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Background: Targeted therapies with tyrosine kinase inhibitors (TKIs) are used for the treatment of advanced renal cell

carcinoma.

Results: T cell activation is less affected in the presence of axitinib compared with other TKIs.
Conclusion: Axitinib might be better suited to be combined with immunotherapy than sorafenib.
Significance: Learning how TKIs manipulate T cells is crucial for understanding TKI-mediated effects on the immune system.

The multikinase inhibitors sunitinib, sorafenib, and axitinib
have an impact not only on tumor growth and angiogenesis, but
also on the activity and function of immune effector cells. In this
study, a comparative analysis of the growth inhibitory proper-
ties and apoptosis induction potentials of tyrosine kinase inhib-
itors on T cells was performed. Tyrosine kinase inhibitor treat-
ment resulted in a dramatic decrease in T cell proliferation
along with distinct impacts on the cell cycle progression. This
was at least partially associated with an enhanced induction of
apoptosis although triggered by distinct apoptotic mechanisms.
In contrast to sunitinib and sorafenib, axitinib did not affect the
mitochondrial membrane potential (Ays,,) but resulted in an
induction or stabilization of the induced myeloid leukemia cell
differentiation protein (Mcl-1), leading to an irreversible arrest
in the G,/M cell cycle phase and delayed apoptosis. Further-
more, the sorafenib-mediated suppression of immune effector
cells, in particular the reduction of the CD8* T cell subset along
with the down-regulation of key immune cell markers such as
chemokine CC motif receptor 7 (CCR7), CD26, CD69, CD25,
and CXCR3, was not observed in axitinib-treated immune effec-
tor cells. Therefore, axitinib rather than sorafenib seems to be
suitable for implementation in complex treatment regimens of
cancer patients including immunotherapy.

Renal cell carcinoma (RCC)? is the most common malig-
nancy of the kidney and accounts for ~3% of all adult malig-
nancies and 2% of cancer deaths in the Western countries. At
presentation, ~30% of the RCC patients have already devel-
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oped metastases, resulting in a poor prognosis of patients with
a median 5-year survival rate <15% (1). RCC patients with
localized disease often benefit from radical surgical resection of
the tumor, but still 30-35% of these patients subsequently
develop metastases over time (1). Up-regulation of the multi-
drug resistance 1 protein and/or the multidrug resistance-asso-
ciated protein together with the P-glycoprotein as well as the
down-regulation of DNA topoisomerase II can all be associated
with a multidrug resistance phenotype frequently found in RCC
tumors, thus limiting effective treatment options (2). However,
despite the failure of conventional chemotherapy or radiother-
apy and the identification of several immunologic dysfunctions,
spontaneous regression rates along with the high infiltration
rate of immune cells into RCC lesions (3, 4) have encouraged
the development and clinical application of immunotherapy.
Until 2005, cytokine-based immunotherapy using interferon-a
(IFN@) and/or interleukin-2 (IL-2) has been the treatment of
choice for advanced RCC with response rates of 10-20% (5).
However, the recent progress made in understanding the
pathogenesis of RCC along with the identification of molecular
mechanisms that can be linked to the initiation and progression
of disease allowed the design of “tumor-targeting” therapies (6).

Treatment of RCC with tyrosine kinase inhibitors (TKIs)
provides significant objective clinical responses and leads to a
longer progression-free survival of patients by the inhibition of
cell growth and angiogenesis and by the induction of apoptosis
(7). However, despite such significant improvements in the ini-
tial response rates to treatment with TKIs, RCC patients ulti-
mately develop resistance to these drugs within 6 -15 months
that can be mediated by distinct mechanisms (8, 9). Further-
more, there is growing evidence that regulatory T cells (Tregs),
which accumulate in human and murine tumors, may play an
important role in the general process of angiogenesis (10, 11).
The secretion of the vascular endothelial growth factor (VEGF)
along with other tumor-derived products leads to an accumu-
lation of Tregs (11, 12). Recently, it has been demonstrated that
TKIs also affect both the frequency and composition of
immune cell subpopulations including Tregs, myeloid-derived
suppressor cells as well as T and NK cells (6, 13). Addressing
immunosuppressive cells might improve the antitumor-di-
rected T cell response, thereby providing a rational for the com-
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bination of TKIs with immunotherapy for the treatment of
RCC. So far, only IFN« and IL-2 have been successfully com-
bined with sorafenib (14 —16). However, there exists only lim-
ited information on the effects of sorafenib and sunitinib on
cellular parameters such as T cell proliferation and induction
of/resistance to apoptosis, and even less is yet known for
axitinib. Thus, the aim of this study was to compare and evalu-
ate the complex cellular activities of these TKIs on immune
effector cells, in particular on T cells either obtained from
malignant hematopoietic cells or freshly isolated from periph-
eral blood lymphocytes from healthy donors.

EXPERIMENTAL PROCEDURES
Cell Culture

Peripheral blood mononuclear cells (PBMCs) from healthy
donors were obtained from heparinized venous blood samples
by density gradient centrifugation using Leukosep® (Greiner
Bio-One, Frickenhausen, Germany) and LSM 1077 lymphocyte
separation medium (PAA Laboratories GmbH, Coelbe, Ger-
many). T cells were isolated from PBMCs after labeling with
allophycocyanin-conjugated anti-CD3 antibodies using the
EasySep™ Human APC Positive Selection kit according to the
manufacturer’s instructions (Stemcell Technologies, Grenoble,
France). All experiments were performed with freshly isolated
PBMCs, T cells, or Jurkat cells (ATCC TIB-152). Cells were
cultured under conventional conditions (37 °C in a humidified
atmosphere containing 5% CO,) in RPMI 1640 medium (Invit-
rogen) supplemented with 10% FCS (PAA Laboratories
GmbH), 2 mm L-glutamine (Lonza, Cologne, Germany), 1%
sodium pyruvate (Invitrogen), 1% non-essential amino acid mix-
ture (Invitrogen), and 1% penicillin/streptomycin (PAA Laborato-
ries GmbH). PBMCs or T cells isolated from PBMCs were cul-
tured in the presence of 100 units/ml IL-2 (Proleukin, Chiron,
Ratingen, Germany) and directly stimulated with anti-CD3 and
anti-CD28 antibodies (mouse anti-human; 1 ug/ml each; BD Bio-
sciences). Cells were additionally incubated with different concen-
trations of the respective TKI or DMSO for defined time intervals
at 37 °C in a 5% CO, humidified atmosphere.

XTT Assay

The effects of the TKIs on cell viability were measured via
XTT assay according to the manufacturer’s instructions (Cell
Proliferation Kit II, Roche Applied Science) using 1 X 10* Jur-
kat cells or 2 X 10° PBMCs or isolated T cells in 150 ul of
medium/well, respectively. Cell viability was analyzed after
incubation of cells for 72 h using a microplate reader (MRX-TC,
Dynex Technologies, Denkendorf, Germany). The absorbance
values were expressed as a percentage of the DMSO-treated
control group. IC,, values were calculated by fitting the data
applying the following equation.

(max — min)

X Hill slope
Proliferation Assay

To evaluate cell proliferation, 2 X 10° Jurkat cells or 2 X 10”
PBMCs in 10 ml of phosphate-buffered saline (PBS) were

y = min +
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labeled with 5,6-carboxyfluorescein diacetate succinimidyl
ester (0.5 uM; Invitrogen) according to the manufacturer’s
instructions. 2 X 10° Jurkat cells/well or 2 X 10° PBMCs/
well were seeded in 6-well microtiter plates (Techno Plastic
Products AG) and maintained for 5 days in culture. 10,000
events were analyzed on a BD FACSCanto II flow cytometer
in combination with the FACSDiva software package (BD).
The proliferation was expressed as % of the DMSO-treated
control cells.

Monitoring TKI-dependent Alterations in the Composition and
Function of Immune Cell Subpopulations

Seven-color flow cytometry staining was used for analyzing
TKI-dependent effects on CD3/CD28-stimulated PBMC.
Briefly, 2 X 10° cells/well were seeded in 6-well microtiter
plates (Techno Plastic Products AG) in 5 ml of medium fol-
lowed by direct stimulation. After treatment with TKIs or
DMSO at 37 °C for 68 h, BD GolgiPlug™ (5 ul) and IL-2 (100
units/ml) were added to each cell suspension and further incu-
bated for 4 h. The cells were harvested and washed twice with
PBS. Surface molecules were directly stained with the corre-
sponding fluorescence-conjugated antibodies (Table 1) for 15
min at room temperature. Cells were washed with PBS and
fixed in PBS containing 1% paraformaldehyde. For intracellu-
lar stainings, cells were incubated with 250 ul of Cytofix/
Cytoperm (BD Biosciences) for 10 min at 4 °C, washed with
PBS, incubated with the appropriate antibodies for 30 min at
4°C, and washed again. The FOXP3 staining buffer set
(clone PCH101; eBioscience, Frankfurt, Germany) was used
for the detection of Tregs according to the manufacturer’s
instructions.

Apoptosis Assay

Annexin V/7-Aminoactinomycin D Staining—To evaluate
TKI-mediated apoptosis induction, 3 X 10° Jurkat cells/well or
1 X 10%isolated T cells were cultured in 6-well microtiter plates
(TPP Techno Plastic Products AG) for 72 h. Apoptosis was
determined by flow cytometry after staining of cells with allo-
phycocyanin-annexin V (Pharmingen) and propidium iodide (2
mg/ml; Sigma-Aldrich) according to the manufacturer’s
instructions (Pharmingen). The stained cells were analyzed
using a BD FACSCanto II flow cytometer and the FACSDiva
software package (BD Biosciences).

Determination of Caspase Activity—Caspase-8 and -9 activi-
ties were measured using commercially available Caspase-
Glo™-8 and -9 assays (Promega, Mannheim, Germany)
according to the manufacturer’s instructions. TKI- or DMSO-
treated Jurkat cells (48 h; 1 X 10° cells in 10 ml of RPMI 1640
medium) were harvested, and 75 ul of the resulting cell suspen-
sion containing 4 X 10° cells/ml were plated in a white 96-well
plate prior to analyzing the respective caspase activity. The
cleavage of luminogenic caspase-8 and -9 substrates was mea-
sured using a MicroLumatPlus LB96V microplate luminometer
(Berthold Technologies, Bad Wildbad, Germany).

For detection of active caspase-3, the cleavage of pro-
caspase-3 was determined with the FITC Active Caspase-3
Apoptosis Kit (Pharmingen) using TKI- or DMSO-treated Jur-
kat cells (72 h; 3 X 10° cells in 5 ml of medium) as wells as
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TABLE 1
Markers used in flow cytometry

If not stated otherwise antibodies were purchased from BD Biosciences. Bold indicates intracellular staining. PE, phycoerythrin; APC, allophycocyanin; PerCP, peridinin-

chlorophyll protein complex; ICOS, inducible T cell co-stimulator.

Fluorescence-conjugated monoclonal antibodies

Tube FITC PE PerCP PE-Cy7 APC APC-H7 V450
1 IgG1 IgG1 CD3 CD8 IgG1 CD4 CD45¢
2 CD45RA CCR7” CD3 CD8 CD28 CD4 CD45%
3 PD1 I1COS CD3 CD8 CD4 CD45
4 CD26 CD69 CD3 CD8 CD56 CD4 CD45¢
5 CD57 CD45RO CD3 CcD8 CD56 CD4 CD45%
6 CXCR3” HLA-DR CD3 CD8 CTLA4 CD4 CD45¢
7 IgG1 IgG2a rat* CD3 IgG1 CD4 CD45¢
8 CD25 FOXP3¢ CD3 INEy* CD4 CD45%
9 IgG1 IgG2b* IgG1 (PE-Cy5)* CD8 CD3 CD4 CD45
10 D3 Perforin® CD3e (PE-Cy5)" CD8 CD3 CD4 CD45¢
11 IgG1 CcD8 CD3 CD4 CD45%
12 IL-4 CD8 CD3 CD4 CD45¢

“ Miltenyi Biotec GmbH (Bergisch Gladbach, Germany).
? R&D Systems (Abingdon, UK).

¢ eBioscience (Frankfurt, Germany).

4 Santa Cruz Biotechnology (Heidelberg, Germany).

TABLE 2

Primer sequences, annealing temperature, and product size of different genes used in quantitative RT-PCR

PPIA, peptidylprolyl isomerase A.

Gene RefGene Primer sequence Annealing temperature Product size
°C bp

Bcel-xL NM_138578.1 Sense CCGGGATGGGGTAAACTGGGGT 70 264
Antisense GTCATGCCCGTCAGGAACCAGC

CCNB1 NM_031966.3 Sense TACCTATGCTGGTGCCAGTGCC 65 171
Antisense ACAGGTCTTCTTCTGCAGGGGC

HPRTI NM_000194.2 Sense GCAGACTTTGCTTTCCTTGG 60 101
Antisense CTGGCTTATATCCAACACTTCG

Mcl-1 NM_021960 Sense TCAGCGACGGCGTAACAAACTGG 65 194
Antisense GAACTCCACAAACCCATCCCAGCC

PPIA NM_021130.3 Sense CCAAGACTGAGTGGTTGGATG 60 192
Antisense CAGAAGGAATGATCTGGTGG

isolated T cells (72 h; 1 X 10° cells in 5 ml of medium) according
to the manufacturer’s instructions. Samples were analyzed on a
BD FACSCanto II flow cytometer using FACSDiva software
(BD Biosciences), measuring logarithmic FITC fluorescence
and counting a minimum of 10,000 events.

Determination of the Mitochondrial Depolarization

To evaluate TKI-mediated mitochondrial depolarization,
3 X 10° Jurkat cellsor 1 X 10° T cells isolated from PBMCs were
treated with either the respective TKI or DMSO for 72 h. Mito-
chondrial depolarization was determined by flow cytometry
using the J-aggregate-forming lipophilic cationic fluorescence
dye JC-1 (5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimida-
zolylcarbocyanine iodide) according to the manufacturer’s
instructions (Molecular Probes, Eugene, OR). Stained cells
were analyzed using a BD FACSCanto II flow cytometer and
FACSDiva software (BD Biosciences). Cells treated with the
mitochondrial poison carbonyl cyanide 3-chlorophenylhydra-
zone served as a positive control.

Cell Cycle Analysis

The cell cycle analysis was performed upon culturing of Jur-
kat cells (3 X 10° cells in 10 ml of RPMI 1640 medium) in a time
kinetic fashion followed by cell staining with propidium iodide
(Sigma-Aldrich) and flow cytometry according to a method
described elsewhere (17). Cells were treated with 300 ul of
RNase A (1 mg/ml; Sigma-Aldrich) for 10 min at 20 °C prior to
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staining with propidium iodide (5 ul; 2 mg/ml). Cells were ana-
lyzed using a BD FACSCanto II flow cytometer and FACSDiva
software (BD Biosciences). Cell cycle data were analyzed using
the MODFIT software tool.

cDNA Synthesis and Quantitative RT-PCR

Total RNA was extracted from the samples using the Nucle-
ospin Extract II Kit (Macherey-Nagel, Diiren, Germany)
according to the manufacturer’s instructions. cDNA was syn-
thesized from 3 ug of RNA treated with DNase I (Invitrogen)
using oligo(dT) primers (Fermentas, Mannheim, Germany)
and the RevertAid™ H Minus First Strand cDNA Synthesis
Kit (Fermentas, St. Ingbert, Germany) before quantitative
RT-PCR was performed with target-specific primers (Table
2) using Platinum® SYBR® Green qPCR SuperMix-UDG
(Invitrogen) and applying the following parameters for 40
cycles: 95 °C, 15 s; 65 °C, 30 s. Relative mRNA expression
levels for specific genes were normalized to peptidylprolyl
isomerase A and hypoxanthine-guanine phosphoribosyl-
transferase. The transcription levels of DMSO-treated cells
were set to 1, and the relative expression ratios in TKI-
treated cells were calculated.

Western Blot Analysis

Proteins were extracted from 3 X 10° Jurkat cells or T cells
isolated from PBMCs incubated in the absence (DMSO con-
trol) or presence of TKIs (010 um) for 72 h, and the respective
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protein concentrations were determined with the Pierce BCA
Protein Assay Kit (Fisher Scientific). Aliquots of 50 ug of pro-
tein/lane were separated by 12% SDS-PAGE and subsequently
transferred onto nitrocellulose membranes (Schleicher &
Schuell). Membranes were processed as described previously
(18) using target protein-specific primary antibodies directed
against Bcl-xL (Santa Cruz Biotechnology, Heidelberg, Ger-
many), Mcl-1, or GAPDH (Cell Signaling Technology, Frank-
furt, Germany) in combination with horseradish peroxidase
(HRP)-conjugated secondary antibodies (Cell Signaling Tech-
nology). Protein bands were visualized with Lumi-Light West-
ern blotting substrate (Roche Applied Science) and recorded
with a LAS 3000 CCD camera system (Fujifilm, Dusseldorf,
Germany). The co-detection of the GAPDH signal for each lane
on the given blot served as a loading control, and the relative
protein expression level for each target was defined using the
AIDA software (Raytest, Sprockhoevel, Germany).

Statistical Analysis

The results were expressed as mean * S.D. of at least three
independent experiments. The data were analyzed using
SigmaPlot software (Systat Software, Erkrath, Germany). Dif-
ferences between groups were examined for statistical signifi-
cance using the Student’s ¢ test. A value of p < 0.05 was consid-
ered as statistically significant.

RESULTS

TKIs Inhibit T Cell Proliferation and T Cell Viability in a
Dose-dependent Manner—To determine whether TKIs have
direct effects on CD3/CD28-stimulated immune effector cells,
PBMC:s from healthy donors and the immortalized T lympho-
cyte cell line Jurkat were treated with either 0—20 or 0-50 um
concentrations of the distinct TKIs sunitinib, sorafenib, and
axitinib, respectively, and subsequently analyzed under short
term (72 h; XTT assay) or long term (6 days; 5,6-carboxyfluo-
rescein diacetate succinimidyl ester staining) culture condi-
tions. As shown in Fig. 1, a dose-dependent inhibition of both
cell proliferation (Fig. 1, A and C) and cell viability (Fig. 1, Band
D) was detected in the presence of each of the three tested TKIs.
However, in contrast to the response to treatment with
sunitinib or sorafenib, only minor toxicity effects were detect-
able for axitinib, in particular in the PBMCs (Fig. 1B). In addi-
tion, a biphasic growth inhibition curve was observed in
response to treatment with axitinib in Jurkat cells (Fig. 1D). The
antiproliferative and cytotoxic effects were monitored at differ-
ent TKI concentrations to define the respective 50% prolifera-
tion/growth inhibition concentration (IC;,) values (Table 3) via
XTT assays. Subsequently the calculated IC,, value for each
TKI was used to define their biological/immunological effects.

Sunitinib and Sorafenib, but Not Axitinib, Altered the Rela-
tive Composition of PBMC and Their Cell Surface Protein
Expression Pattern—To monitor the influence of TKI treat-
ment on the relative composition of immune cells within the
PBMC fraction as well as on their cell surface markers, PBMCs
from healthy donors were prepared using density gradient cen-
trifugation, thereafter stimulated with IL-2 and anti-CD3/anti-
CD28 antibodies, and incubated for 72 h in the presence of
either TKI (5 um) or DMSO. Subsequently, immunostainings
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were performed using a large panel of monoclonal antibodies
(Table 1). Although the number of CD3™ T cells was compa-
rable between TKI-treated and DMSO-treated PBMCs,
sorafenib-treated cells exhibited a slightly higher percentage
of CD4™" and a lower percentage of CD8" T cells (Fig. 24).
However, no significant changes were detectable in response to
sunitinib or axitinib treatment (data not shown). To determine
the effects of the different TKIs on the Treg subset, the frequen-
cies of Tregs within stimulated PBMCs in the absence (DMSO
control) or presence of TKI were analyzed by flow cytometry.
As shown in Fig. 2B, treatment with either 5 uMm sunitinib or
sorafenib led to a reduction of the Treg subpopulation (CD4 ™"/
CD25%/FOXP3™) (p < 0.05) from 13.3 to 2.3 and 8.2%, respec-
tively (Fig. 2B). In contrast, axitinib or physiologic concentra-
tions of sunitinib (0.1 uMm) did not affect the relative Treg ratio.
Most of the function-associated surface molecules investigated
(Table 1) were not significantly altered in response to TKI treat-
ment. However, the numbers of CCR7*/CD4", CCR7/CD8™,
CD26"/CD4",CD26™/CD8", CXCR3"/CD4™",and CXCR3*/
CD8™ T cells as well as of CD56/CD26 " and CD56"/CD69™"
NK cells were lower in the sorafenib-treated group, if compared
with the DMSO-treated control group (p < 0.05; Fig. 24),
although the relative numbers of NK cells in both groups were
unaffected (data not shown). Again, no significant changes
were observed for axitinib-treated cells or cells treated with
physiologic concentrations of sunitinib (0.1 um) (data not
shown). To assess the functionality of CD4 ™" T effector cells, the
IFNYy expression levels were determined after stimulation of
PBMCs with anti-CD3 and anti-CD28 antibodies in the pres-
ence of IL-2 and TKI (5 uM; 72 h). The relative production of
IFNYy was significantly decreased from 1 to 0.2 and 0.5 (p <
0.05) in response to treatment with sunitinib or sorafenib,
respectively, whereas no effects on the relative IFNy expression
levels were observed in axitinib-treated cells (Fig. 2C) or cells
treated with physiologic concentrations of sunitinib (0.1 um)
(data not shown).

To further monitor the effects of the various TKIs on the T
cell activation process, PBMCs were activated by the addition of
phytohemagglutinin M and IL-2 and analyzed for the up-regu-
lation of the activation markers CD25 and CD69 using flow
cytometry. The cells were cultured for 72 h in the absence
(DMSO control) or presence of the individual TKI. Up-regula-
tion of CD25 expression on CD3™ T cells was impaired in the
presence of all TKIs tested, as highlighted by a significant
reduction of the relative CD25 expression levels from 100 to 66
and 1% in the presence of 0.1 and 5 uMm sunitinib, from 100 to
15% in the presence of 5 uM sorafenib, and from 100 to 90% (p <
0.05) in the presence of 0.2 um and 5 uMm axitinib, respectively
(Fig. 3). In line with this finding, the relative CD69 expression
levels were also significantly reduced from 100 to 18% (p <
0.05) in the presence of 5 uMm sunitinib and sorafenib. However,
the up-regulation of CD69 in the presence of physiologic con-
centrations of sunitinib (0.1 uM) and axitinib was not observed
(Fig. 3).

TKIs Induce Caspase-dependent Apoptosis in Jurkat Cells—
To determine whether the reduced cell viability observed in
response to TKI treatment was caused by the induction of apo-
ptosis, the translocation of phosphatidylserine was quantified
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FIGURE 1. TKI-mediated inhibition of proliferation and viability of immune cells. PBMCs from healthy donors were prepared by Ficoll density gradient
centrifugation and stimulated directly with anti-CD3 and anti-CD28 antibodies (mouse anti-human; 1 ng/ml each; BD Biosciences). Jurkat cells were used
without stimulation. Cells were grown for 6 days or 72 h in the absence or presence of various concentrations of TKI (PBMCs, 0-20 um; Jurkat, 0-50 um) and
analyzed via flow cytometry using covalent 5,6-carboxyfluorescein diacetate succinimidyl ester staining (Invitrogen) (A, PBMCs; C, Jurkat cells) or via XTT assay
using the XTT Cell Proliferation Kit (Roche Applied Science) (B, PBMCs; D, Jurkat cells) according to the manufacturer’s protocol. Proliferation (A and C) and
viability (B and D) are expressed as mean percentage (%) £S.D. (error bars) based on five independent experiments. The right panel in each segment of Fig. 1
highlights the effects of physiologic TKI concentrations on viability/proliferation, respectively.
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TABLE 3

Summary of antiproliferative and cytotoxic effects of the different
TKiIs on Jurkat cells and PBMCs

CFSE, 5,6-carboxyfluorescein diacetate succinimidyl ester.

IC,,“ =S.D.
Treatment CFSE XTT
M

Jurkat

Sunitinib 6.4 *09 3.7*05

Sorafenib 7.8 +0.3 52+ 1.0

Axitinib 0.6 +0.1 0.18 = 0.01 (phase 1)

21.4 * 0.4 (phase 2)

PBMCs

Sunitinib 29*+02 54 *05

Sorafenib 4.7 = 0.3 85*04

Axitinib 0.7 £ 0.1 1.7 = 0.4 (phase 1)

“1Cs, is defined as the concentration that results in a 50% decrease in the number
of cells compared with that of the control in the absence of TKI. The data
shown represent mean = S.D. of three independent experiments.

via annexin V and propidium iodide double stainings in Jurkat
cells 72 h after the outset of TKI treatments (0—-30 um) (Fig.
4A). The proportion of annexin V' /propidium iodide ™ Jurkat
cells representing early apoptotic cells was significantly
increased (p < 0.05) in the presence of 5 uM sunitinib and 10 um
sorafenib compared with the corresponding DMSO control
(Fig. 4A). The relative amount of early apoptotic cells increased
from 4.3 to 17.3 and 9.6%, respectively (p < 0.05). Surprisingly,
axitinib did not induce early apoptotic cells within 72 h. More-
over, the activation of caspase-3, -8, and -9 in the presence of
TKI (0-20 uMm; 48 h) or DMSO was analyzed for Jurkat cells. As
shown in Fig. 4, B and C, caspase-8 and -9 were activated to a
similar extent in the presence of these TKIs. In analogy to the
annexin V staining, both caspase-8 (Fig. 4B) and -9 (Fig. 4C)
activities significantly increased (p < 0.05) at concentrations
=10 uM for sunitinib and sorafenib, whereas for axitinib, sig-
nificantly higher caspase activities were observed at lower
axitinib concentrations (=5 um). In Jurkat cells, the activation
of caspase-3 was evaluated by flow cytometry using a FITC-
conjugated polyclonal rabbit anti-active caspase-3 antibody. In
accordance with the capase-8 and -9 activity assays, the detec-
tion of cleaved caspase-3 (Fig. 4D) significantly increased (p <
0.05) for sunitinib and sorafenib at concentrations of =7.5 um,
and again higher activity levels at lower concentrations (=2.5
M) were measured in axitinib-treated cells. Experiments using
T cells isolated from PBMCs confirmed these results. Whereas
sunitinib and axitinib failed to induce early apoptotic cells at
physiologic concentrations (0.1 and 0.2 uM, respectively),
sorafenib induced apoptosis at physiologic concentration (15
uM). Even at a higher concentration (5 um), axitinib did not
induce apoptosis within 72 h of treatment, whereas sunitinib
did (Fig. 4E). Similar results were obtained for the activation of
caspase-3, and treatment with 5 um axitinib led only to a slightly
increased amount of activated caspase-3 (Fig. 4F).

Sunitinib and Sorafenib, but Not Axitinib, Induce Distortions
of the Mitochondrial Membrane Potential via Down-regulation
of Mcl-1 Expression—TKI-induced apoptosis could be trig-
gered by either the mitochondrial or the death receptor-medi-
ated pathways (19), thereby leading to the activation of effector
caspases. Thus, alterations of the mitochondrial membrane
potential (Ays,.,) in response to the treatment with various TKIs
were determined. Jurkat cells or T cells isolated from PBMCs
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were treated for 48 or 72 h, respectively, with TKI (0—10 um) or
DMSO prior to JC-1 staining and analysis by flow cytometry.
When compared with DMSO-treated cells, sunitinib- or
sorafenib-treated cells exhibited significantly reduced mean
FL-2 emission intensities (JC-1 red fluorescence). As represen-
tatively shown in Fig. 5, A and B, DMSO-treated Jurkat cells/T
cells isolated from PBMCs (control) demonstrated a strong
J-aggregation (JC-1 red fluorescence) and a weak/weaker JC-1
monomer staining pattern (green staining; 1.2% for Jurkat and
23.8% for T cells isolated from PBMCs). In contrast, sunitinib or
sorafenib treatment resulted in a significant reduction of the
mean JC-1 red fluorescence intensity along with a strong
increase in the JC-1 monomer staining signal (Jurkat/T cells
isolated from PBMCs: 17.1/72.4 and 76.3/58.4% for 10 um
sunitinib and sorafenib, respectively). Concomitantly, de-
creased J-aggregation-specific staining signals due to the loss of
Ay, were detected (Fig. 5, A and B). Treatment of cells with the
mitochondrial poison carbonyl cyanide 3-chlorophenylhydra-
zone resulted in a breakdown of Ay, comparable with that
observed in sorafenib-treated cells (data not shown). In con-
trast, axitinib treatment had no effect/only minor effects on the
Ay, of Jurkat cells/T cells isolated from PBMCs even at con-
centrations of 10 um (Fig. 5, D and E). The stabilization of the
A, in axitinib-treated cells was accompanied by an increased
expression of Mcl-1. In contrast, treatment with sunitinib or
sorafenib, respectively, resulted in a down-regulation of Mcl-1
in Jurkat cells (Fig. 6A4). However, Bcl-xL was not altered in
Jurkat cells upon TKI treatment. Western blot experiments
using T cells isolated from PBMCs confirmed these results.
Treatment with sunitinib did not affect the expression levels of
Mcl-1 or Bcl-xL, whereas sorafenib treatment (15 M) resulted
in a significant decrease of the expression levels of both pro-
teins. In contrast, axitinib treatment increased the expression
levels of Mcl-1 and Bcl-xL in T cells (Fig. 6B).

Axitinib, but Not Sunitinib or Sorafenib, Induces G ,/M Arrest—
Asillustrated by the representative flow cytometry profiles (Fig.
7A), significant alterations of the cell cycle were detected in
response to exposure to axitinib for ~24 h. Cells appear to
accumulate in the G,/M phase of the cell cycle. With continued
exposure to axitinib, the observed cell cycle arrest in the G,/M
phase was maintained for up to 72 h. Time kinetic analysis
revealed that the axitinib-induced G,/M cell cycle arrest (500
nM) was already detectable after 8 h, reaching a plateau at 36 h
(37% compared with 6% in DMSO-treated control cells; Fig. 7, B
and C). Furthermore, the axitinib-mediated mitotic arrest was
associated with an up-regulation of the expression level of
cyclin B1 (CCNB1) (Fig. 7D).

DISCUSSION

Although for some targeted drugs such as sunitinib and
sorafenib immunosuppressive activities have been reported
previously (6, 13, 20-22), there exists only scarce information
about the effects of the recently United States Food and Drug
Administration-approved TKI axitinib on immune cells (23).
Thus, the current study explored the underlying molecular
mechanisms for the frequently observed growth arrest in
human immune effector cells induced by these TKIs. Their
effects on cell proliferation and cytotoxicity were analyzed both
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in freshly isolated PBMCs, T cells isolated from PBMCs, and
Jurkat cells, the latter serving as a model cell line for functional
assays. All three tested TKIs were able to mediate a complete
and dose-dependent suppression of T cell proliferation (Fig. 1,
A and C). However, only treatment with sunitinib or sorafenib
resulted in a complete loss of cell viability (Fig. 1, B and D),
whereas exposure to axitinib had no effects on the viability of
CD3/CD28-stimulated PBMCs (Fig. 1B). Furthermore, in Jur-
kat cells, treatment with axitinib revealed a biphasic viability
curve (Fig. 1D), suggesting that the first phase (=10 uMm) might
exert antiproliferative but not yet toxic effects of axitinib, lead-
ing to an induction of a cell cycle arrest as shown previously for
the epidermal growth factor receptor inhibitor gefitinib (24).

The recommended oral dosage of sunitinib, sorafenib, and
axitinib for treatment of advanced RCC is 50 mg once daily (4
weeks on, 2 weeks off), 400 mg twice daily, and 5 mg twice daily,
respectively. The steady-state drug concentrations in the serum
of patients were estimated to range from 0.06 to 0.1 um for
sunitinib (25), from 15 to 20 um for sorafenib (26, 27), and from
about 0.1 to 0.2 uM for axitinib (28, 29). However, the IC,,
values for the inhibition of proliferation in the presence of
sunitinib or axitinib (Table 3) defined in the current study are
30-60- and 3000-fold higher, respectively, than the expected
plasma levels for patients undergoing TKI-based therapy regi-
mens. Thus, merely the IC,, value defined for sorafenib (Table
3) seems to be within the range of the sorafenib concentrations
expected in the serum of patients receiving the standard thera-
peutic dose, thereby implying a clinical risk under long term
treatment.

In line with this, sorafenib treatment caused a reduction of
the frequency of specific immune cell subpopulations like
CD8" T cells and Tregs as well as a down-regulation of the
expression levels of specific immune cell activation markers
(Fig. 2, A and B). In contrast to the findings of Hipp et al. (30), a
decreased frequency of CD8™ T cells was found in the presence
of 5 um sorafenib. Furthermore, sorafenib, but not axitinib,
down-regulated the surface expression of the CCR7, which
guides T cells from peripheral tissues to afferent lymphatic ves-
sels across a CCL21 gradient (31). This is also in line with a
report demonstrating a sorafenib-mediated reduction of CCR7
surface expression in mature dendritic cells that is responsible
for guiding dendritic cells from peripheral tissues to local
lymph nodes (30). In addition, sorafenib, but not axitinib,
reduced the surface expression of the chemokine receptor
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CXCRS3, which is expressed on different cell types including B,
NK, and T cells (32). CXCR3 is marginally expressed on resting
T cells, but its expression markedly increases upon activation,
indicating its importance for T cell function (33). The
sorafenib-mediated reduction of the expression of dipeptidyl
peptidase IV (CD26) should also negatively interfere with T cell
activation by suppressing its co-stimulatory activities in the T
cell receptor-mediated activation of T cells (34). Furthermore,
CD26 was not only down-regulated on T cells but also on
CD16" CD56" NK cells where it functions as an activation
antigen inducible by IL-2, IL-12, or IL-15 (35). Sunitinib
reduced the number of immunosuppressive Tregs more
strongly than sorafenib at a concentration of 5 um (Fig. 2B),
thereby shifting the immune balance toward a more stimulat-
ing setting (36). Given that high frequencies of Tregs in the
peripheral blood and in tumor-infiltrating lymphocytes corre-
late with poor prognosis (37) and that sorafenib treatment
results in an induction of Tregs in the peripheral blood of RCC
patients (21), tumor patients might benefit from a sunitinib-
mediated Treg reduction. However, because axitinib did not
significantly reduce the number of Tregs (Fig. 2B), the immu-
nostimulating effects of axitinib might be caused by other
mechanisms. This is supported by the finding that axitinib
treatment did not affect the up-regulation of CD25 and CD69,
whereas in response to treatment with sunitinib and sorafenib,
adown-regulation for both of these activation markers could be
defined (Fig. 3) that is likely mediated by blocking ZAP70 sig-
naling (20, 22). In line with this, sorafenib and sunitinib, but not
axitinib, suppressed the IFNy production as demonstrated in
this report (Fig. 2C) and as described previously for the secre-
tion of IL-2 (20, 22).

These data suggest that sorafenib exerts major immunosup-
pressive effects, which might be relevant for patients to which
sorafenib is administered in combination with immunother-
apy. In contrast, the immunologic effects of sunitinib are cur-
rently controversially discussed. Sunitinib can be used to
reverse immune suppression caused by Tregs or myeloid-de-
rived suppressor cells (38 —41) and to improve type 1 T cell
cytokine responses (38, 41). In addition, the expression levels of
the negative co-stimulatory molecules CTLA4 and PD-1 in
CD4™ and CD8™ T cells were also significantly decreased in
sunitinib-treated mice (38), whereas a decrease of the T cell-
mediated immune response was observed upon sunitinib treat-
ment in another murine model (20).

The relationship between the TKI-induced inhibition of T
cell proliferation/viability and the initiation of apoptosis as
demonstrated in Fig. 44 revealed that TKI concentrations of at
least 5 uM for sunitinib or 10 um for sorafenib are necessary to
efficiently induce apoptosis. Atlower concentrations, no induc-
tion of apoptosis and recovery from the state of a temporary
blocked cell cycle were found for sunitinib (20) and sorafenib
(22). Axitinib failed to induce apoptosis within 72 h of treat-
ment. To determine the underlying mechanisms of the
observed TKI-induced T cell cytotoxicity, the activation of
caspases and changes in Ay, were studied.

Proapoptotic stimuli can trigger caspase activation by two
distinct mechanisms. The extrinsic pathway promotes the
assembly of the death-inducing signaling complex including
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FIGURE 4. TKI-mediated apoptosis induction in Jurkat cells and T cells isolated from PBMC. A, quantitative analysis of Jurkat cell apoptosis by annexin V-
and propidium iodide-double stained flow cytometry after 72 h of incubation in the presence of various concentrations of TKI (0-20 um) or DMSO. B, C, and D,
TKls induce caspase-8-,-9-, and -3-dependent apoptosis in Jurkat cells. Caspase-8 (B) and -9 (C) activities were measured using the Caspase-Glo-8 and -9 assays
(Promega) as described under “Experimental Procedures” after 72 h of incubation in the presence of various concentrations of TKI (0-20 um) or DMSO. Data are
represented as mean (luminescence/luminescencepyso) =S.D. (error bars) based on three independent experiments performed in triplicate. Caspase-3
activation (D) was assessed after 72 h in the absence and presence of TKI (0-10 um) via flow cytometry. E and F, quantitative analysis of apoptosis of T cells
isolated from PBMCs. The assays were performed as described above after 72 h of phytohemagglutinin M (PHA-M) stimulation and incubation in the presence
of various concentrations of TKI (0-20 um) or DMSO. All data are represented as mean percentage (%) *S.D. (error bars) based on three independent
experiments performed in triplicate. 7AAD, 7-aminoactinomycin D.

procaspase-8, whereas the intrinsic pathway is characterized by  sorafenib (Fig. 4, B and C), respectively. In accordance with the
cytochrome c release into the cytosol and the assembly of pro- annexin V and the cleaved caspase-3 stainings (Fig. 4, D and F),
caspase-9, Apaf-1, dATP, and cytochrome c to the apoptosome  axitinib already induced caspase-8 and -9 activation at lower
(19). Caspase-3 potentiates caspase-8 and -9 (19), which were  concentrations (<5 um). Both sunitinib as well as sorafenib
significantly increased in the presence of 10 M sunitinib and  significantly induced the active form of caspase-3 at concentra-
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FIGURE 5. Sunitinib and sorafenib, but not axitinib, induced loss of mitochondrial potential. A and B, alterations of the Ay, were determined via flow
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membrane. A representative set of three individual experiments with similar results is shown. C and D, TKI-dependent increase in the green/red fluorescence
intensity ratio of Jurkat cells (C) or isolated T cells (D). Sunitinib and sorafenib treatment increased the green/red ratio compared with DMSO controls as well as
axitinib treatment, indicating mitochondrial membrane depolarization and therefore the loss of the A,,,. Data are expressed as mean of 520/590-nm emission

spectrum *S.D. (error bars) based on three independent experiments.

tions of 10 uMm, whereas axitinib induced caspase-3 activation at
concentrations <5 um. Caspase-8 might also be processed
independently of death receptors during TKI-induced apopto-
sis via interchain proteolysis after postmitochondrial caspase-3
activation (42), indicating an amplifying function of caspase-8
within the intrinsic pathway. To further prove mitochondrial
involvement in apoptosis, the modulation of the Ay, under
TKI treatment was analyzed. The data presented in Fig. 5 indi-
cate that sunitinib and sorafenib decreased the level of the Ay,
dose-dependently, thereby strongly suggesting that mitochon-
drial damage is involved in TKI-induced apoptosis. Loss of the
Ay and mitochondrial outer membrane permeabilization are
two independent and consecutive events (43), but only the loss

JUNE 7,2013+VOLUME 288-NUMBER 23

ofthe Ay, depends on caspase-9 activation in vivo (43). Despite
the clearly detected activation of caspase-9 in the presence of
axitinib, the Ay, remained intact at least for 48 h even in the
presence of up to 10 um axitinib (Fig. 5). The activation of the
mitochondrial death pathways involves the deregulation of
members of the Bcl-2 family (19). To investigate the involve-
ment of antiapoptotic proteins in TKI-induced apoptosis, the
expression pattern of the antiapoptotic Bcl-2 family proteins
Bcl-xL and Mcl-1, which are both involved in inhibiting mito-
chondrial permeabilization (44, 45), were analyzed (Fig. 6). It
has been demonstrated previously that the sorafenib-induced
down-regulation of Mcl-1 is mediated by inhibition of its trans-
lation (46) via induction of endoplasmic reticulum stress (47),
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although both the Mcl-1 mRNA expression levels and the pro-  not affect the expression levels of other Bcl-2 family members
tein stability remain unaffected (46, 48). Moreover, sunitinib- (46 —48). Quite in contrast, an up-regulation of Mcl-1 in the
and sorafenib-induced down-regulation of Mcl-1 protein did presence of 10 uMm axitinib was detected (Fig. 6), suggesting that
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Jurkat cells (Fig. 6A) as well as T cells isolated from PBMCs (Fig.
6B) might block the induction of apoptosis during axitinib
treatment via stabilization/enhancement of Mcl-1 expression.
As the Mcl-1 protein levels are regulated during the cell cycle
and peak during mitosis (49), the more pronounced expression
of Mcl-1 in axitinib-treated cells could be additionally
explained by a cell cycle arrest in the G,/M phase. Indeed, Jur-
kat cells treated with 0.5 um axitinib accumulated persistently
and in a time-dependent manner in the G,/M cell cycle phase
(Fig. 7C). The mRNA expression level of the G,/M marker
CCNBI1 (Fig. 7D) also peaks in the G,/M cell cycle phase (50).
This indicates that TKI treatment might have distinct effects on
the progression of the cell cycle, thereby depending on its

JUNE 7,2013+VOLUME 288-NUMBER 23

nature. Although axitinib suppressed the growth of Jurkat cells
by an irreversible block of the cell cycle in the G,/M phase, a
G,/G; arrest was reported for sunitinib and sorafenib (20, 22).
As described previously, stabilization of Mcl-1 during mitotic
arrest (49) together with the inactivation of caspase-9 via phos-
phorylation at Thr-125 (51) restrained apoptosis during mitotic
arrest. This mechanism of caspase-9 inactivation might explain
the underlying mechanism of the survival strategy in the pres-
ence of axitinib in the first 48 h of treatment and is in accor-
dance with the reduced caspase-9 activity (Fig. 4C) as well as the
reduced amplifying executioner function of caspase-8 observed
with increasing axitinib concentrations (Fig. 4D). Phosphory-
lation of Mcl-1 at Thr-92 by cyclin-dependent kinase 1-cyclin
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Bl initiates degradation of Mcl-1 in cells arrested in mitosis by
microtubule poisons (49). Thus, anaphase-promoting com-
plex/cyclosome (Cdc20)-mediated destruction of Mcl-1 initi-
ates apoptosis if the axitinib-treated cells fail to undergo mitosis
(49).

In conclusion, our results showed for the first time a number
of unique features of the TKI axitinib when compared with its
competitors sunitinib and sorafenib. Axitinib did not signifi-
cantly affect T cell viability or the induction of T cell apoptosis
but strongly suppressed T cell proliferation, which might affect
the expansion of tumor-specific T cells. Despite this finding,
one could assume that axitinib exerts less immunosuppressive
properties if compared with sunitinib and sorafenib. This is
supported by a report describing a reduction of suppressor cell
populations (myeloid-derived suppressor cells and Tregs) in a
melanoma mouse model treated with a combination therapy
using axitinib plus specific peptide-based vaccination (23).
Thus, axitinib might be better suited to be combined with other
therapy strategies, in particular with immunotherapy.

Taken together, the limited T cell activation under treatment
with sunitinib and sorafenib along with their impact on the
IFNy secretion capacity might further limit the mounting of an
effective antitumor-directed immune response. At physiologic
concentrations, sunitinib revealed minor effects in regard to the
expression of the T cell activation marker CD25, suggesting
that it might indeed limit the activation of T cells and therefore
negatively interfere with the establishment of an effective anti-
tumor-directed immune response. In contrast, it was reported
that so called “adjuvant-like qualities” of sunitinib facilitate the
activation and recruitment of therapeutic antitumor immunity
in concert with specific vaccination in murine melanoma and
colon carcinoma models (38, 52, 53) and that sunitinib addi-
tionally benefits adoptive T cell immunotherapy (54). Taking
further into account that long term treatment regimens relying
on a single targeted drug might be infeasible due to the occur-
rence of drug-specific resistance mechanisms (8, 9), rather
sequential treatment strategies and combinations with other
therapy options might be required.

The data presented above elucidate TKI-mediated effects on
T cells, thereby providing further insights into their side effects
both at the molecular and functional level, in particular with
regard to the establishment and maintenance of a T cell-medi-
ated antitumor-directed immune response. Based on the
results provided, axitinib might be the leading candidate to fur-
ther explore combinatorial treatment regimens at least in com-
bination with immunotherapy.
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