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The grammar in this abstract is generally correct, but there’s a minor issue with sentence structure in
one part. Here’s a slightly revised version with improved grammar and flow:
ROS1 tyrosine kinase inhibitors (TKIs) are highly effective in ROS1-positive non-small cell lung cancer,
but resistance remains a challenge. We investigated the activity of various TKIs against wildtype and
mutant ROS1, focusing on the emerging L2086F resistance mutation. Using Ba/F3 and NIH3T3 cell
models, CRISPR/Cas9-edited isogenic wildtype and mutant patient-derived cell lines, and in vivo
tumor growth studies, we compared type I TKIs (crizotinib, entrectinib, taletrectinib, lorlatinib, and
repotrectinib) to type II TKIs (cabozantinib andmerestinib) and the type I FLT3 inhibitor gilteritinib. The
ROS1 L2086F mutant kinase showed resistance to type I TKIs, while type II TKIs retained activity.
Gilteritinib inhibited both wildtype and L2086F mutant ROS1 but was ineffective against the G2032R
mutation. Structural analyses revealed distinct binding poses for cabozantinib and gilteritinib,
explaining their efficacy against L2086F. Clinical cases demonstrated cabozantinib’s effectiveness in
patients with TKI-resistant, ROS1 L2086F mutant NSCLCs. This study provides the first
comprehensive report of ROS1 L2086F in the context of later-generation TKIs, including macrocyclic
inhibitors. While cabozantinib effectively inhibits ROS1 L2086F, its multi-kinase inhibitor nature
highlights the need for more selective and better-tolerated TKIs to overcome kinase-intrinsic
resistance. Gilteritinib may offer an alternative for targeting ROS1 L2086F with distinct off-target
toxicities, but further studies are required to fully evaluate its potential in this setting.

Chromosomal rearrangements involving the protooncogene and receptor
tyrosine kinase (RTK) ROS1 generate catalytically active ROS1 fusion
oncoproteins1. Patients with ROS1 fusion-containing cancers display
exquisite and durable sensitivity to small molecule ROS1 tyrosine kinase
inhibitors (TKIs).

TKIs are broadly classified based on their preferred binding mode
within the kinase domain.Kinase domainshave evolved to adopt a common
two-lobe fold (N- andC-l) connected by a hinge.ATPbindswithin a pocket
created between the N- and C-lobes and the conformation of the activation
loop (A-loop), which ismarked by a conservedAsp-Phe-Gly (“DFG”)motif
at its start. In the active conformation, the DFG motif orients towards the
ATP-binding site, whereas in the inactive conformation, the DFG motif is
flipped to create a catalytically incompetent state unfavorable for ATP

binding. Notably, in the DFG-out kinase conformation, a new allosteric
binding pocket adjacent to the ATP binding pocket, is observed. Generally,
TKI that occupy the ATP binding pocket are classified as type I or ATP-
competitive inhibitors. Among ROS1 TKI, crizotinib, taletrectinib, lorlati-
nib, repotrectinib and NVL-520 are ATP-competitive type I inhibitors. We
previously showed that entrectinib exhibits varying degrees of resistance to
ROS1 kinase domain mutations associated with both type I TKI resistance
(e.g., ROS1 G2032R) and type II TKI resistance (e.g., ROS1 F2004C), thus
suggesting that entrectinib is potentially a type I/II inhibitor with dual
binding mode potential2. We previously established that the multi-kinase
inhibitor, cabozantinib, operates as a type II ROS1 TKI and is liable to
resistance with ROS1 D2113N/G, F2004C, and F2075C kinase domain
mutations3. These resistance mutations have not been observed with type I
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inhibitors, supporting the unique binding pocket requirements for the
inhibitors.

In TKI-naïve ROS1 fusion-containing NSCLCs, the three approved
ROS1 TKIs (crizotinib, entrectinib, and repotrectinib) achieve high
response rates (70-80%) and prolonged progression-free survival (PFS)4–6.
Next-generation TKIs such as repotrectinib7, taletrectinib8–10, and NVL-
52011 were designed to target solvent front resistance arising from the
recurrent crizotinib and entrectinib-resistant ROS1G2032Rmutation, with
clinical responses to these to these second-line agents now reported in
patients with ROS1 G2032R. Furthermore, repotrectinib is now a first line
TKI option, achieving a longer median PFS in this setting compared to
crizotinib or entrectinib (~36 months vs ~16 months for both drugs).

The acquired resistance landscape is likely to adapt to the increasing
use of next-generation TKIs. Kinase-intrinsic resistance is typically medi-
ated by the acquisition of ROS1 mutations with steric, functional, or con-
formational consequences. We previously reported data from a cohort of
patients with ROS1-rearranged NSCLC treated with crizotinib and lorlati-
nib, a National Cancer Center Network Guidelines listed but unapproved
ROS1 TKI12. The ROS1 G2032R solvent front mutation was most com-
monly observed. Next-generation TKIs with anti-ROS1 G2032R activity
remain type I inhibitors, interacting with the ATP binding site within the
kinase’s active pocket like older drugs. As such, resistancemechanisms that
broadly affect type I inhibitors may become more clinically relevant.

We and others observed the emergence of on-target resistance due to
ROS1 L2086F in ROS1 fusion-containing cancers treated with both earlier-
generation (crizotinib, entrectinib and lorlatinib12) and next-generation
(taletrectinib) ROS1 TKIs2,12,13. Lin et al. reported ROS1 L2086F mutations
emerging either alone or as complex mutations in ~10% of crizotinib- and/
or lorlatinib-resistant patients12. However, with next-generationROS1TKIs
such as repotrectinib, taletrectinib andNVL-520 that mitigate the recurrent
ROS1 G2032R resistance, the prevalence of L2086F is likely to increase14,15.

Amino acid L2086 corresponds to the catalytic spine 6 (CS6) residue of
ROS116. This residue is functionally conserved across tyrosine kinases and
forms a crucial part of the ATP-binding pocket floor. It plays a key role in
forming hydrophobic interactions with the adenine base of ATP. ROS1
L2086F is a CS6 mutation. This mutation appears to disrupt type I TKI
binding of clinically approved type I ROS1 TKIs. Interestingly, it shares
many similarities with its paralog, the ALK CS6 mutation L1256F17. As a
result, ROS1 L2086F may become a prevalent kinase-intrinsic resistance
liability, potentially replacing the well-known ROS1 G2032R resistance
mutation. Given this potential impact, we aimed to characterize ROS1
L2086F and describe therapeutic strategies for managing this mutation

Results
Assessing the activity of ROS1 Inhibitors with distinct binding
modes in TKI-resistant ROS1 mutants
Using dose-response cell viability assays in Ba/F3 CD74-ROS1 wild-type
and ROS1 F2004C, L2026M, G2032R and L2086F kinase domain mutant
cell lines, we determined the cell-based 50% inhibitory concentration (IC50)
for type I TKI (crizotinib, entrectinib, taletrectinib, lorlatinib, and repo-
trectinib), and type II TKI (cabozantinib, merestinib), and the type I FLT3
inhibitor, gilteritinib that was recently shown to have activity in ALK fusion
driven cancermodels18 (Fig. 1a, Supplementary Fig. 1). As anticipated, older
ROS1 inhibitors exhibited loss of potency in cells with the ROS1 G2032R
mutation, while next-generation TKIs, taletrectinib and repotrectinib
maintained activity. The cell-based IC50 for CD74-ROS1 ROS1 L2086Fwas
50-500-fold higher compared to CD74-ROS1 ROS1 wildtype kinase. Thus,
ROS1 L2086F unequivocally represents a resistance liability for all estab-
lished type I ROS1 TKIs. ROS1 L2086F exhibits modest hypersensitivity to
cabozantinib, merestinib, and gilteritinib, with these inhibitors demon-
strating a lower IC50 for ROS1L2086F than for ROS1wildtype cells. Despite
inhibition of L2086F, gilteritinib is resistant to ROS1 G2032R, similar to
other type I TKIs. This finding confirms that akin to its binding to FLT3,
gilteritinib likely favors a type I binding mode for DFG-in ROS1. Further-
more, consistent with our previous observations3 showing that the F2004C

mutation confers resistance to type II TKIs like cabozantinib and foretinib,
we now confirm that in addition to cabozantinib and foretinib, the type II
TKI merestinib is also resistant to ROS1 F2004C. A network diagram
summarizing the kinase-intrinsic resistance liabilities for all tested TKIs,
based on dose-response cell viability assay data, is presented in Fig. 1b.

Immunoblotting was used to explore the on-target activity of cabo-
zantinib and gilteritinib as these drugs demonstrated robust cell-based
growth inhibition of cells harboring ROS1 L2086F (Fig. 1c). In both Ba/F3
CD74-ROS1 wildtype and L2086F mutant cells, both inhibitors effectively
reduced ROS1 autophosphorylation, aligning with their potency observed
in Ba/F3 cell viability assays. Cabozantinib reduced autophosphorylation in
ROS1 G2032R, whilst gilteritinib was not effective in this mutant, also
consistent with cell viability data.

Sequential treatment with kinase inhibitors risks the emergence of
compoundmutations, as has been observed initially in the case of imatinib-
treated BCR-ABL positive chronic myeloid leukemia, and in EGFR- or
ALK-driven lung cancer19–21. With advancing next-generation second- and
third-line therapeutics for ROS1, complex or compound mutations may
arise in this context. To explore inhibitor sensitivity of compoundmutations
in ROS1, we engineered two mutant CD74-ROS1 kinases where the two
mutations are within the same protein molecule: F2004C+ L2086F and
G2032R+ L2086F. Dose response cell viability analysis indicated that type-
specific resistance mutations (F2004C is resistant to cabozantinib and
G2032R to gilteritinib) influenced inhibitor effectiveness alongside the
L2086F mutant protein (Fig. 1d, Supplementary Fig. 2). Notably, cells
harboring the F2004C+ L2086F mutation maintained sensitivity solely to
gilteritinib. Similarly, G2032R+ L2086F cells were only responsive to
cabozantinib.

To confirm the activities of cabozantinib and gilteritinib in an inde-
pendent model system, we performed soft-agar colony formation assays
with NIH3T3 CD74-ROS1 cell lines (WT and L2086F) comparing treat-
ments with entrectinib. Dose dependent inhibition of WT colonies with
entrectinib, cabozantinib and gilteritinib was observed (Fig. 1e). ROS1
L2086F colony formation was resistant to entrectinib but sensitive to
cabozantinib and gilteritinib (Fig. 1f, Supplementary Fig. 3a, b. Similar
results were observed in cell lines expressing the EZR-ROS1 fusion (Sup-
plementary Fig. 3c–f). Further, we tested the in vivo anti-tumor efficacy of
cabozantinib and gilteritinib using NIH3T3 CD74-ROS1 WT and L2086F
mutant subcutaneous allograft models. Tumor bearing mice were treated
with 30mg/kg cabozantinib or gilteritinib, once daily, and compared to
vehicle treatment. This dosing strategywas consistent with previousmurine
model studies using these agents18,22. Cabozantinib and gilteritinib treat-
ments significantly inhibited the growth of both WT ROS1 and ROS1
L2086F tumors (p < 0.05 as indicated, Supplementary Fig. 4).

Comparative inhibitor responses in a patient-derived cell line
expressing endogenous L2086F mutation
Currently, there are no patient-derived ROS1 fusion-positive cell lines
harboring the L2086F resistance mutation. CUTO-28 is a previously
established TPM3–ROS1-fusion-expressing, patient-derived NSCLC cell
linewith sensitivity toROS1TKIs23.WeusedCRISPR-Cas9 genome editing
coupled with homology-directed repair (HDR) to generate isogenic ROS1
WT and L2086F mutant CUTO-28 cell lines. The endogenous ROS1
L2086F mutation within TPM3-ROS1, and its expression was confirmed
using Sanger sequencing of amplicons generated from gDNA and cDNA
harvested from the engineered cells (Supplementary Fig. 5). We used the
bulk population of edited cells for subsequent studies.

We compared the efficacy of the panel of inhibitors tested in the Ba/F3
mutantmodels, crizotinib, entrectinib, lorlatinib, taletrectinib repotrectinib,
cabozantinib, merestinib, and gilteritinib in CUTO28 parental (with ROS1
wildtype kinase domain) and CUTO-28 L2086F mutant cells using dose-
response cell viability assays (Fig. 2a, Supplemental Fig. 6a). Figure 2b
depicts a 10- to 1000-fold change in the cell-based IC50 of crizotinib,
entrectinib, lorlatinib, taletrectinib, and repotrectinib in the CUTO-28
ROS1 L2086F cells relative to CUTO-28 parental cells. Cabozantinib,
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merestinib and gilteritinib retained comparable activity in the wildtype and
L2086Fmutant cells. CUTO-28ControlHDR (wildtypeROS1) cells remain
unaffected by the mock genome editing process.

We assessed the on-target activity of cabozantinib and gilteritinib in
comparison to crizotinib and lorlatinib. Initially, we used a static inhibitor
dose of 100 nM for a 4-h treatment. As depicted in the immunoblots in Fig.
2c, both cabozantinib and gilteritinib treatments reduced ROS1 autopho-
sphorylation in both the parental CUTO-28 (wildtype kinase domain) and
TPM3–ROS1 L2086F cells. As previously reported, ROS1 L2086F confers
resistance to crizotinib and lorlatinib. The corresponding inhibition of
downstream effectors (SHP2, ERK1/2, STAT3, and S6) correlated with the
extent of ROS1 auto-inhibition (Fig. 2c). Gilteritinib’smodest activity at the
100 nM drug dose may reflect its inherently lower potency to inhibit ROS1
compared to cabozantinib, as evidenced by its cell-based growth inhibitor
IC50s of 133 for the wildtype kinase.

To compare the pharmacodynamic on-target activity and potency
of cabozantinib and gilteritinib with entrectinib, we treated cells with
an expanded range of inhibitor doses for 4 h, as indicated in Fig. 2d.
ROS1 L2086F was inhibited by ≥90% with 25 nM cabozantinib,
whereas the mutant required a 10-fold higher gilteritinib concentra-
tion of 250 nM for ≥90% inhibition. As expected, entrectinib was an
ineffective inhibitor of ROS1 L2086F autophosphorylation, even at
doses as high as 2500 nM.

To assess the persistence of inhibitor response, we conducted time-
course studies using a 25 nM dose of entrectinib, cabozantinib, and gilter-
itinib on both CUTO-28 parental and CUTO-28 ROS1 L2086F cell lines
(Fig. 2e). At this dose, entrectinib exhibited increasing inhibition ofwildtype
ROS1 fusion for up to 4 h, followed by a partial loss of inhibition after 6 h. A
similar trend was observed for pERK (MAPK) (Supplementary Fig. 6b).
ROS1 L2086F mutant displayed expected resistance to entrectinib
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Fig. 1 | TKI activity in models of ROS1 kinase-intrinsic resistance. aHeat map of
IC50 values shows relative potency (nM) of the indicated ROS1 inhibitors for Ba/F3
CD74-ROS1 wildtype and mutant cell lines. IC50 values were calculated from three
replicates from two independent experiments. b Network diagram summarizes
tyrosine kinase inhibitor (TKI) activity against ROS1 G2032R, L2086F, and F2004C
mutants, with type I inhibitors shown in blue, type II in green, and type I/II in purple.
c Immunoblot analysis of phosphorylated and total ROS1 in cell lysates generated
from Ba/F3 CD74-ROS1 wildtype, G2032R, and L2086F cell lines treated with

indicated inhibitors at 50 nM for 2 h. d Scatter plot of cell-based IC50 values for Ba/
F3 CD74-ROS1 wildtype, L2086F, F2004C+ L2086F, and G2032R+ L2086F cell
lines tested with crizotinib, entrectinib, lorlatinib, taletrectinib, repotrectinib,
cabozantinib and gilteritinib. e, f Colony counts anchorage-independent soft agar
assays usingNIH3T3CD74-ROS1WT (e) and L2086F (f) cell lines. Data normalized
to vehicle (DMSO) treatment for indicated TKI treatment conditions. Average and
standard error of means is shown in graphs (N = 4).
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inhibition. Cabozantinib achieved maximal inhibition of wildtype cells at
4 h, with modest increase in phospho-ROS1 observed at 6 and 8 h of
treatment. Interestingly, cabozantinib maintained prolonged inhibitory
effects on the ROS1 L2086F mutant protein for up to 24 h of treatment.
Gilteritinib activitywas akin to cabozantinib,with the re-emergence of some
phospho-ROS1 after 4 h of continuous treatment in wild-type cells, but not

in mutant cells. Supplementary Fig. 6c, d illustrate the impact of cabo-
zantinib and gilteritinib treatments on the activation of effector proteins
(ERK1/2 and S6), respectively. These results suggest that compensatory
feedback mechanisms, independent of ROS1 activity, may facilitate the
reactivation of phospho-ERK1/2, but not phospho-S6, in the context of TKI
treatments extending beyond 6 h.
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Molecular docking explorationof non-type I TKI interactionswith
ROS1 wildtype and L2086F mutant kinases
Given the unique pharmacology of gilteritinib compared to type I and type II
TKIs, we conducted molecular docking simulation studies to understand the
structural basis of the activityof gilteritinib andcabozantinib inROS1WTand
mutant kinases (Fig. 3). The studies used the previously reported crystal
structureofROS1DFG-inkinase (PDB3ZBF)andhomologymodelsofROS1
DFG-out basedona reported crystal structure ofDFG-outALK (PDB4FNY).
HomologymodelsofROS1G2032RandL2086Fmutantswerealsogenerated.

The docking of gilteritinib on DFG-in ROS1 was successful for both
WTDFG-inROS1 (Fig. 3a) andROS1 L2086F (Fig. 3b). Themodel showed
that the pyrazine-2-carboxamide moiety of gilteritinib forms two hydrogen
bonds with the peptide backbone of both E2027 (H1) and M2029 (H3) in
the hinge region of ROS124. This conformation was comparable to those
observed in the reported crystal structures of gilteritinib bound to MERTK
(PDB 7AB1) and to FLT3 (PDB 6JQR)25. This ROS1-giltertinib docked
model predicted that gilteritinib occupies the adenosine-binding pocket, the
ribose pocket, and the solvent-front cleft of ROS1, confirming it as a type I
inhibitor, akin to its reported binding of FLT3. Consistent with cell-based

experiments, the bulky R2032 residue from the G2032R solvent-front
mutation disrupt optimal gilteritinib binding as it induces steric clash and
blocks gilteritinib’s access to the solvent-front cleft (Fig. 3c), thus making it
an ineffective inhibitor for ROS1 G2032R. We subsequently evaluated the
distance between the nearest aromatic system of gilteritinib and the aro-
matic sidechainofROS1L2086F.UsingPymol’s ringdistancemeasurement
function, we found that the center of the pyrazinamidemoiety of gilteritinib
is predicted to be 4.0 Å away from the center of the F2086 residue’s aromatic
ring. This is within range to hypothesize a gain in π–π interaction between
gilteritinib and the mutant protein26,27 (Supplementary Fig. 7).

As we previously showed, cabozantinib docking was successful on the
DFG-out conformation of wildtype ROS1 (Fig. 3d) and with the ROS1
L2086F (Fig. 3e) andG2032R (Fig. 3f)mutants. Thesemodels show that the
quinoline moiety of cabozantinib forms a hydrogen bond with the H1
residueofROS1andextends fromthe adenosinebindingpocket to theback-
pocket of the kinase, without substantial extension into the solvent-front
cleft. Evaluating the relationship between the center of the quinolinemoiety
of cabozantinib and the aromatic ring introduced by the L2086F showed
that these aromatic systems also lie at a distance of 4.0 Å, within predictive

Fig. 2 | Activity of ROS1 inhibitors in CUTO-28 patient-derived TPM3–ROS1
fusion cell line with or without L2086F. aHeat map depicting IC50 data from dose
response cell viability assays conducted using CUTO-28 TPM3–ROS1 fusion par-
ental or L2086F cell lines. Colorimetric reagent CCK-8 was added after 72-h
exposure with varying concentrations of crizotinib, cabozantinib, repotrectinib, or
gilteritinib. Absorbance data were normalized to vehicle-treated cells. b Fold change
in IC50 of indicated inhibitors is graphed relative to the Parental Cell IC50. Control
HDR indicates the CUTO-28 cell line that was subjected to genome editing; how-
ever, instead of L2086F editing, the HDR template retained wildtype amino acid.
c Immunoblot analysis of phosphorylated and total ROS1, ERK, and downstream

pathways in cell lysates generated from CUTO-28 parental and TPM3-ROS1
L2086F cells treated with indicated inhibitors at 100 nM for 4 h. d Immunoblot
analysis of phosphorylated and total ROS1 from lysates generated from CUTO-28
parental and TPM3-ROS1 L2086F cells after 4 h treatment with DMSO (Vehicle) or
2.5, 25, 250, 2500 nM concentrations of entrectinib, cabozantinib and gilteritinib, as
indicated. The ratio of phosphorylated ROS1divided by total ROS1 as determined by
densitometry is presented below the blots. e Immunoblot analysis of phosphorylated
and total ROS1 from lysates generated from CUTO-28 parental and TPM3–ROS1
L2086F cells that were treated for 2, 4, 6, 8, and 24 h with 25 nM entrectinib,
cabozantinib and gilteritinib, as indicated.

R2032

Wildtype DFG-in: Gilteritinib
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Wildtype DFG-out: Cabozantinib

L2086

L2086

L2086F DFG-in: Gilteritinib L2086F DFG-out: Cabozantinib

F2086
F2086

G2032R DFG-in: Gilteritinib
c

R2032

G2032R DFG-out: Cabozantinib
f

E2027
M2029

Fig. 3 | Molecular docking of gilteritinib and cabozantinib to wild-type and
mutant ROS1. aModel of wild-type ROS1 kinase domainwith gilteritinib in a type I
conformation. L2086 is shown in blue, and gilteritinib is shown in orange. bModel of
ROS1 L2086F kinase domainwith gilteritinib bound in a type I conformation. F2086
is shown in blue, and gilteritinib is shown in orange. cModel of ROS1G2032Rbound
to gilteritinib in the type I (DFG-in) conformation. Predicted steric clash between

R2032 and gilteritinib is depicted. dModel of wild-type ROS1 kinase domain bound
to with cabozantinib bound in the type II conformation. L2086 is shown in blue, and
cabozantinib is shown in teal. e Model of ROS1 L2086F kinase domain bound to
cabozantinib in the type II conformation. F2086 is shown in blue, and cabozantinib
is shown in light teal. fModel of ROS1 G2032R bound to cabozantinib in the type II
conformation.
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range to form π–π stacking interaction similarly to observations with gil-
teritinib (Supplementary Fig. 7).

Clinical activity of non-type I TKIs in ROS1 L2086F
positive NSCLCs
To further investigate the role of drug repurposing to address ROS1
L2086F resistance mutations in the clinical setting, we queried institu-
tional electronic medical records at Memorial Sloan Kettering Cancer
Center (MSKCC) to identify patients with acquired ROS1 L2086F
mutation following treatment with ROS1 macrocyclic inhibitors. This
retrospective query identified four patients, with two of them subse-
quently enrolled in the prospective phase 2 clinical trial (NCT01639508;
IRB12-097) evaluating cabozantinib efficacy in individualswith advanced

NSCLCatMSKCC.This basket trial aims to investigate the role of the type
II inhibitor cabozantinib in targeting various acquired resistance muta-
tions based on compelling clinical or preclinical evidence of actionability.

Case #1. A 49-year-old otherwise healthy never-smoker patient was
diagnosed with stage IIIA (ypT1bN2) poorly differentiated lung ade-
nocarcinoma in 2014. The patient received neoadjuvant cisplatin and
pemetrexed, followed by right lower lobe lobectomy, and post-operative
radiation therapy. In 2015, due to disease recurrence, the patient
received first-line cisplatin, pemetrexed, and bevacizumab with a PR,
followed by pemetrexed and bevacizumab maintenance treatment.
During chemotherapy, MSK-IMPACT was performed on the surgical
specimen, and CD74–ROS1 fusion was identified (Fig. 4a).

b
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Fig. 4 | Clinical course of a patient with ROS1 fusion-positive non-small cell lung
carcinoma. a Timeline of the diagnostic and treatment history of the patient which
exhibits initial response to cabozantinib. Periods of partial response (PR) are shown

in light green, metabolic complete response (CR) is shown in green, and stable
disease is shown in yellow. b Images of chest CT showing partial response to
treatment with cabozantinib.
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The patient then received entrectinib (a type-I inhibitor) from
November 2016 to October 2020 with a PR and subsequent PD. Upon PD,
both tissue and plasma samples were acquired and analyzed with MSK-
IMPACT and MSK-ACCESS (FDA-approved plasma ctDNA NGS). Both
assays identified an acquired solvent-front ROS1 G2032R mutation. Based
on this finding, the patient was subsequently treated with repotrectinib (a
type-I macrocyclic inhibitor) for 1 year and 5 months. Upon disease pro-
gression on repotrectinib, both tumor and plasma samples were acquired.
While circulating tumor (ct)DNA sequencing was negative, tumor
sequencing identified loss of the solvent-front ROS1 G2032Rmutation and
emergence of the CS6 ROS1 L2086F mutation.

The patient was subsequently enrolled in a clinical trial assessing a new
type-I ROS1 selective inhibitor for 10 months. MSK-ACCESS at disease
progression in early 2023was, unfortunately, negative for detectable somatic
alterations. Based on the prior identification of the ROS1 L2086Fmutation,
the patient was enrolled in a prospective, phase 2 trial of cabozantinib. A
RECIST 1.1 partial response (−42% target lesions shrinkage and a dramatic
improvement in lymphangitic disease) was achieved after just 4 weeks of
therapy, along with a clinical response marked by an improvement in pre-
cabozantinib dyspnea. A confirmed partial response was observed on
subsequent imaging after 2 months (49% tumor shrinkage, nadir, Fig. 4b).

Treatment with cabozantinib required a dose reduction from 60mg
daily to 40mg daily for asthenia, and no major tolerability issues were
identified thereafter. After 4 months of therapy, asymptomatic radiological
evidence of disease progression was observed with slowly growing pul-
monary disease. Due to the overall modest increase in tumor burden, and
the enduring clinical benefit reported by the patient, the patient was kept on
cabozantinib therapy and remains on the clinical trialmore than 12months
into treatment.

Case#2. A 70-year-old patient without a smoking history was diagnosed
with stage IV NSCLC in 2016 and received first-line carboplatin and
pemetrexed treatment from September 2016 to April 2017. Following the
identification of CD74–ROS1 fusion, the patient was switched to crizo-
tinib (type I inhibitor) and had a partial response (PR) for almost 3 years
with subsequent progressive disease (PD). Following progression, the
patient was treated with repotrectinib (type I macrocyclic inhibitor) and
responded for 1 year and 2 months, however, PD was later observed.

A right lower lobe biopsy of a progressing lesion was collected and
analyzed with MSK-IMPACT, an FDA-approved next-generation
sequencing assay designed for fixed paraffin-embedded samples. This
resulted in the identification of an acquired ROS1 L2086F resistance
mutation. The patient then received cabozantinib (a type II inhibitor) in the
same phase 2 trial. The patient’s previously progressive disease stabilized
with cabozantinib [best response of stable disease (SD) per RECIST1.1],
with a total time on therapy of almost 5 months. The treatment was
moderately well tolerated but was complicated by renal infarction, which
required investigational treatment interruption and subsequent dose
reduction.Cabozantinibwasultimatelydiscontinueddue toRECIST1.1PD;
the patient did not receive additional treatments.

Discussion
The study of kinase-intrinsic resistance has been crucial to improving
outcomes in patients with advanced, fusion-driven cancers. Joining BCR-
ABL-positive chronic myelogenous leukemia and ALK fusion-positive
NSCLCs, ROS1 fusion-positive NSCLCs are a recent example of how
sequential TKI therapy (i.e., using repotrectinib in TKI pre-treated patients)
can extend the total duration of disease control for an individual. Notably,
thepatternsof on-target orkinase intrinsic resistance tend to reflect theTKI-
binding mode-driven selection pressure, wherein cases treated with type I
inhibitors showed the prevalence of the solvent front, ROS1 G2032R
mutation to date. On target resistance is driven by the expansion of tumor
cells harboring TKI type-specific resistant mutations. While repotrectinib,
with activity on ROS1 G2032R resistance, is the only approved second-line
TKI option, other inhibitors such as taletrectinib and NVL-520 are also

highly active andmay be approved in the future. The increasing use of next-
generation TKI therapy is likely to shift emergent resistance patterns.

In this study, we present preclinical and clinical data supporting the
hypothesis that ROS1 L2086F acts as a convergent liability for type I ROS1
TKIs, including those that are approved (crizotinib, entrectinib, repo-
trectinib), listed in guidelines (lorlatinib), and investigational agents such as
taletrectinib.TheROS1L2086Fmutation also confers resistance to thenovel
ROS1-selective, TRK-sparing inhibitor, NVL-52011. Here, we compared the
activity of the type II inhibitor cabozantinib with gilteritinib, which is best
known as a type I FLT3 inhibitor approved by the FDA for treating adults
with FLT3-mutant acute myeloid leukemia.

As a prototypic type II inhibitor, cabozantinib binding is unaffected by
solvent frontmutations suchasROS1G2032Rand the recalcitrant catalytic-
spine 6 mutation, ROS1 L2086F. Gilteritinib exhibits resistance to ROS1
G2032R. However, due to its specific binding pocket occupancy within the
ROS1 kinase domain, it remains unaffected by ROS1 L2086F. The ROS1
compound mutation studies underscore gilteritinib’s potential as a salvage
therapy in scenarios involving acquisition of F2004C+ L2086F compound
mutation after sequential treatments. Despite its lower overall potency for
ROS1, in the context of F2004C+ L2086F, it stands as the sole viable option
in the current pharmacology landscape. One limitation of our study is the
absence of in vivo investigation into gilteritinib activity in ROS1 L2086F
mutant patient-derived xenografts. Considering the unique pharmacoki-
netic profiles of these agents, our future experimentswill specifically address
these questions.

Okada et al.17 discovered that ALKL1256F, a paralog of ROS1 L2086F,
introduces an aromatic ring at the CS6 residue. This aromatic ring can
engage inπ–π interactionswith inhibitormolecules.Mutation of the leucine
residue tophenylalanine in the resistantmutant protein is permissive to gain
of these new π–π stacking interactions, which is predicted to enhance the
F2086 mutant sensitivity to alectinib, as compared to wildtype L2086. As
seen in the case of cabozantinib and gilteritinib interaction with ROS1,
alectinib does not encircle the ALK CS6 residue at a downward fixed angle
akin to crizotinib and lorlatinib. Instead, it positions anaromatic ring system
over the CS6 mutation. Based our modeling results, in vitro and patient
results, we hypothesize that an additional mediator of the enhanced sensi-
tivity of the ROS1 L2086F mutation to cabozantinib and gilteritinib might
lie in the introduction of π–π interaction with these inhibitors.

To assess the utility of these agents in mitigating ROS1 L2086F resis-
tance, it is imperative to consider toxicity and pharmacokinetic (PK)
parameters in relation to effective inhibitory concentrations for both
cabozantinib and gilteritinib. While cabozantinib primarily targets KDR,
and gilteritinib targets FLT3, neither inhibitor is selective, exhibiting
nanomolar potency for multiple kinases (Supplementary Fig. 8). Adverse
events reported in the CELESTIAL (cabozantinib28) and ADMIRAL
(gilteritinib29) clinical trials (SupplementaryTable S1)underscore the largely
non-overlapping toxicities of these inhibitors, likely due to their distinct
spectrum of kinase inhibitory profiles. The most frequent grade 3 or higher
events uniquely observed in cabozantinib-treated patients were palmar-
plantar erythrodysesthesia and hypertension, whereas gilteritinib-treated
patients experienced a high incidence of hematological events, including
febrile neutropenia, anemia, and thrombocytopenia. The higher incidence
of hematologic cell dysfunctions in patients treated with gilteritinib may be
partly due to the fact that these patients have acutemyeloid leukemia, which
predisposes them to cytopenias. Additionally, the critical role of FLT3,
expressed by immature hematopoietic cells, in the normal development of
stem cells and the immune system may contribute to this profile.

Based on the pharmacokinetic (PK) data from the FDA prescribing
information and the CHRYSALIS study, gilteritinib may be a less effective
clinical option for the mitigation of ROS1L2086F-driven resistance30. At the
recommended daily oral dosage of 120mg, the steady-state maximum
concentration (Cmax)of total (boundandunbound) gilteritinib inplasma is
306 nM. On-target inhibition of ROS1L2086F in CUTO-28 cells necessitated
~250 nM inhibitor (Supplementary Fig. 9). However, the steady-state area
under the curve (AUC) of gilteritinib offers exposure that is 50 times higher
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than the cell-based IC50, which may provide a viable option when cabo-
zantinib toxicity is intolerable.

Cabozantinib is inherently more potent than gilteritinib, achieving
over 90% inhibition of ROS1L2086F at a 25 nM dose in CUTO-28 cells.
According to PK data reported by Nguyen et al., the steady-state plasma
Cmax of total drug levels at the recommended dose of 60mg daily is 2200
nM31, which is 80–90 times higher than the concentration needed to inhibit
CUTO-28 ROS1L2086F.

Cerbone et al.32 described the therapeutic window for cabozantinib
using real-world clinical data, identifying a minimum effective concentra-
tion of 536.8 ng/ml and a toxicity threshold at 617.2 ng/ml, presenting a
narrow therapeutic range of approximately 80 ng/ml. These findings reflect
clinical observations regarding cabozantinib’s adverse events and suggest
that it can be a highly effective inhibitor butwith a significant risk of adverse
effects. Consequently, dose de-escalation of cabozantinib is often employed.
Utilizing data from Nguyen et al., we determined that even with dose
reductions to 20 or 40mg, cabozantinib pharmacokinetics still show
potentially effective steady-state Cmax concentrations of 376 and 184 nM,
respectively, which are 5–10 times the concentration needed to achieve
near-complete ROS1 L2086F inhibition (Supplementary Fig. 9).

The overarching observation is that TKI type switching is a legitimate
method of abrogating select pan type I TKI kinase-intrinsic resistance in
ROS1 fusion-driven NSCLC. In contrast to type I TKIs, type II TKIs bind a
hydrophobic pocket adjacent to the ATP-binding region when the kinase
activation loop (A-loop) adopts the “DFG-out” conformation, thus
bypassing the solvent front mutations that pose challenges for type I inhi-
bitors. We and others previously demonstrated the benefits of type II TKI
use with ROS1 D2033N resistance, and in NTRK fusion-positive cancers
that acquire xDFG (TRKAG667, TRKCG696) resistance substitutions that
stabilize theDFG-out conformation. Gilteritinib was active against theALK
L1256F resistance mutation in ALK fusion-positive NSCLCs, and against
select D1228 resistance substitutions in MET-driven cancers that pro-
gressed on prior type I TKI therapy18. Hence, sequencing-informed TKI-
type switching has the potential to improve outcomes and provide effective
therapeutic interventions in many resistance-driven cancer settings33.

Unfortunately, in fusion-positive cancers, fewrationally designednext-
generation type II inhibitors have been developed. All approved agents for
any fusion-positive cancer (e.g., involving ALK, RET, ROS1, NTRK1/2/3,
FGFR1/2/3) are type I drugs. The successful development of novel type II
inhibitors may thus provide a transformative opportunity for targeting
kinase-intrinsic resistance.

Methods
Cell culture
Ba/F3 cells were purchased from DSMZ German Collection of Micro-
organisms and Cell Cultures, GmBH (Catalog # ACC 300). NIH3T3 cells
were purchased from the American Type Culture Collection (Catalog #
CRL-1658). CUTO-28 cells were obtained as part of a research agreement
from the University of Colorado, following Institutional Review Board
approved informed consent of the patient, and has been described by
McCoachet al. 34. CUTO-28 cellswere cultured inRPMImedium1640with
10% (vol/vol) FBS, 2mmol/L L-glutamine, penicillin, streptomycin, and
amphotericin B. Parental Ba/F3 cells were cultured in RPMI medium 1640
with 10% (vol/vol) FBS, 2mmol/L L-glutamine, penicillin, streptomycin,
amphotericin B and 2 ng/mL recombinantmurine IL-3. NIH3T3 cells were
cultured in DMEMmediumwith 10% (vol/vol) CS, 2mmol/L L-glutamine,
penicillin, streptomycin, and amphotericin B. All cells were tested for
mycoplasma at least every three months by using the Lonza MycoAlert™
PLUS Kit.

Ba/F3 and NIH3T3 cell lines
Generation of Ba/F3 stable cell lines has been described2. Cell lines were
maintained at densities of 0.5 × 106 to 1.5 × 106 /mL and infected with
retrovirus-encoding human CD74-ROS1 and EZR-ROS1 fusion genes.
CD74-ROS1 and EZR-ROS1 fusions with F2004C, L2026M, G2032R, and

L2086Fmutations weremade using site-directedmutagenesis following the
manufacturer’s protocol (Agilent) using primers listed in Supplementary
Table S2. Platinum-E cells (Cell Biolabs, Inc.) were transfected with pBABE
CD74-ROS1 or pCX4 EZR-ROS1 wild-type or mutant constructs using
Biotool DNA transfection reagent to generate replication incompetent,
ecotropic retrovirus. Parental NIH3T3 cells were seeded at 50% confluence
and infected with retrovirus. Cells were selected with puromycin treatment
(2 μg/mL) for 72–96 h prior to being used for experimental work. Trans-
formed Ba/F3 cell lines: For IL-3 withdrawal, the cells were washed three
times with complete mediumwithout IL-3, and seeded at 0.5 × 106 cells per
mL in RPMImedium 1640 with 10% (vol/vol) FBS, 2 mmol/L L-glutamine,
penicillin, streptomycin, amphotericin B without supplemented IL-3. Cells
were counted every 2 days until the population had at least tripled, indi-
cating that the proliferating population was IL-3 independent. Sanger
sequencing of integrated cDNA in the transformed cell lines was done to
verify the presence of the desired mutation. For this, DNA was harvested
from cell pellets using QuickExtract DNA Extraction Solution (Lucigen).
The ROS1 kinase and C-terminal domains were PCR amplified using the
primers ROS1 5707F (5′-GACAAAGAGTTGGCTGAGCTG-3′) and
ROS1 REV_14 (5′-TCAGACCCATCTCCATATCCA-3′) and bidir-
ectionally sequenced using the primers ROS1 6198F (5′-CTGTGTCT
ACTTGGAACGGATG-3′) and ROS1 6304R (5′-TCTCTGGCGAGTC
CAAAGTC-3′). Chromatographs were aligned using Benchling software to
verify that the correct mutation was present and that no other mutations
were introduced during viral transduction.

Generation of mutated patient-derived cell line
The CUTO-28 cell line is a patient-derived cell line harboring a
TPM3–ROS1 fusion, authenticated by short tandem repeat (STR) analysis
by the Barbara Davis Center Molecular Biology Service Center at the Uni-
versity of Colorado23 and was a gift from the laboratory of Dr. Robert
Doebele. A CRISPR-Cas9 genome-engineered CUTO28 cell line with an
endogenous L2086Fmutationwas engineered. ApX330 vectorwasmade to
express a guide directed to the L2086 region of ROS1. A homology-directed
repair (HDR)oligo templatewasdesigned tohave 80basepairs of homology
on each side of the Cas9 cut site with a single base pair substitution allowing
for the desiredmutation and alteration of the PAMsite. CUTO28 cells were
plated at a density of 500,000 cells per well in a 6-well plate, 24 h prior to
transfection, then transfected with either GFP alone or 1 µg pX330(I)
L2086F guide and 10 µg HDROligo. Forty-eight hours later, the media was
removed and replaced with RPMI1640 10% Fetal Bovine Serum 1% pen-
strep 1% L glutamine (R10) containing 500 nM lorlatinib and 500 nM cri-
zotinib and allowed to grow out. Media with these inhibitors was changed
every 72–96 h. On day 16, cells were placed in inhibitor-free media and
allowed to grow in R10. Lucigen QuickExtract reagent was used to generate
genomic DNA, and RNA was generated using the Qiagen RNeasy kit,
followed by cDNA synthesis using Applied Biological Materials (ABM) All
in one 5×Master Mix. Genomic DNA and cDNAwere used in polymerase
chain reaction to amplify a region of interest containing the L2086 codon.
Sanger sequencing of the PCR amplicons was used to confirm the genomic
edit, leading to achieving the desired codon change. GuideDNA,HDR, and
PCR primer sequences are reported in Supplementary Table S2.

Cell viability assays
All inhibitorswere prepared as 1mMstocks in dimethyl sulfoxide (DMSO).
Inhibitors were distributed at 2× indicated final concentrations into 384-
well plates pre-seededwith 25 μLperwell of completemediumusing aD300
Digital Dispenser (Hewlett-Packard). Ba/F3 cells expressing wild-type or
mutant CD74-ROS1 constructs were seeded at 1000 cells per well in a
volume of 25 μL using a Multidrop Combi Reagent Dispenser (Thermo
Fisher Scientific). Plates were incubated for 72 h at 37 °C, 5%CO2. Viability
was measured using the cell counting kit-8 (CCK-8, Bimake) and read on a
Biotek Synergy 2 plate reader. Each conditionwas assayed in triplicate. Data
were normalized using Microsoft Excel, and IC50 values were calculated
using a nonlinear regression analysis in GraphPad Prism.
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Colony formation assays
Plates were pre-seeded with 0.4% agarose in the complete medium
[DMEM with 10% (vol/vol) calf serum, 2 mM L-glutamine, penicillin,
streptomycin, and amphotericin B] with indicated concentrations of
each inhibitor. Each inhibitor had its own paired DMSO (vehicle)
control condition. NIH3T3 cells expressing CD74-ROS1 or EZR-ROS1
wild-type or L2086F were plated in 0.2% agarose in complete medium
with indicated concentrations of each inhibitor at a density of 8000 cells
per 0.5 mLs of agarose; 24 h after plating 1 mL of complete mediumwith
indicated concentrations of each inhibitor was added to each well to
prevent dehydration of the agarose. Plates were read 4 weeks after
seeding using a GelCount (Oxford Optronix). Colony counts were
determined for eachwell using theGelCount software and normalized to
the average colony count from the paired DMSO condition for each
inhibitor. Data analysis and visualization were performed using
Microsoft Excel and GraphPad Prism.

Immunoblot analysis
Ba/F3 and CUTO-28 cells were treated with the indicated concentra-
tions of inhibitors for indicated duration, prior to harvest. Ba/F3 cell
lines and CUTO28 cells were pelleted, washed with ice-cold phosphate-
buffered saline (PBS), and lysed in cell lysis buffer supplemented with
0.25% deoxycholate, 0.05% SDS, and protease and phosphatase inhibi-
tors. Protein concentration was determined using the Pierce BCA Pro-
tein Assay Kit (Thermo Fisher Scientific). After protein quantification,
lysates were extracted with Laemmli sample buffer for 10 min at 75 °C
and lysates were run on 4% to 12% Bis–Tris gels (Invitrogen; Thermo
Fisher Scientific). Proteins were transferred to nitrocellulosemembranes
(Prometheus) and probed with phospho-ROS1 Y2274 (cat. # 3078;
1:1000; Cell Signaling Technology), ROS1 (cat. # 3287; 1:1000; Cell
Signaling Technology), phospho-p44/42 MAPK (cat. #9101 or #4370;
1:1000, Cell Signaling Technology), ERK2 (cat. # sc-1647; 1:1000; Santa
Cruz Biotechnology), GAPDH (cat. # TA802519; 1:5000; Origene),
phospho-STAT3 (cat. #9145; 1:1000, Cell Signaling Technology),
STAT3 (cat. #9139; 1:1000, Cell Signaling Technology), phospho-SHP2
(cat. # A5278; 1:1000, SelleckChem), SHP2 (cat. #3397; 1:1000, Cell
Signaling Technology), phospho-S6 (cat. #4858 1:1000, Cell Signaling
Technology), S6 (cat. #2317; 1:1000, Cell Signaling Technology), and
Actin (cat. # JLA20; 1:5000; Developmental Studies Hybridoma Bank).
The signal was detected using a BioRad ChemiDoc imaging station or an
LI-COR Odyssey imaging system with the use of HRP-conjugated or IR
dye secondary antibodies, respectively. Blots were derived from the same
experimental lysates, and the majority were processed in parallel. In rare
cases where technical failure resulted in poor blot quality, we re-ran the
same lysates on new gels, thus the data represent the same experiment.
All raw data from western blot exhibits in the Figures are shown in
Supplementary Fig. 10.

Structural modeling
The chemical structures of gilteritinib and cabozantinib were downloaded
from PubChem to be employed in docking simulations. Protein complexes
6JQR and 7AB1, which feature Gilteritinib in complex with FLT3 and
MerTK kinases, respectively, were retrieved from the Protein Data Bank
(PDB) to serve as structural references during the docking result analysis
phase. Due to the absence of cabozantinib complexes in PDB, the 6SD9
complex of the closely related quinoline-based type II inhibitor foretinib
with MET was obtained from PDB to be used as the closest available
reference.

For the target ROS1 kinase, the active conformation (DFG-in) was
obtained from PDB (3ZBF), while its inactive state was acquired from
previous structural modeling experiments where it was built using ALK
(PDB entry 4FNY) DFG-out as a structural template35. The ROS1 L2086F
and G2032Rmutations were introduced both on the active DFG-in and on
the inactive DFG-out ROS1 structures through single amino-acid sub-
stitutionusingPyMOLversion 2.5.3. Subsequently, target protein structures

were prepared using the Schrödinger Suite, and any missing loops or
hydrogen atoms were added.

Docking was performed with Glide in Schrödinger Maestro Version
12.7.161. A 30-angstrom grid box was centered around both theWT L2086
and themutant L2086FCS6 residue. Basedon the analysis of gilteritinib and
foretinib reference binding poses, hydrogen bonding constraints were
placed. For gilteritinib, the generationof at least 1hydrogenbondwith either
hinge 1 (H1) E2027 or hinge 3 (H3) M2029 peptide backbone was placed,
while for cabozantinib generation of a hydrogen bond with H1 residue was
required.

Ligands were prepared using the Ligprep and docking simulations
were performed using the Glide module in standard precision mode, with
the pre-specified hydrogen bonding constraints. Successful binding poses
were analyzed and the best scoring ones were selected36.

Murine model studies
All animal model studies were conducted in accordance with the Animal
Welfare Act (AWA), Public Health Service (PHS), the United States
Department of Agriculture (USDA), and under the auspices of an
approved protocol from the OHSU Institutional Animal Care and Use
Committee (IACUC). Four- to six-week-old female athymic nude mice
(Nu/J, Strain # 002019, RRID:IMSR_JAX:002019) were purchased from
The Jackson Laboratory (Bar Harbor,ME) and housed and handled under
specific pathogen-free conditions in the Oregon Health & Science Uni-
versity’s animal care facilities. After an initial 2-week environmental
adjustmentperiod,micewereplacedunder anesthesia using 2% isoflurane/
oxygen, weighed, and ear punched for identification purposes. Tumor cells
(1 × 106weremixedwith 50 μl ofmatrigel and injected subcutaneously into
the left or right flank. Animals were allowed to recover under supervision
before being returned to animal facilities. Injected animals were checked
daily until tumorswerepalpablenodules, atwhich timebothanimalweight
and tumor size were measured thrice weekly using balance and a digital
caliper (cat 14-648-17, Fisher Scientific, Federal Way, WA). Tumor
volume was estimated using caliper measurements, based on the ellipsoid
volume formula (π/6 × D3). TKI treatment began ~12–14 days after initial
injection when animals were randomized to TKI treatment groups. The
studywas not blinded. Both gilteritinib and cabozantinib treatment groups
were administered indicated TKI at 30mg/kg formulated in 0.5%
methylcellulose, once daily via oral gavage for ten days. Vehicle (0.5%
methylcellulose) treated tumors were allowed to grow until they reached
thehumane limit of 1500–2000mm3, atwhich timeanimalswere sacrificed
in accordance with IACUC protocol. Specifically, animals were deeply
anesthetized using isoflurane prior to euthanasia. The method of eutha-
nasia involved cervical decapitation, performed only when the animals
were confirmed to be fully anesthetized and unconscious, in accordance
with AVMA Guidelines for the Euthanasia of Animals. Experimental
endpoints were carefully defined and included criteria such as significant
weight loss (greater than 20% of body weight), signs of severe distress or
pain unrelievable by analgesics, tumor size exceeding ethical limits (typi-
cally greater than 10% of the body weight or causing functional impair-
ment), and any signs of systemic illness or failure to thrive.Monitoringwas
conducted daily to ensure early detection of these endpoints, and animals
meeting any of these criteria were promptly euthanized to prevent unne-
cessary suffering.

Patient clinical cases
The patients described in this analysis were treated in the prospective
phase 2 clinical trial NCT01639508 (IRB 12-097) and provided written
informed consent for all procedures described and publication of
genomic findings and outcomes. All sample acquisition and sequencing
were performed within the scope of the prospective Institutional clinical
sequencing trial NCT01775072 (IRB 12-245). Both trials are approved
by the institutional review board of Memorial Sloan Kettering Cancer
Center and conducted according to the ethical guidelines of the
Declaration of Helsinki.
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Statistical analyses
In all graphs, mean ± standard error of means is shown unless otherwise
stated with a minimum of three technical replicates. A two‐way ANOVA
with multiple comparison tests was used to assess significant differences in
tumor volumes in the vivo study. P values < 0.05 were deemed statistically
significant. In vivo studies employed one-way ANOVA with Dunnett’s
multiple comparison test. All data were initially analyzed using Microsoft
Excel. GraphPad Prism v9.3 software was used for statistical analysis and
plotting graphs.

Data availability
Raw data associated with functional assays reported herein is available here:
https://doi.org/10.6084/m9.figshare.26166898. Engineered Ba/F3 or
NIH3T3 cell lines will be shared through MTA agreements in compliance
with our institutions.
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