg numbers in normal and tumor-bearing mice
in a TLR4-independent fashion, but also that remaining
Treg are impaired in their inhibitory functions.

Effect of paclitaxel on CD8* tumor antigen-specific
responses: priming phase

Since we showed that CD8* cells played an important role
in the anti-tumor effects of the combination of paclitaxel
and PF-3512676, we sought to analyze how paclitaxel
could affect antigen-specific CD8* T cell responses, by
using ovalbumin (OVA) as a model tumor-associated anti-
gen (TAA) and the EG.7 OV A-expressing lymphoma sys-
tem. A similar additive effect between PF-3512676 and
paclitaxel was observed in the EG.7 model, where tumor-
bearing mice were treated with peri/intra-tumoral injections
of PF-3512676 and IP paclitaxel (Fig. 4a). In this model,
we did not observe any additive effect between paclitaxel
and anti-CD25 depletion (Fig. 4b), while the additive effect
between anti-CD25 and CpG ODN was reported elsewhere
[11].

The dose of antigen available for the priming of the
immune response to tumors is thought to be a limiting fac-
tor [10]. Tumor-associated dendritic cells (TADC) from
EG.7 tumors (around 1 cm in diameter) and their draining
lymph nodes were isolated and co-cultured with naive
OVA-specific OT-1 CD8"* T cells, 48 h following paclitaxel
or PBS treatment. The stimulating capacity of TADC from
PBS-treated mice was sufficient to induce the proliferation
of OT-1 cells in vitro, albeit to a much lesser degree than
the same TADC further pulsed with the OVA SIINFEKL
peptide (Fig. 4c), confirming our previous observations that
tumor antigen dose is also a limiting factor in this model
[11]. However, no significantly higher proliferation was
observed when TADC were isolated from paclitaxel-treated
mice.

The in vivo proliferation of OT-1 cells adoptively
transferred into EG.7 tumor-bearing mice treated with
paclitaxel, PF-3512676, or both was then analyzed in
tumor-draining lymph nodes. OT-1 cells were transferred 3
days after treatment, since paclitaxel could affect the sur-
vival of the OT-1 cells through direct killing of proliferating
cells if administered simultaneously. Three days following
adoptive transfer, a significant increase in the proportion of
proliferating OT-1 cells in mice treated with paclitaxel or
paclitaxel plus PF-3512676 compared to mice treated with
PBS was observed; there was also an increase in the paclit-
axel plus PF-3512676 group compared to PF-3512676
alone, which did not reach statistical significance (Fig. 4d).
By comparing these results with the in vitro data obtained
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Fig. 4 Paclitaxel increased the priming of tumor-antigen specific CD8
T cells but decreased the systemic frequency of tumor-antigen specific
effector CD8 T cells. a Effect of weekly administration (D7, D14, D21)
of PBS (closed circles), IP paclitaxel (open squares), peri-tumoral PF-
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PBS; anti-CD25 versus PBS NS. ¢ In vitro proliferation of OT-1 cells
over 72 h, measured by CFSE staining dilution, in the presence of tu-
mor-associated dendritic cells purified from mice treated with IP pac-
litaxel (gray bars) or PBS (black bars) 48 h before, and with (pulsed)
or without additional OVA SIINFEKL peptide. White bars: OT-1 cells
alone. Results are representative of two independent experiments. d
Proliferation of adoptively transferred OT-1 cells, measured by CFSE
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staining dilution, in tumor draining lymph nodes from EG.7 tumor-
bearing mice 3 days after transfer and 5 days after treatment with PBS
(white bars), peritumoral PF-3512676 (black bars), IP paclitaxel (gray
bars) or both (hatched bars). Results are cumulative of three indepen-
dent experiments (n =4-5 per experiment). ¢ OVA SIINFEKL-spe-
cific in vivo CTL activity assessed in spleen as described in “Materials
and methods” in EG.7 tumor-bearing mice 2 days after treatment with
PBS (white bars), peritumoral PF-3512676 (black bars), IP paclitaxel
(gray bars) or both (hatched bars). Results are representative of 3 inde-
pendent experiments (n =35 per experiment). f Intra-cellular IFN-y
expression within adoptively transferred OT-1 cells in EG.7 tumor
draining lymph nodes (TDLN, gray bars) or tumors (black bars)
3 days after transfer and 5 days after treatment with PBS, peritumoral
PF-3512676, IP paclitaxel or both. Expression in OT-1 cells trans-
ferred into naive animals is also shown. Results are representative of
two independent experiments (n = 5 per experiment). Statistical analy-
ses: Mann—Whitney test
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with TADC, we hypothesize that paclitaxel treatment may
enhance the priming of tumor-antigen specific CD8" T cells
in vivo, possibly by relieving the inhibitory effect of Treg
rather than by increasing the tumor antigen dose available
for priming.

Effect of paclitaxel on CDS8 tumor antigen-specific
responses: effector phase

The development of effector anti-tumor CD8" T cells in
mice bearing EG.7 tumors and treated with PF-3512676,
paclitaxel or both was next examined using an in vivo CTL
assay specific for the SIINFEKL peptide. As we previously
reported [11], untreated mice showed a basal level of spe-
cific CTL activity of around 15% in the spleen, likely
owing to the high immunogenicity of the EG.7 tumor
(Fig. 4e). Treatment with PF-3512676 alone significantly
increased tumor antigen-specific CTL activity, whereas
mice treated with paclitaxel alone or paclitaxel + PF-
3512676 had a CTL activity similar to that of control mice
(Fig. 4f). Similar results were found by measuring the fre-
quency of IFN-y-secreting SIINFEKL-specific CD8* T
cells by Elispot (data not shown).

We also analyzed, by intra-cellular staining, IFN-y pro-
duction by transferred OT-1 cells within the tumor and the
draining lymph node, following in vitro re-stimulation with
PMA-ionomycin. We found that OT-1 cells within the
draining lymph nodes had all been primed to become effec-
tor cells to a similar degree since 10-15% of them
expressed IFN-y while OT-1 cells transferred into naive
recipients did not (Fig. 4f). In tumors from PBS-treated ani-
mals, transferred cells also expressed IFN-y but less than in

the lymph nodes (Fig. 4f). IFN-y expression was increased
by PF-3512676 treatment alone, but not by paclitaxel or the
combination therapy (Fig. 4f).

Since the efficiency of tumor-specific CD8* T cells is
ultimately related to their migration into the tumor, we then
investigated the migration of adoptively transferred OT-1
cells into EG.7 tumors in vivo. In mice treated with PBS,
the level of OT-1 cells recruited into the tumor was invari-
ably low (Fig. 5a). In mice treated with PF-3512676, higher
levels of OT-1 cells were recruited within the tumor of a
few animals (Fig. 5a). Surprizingly, the recruitment of OT-
1 cells in tumors from mice treated with paclitaxel alone or
with the combination therapy was consistently stronger
(Fig. 5a).

The expression of surface molecules known to be impor-
tant for recruitment into effector sites was analyzed in trans-
ferred isolated OT-1 CD8" T cells from mice undergoing
the different treatments. No significant changes in the
expression of CXCR3 were observed (data not shown) and,
as expected, OT-1 cells isolated from lymph nodes or the
tumor were all CD62L'°~ (data not shown). However, the
proportion of CD62L"~ among transferred OT-1 cells
recovered from spleen was higher in mice treated with pac-
litaxel, with or without PF-3512676 relative to PBS
(Fig. 5b). Indeed, this was also true for resident CD8* T
cells (data not shown). Interestingly, CD25 antibody treat-
ment modified the profile of CD62L expression in spleen
CDS8" T cells in a similar fashion (Fig. 5¢).

Taken together, these results support the role of the
TLRY agonist PF-3512676 as a potent enhancer of antigen-
specific CD8* T effector cells but, on the other hand, sug-
gest that paclitaxel has a detrimental effect on the expansion
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Fig. 5 Paclitaxel induced higher recruitment into tumor and a higher
proportion of CD62™ cells in spleen for tumor antigen-specific CD8* T
cells. a Percentage of OT-1 cells recovered from tumors 3 days after
adoptive transfer and 5 days after treatment with PBS (closed circles),
peritumoral PF-3512676 (open circles), 1P paclitaxel (closed dia-
monds) or both (open diamonds). Results are expressed as individual
data and mean and are cumulative of three independent experiments. b
Percentage of CD62'° cells within adoptively transferred OT-1 cells in
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spleen from EG.7 tumor-bearing mice 3 days after transfer and 5 days
after treatment with PBS (white bars), peritumoral PF-3512676 (black
bars), IP paclitaxel (gray bars) or both (hatched bars). Results are rep-
resentative of three independent experiments (n = 5 per experiment). ¢
Percentage of CD62" cells within normal mouse spleen CD8* T cells
48 h after treatment with PBS (white bars) or anti-CD25 antibody
(black bars). Results are representative of two independent experi-
ments (n = 5 per experiment). Statistical analyses: Mann—Whitney test
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and/or functional differentiation of tumor-specific CD8* T
cells induced by PF-3512676. However, better recruitment
of CD8* effector T cells within the tumor site may compen-
sate for this immunosuppressive aspect.

Gene expression profiles induced by paclitaxel
and/or PF-3512676 in tumor-bearing mice

Given the presumably wide range of effects of paclitaxel on
anti-tumor immune responses, we performed gene expres-
sion analysis for 49 genes known to be positively or nega-
tively involved in TLR9-mediated immune responses and/
or tumor control (Table 1), either in the tumor or tumor-
draining lymph node, in mice treated with paclitaxel, PF-
3512676 or both. Since one injection may not be sufficient
to substantially modulate the anti-tumor response, gene
analysis was performed 24 h after the second of two injec-
tions. Only genes with a threefold or greater increase or
decrease in expression compared to their relative control
are presented (Fig. 6). When compared to PBS control, PF-
3512676 induced in tumors and/or draining lymph nodes a
broad array of genes related to type I or type II interferon
and Th1 responses (such as IFN-f, IFN-y, Mx, 2',5" OAS,
CXCL9, CXCL10, CXL11, IL-12, IL-15) and cytotoxic
killing (TRAIL, Granzyme B). Interestingly, IL-10 was
also one of the most strongly induced genes in both tumors
and lymph nodes, and PF-3512676 induced the Th17-spe-
cific transcription factor RORyt in lymph nodes. Very few
genes were down-regulated by PF-3512676 and the role of
these down-regulated genes is unclear. In contrast, paclit-
axel treatment induced little changes in gene expression
compared with PBS with the noticeable exception of the
up-regulation of RORyt and IL-17 gene expression. Inter-
estingly, when compared to PF-3512676 alone, the combi-
nation PF-3512676 plus paclitaxel resulted in little gene up-
regulation in the tumor (CXCLI11 and IL-1RA), and
although the pattern of interferons/Thl gene up-regulation
was present in the lymph nodes, it was not as pronounced

as for PF-3512676 alone. Strikingly, the up-regulation of
both RORyt and IL-17 was the most pronounced change in
gene expression. With PF-3512676 plus paclitaxel, we
observed in the tumor that not only IFN-y, perforin and
granzyme B expression but also IL-10 expression was
markedly decreased compared to PF-3512676 alone. In
lymph nodes, much stronger expression of not only RORyt
and IL-17 but also of indoleamine 2,3-dioxygenase (IDO)
was observed with the combination treatment.

The pattern of IFN-y gene expression within the whole
tumor (Fig. 6) was consistent with the IFN-y expression
observed using intra-cellular staining (Fig. 4e). Interest-
ingly, intra-cellular staining also showed that tumor-infil-
trating DCs expressed higher IL-10 in mice treated with
PF-3512676 compared to controls (P = 0.008, Mann—Whit-
ney test), and this was reduced in the combination treat-
ment with paclitaxel (P =0.05 compared to PF-3512676
alone) (Fig. 7a). Given the prominence of RORyt and IL-17
gene up-regulation, we also analyzed IL-17 protein expres-
sion by intra-cellular staining in tumors and observed a
marked increase in IL-17 positive CD4 T cells for the pac-
litaxel plus PF-3512676 combination, confirming the gene
expression data (Fig. 7b). No difference was observed in
lymph nodes (data not shown), perhaps due to a non-opti-
mal sampling time.

Collectively, the gene expression data, supported by pro-
tein data for IFN-y, IL-10 and IL-17, confirm that the com-
bination of PF-3512676 plus paclitaxel not only dampens
some of the immunostimulatory properties of PF-3512676,
but also profoundly affects the tumor milieu.

Discussion

In the present study we demonstrate that paclitaxel treat-
ment increases the anti-tumor activity of the TLR9 agonist
PF-3512676 and that this anti-tumor activity requires CD8*
T cells. The effective destruction of tumors by CD8* T cells

Table 1 List of genes analyzed

in tumor and tumor-draining Interferon Inﬂa'mmati.on/ Th1/Th2/ Migration/ . Killing/ Regulation
lymph nodes pathways costimulation Th17 angiogenesis cell death
TLRO IL-1o Tbet CCL19 Perforin IL-2Ro
IFN-o-Ra IL-15 IL-27 CXCL9 Granzyme B IDO
IFN-o-Rf IL-1RA RORyt CXCL10 Fas Foxp3
IFN-04 IL-2 IL-4 CXCL11 FasL TGFp
IFN-a11 IL-6 IFN-y CXCL12 Caspase-1 IL-10
IFN-8 IL-12p40 IL-17 CCR7 Caspase-3
2',5'-0OAS IL-15 IL-12p35 ICAM-1 Lymphotoxin
Mx IL-18 VCAM-1 TNF
IRF-3 CD80 VEGF TRAIL
CD86
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Fig. 6 Modification of gene expression induced by paclitaxel and/or
PF-3512676 in tumor bearing mice. Gene expression analyses were
performed by real-time RT-PCR in tumors (left panels) and tumor-
draining lymph nodes (right panels) 24 h after a second cycle of
treatment with IP paclitaxel and peritumoral PF-3512676 and results
calculated as fold expression relative to the indicated controls as
outlined in “Materials and methods”. Results combined nine different
tumors from three independent experiments and six lymph nodes from
two independent experiments. From all genes analyzed (Table 1), only

relies on a series of events from the priming of a few naive
CD8* T cells efficiently by antigen-loaded and activated
antigen-presenting cells (APC), presumably in the tumor
draining-lymph node, to the proliferation of the activated
naive T cells, their differentiation into effector cells and
their migration into the tumor. In principle, all these differ-
ent checkpoints could be modulated to increase or decrease
the CD8* T cell-mediated anti-tumor response. TLR9 ago-
nists including PF-3512676 have been shown to be potent
activators of CD8* T cell responses—in particular when
administered with tumor antigens in a vaccine setting—in
mice [9, 24, 41, 52] and humans [2, 3, 42, 46]. This is likely
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those expressed (mean) at least threefold higher (black bars) or
threefold lower (gray bars) compared to their respective controls are
represented. a Gene expression in PF-3512676-treated mice compared
to PBS-treated mice. b Gene expression in paclitaxel-treated mice
compared to PBS-treated mice. ¢ Gene expression in paclitaxel plus
PF-3512676-treated mice compared to PBS-treated mice. d Gene
expression in paclitaxel plus PF-3512676-treated mice compared to
PF-3512676-treated mice

due to their capacity to induce the functional maturation of
dendritic cells through the up-regulation of co-stimulation
molecules for T lymphocytes, the secretion of cytokines
important for the initiation of adaptive responses such as
type I interferons and IL-12, and the modulation of the
chemokine receptor repertoire allowing migration into
lymphoid organs (reviewed in [1, 29]). In addition, as dem-
onstrated here and elsewhere [21, 49, 50], TLR9 agonists
administered locally can trigger the expression of chemo-
kines such as the CXCR3 ligands CXCL9, CXCL10 and
CXCL11, which favor the recruitment of CXCR3-express-
ing activated T cells [38], provided those T cells express
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Fig. 7 Modulation of IL-17 and
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the right pattern of addressins to allow for their migration
into the tumor.

One of the first limiting factors in the onset of anti-tumor
immunity may be the dose of antigen available at a given
time for priming [31, 54]. Indeed, artificial release of tumor
antigens by cryotherapy can increase the tumor antigen
load in dendritic cells isolated from tumor-draining lymph
nodes and improve the efficacy of TLRY agonists [10].
However, although paclitaxel is a cytotoxic drug, we did
not find any increase in the intrinsic capacity of tumor-asso-
ciated DC from paclitaxel-treated mice to prime naive T
cells. This may be specific to the EG.7 model, in which the
surrogate tumor antigen ovalbumin is abundantly expressed
and highly immunogenic.

On the other hand, several natural or tumor-induced
counter-inhibitory mechanisms exist that could limit the
efficiency of TLRY stimulation for the generation of an
efficient tumor-specific CD8 T cell response. Secreted
tumor factors such as IL-10, prostaglandins, VEGF or
TGF-f§ are known as inhibitors of anti-tumor immune
responses (reviewed in [47]) and, more recently, Treg have
appeared as major regulators of anti-tumor immune
responses (reviewed in [53, 55]). Because treatment with
anti-CD25 led to an increased efficiency of PF-3512676, as
we showed before with another TLR9 agonist [11], and
since chemotherapies such as cyclophosphamide can
decrease Treg numbers and function, we investigated the
effect of paclitaxel on Treg cells. We found that, similar to
what was reported for cyclophosphamide, paclitaxel was
able to reduce the numbers of Treg, in particular by affect-
ing their cycling fraction [15]. Interestingly, we further
demonstrated that the remaining Treg had lower FoxP3
expression together with lower inhibitory function in vitro.
Previous studies have demonstrated that small changes in
the level of FoxP3 expression could dramatically affect the
Treg function [51]. Thus, even though the decrease in Treg

numbers was modest, the paclitaxel-mediated suppression
of FoxP3 expression could significantly enhance the
immune response, as we observed.

Treg have been shown to affect many check-points of the
adaptive immune response (reviewed in [40]). The fact that
we observed significantly more proliferation of antigen-
specific naive T cells in mice treated with paclitaxel,
together with a similar observation in mice treated with
anti-CD25 [11], would suggest that paclitaxel may prevent
the inhibition of T cell proliferation by Treg. The lack of
additive effect between paclitaxel and anti-CD25 in the
same model also supports the hypothesis that the modes of
action of the two agents are redundant. However, this did
not translate into increased frequency of tumor-specific
CD8 T effector cells in the periphery. Indeed, this propor-
tion was decreased in mice treated with paclitaxel + PF-
3512676 compared to PF-3512676 alone. Interestingly, it
was reported that CpG ODN could enhance the CD8 T cell
dependent efficacy of a tumor adenovirus vaccine, while the
frequency of CD8" effector cells in the periphery was
decreased, and that this effect was independent of the tumor
[18, 26]. Hence, anti-tumor activity cannot be simply corre-
lated to the systemic frequency of effector CD8 T cells. We
do not know why this frequency was reduced following
paclitaxel treatment, but hypothesize that it may be related
to the overall cytotoxic effect of paclitaxel on cycling cells.
In this respect, the identification of specific doses and regi-
mens of chemotherapeutic agents that preferentially affect
Treg with less effect on anti-tumor immune cells may be an
important step in the clinical development of such
approaches [17].

The negative impact of paclitaxel on the generation of
antigen-specific effector CD8 T cells in the spleen might be
mitigated by other effects that still make its overall contri-
bution to the anti-tumor response positive. First, we
observed that the recruitment of a cohort of antigen-specific
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CDS8 T cells within the tumor itself was higher in mice
treated with paclitaxel. This correlated with a lower expres-
sion of CD62L in spleen CD8 T cells, an observation we
also made in mice treated with anti-CD25. A role of Treg in
preventing the migration of effector T cells into tissues was
demonstrated in another model [39]. Although much
remains to be done to demonstrate whether paclitaxel
affects T cell recruitment within the tumor directly through
Treg inhibition, it is a tempting hypothesis. Second, we
observed that one of the genes whose expression was most
profoundly affected in mice treated with PF-3512676 plus
paclitaxel was IL-10. We have previously shown that neu-
tralization of IL-10 could dramatically increase the anti-
tumor effect of TLR9 agonists [11, 48]. A role for Treg in
modulating IL-10 expression in APC and dampening anti-
tumor immunity through B7-H4 has been shown elsewhere
[23]. Hence, several observations point to possible multiple
modes of action of paclitaxel via an effect on Treg. How-
ever, it is likely that the immune effects of paclitaxel go
beyond Treg, as exemplified by the fact that we observed a
slightly enhanced anti-tumor effect when paclitaxel was
given together with anti-CD4 antibodies (although this was
not statistically significant). Indeed, we observed, unex-
pectedly, a very strong increase in RORyT and IL-17
expression with the paclitaxel + PF-3512676 combination.
The role of IL-17-producing cells in tumors is largely unex-
plored, and it is not clear whether they could have benefi-
cial or detrimental effects [22]. Our observations could
provide a model to study the role of Th17 cells or IL-17 in
the tumor setting.

In conclusion, we reveal that paclitaxel can profoundly
affect the immunological milieu, in particular through its
action on Treg, and enhance the anti-tumor effect of the
TLR9 PF-3512676 through several mechanisms. This con-
firms the potential therapeutic value of the combination of
chemotherapies with TLR9 agonists, although it also sug-
gests that the full spectrum of the effects of non-targeted
chemotherapies may be difficult to appraise in the clinic.
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