
Clinically relevant doses of FLT3-kinase inhibitors
quizartinib and midostaurin do not impair T-cell
reactivity and function

The vast majority of acute myeloid leukemia (AML)
patients harboring an FLT3-ITD mutation experience
relapse within a short period of time after discontinuation
of chemotherapy.1 Treatment options include experimen-
tal trials using FLT3-tyrosine kinase inhibitors (TKI) or allo-
geneic stem cell transplantation (alloSCT). Inhibitors that
are currently being investigated in advanced clinical trials
with promising clinical responses include midostaurin
(PKC412) and quizartinib (AC220). Resistance-mediating
mutations emerging upon long-term exposure to these
inhibitors have confirmed mutated FLT3-kinase as a valid
therapeutic target.2,3 Both compounds have proven the
ability to salvage refractory FLT3-ITD-positive AML and
thus allowed ‘bridging’ of patients towards alloSCT. The
role of alloSCT in first complete remission for FLT3-ITD-
mutated AML remains a topic of current debate. Patients
undergoing alloSCT do show a survival benefit in retro-
spective analyses; however, the majority of patients will

eventually experience relapse.4 The combination alloSCT
and concomitant inhibition of mutated FLT3-kinase may
facilitate development of leukemia-specific T-cell (graft-
versus-leukemia, GvL) responses after discontinuation of
immunosuppression with the malignant clone being held
in check by the kinase inhibitor. GvL activity has been doc-
umented in AML patients in general5 and even ITD-specif-
ic T-cell responses have been described in vitro.6 Kinase
inhibitors can, in general, impair T-cell function through
inhibition of various signaling pathways. Inhibition of this
protective GvL effect after alloSCT could eventually lead
to reactivation of the malignant clone. Although inhibiting
T-cell reactivity at higher concentrations,7 TKI such as ima-
tinib can be administered safely after alloSCT8,9 without
any increased risk of relapse. Other TKI such as nilotinib10

or dasatinib11 do interfere with T-cell reactivity even at low
nanomolar concentrations. Based on these findings, we
aimed to assess the effects of clinically relevant doses of
PKC412 and AC220 on T-cell signaling, proliferation and
reactivity.

Most 1st-generation FLT3-TKIs such as PKC412 target
various kinases and therefore act in relatively unspecific
way while AC220 acts in a far more FLT3-specific man-
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Figure 1. (A) Western blot analysis of
T-cell receptor signaling upon
inhibitor treatment. Cells were treat-
ed with the respective TKI for 48 h
prior to short-term TCR stimulation.
In detail, primary T cells from healthy
donors (HD-TC) were treated with
indicated concentrations of the
respective kinase inhibitors (TKI) for
48 h and then stimulated with PHA
(0.5%). Whole protein lysates were
prepared immediately and after 3
and 10 min of PHA 0.5% stimulation.
Midostaurin (PKC412, left panel)
and quizartinib (AC220, right panel)
did not reduce global tyrosine phos-
phorylation or activation of down-
stream signaling molecules (ZAP70,
MAPK, LCK, PLCG1). Dasatinib treat-
ment led to global reduction in glob-
al tyrosine phosphorylation and inhi-
bition of downstream signaling path-
ways. Shown are 2 representative
blots out of 6 healthy donors. (B, C)
CD69 expression was determined by
flow cytometry (n>5 per group). HD-
TCs were stimulated with PHA 0.5%
(B) or CD3/CD28-beads (for 48 h at a
bead-to-cell ratio of 1:1; Dynabeads®

Human T-Activator; Life
Technologies) (C) and treated with
indicated concentrations of the
respective TKI. In both analyses all
concentrations of midostaurin and
quizartinib applied left CD69 expres-
sion unaffected. Dasatinib signifi-
cantly reduced CD69 expression. (D)
T-cell proliferation was assessed by
CFSE labeling (n=4). HD-TCs stimu-
lated for 24 h with 0.5% PHA / IL2
and co-incubated with kinase
inhibitors dasatinib, midostaurin or
quizartinib or DMSO. CFSE fluores-
cence was measured by flow cytom-
etry on Day 5 post stimulation. 10nM
dasatinib abrogated the proliferation
activity (right). The FLT3-inhibitors
midostaurin and quizartinib did not
impair T-cell proliferation at concen-
trations applied.
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ner.12 To investigate the effects of both clinically relevant
FLT3-TKI on T-cell receptor (TCR) signaling we used pri-
mary human T cells derived from healthy donors (HD-TC)
and applied a dose range of 5-50 nM midostaurin and 10-
50 nM quizartinib. These concentrations had been
described as trough levels during inhibitor therapy in early
clinical trials.2,12-14 Thus, all effects observed resemble the
clinical situation in terms of dosing and pharmacokinetics.

The SRC-kinase inhibitor dasatinib was included as a pos-
itive control (at doses beyond the clinically achievable lev-
els).

With regard to T-cell receptor (TCR)-mediated signaling,
we investigated bona fide signaling molecules down-
stream of the TCR. Besides SRC-kinases such as LCK, also
ZAP70, PLCG1 and the MAPK/ERK pathway have been
described as playing a pivotal role in T-cell activation.
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Figure 2. (A) Allogeneic (unmatched) T-cell reactivity was measured by 3H-thymidine incorporation. HD-TCs were co-incubated with antigen
presenting cells (APC; T-cell depleted PBMC) from an unrelated healthy donor in the absence or presence of the respective TKI. 50nM of
midostaurin and quizartinib did not have any negative impact on T-cell reactivity compared to DMSO control. Dasatinib impaired T-cell
reactivity to less than 5% of control. (B, C) ELISPOT assay to assess for HD-TC-responses directed against viral antigens (n=10). Lytic T-cell
activity was determined based on the frequency of IFN-γ secreting cells. Autologous APC loaded with a viral peptide pool (CMVpp65;
PepMixTM HCMVA(pp65), JPT Inc., Berlin, Germany) were incubated with T cells (of the same individual) in the absence or presence of the
respective TKI (as indicated). Midostaurin (50nM) and quizartinib (50nM) did not impair lytic activity. 10nM dasatinib significantly inhibited
the virus-specific T-cell response. APC loaded with control peptides (CEF) or without peptides served as positive and negative control. These
results could be recapitulated using human influenza virus derived peptides as an antigen. (D-G) Allogeneic (un-matched) GvHD (graft-ver-
sus-host-disease) assay in vivo: 0.5 x 106 CD3+ T cells derived from BL/6 mice were transplanted along with 2 x 106 BALB/c WBMC into
lethally irradiated (13Gy) BALB/c recipient mice. Animals developed severe GvHD of the gut within 3-4 weeks after transplantation.
Midostaurin treatment was performed after engraftment (Days 14-19; 100mg/kg body weight by gavage, every 24h). Ileum and colon
fixed in formalin and embedded in paraffin were analyzed for apoptosis of crypt cells on Day 25. Midostaurin treatment (n=3) did not
affect severity of GvHD in the mouse gut. Both, severity of GvH-reaction and induction of apoptosis in the ileum or colon were comparable
to vehicle treated animals (n=2). Dasatinib (2.5mg/kg) treated animals (n=3) revealed decreased induction of apoptosis and reduced
severity of GvHD in both, ileum and colon.
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Treatment with clinically relevant doses of midostaurin
(Figure 1A, left panel) and quizartinib (Figure 1A, right
panel) (50 nM) did not inhibit activation of any investigat-
ed TCR-signaling pathway. Comparable to DMSO con-
trol, overall phosphorylation was induced almost immedi-
ately after 0.5% PHA-stimulation (Figure 1A). Dasatinib
treatment led to reduction in global tyrosine phosphoryla-
tion (Figure 1A, top panels) using the 4G10 antibody.
Likewise, activation of all downstream signaling pathways
appeared to be inhibited, consistent with previously pub-
lished reports.11

Activation of primary T cells is a critical step in immune
responses against viral and tumor antigens. Several surface
markers such as CD69 have been described as indicators of
T-cell activation. HD-TCs were stimulated using either
PHA0.5% or CD3/CD28-beads. Applying clinically rele-
vant doses of midostaurin or quizartinib had no impact on
CD69 surface expression. CD69-expression on gated CD8+

cytotoxic T cells or (ungated) CD3+ cells was comparable
to DMSO control, even in the presence of 50 nM
midostaurin or quizartinib (Figure 1B and C). Dasatinib
exposure significantly reduced CD69 expression on CD3+

T cells following TCR stimulation.
Reduction of the T-cell pool through decreased cell pro-

liferation or induction of apoptosis could hamper immune
responses against viral or tumor antigens. Therefore, we
assessed T-cell proliferation by CFSE-labeling assays.
Concentrations of up to 100 nM of either FLT3 inhibitor
did not reveal any negative impact on proliferative capaci-
ty of previously stimulated T cells. Incubation with dasa-
tinib almost abrogated proliferative activity (Figure 1D).
Exposure of T cells to either inhibitor did not lead to any
significant induction of apoptosis (data not shown).

Finally, we aimed to investigate the functional impact of
FLT3-TKI on T-cell reactivity and function. To assess for T-
cell reactivity directed against HLA-antigens, antigen-pre-
senting cells (APC) derived from healthy donors were co-
incubated with T cells derived from unmatched, unrelated
donors in the presence of either FLT3 inhibitor or DMSO.
Thymidine incorporation was used as the readout for T-
cell reactivity. Neither FLT3-TKI affected T-cell reactivity
when used at concentrations of up to 50 nM while dasa-
tinib reduced T-cell reactivity to the maximum extent
(Figure 2A). To confirm these findings we used an
ELISPOT assay to assess for T-cell reactivity directed
against viral peptides (CMVpp65) loaded on APC from
healthy donors that were co-incubated with HD-TCs from
the same individual. T-cell reactivity was preserved and
comparable to DMSO control in the presence of 50 nM
midostaurin or quizartinib (Figure 2B and C). Dasatinib
abrogated the T-cell response. Similar effects could be con-
firmed in vivo using an intestinal graft-versus-host disease
(GvHD) model. Mice were transplanted with unmatched
T cells and treated with PKC412, dasatinib or vehicle con-
trol. Macroscopic analysis (soreness, Figure 2D) as well as
histology of ileum and colon was performed to assess for
GvHD development. Consistent with our previous find-
ings, treatment with PKC412 or vehicle-control did not
lead to any reduction of GvHD development (Figure 2E-
G). Treatment with dasatinib significantly reduced the
extent of GvHD.

Taken together our results provide first evidence that
clinically relevant doses of PKC412 and AC220 leave
human T-cell signaling, proliferation and function unaf-
fected. Although our study is limited by the use of HD-TC
that may act differently to T cells derived from AML
patients, our findings facilitate a pre-clinical assessment for
the use of FLT3-TKI in the context of alloSCT. Without
affecting T-cell function, midostaurin and quizartinib could

be concomitantly used until discontinuation of immuno-
suppressive therapy and thereby prevent relapse prior to
appearance of a sufficient GvL-response. Interestingly, dif-
ferential effects of FLT3-TKI on dendritic cell function that
may even stimulate GvHD cannot be excluded by our
experiments and need to be considered.15
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