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Abstract

Background Recurrent glioblastoma is associated with
a poor overall survival. Antiangiogenic therapy results in
a high tumor response rate but has limited impact on sur-
vival. Immunotherapy has emerged as an efficient treat-
ment modality for some cancers, and preclinical evidence
indicates that anti-VEGF(R) therapy can counterbalance
the immunosuppressive tumor microenvironment.

Methods We collected peripheral blood mononuclear
cells (PBMC) of patients with recurrent glioblastoma
treated in a randomized phase II clinical trial comparing
the effect of axitinib with axitinib plus lomustine and ana-
lyzed the immunophenotype of PBMC, the production of
cytokines and expression of inhibitory molecules by circu-
lating T cells.

Results PBMC of 18 patients were collected at baseline
and at 6 weeks after initiation of study treatment. Axitinib
increased the number of naive CD8" T cells and central
memory CD4" and CD8" T cells and reduced the TIM3
expression on CD4" and CD8™ T cells. Patients diagnosed
with progressive disease on axitinib had a significantly
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increased number of regulatory T cells and an increased
level of PD-1 expression on CD4" and CD8" T cells. In
addition, reduced numbers of cytokine-producing T cells
were found in progressive patients as compared to patients
responding to treatment.

Conclusion Our results suggest that axitinib treatment in
patients with recurrent glioblastoma has a favorable impact
on immune function. At the time of acquired resistance to
axitinib, we documented further enhancement of a preexist-
ing immunosuppression. Further investigations on the role
of axitinib as potential combination partner with immuno-
therapy are necessary.
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Abbreviations

6mPFS 6-Month progression-free survival

CR Complete response

EGFRVIII Endothelial growth factor receptor variant III
GBM Glioblastoma

LAG3 Lymphocyte-activation gene 3

ORR Objective response rate

PD Progressive disease

PDGFR Platelet-derived growth factor receptor

PR Partial response

SD Stable disease

Tem Central memory T cells

Tem Effector memory T cells

TIM3 T cell immunoglobulin domain and mucin
domain 3

TKI Tyrosine kinase inhibitor

Tiee Regulatory T cells

VEGF Vascular endothelial growth factor

VEGFR Vascular endothelial growth factor receptor
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Introduction

Glioblastoma (GBM) is the most common primary malig-
nant brain tumor in adults and is associated with a poor
prognosis [1]. For recurrent GBM, none of the currently
available treatments has shown to improve overall sur-
vival (OS). In this patient population, treatment with cyto-
toxic drugs leads to a poor response rate of 5-10 % and a
median OS of 25-30 weeks [2]. Neo-angiogenesis is a key
feature of GBM, and antiangiogenic therapies have been
investigated extensively for the treatment of GBM. Treat-
ment with bevacizumab, a monoclonal antibody against
vascular endothelial growth factor (VEGF), led to objective
response rates (ORR) of 28.2 % [3]. Several VEGF-recep-
tor (VEGFR)-targeting small molecules have been explored
in GBM [4-6]. Despite an ORR of, respectively, 15.3 and
17.2 %, cediranib failed to improve survival of recurrent
GBM patients when compared to lomustine (alkylating
nitrosourea) alone [7].

We previously conducted a randomized, phase II clinical
trial comparing axitinib, a tyrosine kinase inhibitor (TKI)
against VEGFR-1, 2 and 3, with best standard of care in
patients with recurrent GBM [8]. Treatment with axitinib
resulted in an ORR of 28 % and an estimated 6-month
progression-free-survival (6mPFS) rate of 34 % [9]. In a
recently reported randomized phase II trial, the 9-month
OS rate of recurrent GBM patients treated with a combi-
nation of bevacizumab and lomustine compared favorably
to the outcome of patients treated with bevacizumab or
lomustine as single agents (respectively, 59, 43 and 38 %
9-month OS was reported) [10]. We initiated a randomized
phase II clinical trial with axitinib and axitinib plus lomus-
tine combination therapy.

It has been shown in preclinical models that antian-
giogenic treatment targeting the VEGF-VEGFR pathway
can convert the immunosuppressive microenvironment of
tumors into an immunostimulatory one [11]. We have pre-
viously shown in subcutaneous and intracranial melanoma
mouse models that treatment with axitinib reduces the
suppressive function of intratumoral monocytic myeloid-
derived suppressor cells (moMDSCs), suggesting that treat-
ment with axitinib can reprogram the immunosuppressive
tumor microenvironment toward an immunostimulatory
environment [12].

To date, different immunotherapies have been proposed
as treatment for GBM. So far results of clinical trials have
generated an indication for biologic activity but trans-
lated only into a limited impact on OS [13]. Nevertheless,
it was recently reported that addition of rindopepimut, a
peptide vaccine against the mutant endothelial growth fac-
tor receptor variant VIII (EGFRVIII), to bevacizumab in
patients with recurrent EGFRvIII-positive GBM leads to
a 6mPFS rate of 27 % (control vaccine + bevacizumab
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6mPFS 11 %) [14]. These results suggest that combina-
tion of tumor antigen-specific immunotherapy combined
with antiangiogenic treatment can improve the outcome of
recurrent GBM patients.

In this study, we investigated whether the selective
VEGFR inhibitor axitinib would be a good candidate for
combination with immunotherapy by investigating the
immunophenotype of PBMC from recurrent GBM patients
treated in the ongoing axitinib plus lomustine trial.

Materials and methods
Patient specimens and study protocol

Fifty-six patients with histologically confirmed glioblas-
toma (WHO grade IV glioma) were included in a phase
II, non-comparative, randomized, two-arm, open-label
clinical trial with axitinib alone or axitinib plus lomustine
conducted at four medical centers (NCT01562197). At
progression, patients in the axitinib treatment arm were
allowed to continue axitinib and initiate lomustine at the
condition that the treating physician believed that patients
could benefit from continued axitinib treatment. The ethi-
cal committees of each medical center and Belgian compe-
tent authorities approved the protocol, and all patients pro-
vided written informed consent before study participation.
Peripheral blood samples were collected at baseline and at
6 weeks post-treatment. Radiological assessments to evalu-
ate tumor response were performed at baseline and every
6 weeks after treatment initiation. Tumor response assess-
ments were determined according to the RANO criteria. If
patients had a partial response (PR) or stable disease (SD)
at the first assessment at 6 weeks, it had to be confirmed
at the next assessment at 12 weeks to meet the criteria for
objective tumor response. If this was not the case, patients
were considered as having unconfirmed tumor response
(uCR or uPR) at 6 weeks and a progressive disease (PD) at
12 weeks.

Sample preparation

Peripheral blood mononuclear cells (PBMCs) were isolated
from whole blood by Ficoll-Paque (Lymphoprep™, Axis-
shield) centrifugation. PBMCs were frozen until needed,
and upon use, cells were rested overnight in an incubator at
37°C with 5 % CO,.

Flow cytometry
For characterization of the T cell populations, PBMCs

were stained with eF605NC-conjugated anti-human CD3
(eBioscience), PECy7-conjugated anti-human CD4 (BD
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Fig. 1 Axitinib treatment does not affect the immune cell popula- and moMDSCs (b). Percentages of specific immune cell populations
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«Fig. 2 Axitinib treatment increases the number of naive CD8' T
cells and central memory T cells. Percentages of the naive CD4" T
cell subsets (a) and naive CD8" T cell subsets (b) determined in the
absence or presence of anti-CD3/CD28 beads for 24 h at baseline and
at 6 weeks after axitinib (n = 9) or axitinib plus lomustine treatment
(n = 6). Percentages of Ty CD4T T cells (¢) and Ty CD8' T cell
subsets (d) determined at baseline and at 6 weeks after treatment.
In the supernatants of unstimulated and stimulated PBMCs, IFN-vy,
TNF-a, IL-2 and IL-10 were quantified by cytokine magnetic bead
array after axitinib (n = 9) (e) or axitinib plus lomustine treatment

(n=16)(®

Biosciences), APC-H7-conjugated anti-human CD8 (BD
Biosciences), PE-conjugated anti-human CD25 (Miltenyi
Biotec), FITC-conjugated CD127 (BD Biosciences) and an
intranuclear staining using the FoxP3 Staining Buffer Set,
according to the manufacturer’s instructions with APC-con-
jugated anti-human FoxP3 (eBioscience).

For characterization of the dendritic cells (DCs) and
moMDSCs PBMCs were stained with PacificBlue-
conjugated anti-human CDIl1b (BD Biosciences),
APC-conjugated anti-human CDl1lc (BD Biosciences),
PECy7-conjugated anti-human CD33 (BD Biosciences),
APC-H7-conjugated anti-human CD14 (BD Biosciences),
PE-conjugated anti-human HLA-DR (BD Biosciences) and
FITC-conjugated anti-human CD15 (BD Biosciences).

For the determinations of T cell subsets and inhibitory
molecules, PBMCs were cultured at a density of 5 x 10°
cells per well in a 96-well plate in RPMI-1640 medium
(Sigma) supplemented with 1 % human AB-serum, 100 U/
ml penicillin, 100 pg/ml streptomycin, 2 mM L-glutamine,
1 mM sodium pyruvate and non-essential amino acids and
were either left unstimulated or were stimulated with anti-
CD3/CD28 microbeads (Dynabeads®, Invitrogen) for 24 h.
Afterward, PBMCs were harvested and part of the cells
was stained with eF605SNC-conjugated anti-human CD3,
PECy7-conjugated anti-human CD4, APC-H7-conjugated
anti-human CD8, PE-conjugated anti-human CD45RO (BD
Biosciences) and APC-conjugated anti-human CD62L (BD
Biosciences). The remaining PBMCs were stained with
PE-CF594-conjugated anti-human CD3 (BD Biosciences),
PECy7-conjugated anti-human CD4, FITC-conjugated
anti-human CDS8 (Biolegend), eF710-conjugated anti-
human LAG3 (eBioscience), eF450-conjugated anti-human
TIM3 (eBioscience) and PE-conjugated anti-human PD-1

(BD Biosciences), for investigation of the expression of

inhibitory molecules.
ICS staining

PBMCs were cultured at a density of 2 x 10° cells per
well in a 48-well plate in RPMI-supplemented medium
and stimulated with anti-CD3/CD28 beads for 24 h in the
presence of brefeldin A (GolgiPlug, BD Biosciences). After

24 h, PBMCs were harvested and stained using the follow-
ing antibodies: PECy7-conjugated anti-human CD4, APC-
H7-conjugated anti-human CDS8, PerCP-eF710-conjugated
anti-human LAG3, eF450-conjugated anti-human TIM3
and PE-conjugated anti-human PD-1. Fixation and perme-
abilization of the cells were performed using the Cytofix/
Cytoperm kit (BD Biosciences), according to the manufac-
turer’s instructions. Intracellular stainings were performed
using the following antibodies: FITC-conjugated anti-
human IFN-y (BD Biosciences), BV605-conjugated TNF-a
(BD Biosciences) and APC-conjugated IL-2 (eBioscience).
Aspecific T cell responses, measured upon culture in the
absence of T cell stimulus, were considered as background.

Luminex analysis

After polyclonal stimulation, supernatants were collected
for detection of cytokine secretion. IFN-y, TNF-a, IL-2,
IL-5, IL-10, IL-13 and IL-17 were quantified by cytokine
magnetic bead array (Bio-Rad Laboratories Inc, Hercu-
les, CA, cat. nr. 171-304070) with a Bio-Plex 200 System
Luminex reader (Bio-Rad Laboratories Inc, Hercules, CA)
using Bio-Plex Manager 4.1.1 software.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
version 5.0 software (GraphPad Software). A Wilcoxon
matched-pairs signed-rank test was used to compare data
obtained at baseline and at 6 weeks. For comparison
between treatment groups, a Mann-Whitney U test was per-
formed. Data are represented as median with interquartile
range (*p < 0.05; **p < 0.01).

Results

Patient characteristics and clinical response to axitinib
or axitinib plus lomustine

Of the 56 patients randomized in the two treatment arms,
we obtained peripheral blood from 21 patients (supple-
mentary Table 1). Three patients died before the assess-
ment at 6 weeks and were excluded from the analysis. Of
the 18 remaining patients (7F/11 M), 10 patients were ran-
domized in the axitinib arm and 8 patients in the axitinib
plus lomustine arm. The median age of the total population
was 52 years (range 24-69) and 57 years (range 24—69) and
48 years (range 28—63) for the axitinib and the combination
arm, respectively. Axitinib treatment was always initiated at
5 mg bid, and depending on the occurrence of side effects
or increased blood pressure, a respective dose reduction
or dose escalation was implied. Lomustine was given at a
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dose of 90 mg/m? simultaneously with the initiation of axi-
tinib treatment. At 6 weeks the majority of patients were
treated with 5 mg axitinib bid. For only 4 patients, the dose
was escalated to 7 mg axitinib bid and 2 patients needed
to reduce their dose of axitinib (2 mg bid and 3 mg bid,
respectively).

Among patients treated with axitinib alone, 3/10 had
a PR (30 %), 1/10 had a SD (10 %), and 6/10 had a PD
(60 %); among those treated in the combination arm, 2/8
patients had a PR (25 %), 3/8 had a SD (37.5 %), and 3 had
aPD (37.5 %).

Axitinib does not affect the numbers of different
immune cell populations

The effect of axitinib or axitinib plus lomustine on several
immune cell populations was documented and is sum-
marized in Fig. 1. Axitinib treatment did not significantly
influence the number of CD4% T cells, CD8" T cells,
CD11b" cells or moMDSCs (CD11b"CD33TCD14THLA
DR!Y cells). There was a trend toward increased dendritic
cell numbers (CD11c* cells, 2.1 vs. 3.6 %) (Fig. 1c). When
lomustine was added to axitinib treatment, a reduction
in the number of T cells, mainly of CDS8™ T cells (24 vs.
12.65 %), DCs and moMDSCs, was observed. There was
also a nonsignificant increase in the number of T, (1.2 vs.
2.1 %) (Fig. 1d).

Axitinib increases the number of central memory CD4™"
and CD8" T cells and the number of naive CD8" T cells

Since we did not observe a difference in the num-
ber of CD4" T cells or CD8" T cells upon axitinib
treatment, we further investigated its effect on dif-
ferent subsets of T cells. We specifically studied the
naive T cell population (CD45RO™CD62LTCD4" or
CD45RO™CD62LTCDS8"™ T cells), the central mem-
ory T cells (Tgy; CD45ROTCD62LTCD4T T cells or
CD45ROTCD62LTCDS8™ T cells) and the effector mem-
ory T cells (Tgy; CD45ROTCD62L"CD4" T cells or
CD45ROTCD62L"CD8™ T cells).

We first investigated the influence of the treatments on
the naive CD4" and CD8" T cells. For the CD4" T cells
we did not find significant differences at baseline and at
6 weeks (Fig. 2a). However, within the CD8" T cell popula-
tion, we found that axitinib increased the number of naive
CD8™ T cells (8 vs. 14.5 %). This effect was not found in
the combination arm (Fig. 2b). After polyclonal stimulation
we observed a comparable reduction in the number of naive
CD4™ T cells at baseline (14.15 vs. 4 %) and at 6 weeks
(15.35 vs. 5.35 %) in both treatment arms (Fig. 2a). A simi-
lar reduction in the number of naive CD8" T cells at baseline

(14.5 vs. 8 %, p = 0.055) and 6 weeks (14.5 vs. 4.5 %,
p = 0.023) was found after axitinib treatment. However, in
the combination arm the reduction of the naive T cell popu-
lation was less pronounced at 6 weeks as compared to base-
line (resp., 3.95 vs. 1.6 % and 2.1 vs. 0.95 %) (Fig. 2b).

Next we investigated the effects on the central memory
T cells (Tcy). After 6 weeks of treatment we observed
increased numbers of Ty CD4™ T cells and Ty CD8T T
cells in both treatment arms. However, this did not reach
statistical significance (Fig. 2c, d). After polyclonal stimu-
lation no significant changes in the numbers of T¢y, CD4"
and CD8™ T cells were observed after stimulation at base-
line and after 6 weeks in both treatment arms (supplemen-
tary Fig. 1b and 1c). No specific changes were found in the
number of Ty, CD4" and CD8" T cells (supplementary
Fig. 1d and le).

Axitinib significantly increases the expression of LAG3
on CD4™ T cells and reduces the expression of TIM3
on CD4" and CD8™ T cells

Next, we investigated the expression of PD-1, LAG3 and
TIM3 on CD4" and CD8™ T cells before and after in vitro
polyclonal stimulation. Axitinib significantly increased
the LAG3 expression on CD4" T cells (5.02 vs. 6.82 %,
p = 0.039) and nonsignificantly on CD8" T cells (1.4 vs.
2.2 %). This increased LAG3 expression was not observed
in the combination arm. In both treatment arms, a LAG3
upregulation on CD4" and CD8' T cells was observed
after stimulation. The LAG3 upregulation on CD8* T cells
was significantly higher after 6 weeks of axitinib treatment
as compared to baseline (resp., 2.2 vs. 9.9 %, p = 0.023)
(Fig. 3a, b, left panel).

Next we found that axitinib reduced TIM3 expression
on CD4% and CD8™ T cells (resp., 1.2 vs. 0.7 % and 2.5
vs. 1.8). In the combination arm, a nonsignificant increase
of TIM3 expression was observed on CD8™ T cells after
6 weeks of treatment (0.9 vs. 1.5 %). In both treatment
arms, TIM3 upregulation was apparent on CD4" and CD8™"
T cells after stimulation. In the combination arm, a sig-
nificantly higher TIM3 expression was observed on CD4™"
T cells at 6 weeks as compared to baseline (resp., 2.4 vs.
4.55 %, p = 0.031) (Fig. 3a, b, middle panel).

In the absence of polyclonal stimulation, no specific
changes were observed for the PD-1 expression. However,
after stimulation, we found that the PD-1 upregulation on
CD8' T cells was lower after stimulation at 6 weeks as
compared to baseline after axitinib treatment (resp., 3.3 vs.
1.5 %, p = 0.055). The PD-1 upregulation on CD4" T cells
was absent (Fig. 3a, b, right panel). No significant differ-
ences were observed in the co-expression of these inhibi-
tory molecules (supplementary Fig. 2).
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«Fig. 4 Different T cell subsets according to antitumor response inde-
pendent of treatment. Percentages of T, (CD4* CD25" CD127~
FoxP3™ T cells) (a) and moMDSCs (CD11b™ CD33" CD14" HLA-
DR cells) (b) determined at baseline and at 6 weeks after treatment
for patients with SD/PR (filled circle; n = 9) or PD (inverted trian-
gle; n = 9). Percentages of naive CD4" T cells (¢) and naive CDS8™ T
cells (d) subsets determined in the absence and presence of anti-CD3/
CD28 beads at baseline and at 6 weeks for patients with SD/PR (filled
circle; n = 7) or PD (inverted triangle; n = 8). Percentages of Ty
CD4™" T cells (e) and T¢y CD8* T cells (f) determined in the absence
and presence of anti-CD3/CD28 beads at baseline and at 6 weeks for
patients with SD/PR (filled circle; n = 7) or PD (inverted triangle;
n=28)

Axitinib treatment leads to enhanced production
of IFN-y, TNF-« and IL-2

Since we found some differences in the T cell subsets and in
the expression of inhibitory molecules, we further analyzed
the supernatants for the presence of different cytokines
before and after 24 h of stimulation. At baseline, almost
no production of cytokines was observed after stimulation.
However, in both treatment arms we observed an increased
IFN-y, IL-2 and TNF-a secretion after 6 weeks of treat-
ment. In the axitinib arm this increase was significant for
IFN-y (p = 0.031) and IL-2 (p = 0.031) (Fig. 2e, ).

Progressive disease is associated with a significant
increase of T,, numbers

We further investigated whether we could find differences
between patient groups with a different disease status
independent of the treatment arm. We analyzed the differ-
ent immune cell populations at baseline and at 6 weeks
of treatment. A significant increase in the number of T,
in patients with PD was observed after 6 weeks of treat-
ment (2.2 vs. 28 %, p = 0.0041) (Fig. 4a). In both patient
populations a nonsignificant reduction of moMDSC was
found after 6 weeks of treatment. However, it was more
pronounced in patients with SD/PR (48.8 vs. 27.30 % and
20.50 vs. 12.50 %) (Fig. 4b). We did not find specific dif-
ferences in the other immune cell populations (data not
shown).

Partial response or stable disease is associated with a
significant increase of central memory CD4*" and CD8*
T cells

Next we investigated whether there were alterations in
the different T cell subsets at baseline and after 6 weeks
of treatment in both patient populations. We first stud-
ied the naive T cell numbers and found no significant dif-
ferences in the naive T cell numbers at baseline and at
6 weeks. However, in the patients with SD/PR the number
of naive CD4" and CD8™ T cells was significantly reduced

after stimulation at 6 weeks of treatment (resp., 28.50 vs.
10.10 %, p = 0.016 and 9.2 vs. 3.6 %, p = 0.047). In con-
trast, no changes in the numbers of naive CD4" and CD8*
T cells were observed after stimulation for the patients
with PD (Fig. 4c, d). Next we investigated the numbers
of Ty We found that patients with SD/PR had a signifi-
cant increase in the number of Ty CD4" and CD8" T
cells after 6 weeks of treatment (resp., 15.60 vs. 22.60 %,
p = 0.016 and 7.10 vs. 13.20 %, p = 0.031). After stimu-
lation, patients with SD/PR had a significant reduction of
the Ty CD4T T cells (22.60 vs. 16.30 %, p = 0.047) and
a further increase of the Ty CD8" T cells was observed
after stimulation at 6 weeks (13.20 vs. 22.50 % %) (Fig. 4e,
f). No specific differences were found in the Tgy, CD4" or
CDS8™ T cells.

Progressive disease is associated with PD-1
upregulation on CD4" and CD8™ T cells

We further investigated the expression of different inhibi-
tory molecules at baseline and at 6 weeks in both patient
populations. A nonsignificant PD-1 upregulation on CD4*
and CD8™ T cells was observed in patients with PD (resp.,
1.45 vs. 3.2 % and 0.9 vs. 1.6 %), and in patients with SD/
PR, a nonsignificant PD-1 downregulation on CD8" T cells
was observed (1.8 vs. 0.4 %) (Fig. 5a).

No significant differences in LAG3, TIM3, or co-expres-
sion of these molecules at baseline and at 6 weeks were
observed (resp., Fig. 5b, ¢ and data not shown). However,
in patients with SD/PR a significant LAG3 upregulation on
CD4" and CD8™ T cells after stimulation at baseline (resp.,
2.7vs. 4.7 %, p = 0.0469 and 0.9 vs. 11.5 %, p = 0.0156)
and at 6 weeks was found (resp., 2.8 vs. 9.8 % p = 0.0156
and 1.9 vs. 154 %, p = 0.0156). In the patients with PD
the LAG upregulation was almost absent after stimulation
at 6 weeks (Fig. 5b).

Although the differences were more pronounced in the
patients with SD/PR, TIM3 expression changed to a com-
parable extent in both patient populations (Fig. 5c).

Stable disease or partial response is associated
with higher cytokine secretion

Since no reduction in the number of naive CD4" and
CDS8' T cells was observed upon stimulation in patients
with PD, we hypothesized that higher numbers of less
functional, more exhausted T cells were present in these
patients. Therefore, the cytokine secretion after stimulation
was investigated. In the supernatants of patients with SD/
PR we found a significant increase in IFN-y (p = 0.0156),
TNF-a (p = 0.0313) and IL-2 (p = 0.0313) secretion after
stimulation at 6 weeks. Moreover, significantly increased
TNF-a (p = 0.0313) and IL-2 (p = 0.0156) levels were
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«Fig. 5 Progressive disease is associated with an upregulation of PD-1
and with dysfunctional T cells. Percentages of PD1T CD4" T cells
and PD11 CD8" T cells (a), LAG3" CD4*" and LAG3" CD8* T cells
(b) and TIM3" CD4" and TIM3" CD8" T cells (¢) determined in
the absence or presence of anti-CD3/CD28 beads at baseline and at
6 weeks for patients with SD/PR (filled circle; n = 7) or PD (inverted
triangle; n = 8). IFN-y, TNF-a, IL-2 and IL-10 were quantified in the
supernatants in the absence or presence of anti-CD3/CD28 beads at
baseline and at 6 weeks for patients with SD/PR (filled circle; n = 7)
or PD (inverted triangle; n = 8) (d)

also present at baseline. We also found a nonsignificant
increase in IL-10 production after stimulation at 6 weeks.
The cytokine production was below the limit of detection in
the majority patients with PD (Fig. 5d).

Expression of inhibitory molecules LAG3, TIM3
and PD-1 on CD4" and CD8™ T cells is associated
with reduction of cytokine production

Since LAG3 and TIM3 are upregulated after stimula-
tion and since these molecules are associated with T cell
exhaustion, we investigated whether the LAG3- or TIM3-
expressing CD4% and CD8" T cells are still capable of
cytokine production. Through simultaneous intracellular
cytokine staining, we found that CD4™ T cells and CD8" T
cells expressing LAG3, TIM3 or PD-1 produced almost no
IFN-y, TNF-a or IL-2 (Fig. 6a, b).

a

e baseline 6 wks

aom
aom

SD/PR

aom
aom

v 6
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SD/PR
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N
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Fig. 6 Expression of inhibitory molecules on CD4" and CD8"™ T
cells and progressive disease is associated with reduced produc-
tion of cytokines. Representative flow cytometry profiles showing
LAG3, TIM3 or PD-1 expression profiles on CD4" T cells (a) and
CD8™ T cells (b) simultaneous with ICS for IFN-y, TNF-a and IL-2
and representative flow cytometry profiles of the production of IFN-
v, TNF-a and IL-2 on CD4% T cells (¢) and CD8" T cells (d) of
patient 16 (axitinib, SD) after stimulation with anti-CD3/CD28 beads

Cytokine producing CD4* T cells (%)
Cytokine producing CD8* T cells (%)

at baseline (left panel) and at 6 weeks (right panel) post-treatment.
Pie charts showing the proportion of CD4* T cells (e) and CD8* T
cells (f) displaying 1-3 functions determined after polyclonal stimu-
lation at baseline and at 6 weeks after treatment for patients with SD/
PR (upper panel; n = 5) or PD (lower panel; n = 3). Percentages
of total cytokine-producing CD4" and CD8" T cells as determined
at 6 weeks comparing patients with SD/PR (filled circle; n = 5) and
patients with PD (inverted triangle; n = 3) (g)
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We further analyzed the T cell functionality by deter-
mining the proportion of cells producing multiple cytokines
(Fig. 6c, d). An increased number of bi- and polyfunctional
CD4" and CD8" T cells [resp., 1.22 vs. 1.90 % and 0.99
vs. 1.52 % (2 cytokines) and 0.07 vs. 0.19 % and 0.35 vs.
0.44 % (3 cytokines)] and a higher number of cytokine-
producing CD4" and CD8™ T cells (resp., 5.98 vs. 8.99 %
and 5.59 vs. 6.49 %) were observed in patients with SD/
PR after 6 weeks of treatment (Fig. 6e, f upper panel). In
contrast, patients with PD had a strong reduction of the
number of bi- and polyfunctional CD4" and CDS8™ T cells
[resp., 2.17 vs. 0.29 % and 1.65 vs. 0.09 % (2 cytokines)
and 0.24 vs. 0.03 % and 0.23 vs. 0.04 % (3 cytokines)] and
a lower number of cytokine-producing CD4" and CD8*
T cells (resp., 6.17 vs. 2.53 % and 5.52 vs. 2.17 %) after
6 weeks of treatment (Fig. 6e, f, lower panel). Furthermore,
a significantly lower number of cytokine-producing CD4™"
and CD8™ T cells was observed at 6 weeks after treatment
in patients with PD as compared to patients with SD/PR

(Fig. 6g).

Discussion

In this study we show that PD in patients with recurrent
GBM treated with axitinib or axitinib plus lomustine is
associated with increased T, numbers, PD-1 upregulation
on CD4" and CD8™ T cells and reduced T cell functional-
ity. In addition, we found that treatment with axitinib leads
to increased numbers of naive and Ty CD8" T cells and
Ty CDAT T cells.

Whereas the effects of different small molecules on
immune cells have been studied extensively in preclinical
studies, to our knowledge this is the first time that the effect
of axitinib on the immune cells of patients was investigated
[12, 15-17].

In our patient population axitinib did not influence the
different immune cell populations in peripheral blood.
However, within the T cell population we observed an
increased number of naive CD8" T cells and T¢y CD4"
and CD8™ T cells. In addition, we found an increased pro-
duction of IFN-y, TNF-a and IL-2 by T cells after 6 weeks
of treatment. Previously, it was shown that following adop-
tive cell transfer, Ty CD8" T cells have a better antitu-
mor efficacy compared to Tgy, [18, 19]. Furthermore, in
patients with SD/PR the number of Ty CD4" and CD8™"
T cells was significantly increased. Moreover, when we
investigated the expression of the inhibitory molecules
we observed that axitinib reduced the TIM3 expression
on CD4% and CD8" T cells. In melanoma patients it has
been shown that upregulation of TIM3 and PD-1 is asso-
ciated with dysfunction of antigen-specific CD8" T cells
and that the expression of these molecules plays a role in

@ Springer

regulating the expansion of vaccine-induced CD8" T cells
[20, 21]. Thus, the reduced TIM3 expression combined
with the increased numbers of naive and Ty CD8" T cells
and Ty, CD4™ T cells suggests that axitinib could lead to
better antitumor immune responses in patients with recur-
rent glioblastoma. The addition of lomustine to the axitinib
treatment reduced the number of CD8" T cells and dimin-
ished the effect of axitinib to increase the number of naive
CD8' T cells. Lomustine is known to cause lymphope-
nia [22]; consequently, these results were not unexpected
and highlight its probable interference with an antitumor
immune response.

However, we also observed a higher LAG3 expression
on CD4" T cells after axitinib treatment. LAG3 is upreg-
ulated on exhausted T cells, and blockade of LAG3 can
enhance antitumor T cell responses [23, 24]. This is in con-
trast with our previously suggested hypothesis that axitinib
has beneficial effects on the immune system. An explana-
tion of this finding could be that the majority of the patients
treated with axitinib were progressive. Although we did
not find differences in LAG3 expression between patients
with SD/PR and those with PD after 6 weeks of treatment,
we found that patients with PD lacked LAG3 upregulation
after stimulation. In normal conditions, upon T cell acti-
vation LAG3 expression is detectable approximately 24 h
post-activation and peaks on day 3 or day 4 after stimula-
tion [24]. This suggests that patients with PD possess T
cells that are less responsive to polyclonal stimulation.

In patients with PD we also found a PD-1 upregula-
tion. It has already been shown that PD-1 expression on
CD4" and CD8" T cells in the peripheral blood is higher
in patients with high-grade glioma as compared to patients
with low-grade glioma [25]. Our results show that PD-1
expression is further increased on CD4" and CD8™ T cells
of patients who are progressive during treatment with axi-
tinib or axitinib plus lomustine. Furthermore, we observed
that CD4" and CD8" T cells expressing PD-1, LAG3 or
TIM3 had a reduced cytokine production. Additionally,
we found that patients with PD had a strong reduction of
T cell functionality and of the total number of cytokine-
producing CD4% and CD8" T cells. Moreover, they had
a significantly lower proportion of cytokine-producing T
cells as compared to patients with SD/PR. Together with
the increased numbers of naive CD4" and CD8™ T cells,
the lack of LAG3 upregulation after stimulation and the
increased PD-1 expression, these results suggest that PD is
associated with T cell exhaustion. Treatment with axitinib
did not affect the PD-1 expression on CD4% T cells and
non-stimulated CD8" T cells. After stimulation we found
a higher PD-1 expression on CD8" T cells at baseline and
at 6 weeks of axitinib treatment. This effect was com-
pletely abrogated when axitinib was combined with lomus-
tine. Since PD-1 is upregulated after T cell activation, this
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suggests that lomustine negatively affects the CD8* T cell
activation. The effect of TKIs on the expression of inhibi-
tory molecules has not been studied extensively. In pre-
clinical models it has been shown that sunitinib reduces
the expression of PD-1 and CTLA-4 on T, and CD8"™ T
cells, respectively. However, sunitinib did not affect the
PD-1 expression on CD4" and CD8*% T cells. Sorafenib
also reduced the expression of CTLA-4 on T, in a pre-
clinical model for HCC [26, 27]. In patients with renal cell
carcinoma, Guislain et al. found that sunitinib improves
the expansion of TILs and found that sunitinib-pretreated
patients had a higher PD-1 expression on expanded CD8*
TILs [28]. To our knowledge, this is the first time that the
effect of TKI treatment on LAG3 and TIM3 expression has
been examined.

In this study, we also observed an increased number of
T, in patients with PD. It has been shown that increased
proportions of T, are present in the tumor and peripheral
blood of glioblastoma patients. Moreover, removal of T,
from the peripheral blood of patients leads to restoration of
the T cell function. However, it was shown that in contrast
to other cancers [29], T, are not predictors for patient sur-
vival in glioma [30-32]. Thus, in this study we show that
patients with recurrent glioblastoma that are resistant to
antiangiogenic treatment display a further enhancement of
a preexisting immunosuppression.

Recently, tumor regression and long-term survival
in a syngeneic intracranial mouse glioma model were
obtained when inhibiting CTLA-4, PD-L1 and indoleam-
ine 2,3-dioxygenase [33]. These results suggest that modu-
lation of the immunosuppression to obtain an antitumor
immune response in glioblastoma is optimal when several
pathways are simultaneously inhibited. Several research
groups have shown that antiangiogenic treatments have
beneficial effects on the immune system [11, 34]. Moreo-
ver, antiangiogenic treatments are known to reduce peritu-
moral edema, reducing the use of immunosuppressive cor-
ticosteroids in glioblastoma patients [3, 35, 36].

Conclusion

In this study we investigated the effects of axitinib on the
circulating immune cells. Although our results did not
always reach statistical significance, probably due to the
limited number of patients, they suggest that combin-
ing axitinib with immunotherapy in glioblastoma patients
could have synergistic effects.
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