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inase hyperactivity is a common driver of acute

myeloid leukemia (AML) and serves as a therapeutic

target.! The most frequent activating genetic aberra-

tions in AML are internal tandem duplications (~23%)
and tyrosine kinase domain mutations (~7%) of FMS-like tyro-
sine kinase 3 (FLT3-ITD and FLT3-TKD), and the presence of
FLT3-ITD negatively affects survival.> Combined with chemo-
therapy, FLT3-Tyrosine Kinase Inhibitor (FLT3-TKI) midostau-
rin improves overall survival in newly diagnosed FL.T3-mutated
AML, whereas the single agent gilteritinib proved superior to
chemotherapy in relapsed/refractory FLT3-mutated AML.? The
presence of FLT3-ITD is predictive for response to FLT3-TKIs,?
yet 41%-56% of FLT3-WT patients respond to FLT3-TKIs,
indicating alternative possibilities of FLT3 pathway activa-
tion or TKI off-target effects leading to unexpected treatment
response.* Others have identified genomic and global phosphor-
ylation markers associated with FLT3-TKI response in FLT3-WT
AML.>¢ As the primary targets of currently approved FLT3-TKIs
are tyrosine (Y) kinases, we hypothesized that the direct evalu-
ation of tyrosine kinome could reveal phosphorylation markers
associated with FLT3-TKI response. Therefore, we performed
both label-free pY-based and global phosphoproteomics” in
35 primary AML samples (18 FLT3-WT, 17 FLT3-ITD, details
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provided in Supplemental Digital Table 1, http://links.lww.com/
HS/A167) to identify differential phosphorylation underlying
response to the FLT3-TKIs gilteritinib and midostaurin.

We identified a total of 3.024 unique phosphosites (median
1.666 per sample, range 1.091-2.118; Supplemental Digital
Figure 1, http:/links.lww.com/HS/A167 and Supplemental
Digital Table 2A, http:/links.lww.com/HS/A167) in the pY and
27.821 unique phosphosites in the global phosphoproteome
dataset. Two samples were excluded due to the low number
(382 and 550) of identified phosphosites. Details are provided
in the Supplemental Digital Materials and Methods, http:/links.
lww.com/HS/A167 and Supplemental Digital Table 2B, http://
links.lww.com/HS/A167. We then assessed ex vivo response
toward FLT3-TKIs by liquid culture and cell viability testing of
AML blasts using flow cytometry (Supplemental Digital Figure
2, http:/links.lww.com/HS/A167). Of 33, 19 AMLs yielded
interpretable dose-response curves and were included in further
analyses. As expected, FLT3-ITD samples were more responsive
toward gilteritinib and midostaurin, compared with FLT3-WT
samples (Figure 1A and B).> We observed the most pronounced
response of FLT3-ITD samples toward gilteritinib, exemplifying
the known more potent and specific inhibition of FLT3 by gilter-
itinib compared with midostaurin, which has a broad inhibition
profile (EC,, 12.9 versus 635.03nM, https://proteomicsdb.org,
Figure 1C).

Responses toward gilteritinib and midostaurin could not be
fully explained by the presence of FLT3-ITD, with responses
observed in FLT3-WT samples and relative resistance—exem-
plified by relatively high LC,  values—in FLT3-ITD samples
(Figure 1D and E). To explore associations between response
and phosphorylation, we compared phosphoproteomic profiles
independent of FLT3-ITD status. We defined responsive and
resistant samples based on the variation in LC, | values between
patients: median LC, for gilteritinib and the lowest and highest
25th percentile for midostaurin. For the pY phosphoproteome,
the FLT3-ITD-independent response toward gilteritinib was
associated with differential phosphorylation of 28 phosphosites
(P < 0.05, Figure 1F and Supplemental Digital Table 3A, http://
links.lww.com/HS/A167). Phosphosites with higher phosphory-
lation in gilteritinib-resistant samples included MAPK1-Y1835,
MAPK1-T187 (ERK2) and MAPK3-Y202 and MAPK3-T204
(ERK1), in concordance with other data on FLT3-TKI resis-
tance, but not of FLT3 itself.>%'! Posttranslational Modification
Signature Enrichment Analysis (PTM-SEA, https://github.com/
broadinstitute/ssGSEA2.0) indicated enrichment of EGFR1 (P
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Figure 1. Response toward FLT3-TKIs and differential phosphorylation profiles and kinase activity scores associated with FLT3-TKI response. Ex
vivo response of FLT3-WT and FLT3-ITD AML blasts toward (A) gilteritinib and (B) midostaurin. P values are calculated using least squares fit regression comparing
FLT3-WT and FLT3-ITD samples. As workflow control, response of MV4:11, a homozygous FLT3-ITD AML cell line, is shown. (C) Protein target space of gilteritinib
and midostaurin. The top 12 targets are shown, ranked on EC,, which is the drug concentration at which half of the target is competed. Data are retrieved from
https://proteomicsDB.org. Individual LC,, values as determined in liquid culture towards (D) gilteritinib and (E) midostaurin. The P value is determined using Wilcoxon
rank-sum test. Additional samples for which no phosphoproteomics data was available are shown to illustrate the diversity in FLT3-TKI response. Phosphotyrosine
phosphorylation profiles of significant (P < 0.05) differentially phosphorylated phosphosites between responsive and resistant primary AML samples towards (F)
gilteritinib and (G) midostaurin. For heatmaps, Euclidean distance with complete linkage for rows and columns was applied. (H) INKA scores based on the pY analy-
ses between gilteritinib responsive and resistant samples, based on median LC. (I) INKA score of MAPK1 based on the global phosphorylation analyses. P values
are calculated by Wilcoxon rank-sum tests. (J) ELISA validation of pERK intensity as determined by pY phosphoproteomics, annotated with gilteritinib response.
Correlation coefficient and P value were calculated using Pearson correlation. AML = acute myeloid leukemia; INKA = integrative inferred kinase activity; pY = phosphotyrosine.

< 0.05) and KIT (P < 0.2) pathway-associated phosphosites  to midostaurin response (Figure 1G and Supplemental Digital
in resistant samples (Supplemental Digital Figure 3A, http://  Table 3B, http://links.lww.com/HS/A167) was more diverse with
links.lww.com/HS/A167). Differential phosphorylation related 46 significant phosphosites, including high phosphorylation of
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STAT6-YS531 in midostaurin responsive samples. Gene ontology
analyses (g:Profiler, https://biit.cs.ut.ee/gprofiler/gost) revealed
general processes related to kinase binding and transmem-
brane signaling. Ras-Raf-MEK-ERK-related phosphosites were
absent among the identified differentially phosphorylated sites,
although overexpression of RGL4—a regulator of this cas-
cade—has been related to midostaurin response.” Comparison
of global phosphoproteomic profiles between gilteritinib respon-
sive and resistant samples did not yield any clear response-spe-
cific phosphorylation profiles (Supplemental Digital Figure 4A,
http:/links.lww.com/HS/A167). However, PTM-SEA revealed
enrichment of phosphosites associated with KIT pathway acti-
vation (P < 0.05) and GSK3B activity (P < 0.1) in gilteritinib-re-
sistant AML samples (Supplemental Digital Figure 3B, http://
links.Iww.com/HS/A167), which are independent from FLT3-
ITD mutation status (Supplemental Digital Figure 3C and D,
http://links.lww.com/HS/A167).

Integrative inferred kinase activity (INKA') analysis of
the pY phosphoproteome identified high activity of MAPK1,
MAPKS3, and GSK3A-B in gilteritinib-resistant samples, and
confirmed that there was no differential activity of FLT3
(Figure 1H). Similarly, INKA analysis of the global phosphopro-
teome indicated higher activity of MAPK1 in gilteritinib-resis-
tant samples (Figure 1I and Supplemental Digital Figure SA-E,
http:/links.lww.com/HS/A167), suggesting that activation of
FLT3-independent pathways may abrogate FLT3-inhibition and
alternative pathways for survival may be targetable. Validation
of pERK1/2 levels using ELISA suggests that high ERK phos-
phorylation is indeed associated with impaired response toward
gilteritinib (Figure 1J). No significantly different INKA scores
were identified in the midostaurin responsive versus resistant
comparison.

To investigate which differential phosphorylated phospho-
sites between responsive and resistant samples were truly inde-
pendent of FLT3-ITD status, we assessed phosphorylation
differences between FLT3-WT and FLT3-ITD untreated de
novo AML samples. As AML sample heterogeneity could ham-
per mutation-based analyses, we selected samples enriched with
FLT3-ITD-positive blasts, on the basis of an allelic ratio of >
0.5. In the pY data, 61 phosphosites were differentially (P <
0.05) phosphorylated between FLT3-WT and FLT3-ITD AML.
Phosphorylation of STAT5A-Y90 and LYN-Y265 was signifi-
cantly higher in FLT3-ITD AML compared with FLT3-WT AML
(Figure 2A-D and Supplemental Digital Table 3C, http:/links.
lww.com/HS/A167). STATSA is a known downstream compo-
nent of FLT3-ITD signaling.!> While LYN may be activated by
both FLT3-WT and FLT3-ITD, higher stochiometry of phos-
phorylation of FLT3-ITD may lead to higher binding of LYN.514
Surprisingly, phosphorylation of FLT3 itself seemed indepen-
dent of the presence of in-sample FLT3-ITD (Figure 2E and
Supplemental Digital Figure 6, http:/links.lww.com/HS/A167),
indicating that not overall activity, but differential downstream
activation distinguishes FLT3-WT from FLT3-ITD samples. Six
phosphosites overlapped between differentially phosphorylated
phosphosites of the mutation- and gilteritinib-response com-
parison (Figure 2F). Mutation-independent, response-specific
differential phosphorylation (n = 22) included higher phosphory-
lation of MAPK1-T185, VIM-T63, STAT1-Y701, and Src-family
kinases YES1, FYN, and SRC in gilteritinib-resistant samples.
Phosphorylation of PTPN18-Y319 was low in resistant samples
(Figure 2G). Global phosphorylation patterns were not clearly
distinct between FLT3-WT and FLT3-ITD (Supplemental Digital
Figure 4B and C, http:/links.lww.com/HS/A167), although
PTM-SEA identified known activation of mTOR and Pi3K-AKT
signaling in FLT3-ITD samples (Supplemental Digital Figure 3D,
http:/links.lww.com/HS/A167).1

To further characterize FLT3-WT and FLT3-ITD AML on the
protein expression level, we performed proteomics on 17 AML
samples (9 FLT3-WT, 8 FLT3-ITD) with sufficient material
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for additional analyses. On the proteomic level, 4.092 unique
proteins were identified, and 199 proteins were differentially
(P < 0.05) expressed between FLT3-WT and FLT3-ITD sam-
ples (Supplemental Digital Figure 7A, http://links.lww.com/HS/
A167 and Supplemental Digital Table 4, http:/links.lww.com/
HS/A167). Gene ontology analyses of proteins with a minimal
fold change of 2 indicated that these proteins were primarily
involved in leukocyte activation, oxidation-reduction processes,
and protein activation cascades, including oncogenic MAPK
signaling, stressing its important role in FLT3-ITD-biology
(Supplemental Digital Figure 6B, http:/links.lww.com/HS/
A167). An integrated network with differentially expressed pro-
teins and phosphorylated phosphosites for the FLT3-WT ver-
sus FLT3-ITD comparison—informed by the proteomic, global,
and pY phosphoproteomic analyses—revealed relevant differ-
ential biology associated with FLT3-ITD-status, in particular
cell activation (light green cluster), regulation of cell cycle (red
cluster), and RNA splicing (light blue cluster) (Supplemental
Digital Figure 8A, http:/links.lww.com/HS/A167).

Impaired drug response associated with alternative pathway
activation may be overcome by simultaneous blocking of those
pathways. To replicate previously observed ex vivo therapeu-
tic benefit of parallel MEK inhibition,” we assessed whether
responses toward FLT3-TKIs would improve when treatment
was combined with the MEK-inhibitor trametinib (Figure 2H).
We only observed marginal decreases in LC, for gilteritinib
combined with fixed concentrations of trametinib (Figure 2I,
K, L and Supplemental Digital Figure 9, http:/links.lww.com/
HS/A167). Surprisingly, we even observed an increase in LC,
towards both gilteritinib and midostaurin in several AML cases
(Supplemental Digital Figures 9 and 10, http://links.lww.com/
HS/A167), possibly explained by competitive antagonism or
unexpected off-target effects. Using parallel increasing concen-
trations of gilteritinib or midostaurin and trametinib, synergy
(exemplified by overall Bliss scores of > 10 [https://synergyfin-
der.fimm.fi/]) was only observed in a sample harboring an NRAS
mutation (Figure 2] and Supplemental Digital Figures 9 and 10;
http://links.lww.com/HS/A167), which may activate MEK-ERK
signaling. Additionally, we explored the therapeutic effect of
ulixertinib—a novel pan-ERK inhibitor. Combining gilteritinib
with ulixertinib more efficiently enhanced response (Figure 21,
K, and L) than with trametinib. Combination of midostau-
rin with ulixertinib did not enhance responses (Supplemental
Digital Figure 10, http:/links.lww.com/HS/A167). Responses
may be improved by optimizing concentrations and timing to
prevent competitive antagonistic effects. Based on INKA rank-
ing, AML patient-specific drug combinations could be explored!
such as inhibition of KIT in AML2393: the differential phos-
phorylation of 2 KIT sites in the gilteritinib resistant samples
(Figure 2F and Supplemental Digital Figure 8B, http://links.lww.
com/HS/A167)—in tandem with the enrichment of KIT path-
way components (Supplemental Digital Figure 3B, http:/links.
Iww.com/HS/A167)—may in part explain our observations.
KIT itself is a known driver of leukemogenesis and not inhib-
ited by gilteritinib. KIT-Y936 site phosphorylation is a docking
site for several signal transduction molecules, including GRB2
and CBL.' Binding of GRB2 to KIT can recruit GAB2 and may
thereby mediate alternative activation of the MAPK signaling
pathway and additionally activate the PI3K-Akt pathway in
the gilteritinib-resistant samples.!” Future studies may therefore
explore combination treatment of gilteritinib with a KIT inhib-
itor in FLT3-TKI-resistant AML. Nevertheless, the marginal
benefit of combining trametinib with FLT3-TKIs is discordant
with previous reports’ and warrants clarification to maximize
the benefit of combinations with potentially toxic MEK inhibi-
tors in clinical studies.

Our study has a few limitations. First, sample selection is
biased toward highly proliferative AMLs allowing for ample (>
4.5 mg) protein extraction for in-depth pY phosphoproteomics
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Figure 2. Phosphoproteomic characterization of FLT3-WT and FLT3-ITD AML and parallel treatment with FLT3- and MEK/ERK inhibitors of pri-
mary AML samples. (A) Volcanoplot of differentially (P < 0.05) phosphorylated proteins between FLT3-WT and FLT3-ITD AML samples and log2 fold changes.
Specific phosphorylation according to FLT3-ITD status in AML samples of (B) STAT5-Y90; (C) LYN-Y265;244; (D) SPTLC1-Y82; and (E) FLT3-Y842. P values are
calculated by Wilcoxon rank-sum tests. (F) Overlapping and unique differentially phosphorylated phosphosites from the pY phosphoproteomics comparisons of
responsive and resistant samples towards gilteritinib and midostaurin, and FLT3-WT versus FLT3-ITD-AR > 0.5. (G) Normalized phosphosite intensities deter-
mined using pY-based phosphoproteomics of selected unique phosphosites between gilteritinib resistant and responsive AML samples. (H) Kinase target space
of ulixertinib and trametinib. All targets are shown, ranked on EC,,, which is the drug concentration at which half of the target is competed. Data from https://
proteomicsDB.org. (I, K, L) Combination treatment of AML samples with gilteritinib plus the LC, , of trametinib or ulixertinib and their individual INKA profiles from
the pY and global phosphoproteomic analyses. (J) Combination treatment of AML7 with parallel increasing concentrations of gilteritinib and trametinib indicates
synergism, exemplified by an overall Bliss synergy score of > 10. AML = acute myeloid leukemia; INKA = integrative inferred kinase activity; pY = phosphotyrosine.

analysis. Second, although we selected samples with high blast  leukocytes. The small (< 10%) fraction of normal leukocytes
counts and enriched for mononuclear cells during pre-pro-  present in the samples may have led to identification of some
cessing, samples also contained variable numbers of normal  normal leukocyte biology associated phosphorylation events
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in the (phospho)proteomics datasets. However, this should not
affect the profiles associated with mutation status and drug
response. Third, the observed associations are based on the ex
vivo response of primary AMLs in liquid culture and require
mechanistic validation using conditions mimicking the BM
microenvironment,'$ which may impact the observed responses.
As we compare relative resistance among samples cultured in
identical culture conditions, our experiments still provide valu-
able information regarding response mechanisms. Nevertheless,
clinical translation and validation of our findings is warranted:
to further clarify response mechanisms on the phosphoryla-
tion level, future studies analyzing BM of patients treated with
monotherapy FLT3-TKIs are required. Considering the current
developments in AML treatment, however, most clinical studies
will combine TKIs with other (targeted) agents or chemother-
apy,"” which should be taken into account in future research.

In conclusion, we present an in-depth clinical phosphopro-
teome dataset, characterizing FLT3-ITD AML and FLT3-TKI
responses. We observed distinct phosphorylation signatures and
protein expression profiles associated with response towards
gilteritinib and midostaurin. Our ex vivo drug combination
studies indicate that further exploration of the role of ERK and
simultaneous blocking the MEK-ERK axis is warranted to max-
imize the potential benefit of treatment combinations aiming to
improve responses to FLT3-TKIs. The identification of key pro-
teins and phosphorylation events in FLT3-ITD-AML serve as a
reference for future exploration of phosphoproteomic biomark-
ers associated with FLT3-ITD AML and FLT3-TKI response.
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