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Axl inhibitor-mediated
reprogramming of the myeloid
compartment of the in vitro
tumor microenvironment is
influenced by prior targeted
therapy treatment
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Erin N. Tevonian1, James B. Lorens2

and Douglas A. Lauffenburger1*

1Department of Biological Engineering, Massachusetts Institute of Technology, Cambridge,
MA, United States, 2Department of Biomedicine and Centre for Cancer Biomarkers, University of
Bergen, Bergen, Norway
Axl, a member of the receptor tyrosine kinase family comprised of Tyro3, Axl, and

MerTK, is a promising cancer therapeutic target actively under clinical

investigation. Axl is understood to be a dual target in cancer to (1) prevent

tumor cell growth and invasion and (2) potentiate anti-tumor immunity. This

immunity is characterized by myeloid cell activation and downstream recruitment

and activation of anti-tumor T cells. However, the ways by which Axl inhibition

promotesmyeloid cell activation in the tumormicroenvironment are incompletely

understood. There is thus a need to understand the effects of Axl inhibition on

myeloid cells in the context of the broader tumor microenvironment. Here, we

developed a human in vitro model system using primary human monocyte-

derived macrophages, primary human monocyte-derived dendritic cells, and

Axl-expressing melanoma tumor cells to elucidate the effects of Axl inhibition

on the myeloid compartment of the tumor microenvironment. We found that

treatment with the Axl-specific small molecule inhibitor bemcentinib yields

increased expression of markers of activation in both macrophages and

dendritic cells. Interestingly, the addition of dendritic cells to the system appears

to dampen macrophage response, suggesting that these cells cooperate to share

the burden of the innate immune response. Most importantly, we found that

treatment-naïve tumor cells and targeted therapy-treated tumor cells have

distinct impacts on macrophage state, and these differences dictate the nature

of the immune cell response to Axl inhibition. As a whole, our work highlights the

utility of in vitro models in unraveling the complex mechanistic effects of Axl

inhibition and establishes a robust model system that can be used in future

mechanistic drug studies with the potential to inform clinical trial design.
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1 Introduction

Immune checkpoint blockade therapy has revolutionized

cancer therapy, demonstrating the power of galvanizing a

patient’s own immune system against their tumor (1). However,

like other modalities of cancer therapeutics, the efficacy of this form

of immunotherapy is limited to a subset of patients. Patients

responsive to immune checkpoint blockade have immunologically

“hot” tumors characterized by T cell infiltration prior to

administration of this immunotherapy (2). In contrast,

immunologically “cold” tumors, which lack this prerequisite T

cell infiltration, do not respond. There is thus a need to develop

therapies that transform immunologically “cold” tumors to “hot”

ones to extend the span of patients who will benefit from and

respond to immune checkpoint blockade.

Axl, a receptor tyrosine kinase belonging to the family

comprised of the Tyro3, Axl, and MerTK receptors (TAMRs), is

an attractive target for this purpose (3, 4). Axl is widely recognized

and has been extensively studied as a target in cancer therapy due to

its role in tumor cell proliferation, survival, migration, and invasion

(5–12). It has also been implicated in therapy resistance (13–18) and

immune evasion (19–22). As a result, Axl is a target in many

ongoing clinical trials in a variety of cancer indications (23, 24).

However, Axl expression and signaling is not exclusive to the

diseased tumor cells. Physiologically, the TAMRs and their ligand

Gas6 are crucial to the innate immune system (3, 25–27).

Macrophages and dendritic cells, the myeloid cells tasked with

coordinating T cell recruitment and activation, are phagocytes that

constantly clear cellular debris (28). Their expression of the TAMRs

and Gas6 enable them to conduct efferocytosis, which is the non-

immunogenic clearance of apoptotic cells. Specifically, Gas6 acts as

a bridging molecule between phosphatidylserine on an apoptotic

cell and TAMRs on the phagocyte (Figure 1A left), and the receptor

clustering that results from this leads to downstream signaling in

the phagocyte to (1) consume and degrade the apoptotic cellular

debris and (2) prevent inflammation (29). Therefore, Axl expression

and signaling in these innate immune cells dampens the immune

response, meaning its inhibition in the tumor microenvironment

may not only lead to tumor cell death but also result in macrophage

and dendritic cell activation, ultimately increasing the likelihood of

T cell recruitment to the tumor (23).

Axl as a dual target in cancer therapy – to suppress the

hallmarks of cancer and to increase myeloid cell activation – has

been underappreciated and understudied. To date, the limited

number of studies acknowledging Axl and the TAMRs as dual

targets have been conducted primarily in mice (20, 30–32). While

these studies have demonstrated increased T cell infiltration

following Axl or TAMR targeted therapy, they lack the

physiological context required to gain clinically translatable

mechanistic insights. Human in vitro studies can complement

these in vivo findings by enabling a more thorough understanding

of the myeloid cell activation required for downstream T cell

recruitment and activation. Herein, we developed a human in

vitro model system to investigate the dual effects of Axl inhibition
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on both tumor cells and myeloid cells in the tumor

microenvironment of melanoma.
2 Materials and methods

2.1 Cell culture and reagents

The A375 human malignant melanoma cell line was purchased

from ATCC (CRL-1619) and grown in DMEM (ThermoFisher

11965092) supplemented with 10% FBS (ThermoFisher 16000044),

1% Pen-Strep (ThermoFisher 15140148), and GlutaMAX

(ThermoFisher 35050061). A375s were detached with 0.25% Trypsin-

EDTA (ThermoFisher 25200056) and not used beyond passage 15.

Buffy coats were obtained fromMassachusetts General Hospital

Blood Transfusion Service for all experiments involving immune

cells. Peripheral blood mononuclear cells (PBMCs) were isolated

from buffy coats via density gradient centrifugation with

Lymphoprep (STEMCELL 18061). PBMCs were washed twice

with phosphate-buffered saline (PBS), followed by monocyte

isolation with EasySep Human CD14 Positive Selection Kit II

(STEMCELL 19359). Monocytes were then cultured in RPMI

1640 (ThermoFisher 32404014) supplemented with 10% heat-

inactivated FBS (ThermoFisher 10082147), GlutaMAX, and

HEPES (ThermoFisher 15630080). Human monocyte-derived

macrophages (HMDMs) were differentiated from monocytes with

25ng/mL M-CSF (BioLegend 574804) over 6 days, with a media

change on day 3. Human monocyte-derived dendritic cells

(HMDDCs) were differentiated from monocytes with 20ng/mL

IL-4 (Peprotech 200-04) and 40ng/mL GM-CSF (BioLegend

572903) over 8 days with a media change on days 3 and 6.

Following differentiation, adherent HMDMs were washed with

PBS, detached with 4mM EDTA (Corning 46-034-CI), and re-

seeded in fresh media for experiments. HMDDCs, which grow in

suspension, were centrifuged at 500g for 5 minutes and resuspended

in fresh media prior to re-seeding for experiments. Cells were

treated with 20ng/mL IFNg (Peprotech 300-02) + 10ng/mL LPS

(ThermoFisher 00-4976-93) or 20ng/mL IL-4 + 20ng/mL IL-13

(Peprotech 200-13) where stated.

All experiments were conducted in RPMI 1640 supplemented

with heat-inactivated (HI) FBS, GlutaMAX, and HEPES. All cells

were maintained in tissue culture-treated plastic and incubated at

37°C with 5% CO2.

Trametinib (S2673), dabrafenib (S2807), bemcentinib (S2841),

and BMS-777607 (S1561) were purchased from SelleckChem. They

were used at doses of 15nM, 150nM, 1mM, and 10mM, respectively,

in all experiments. Dimethylsulfoxide (DMSO, Sigma-Aldrich

D2650) was used as a dose-matched vehicle control.
2.2 TAMR quantification via ELISA

Cells were seeded into 6-well plates and treated for 24 hours

prior to lysis. A375 lysate experiments had a density of 150,000 cells
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FIGURE 1

The A375 malignant melanoma cell line expresses Axl and responds to trametinib + dabrafenib treatment. (A) Schematic of receptor-ligand
dynamics of Axl/TAMRs with respect to efferocytosis (left). A375 tumor cells have cellular Axl and Gas6 that can be measured in cell lysates in
addition to shed Axl and secreted Gas6 that can be measured in media supernatants (right). Created with BioRender.com. (B) A375 cells express high
Axl as compared to Tyro3 and Gas6, and express no MerTK measured via ELISA on cell lysates. n = 3 each in 2 independent experiments. (C) Treatment
with trametinib + dabrafenib (Tra + Dab) yields increased Axl expression and decreased Axl shedding measured via ELISA on cell lysate (left) and
supernatant (right), respectively. n = 3 each in 2 independent experiments. **p < 0.01 Mann-Whitney U test. (D)While trametinib + dabrafenib treatment
does not change A375 Gas6 expression as assayed via ELISA on cell lysate (left), this treatment does decrease Gas6 secretion (right). n = 3 each in 2
independent experiments. **p < 0.01 Mann-Whitney U test. (E) Representative flow cytometry dot plots of untreated and injured A375s’ viability. Annexin
V binding on the x-axis is indicative of phosphatidylserine exposure while Zombie Green Viability Dye on the y-axis is indicative of a compromised cell
membrane. (F) Cytokines, chemokines, and growth factors detected in the media of untreated and injured A375s are distinct, measured via Luminex. n =
3 independent experiments.
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per well. HMDM and HMDDC lysate experiments had a density of

300,000 cells per well. Each well was washed once with ice-cold PBS

and then lysed with 100uL of ice-cold NP40 lysis buffer

(ThermoFisher J60766.AK) supplemented with protease and

phosphatase inhibitors (ThermoFisher 78441). Lysates were

clarified at 16,100g for 10 minutes at 4°C and stored at -80°C

until further use. Total protein content in cell lysates was quantified

via ThermoFisher’s Micro BCA Protein Assay Kit (23235) and was

used to normalize the amount of protein added to subsequent

immunoassays. R&D Systems DuoSet ELISA kits for Tyro3

(DY859), Axl (DY154), MerTK (DY6488), and Gas6 (DY885B)

were used to quantify the amount of each protein in the cell lysates

and, where mentioned, in the A375 supernatants.
2.3 Conditioned media experiments

A375s were seeded at a density of 2 million cells per T75 flask.

The next day, cells were washed with PBS and then were treated

with either trametinib + dabrafenib or matched DMSO vehicle

control in serum-free RPMI 1640 media for 24 hours. This was

followed by 24 hours of rest in serum-free RPMI 1640 media to

generate injured A375s and untreated A375s, respectively. The

media from these cells was then collected and clarified at 500g for

5 minutes. The supernatants were transferred to fresh tubes and

diluted 1:1 with 1% HI FBS RPMI 1640 media. Diluted media was

then filtered with 50mL Steriflip (MilliporeSigma SCGP00525). All

other treatments in these experiments, i.e., treatments that were not

conditioned media, were generated in 1:1 serum-free and 1% HI

FBS RPMI 1640 media. The treatments were added to HMDMs

(300,000 per well) in 6-well plates at 1mL per well and cells were

incubated for 24 hours. Following this incubation, the media was

collected and the HMDMs were lysed as described above. The

media was clarified at 500g for 5 minutes, and the supernatant was

transferred to fresh 6-well plates at 1mL per well such that donor-

matched HMDDCs (300,000 per well) could be added to these wells

and incubated for 24 hours. The excess HMDM supernatants were

aliquoted and stored at -20°C prior to assaying via Luminex.

Following the 24-hour treatment of the HMDDCs, the cells and

media were collected and centrifuged at 500g for 5 minutes. The

HMDDC supernatants were aliquoted and stored at -20°C for

downstream analysis via Luminex while the cell pellets were

washed once with PBS prior to cell lysis for downstream

quantification of TAMRs via ELISA as described above.
2.4 Co-culture and tri-culture experiments

HMDMs were washed with PBS and treated with 1mM
bemcentinib, 10mM BMS-777607, or dose-matched DMSO for 4

hours after which they were washed again with PBS. Untreated or

injured A375s were generated and added to the HMDMs in their

respective conditioned media as described above, and bemcentinib,

BMS-777607, or DMSO was replenished. After 24 hours of co-
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HMDDCs were added to each well to begin tri-culture. Tri-culture

experiments were taken down 24 hours after the addition of

HMDDCs. Take down of each experiment involved collecting

media supernatants, clarifying them at 500g for 5 minutes, and

storing the supernatants at -20°C prior to assaying the supernatants

via Luminex. Cells were collected and stained immediately to be

assayed via flow cytometry. These experiments were conducted in

12-well plates with 150,000 HMDMs, 50,000 A375s, and

75,000 HMDDCs.
2.5 Flow cytometry

Cells were incubated with Human TruStain FcX Fc Receptor

Blocking Solution (BioLegend 422302) for 30 minutes at 4°C. Cells

were then washed with FACS buffer (2mM EDTA and 2%HI FBS in

PBS) and stained with BV421 CD14 (BioLegend 301830), APC

CD206 (BioLegend 321110), FITC CD163 (BioLegend 333618),

BUV563 CD40 (BD Biosciences 741381), BV605 HLADR

(BioLegend 307640), BV711 CD86 (BioLegend 305440), and PE-

Cy7 CD80 (BioLegend 305218) for 20 mins at 4°C for co-culture

experiments. For tri-culture experiments cells were stained with

BV421 CD14, APC CD206, FITC CCR7 (BioLegend 353216),

BUV563 CD40, BV605 HLADR, BV711 CD1a (BioLegend

300140), PE-Cy7 CD80, and PE CD83 (BioLegend 305308). The

antibody cocktails included Brilliant Stain Buffer Plus (BD

Biosciences 566385), and dilutions for each antibody are reported

in Supplementary Table 1. Following another wash, cells were

stained with Zombie NIR Fixable Viability Dye (BioLegend

423105) for 20 minutes at room temperature. The cells were then

washed and fixed in 4% paraformaldehyde for 15 minutes at room

temperature. Cells were washed and resuspended in FACS buffer

and were maintained at 4°C prior to data acquisition. Data was

acquired on a FACSymphony A3 Cell Analyzer (BD Biosciences) at

the Koch Institute Flow Cytometry Core. Compensation and gating

were conducted in FlowJo (10.8.2). HMDM and HMDDC fcs files

were then exported from FlowJo for downstream data analysis

conducted in R with the cyCombine package (33). Specifically, the

data were first ArcSinh-transformed and then batch-corrected.

Following batch correction, the median values for each marker

for each sample were calculated, and these values were used as input

for Principal Component Analysis (PCA) of HMDM and HMDDC

surface marker expression.

Efferocytosis in the co-culture experiments of A375s with

HMDMs was measured by staining the A375s with pHrodo Red

dye (ThermoFisher P36010), which is pH sensitive, prior to starting

the co-culture. HMDM consumption of A375s was determined by

calculating the percent of total HMDMs in a co-culture sample that

stained positively for the pHrodo Red signal.

A375 viability was measured by staining the cells with PE

Annexin V (BioLegend 640947) for 10 minutes at room

temperature in Annexin V Binding Buffer (BioLegend 422201).

Cells were then washed and stained with Zombie Green Fixable
frontiersin.org
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Viability Dye (BioLegend 423111) for 10 minutes in PBS at room

temperature. Following another wash, the cells were resuspended in

Annexin V Binding Buffer and data was immediately acquired.
2.6 Luminex

Media supernatants were assayed with custom Luminex kits

from R&D Systems. The list of analytes in each kit are reported in

Supplementary Table 2. The kits were adapted to a 384-well format

by using 12.5uL of sample and reagents per well. Samples were not

diluted and were run in technical duplicate on a Bio-Plex 3D

Suspension Array System (Bio-Rad). Data were analyzed in R. A

threshold was set for each analyte based on the median fluorescent

intensity (MFI) of the media background, i.e., RPMI 1640

supplemented with 0.5% heat-inactivated FBS, GlutaMAX, and

HEPES. This threshold was subtracted from sample MFIs, and all

negative values were set to zero. Then, these corrected MFIs were

log10 transformed. The transformed data were analyzed with PCA,

only considering analytes that were non-zero in at least 50% of the

samples for conditioned media experiments or non-zero in at least

80% of the samples for co-culture and tri-culture experiments.
2.7 Statistical analysis

Statistical analysis was performed using GraphPad Prism 10.

Bar plots show means with standard deviation as error bars. Mann-

Whitney U tests were performed to compare two groups while one-

way ANOVA tests, with appropriate post-hoc correction, were

performed to compare three groups. Statistical significance was

defined as follows: *p < 0.05, **p < 0.01, ***p < 0.001.
3 Results

3.1 A375 malignant melanoma cells and
primary human monocyte-derived
macrophages capture clinically relevant Axl
behavior

We selected the A375 malignant melanoma cell line as our

tumor cell model because these cells recapitulate clinically observed

expression of Axl (16). Specifically, we measured A375 cell lysate

expression of the TAMRs and their ligand Gas6 as well as A375

shedding or secretion of these molecules (Figure 1A right). These

cells have no detectable MerTK, but they do express Axl, Tyro3, and

Gas6 (Figure 1B). Notably, their levels of Axl are roughly 30x and

75x that of Tyro3 and Gas6, respectively. Furthermore, following

24-hour treatment with trametinib + dabrafenib, the MEK and

BRAF inhibitors that are the standard-of-care treatment for

melanoma (34), A375s increase their expression of Axl while

decreasing their shedding of the receptor (Figure 1C). This

suggests that the cells increase their Axl expression as a way to

bypass the inhibitory effects of trametinib + dabrafenib on
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intracellular signaling (35, 36). Indeed, Axl is known to mediate

drug resistance by maintaining the activity of various drug-targeted

signaling pathways (15, 17, 18, 37, 38), and it is known that

decreased receptor shedding is yet another avenue of drug

resistance (39). Moreover, while treatment with trametinib +

dabrafenib does not yield changes in A375 Gas6 expression, the

cells do decrease their secretion of the ligand (Figure 1D). In other

words, the amount of Gas6 produced by the cells remains

unchanged, but the soluble amount decreases, suggesting that

more Gas6 is bound to Axl on the cell surface (Figure 1A right)

with drug treatment. This further supports the claim that A375s

increase autocrine Axl signaling as a bypass mechanism to

trametinib + dabrafenib treatment. Together, these results

demonstrate that the A375 malignant melanoma cell line has

clinically relevant responses to trametinib + dabrafenib (16) and

is a viable tumor cell model to include in an in vitro system aimed at

studying Axl inhibition.

Next, in an effort to model a wider range of potential outcomes

to Axl inhibition, we generated two populations of A375s,

“untreated” A375s and “injured” A375s, as the effects of Axl

inhibition may differ in treatment-naïve and targeted therapy-

treated tumors. Untreated A375s were generated by exposing the

cells to DMSO for 24 hours followed by 24 hours of rest. Injured

A375s were generated by treating the cells with trametinib +

dabrafenib for 24 hours followed by 24 hours of rest. To validate

that these treatments yield distinct A375 populations, we first

characterized differences in the cells’ viability by measuring

phosphatidylserine (PS) exposure and membrane integrity via

flow cytometry. Annexin V binds to PS and is indicative of cells

having undergone apoptosis, while Zombie Fixable Viability Dye

stains cells with compromised cell membranes, indicative of cells

having undergone necrosis. Untreated A375s are primarily live cells

while injured A375s are a mix of live, apoptotic, and necrotic cells,

which recapitulates differences expected between treatment-naïve

and targeted therapy-treated tumors (Figure 1E). We also assayed

the media from these A375 populations for the presence of

cytokines, chemokines, and growth factors and found that

untreated and injured A375s have distinct secretion profiles

(Figure 1F). The untreated A375 secretome is rich in TGF-alpha,

IL-8, and MFG-E8 while the injured A375 secretome is rich in

CCL2 and S100B, indicative of a shift in molecular cues supporting

tumor progression to molecular cues supporting myeloid cell

recruitment (40–43). These data demonstrate that these tumor

cell populations are unique in their composition and suggest that

their ultimate effects on other cells in the tumor microenvironment

may also be unique due to differences in signaling molecule

secretion. Indeed, the motivation for including both of these

populations in our work was two-fold. First, the use of the

untreated A375 population allows for understanding of how

treatment-naïve tumors respond to Axl inhibition, while the

injured A375 population serves as a model of tumors previously

treated with trametinib + dabrafenib, and is therefore clinically

relevant. Second, differences observed in the secretome between

treatment-naïve and targeted therapy-treated tumors mean that

immune cells likely interact with these tumor cells in distinct ways,
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given that macrophages are extremely plastic and adapt to their

microenvironment (44).

Having established and characterized the A375 populations of

interest, we next investigated the potential of primary human

monocyte-derived macrophages (HMDMs) as the macrophage

model for our in vitro system. We first confirmed HMDM

differentiation (Supplementary Figure 1), and then characterized

their expression of the TAMRs and Gas6 upon polarization with

pro-inflammatory IFNg + LPS or immune-resolving IL-4 + IL-13,

as compared to unstimulated controls. In response to the pro-

inflammatory stimuli of IFNg + LPS, HMDMs increase their Axl

expression, decrease their MerTK expression, and maintain their

Gas6 expression (Figure 2A). Likewise, in response to the pro-

resolution stimuli of IL-4 + IL-13, HMDMs slightly decrease their

Axl expression, maintain their MerTK expression, and increase

their Gas6 expression. Axl is considered to be the inflammatory

TAMR and is known for its increased expression in inflammatory

environments, while MerTK is considered to be the tolerogenic

TAMR and is known to have elevated expression in homeostatic

and pro-resolving environments (45). Thus, cytokine-driven

changes in HMDM expression of Axl and MerTK observed here

align with previously established trends, as does the HMDM

expression of Gas6 (46). Notably, absolute quantification shows

that Tyro3 is not detected in HMDM lysates, consistent with prior

literature (47). The difference in magnitude of the absolute

quantification of Axl and MerTK expression between conditions

reflects their established roles as inflammatory and tolerogenic

receptors, respectively. It is important to note that though donor

variability is high in the absolute quantification of these molecules,

the fold change in expression demonstrates consistent trends

observed across donors.

While the changes in HMDMAxl, MerTK, and Gas6 expression

in response to standard polarization stimuli were as expected, it was

important to characterize how the distinct secreted factors of

untreated and injured A375s impact this expression and,

therefore, the relevance of HMDMs as the macrophage model for

our in vitro system. Upon treatment with conditioned media from

untreated or injured A375s, HMDMs universally increase their

expression of Axl while changes in MerTK expression appear to be

donor-dependent (Figure 2B). Furthermore, HMDM Gas6

expression increases with conditioned media from untreated

A375s but remains unchanged with conditioned media from

injured A375s. These results suggest that both the untreated A375

population and the injured A375 population train macrophages to

assume a tumor-supporting role, at least in part by promoting the

immunosuppressive, pro-resolution effects of macrophage Axl and

MerTK signaling via signaling through their soluble factors.

However, the principal component analysis (PCA) performed on

Luminex results from HMDM supernatants reveal that while the

macrophages that result from these two conditions exhibit

comparably upregulated Axl expression, they are distinct from

each other and from macrophages polarized with canonical

cytokines (Figure 2C). Indeed, the secretion signature of HMDMs

treated with IFNg + LPS is particularly distinct from the other

HMDMs (Figure 2C; Supplementary Figure 2A) because, as
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expected in a pro-inflammatory milieu, these macrophages secrete

higher levels of most of the measured molecular cues as shown by

principal component 1 (PC1) loadings (Figure 2D; Supplementary

Figure 2B). Furthermore, HMDMs treated with IL-4 + IL-13

separate from those exposed to untreated A375 conditioned

media along PC2, in part due to the growth factors present in

media from this tumor cell population, such as TGF-alpha and

MFG-E8. Surprisingly, in the PCA scores plot, HMDMs exposed to

injured A375 conditioned media do not separate from their

unstimulated counterparts. However, these HMDMs do separate

from those exposed to untreated A375 conditioned media,

demonstrating that the two tumor cell populations of interest

have distinct effects on macrophage activity. Overall, these data

support the use of HMDMs as an in vitro macrophage model to

study Axl inhibition and confirm the importance of considering

both untreated and injured A375 cell states.
3.2 Macrophage behavior is impacted by
Axl inhibition and is dominated by prior
tumor cell treatment

Once our model system was established, we were first interested

in how direct tumor cell-macrophage interactions may be altered by

Axl inhibition. To investigate this, we co-cultured A375s with

HMDMs. We pre-treated the HMDMs for at least 4 hours with

either bemcentinib or DMSO vehicle prior to co-culturing them with

either untreated or injured A375s (Figure 3A). Bemcentinib is a first-

in-class Axl-specific small molecule kinase inhibitor that is in clinical

trials for a variety of cancer indications, including melanoma (24), so

its effects on tumor cell-macrophage interactions are clinically

relevant. During this pre-treatment period, we harvested and

stained untreated or injured A375s with pHrodo Red. pHrodo Red

is a pH-sensitive dye that emits a strong fluorescent signal upon

exposure to an acidic environment, such as the phagolysosome. Thus,

the pHrodo dye enables measuring consumption of A375s by

HMDMs. After staining the A375s, we added the tumor cells to the

macrophages and replenished the inhibitors. Following 24 hours of

co-culture, we harvested the cells and stained them with a panel of

surface markers representative of immune activation state for analysis

via flow cytometry. HMDMs were specifically analyzed by gating on

CD14+ cells (Supplementary Figure 3A).

As many cell states are indicated by not just one surface marker

but several, we again employed PCA to examine our cell

populations in a multivariate manner. The PCA scores plot

clearly demonstrates that the HMDMs can be distinguished by

which type of A375s they were co-cultured with, i.e., untreated or

injured A375s, along PC1 (Figure 3B). The HMDMs can also be

distinguished by treatment with bemcentinib or DMSO along PC2.

Importantly, the separation along these PCs suggests that the A375

state dominates macrophage behavior because PC1 captures the

greatest variance in the data, and this variance is defined by the

tumor cell state. In order to identify markers driving the separation

by A375 state and inhibitor treatment, we looked at the feature

loadings contributing to each PC. The PC1 loadings (Figure 3C)
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FIGURE 2

Primary human monocyte-derived macrophage expression of Axl, MerTK, and Gas6 is modulated by polarization stimuli and A375 conditioned
media. (A) Fold change of Axl, MerTK, and Gas6 expression in polarized as compared to unstimulated HMDM cell lysates, as measured via ELISA,
show IFNg + LPS yields increased Axl expression (left). Absolute expression demonstrates decreased MerTK expression with IFNg + LPS and increased
Gas6 expression with IL-4 + IL-13 (right). Absolute expression also shows the difference in magnitude of expression of these receptors or molecules
as well as the donor-to-donor variability in expression that supports the use of fold change. n = 3 independent donors. *p < 0.05, ***p < 0.001 one-
way ANOVA with post-hoc Dunnett’s test. (B) Fold change of Axl, MerTK, and Gas6 expression in cell lysates of HMDMs treated with conditioned
media (CM) from untreated or injured A375s as compared to unstimulated controls, measured via ELISA. Axl expression increases with both
untreated and injured A375 conditioned media. Gas6 expression increases with untreated A375 conditioned media. n = 3 independent donors, same
donors as (A). *p < 0.05, **p < 0.01, ***p < 0.001 one-way ANOVA with post-hoc Dunnett’s test. (C) PCA scores plot of log10(MFI) of cytokines,
chemokines, and growth factors detected via Luminex in HMDM supernatants from (A, B) shows separation of HMDMs treated with IFNg + LPS, IL-4
+ IL-13, and untreated A375 conditioned media. (D) PC1 loadings plot (left) and PC2 loadings plot (right) show which cytokines, chemokines, and
growth factors contribute to separation in (C). Only top 10 features shown.
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FIGURE 3

Co-culture experiments demonstrate both A375 state and inhibitor treatment contribute to macrophage state. (A) Schematic of experimental design:
1) After differentiation, HMDMs are harvested and re-seeded into 12-well plates. 2) HMDMs are pre-treated for at least 4 hours with 1mM bemcentinib
(Bem) or DMSO vehicle. 3) During this pre-treatment, untreated and injured A375s are harvested and stained with pHrodo Red dye. 4) The pHrodo
stained A375s are added to the HMDMs and the inhibitors are replenished. 5) After 24 hours of co-culture, the media is collected for downstream
Luminex analysis while the cells are immediately harvested and stained for surface markers for analysis via flow cytometry. Created with
BioRender.com. (B) PCA scores plot of surface marker expression by HMDMs in co-culture, measured via flow cytometry, shows macrophages separate
based on both A375 state and inhibitor treatment. n = 6 independent donors. (C) PC1 loadings plot (left) and PC2 loadings plot (right) show which HMDM
surface markers contribute to separation in (B). (D) PCA scores plots of log10(MFI) of cytokines, chemokines, and growth factors detected via Luminex in
the co-culture supernatants from (B, C). PC2 vs PC1 scores plot (left) demonstrates separation of co-culture samples based on A375 state while PC3 vs
PC1 scores plot (right) demonstrates separation of co-culture samples based on inhibitor treatment. (E) PC1 loadings plot (left), PC2 loadings plot
(middle), and PC3 loadings plot (right) show which features contribute to separation in (D). Only top 10 features shown.
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indicate that the pHrodo dye signal is higher in HMDMs co-

cultured with injured A375s, which is consistent with the

consumption data from these experiments (Supplementary

Figure 3B). CD86 and HLADR also contribute to the separation

of these macrophages from those co-cultured with untreated A375s,

suggesting that injured A375s promote HMDMs to be better

equipped for antigen presentation. In contrast, HMDMs co-

cultured with untreated A375s are associated with expression of

CD40, CD80, and CD206, meaning that these macrophages have

adopted a complex tumor-associated macrophage state and, if given

the appropriate cues, may be manipulated into an anti-tumor state.

With respect to separation along PC2, CD86, CD80, HLADR,

CD40, and CD206 expression is in the direction of bemcentinib

treatment, while CD163 expression is in the direction of DMSO

vehicle treatment (Figure 3C). The HMDM surface marker

expression profile with bemcentinib treatment suggests that these

macrophages are primarily in an antigen-presenting, pro-

inflammatory, and anti-tumor state. We had hypothesized that

Axl inhibition via bemcentinib treatment would yield decreases in

macrophage consumption of A375s, given that Axl is an efferocytic

receptor. However, the pHrodo dye signal does not associate with

either direction of separation along PC2, and upon further analysis,

we found that this is consistent with the consumption data from

these experiments (Supplementary Figure 3C). Bemcentinib’s lack

of impact on HMDM consumption of A375s may be explained in

part by a compensatory increase in HMDM total MerTK expression

(Supplementary Figure 4) as well as by other phagocytic receptors’

signaling remaining intact.

While HMDM surface marker expression hints at macrophage

state, it is insufficient to understand macrophage activity. In an

effort to understand differences in macrophage activity under these

various co-culture conditions, we collected media supernatant from

each sample to assess changes in molecular cues via Luminex

(Supplementary Figure 5A). Though secreted cues in supernatant

could be contributed by either HMDMs or A375s in this co-culture

experiment, it is informative of the overarching immune

microenvironment that the HMDMs are exposed to. We found

that, like in the HMDM flow cytometry data, the supernatants of the

co-culture samples separate primarily based on A375 state, i.e.,

untreated or injured, as depicted in the PCA scores plot of PC2

against PC1 (Figure 3D). However, the multivariate effects of the

inhibitors, i.e., bemcentinib or DMSO vehicle, are not clear, in part

due to donor-to-donor variability (Supplementary Figure 5B).

When examining the combination of PC1 and PC3, we found

PC3 is able to separate the samples based on inhibitor treatment

(Figure 3D). As these differences are seen on a higher principal

component, this suggests that A375 state again influences the

secretome to a greater degree than the inhibitor treatment. To

identify which cytokines, chemokines, and growth factors are

contributing to these observations, we turned to the feature

loadings of each PC. The PC1 loadings plot demonstrates that the

top features are highly present in samples with untreated A375s

(Figure 3E). In fact, nearly all of the features are present at higher

levels with untreated A375s (Supplementary Figure 5C), reinforcing

the claim that the molecular cues in the microenvironment of a
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treatment-naïve tumor are distinct from those of a targeted therapy-

treated tumor. The PC2 loadings plot describes donor differences in

secreted molecular cues (Figure 3E; Supplementary Figure 5C),

which is consistent with the high level of variability known to exist

between human macrophages (48). Finally, the PC3 loadings plot

identifies high IL-16, Galectin-9, IL-8, IL-2, and IL-18 as the

features associated with bemcentinib treatment while high CCL3,

PDGF-BB, CXCL10, CCL8, and CCL24 are associated with DMSO

vehicle (Figure 3E). Though these results indicate that the molecular

cues secreted under bemcentinib treatment differ from those

secreted under DMSO vehicle treatment, neither set of cues is a

clear, cohesive pro-inflammatory, anti-tumor signature, suggesting

that the signaling changes induced by bemcentinib are pleiotropic

and will likely influence the immune microenvironment in a

context-dependent manner.
3.3 Primary human monocyte-derived
dendritic cells dampen the effects of Axl
inhibition

We have thus far focused on HMDMs because macrophages are

the most abundant immune cell in solid tumors (49), but

macrophages are not the only myeloid cell potentially impacted

by Axl inhibition, as dendritic cells are also known to rely on TAMR

signaling (25). Given that these myeloid cells are crucial to

establishing a durable anti-tumor immune response through T

cell activation, we next incorporated human monocyte-derived

dendritic cells (HMDDCs) into our in vitro system.

We first confirmed HMDDC differentiation (Supplementary

Figure 1), and then characterized the TAMR and Gas6 expression of

these cells. We found that while they do not express Tyro3 or Axl,

they do express low levels of MerTK (Figure 4A). Despite their

general lack of TAMR expression, HMDDCs express copious

amounts of the ligand Gas6 (Figure 4A right), as compared to

HMDMs (Figure 2A right), and this expression is modulated by

polarization stimuli. Interestingly, unlike their HMDM

counterparts (Figure 2B), HMDDC expression of Gas6 is not

influenced by exposure to untreated or injured A375 conditioned

media (Figure 4B). While the cells’ Gas6 expression remained

unchanged, we hypothesized that HMDDCs may alter other

secreted factors in response to treatment with polarization stimuli

or conditioned media. To investigate this, we assayed their media

supernatant via Luminex (Supplementary Figure 6A). As expected,

dimensionality reduction separates the IFNg + LPS treated

HMDDCs from all others along PC1 (Figure 4C) because these

polarization stimuli promote increased secretion of nearly all of the

molecular cues measured (Figure 4D; Supplementary Figure 6C).

Separation along PC2 and PC3 is dominated by donor differences

(Supplementary Figure 6B). These donor differences are also

evident in PC2 of the donor-matched HMDMs (Figure 2C) from

which media was sourced to treat the HMDDCs, but the donor

differences do not dominate variance along PC2 of the macrophage

supernatants. We looked for principal components that were able to

cluster donors together but separate HMDDCs based on treatment
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FIGURE 4

Primary human monocyte-derived dendritic cell expression of Gas6 is modulated by polarization stimuli but not A375 secreted factors. (A) Fold
change of Gas6 expression in polarized as compared to unstimulated HMDDC cell lysates, as measured via ELISA, demonstrates a decrease in a
decrease in expression with IFNg + LPS and an increase with IL-4 + IL-13 (left). Conditioned media (CM) treatments are from donor-matched
HMDMs. Absolute expression demonstrates the general lack of TAMR expression by HMDDCs (right). n = 3 independent donors, same donors as
Figure 2. *p < 0.05 one-way ANOVA with post-hoc Dunnett’s test. (B) Fold change of Gas6 expression in cell lysates of HMDDCs treated with
conditioned media from untreated or injured A375s as compared to unstimulated controls, measured via ELISA. A375 secreted factors do not affect
dendritic cell Gas6 expression. Conditioned media are from donor-matched HMDMs. n = 3 independent donors, same donors as (A) and Figure 2.
(C) PCA scores plot of log10(MFI) of cytokines, chemokines, and growth factors detected via Luminex in HMDDC supernatants from (A, B) shows
separation of HMDDCs treated with IFNg + LPS, IL-4 + IL-13, and untreated A375 conditioned media. (D) PC1 loadings plot (left) and PC4 loadings
plot (right) show which cytokines, chemokines, and growth factors drive separation in (C). Only top 10 features shown.
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condition, and found that this was true of PC4. Specifically, the

dendritic cells exposed to IL-4 + IL-13 conditioned media separate

from those exposed to untreated A375 conditioned media

(Figure 4C). The feature loadings for PC4 (Figure 4D) indicate

that this separation is driven by some factors that are present in

either the untreated A375 conditioned media (Figure 1F) or the IL-4

+ IL-13 HMDM supernatants (Figure 2D). Overall, these data

demonstrate that the HMDDCs can be distinguished by the

media they are treated with.

To better understand the direct effects of the A375s and

HMDMs on the dendritic cells as well as the effects of the

HMDDCs – and their copious amounts of Gas6 – on the system,

we added the dendritic cells to our co-culture experiments to

conduct tri-culture experiments. First, the co-culture was

conducted as discussed in the previous section, with the exception

that the A375s were not stained with pHrodo Red (Figure 5A).

Once the 24-hour co-culture of HMDMs with A375s was

completed, donor-matched HMDDCs were added for 24 hours of

tri-culture prior to sample collection. Importantly, the HMDDCs

were added after the 24-hour co-culture of A375s and HMDMs in

an effort to model dendritic cell infiltration that may result from

changes to the immune microenvironment following treatment

with bemcentinib.

We again utilized a panel of cell surface markers that enabled us

to distinguish our cell populations and characterize immune cell

activation state via flow cytometry. We were able to distinguish

HMDDCs from HMDMs based on their expression of CD1a or

CD14, respectively (Supplementary Figures 1C, D). Following

gating on CD1a+CD14- cells to exclusively characterize

HMDDCs, we performed PCA on the batch-corrected surface

marker expression data. Separation along PC1 is dominated by

treatment with bemcentinib or DMSO vehicle (Figure 5B).

Arguably, within each inhibitor, HMDDCs display some degree

of separation based on A375 state, i.e., untreated or injured. The

feature loadings for PC1 indicate that HMDDC expression of

HLADR, CD40, and CCR7 is associated with bemcentinib

treatment while expression of CD80, CD83, and CD206 is

associated with DMSO vehicle treatment (Figure 5C). These data

suggest that regardless of A375 state, bemcentinib promotes

HMDDCs to adopt a more mature state.

Not only can we interrogate changes to HMDDC surface

marker expression in the tri-culture experiments, but we can also

assess changes to HMDM surface marker expression in these

experiments. After gating on CD1a-CD14+ cells to exclusively

characterize HMDMs in the system, PCA of the batch-corrected

surface marker expression data shows that the macrophages

separate by A375 state along PC1 (Figure 5D). This separation is

driven by CD80, CD83, CD40, and CD206 expression in the

direction of tri-culture with untreated A375s (Figure 5E), further

supporting the claim that HMDMs cultured with the untreated

A375 population assume a complex tumor-associated macrophage

state while those cultured with the injured A375 population may be

better equipped for antigen presentation. Though it could be argued

that within each A375 cell state there is separation based on whether

the tri-culture was treated with bemcentinib or DMSO vehicle, the
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macrophages in tri-culture do not separate based on both A375

state and inhibitor treatment as cleanly as the macrophages in the

co-culture experiments do (Figure 3B). This suggests that the

addition of dendritic cells is a significant perturbation to the

system. Indeed, the expression of CD206 and CD40 decreases in

HMDMs treated with the stimuli of IFNg + LPS or IL-4 + IL-13, and

even in HMDMs cultured with untreated A375s, following the

addition of HMDDCs (Supplementary Figure 7). This dampened

macrophage response indicates that macrophages adapt to the

presence of dendritic cells in the system, and these immune cells

likely coordinate to share the burden of responding to the tumor

cells in the system.

As in the co-culture experiments, surface marker expression is

informative of macrophage and dendritic cell state but is insufficient

to understand changes to the immune microenvironment. So, we

collected media supernatants from the tri-culture samples to

examine differences in the molecular cues of the various

conditions via Luminex (Supplementary Figure 8A). We found

that the tri-culture samples primarily separate based on whether the

cultures included untreated or injured A375s along PC1

(Figure 5F), and this is driven by greater secretion in samples

containing the untreated A375 population (Figure 5G;

Supplementary Figure 8B). The observation that most of the

molecular cues measured are more highly present in tri-culture

samples with untreated A375s is in agreement with the co-culture

supernatant data (Figures 3D, E; Supplementary Figure 5C), further

emphasizing the impact of tumor cell prior treatment status on the

immune microenvironment. In contrast to the co-culture

supernatant data, the molecular cues present in the tri-culture

supernatants do not clearly separate with bemcentinib or DMSO

vehicle treatment. This lack of separation indicates that the addition

of HMDDCs to the system may hinder the effects of bemcentinib

and further supports the claims that the dendritic cells act as a

perturbation to the system and dampen macrophage response to

the inhibitor.
3.4 Axl inhibition and pan-TAMR inhibition
are not interchangeable

Recognizing that Axl is not the only TAMR expressed by

myeloid cells and is not the sole TAMR target under clinical

investigation (24, 50), we conducted these same experiments with

the pan-TAMR inhibitor BMS-777607. It should be noted that we

selected the dose of this inhibitor based on previous literature

demonstrating that a dose of 10mM results in 77% inhibition of

efferocytosis in vitro (20). Interestingly, though BMS-777607

decreases HMDM consumption of injured A375s compared to

DMSO vehicle control in the co-culture experiments

(Supplementary Figure 9), this functional difference is not

reflected by changes in HMDM surface marker expression, as

these macrophages cluster with the DMSO-treated condition

(Figure 6A). The macrophages co-cultured with the untreated

A375 population adopt a complex tumor-associated macrophage

state (Figure 6B, PC1 loadings) and are distinguishable from those
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1601420
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Datta et al. 10.3389/fimmu.2025.1601420
FIGURE 5

The addition of HMDDCs to the system serves as a perturbation that dampens macrophage activity. (A) Schematic of experimental design: 1) After
differentiation, HMDMs are harvested and re-seeded into 12-well plates. 2) HMDMs are pre-treated for at least 4 hours with 1mM bemcentinib (Bem)
or DMSO vehicle. 3) During this pre-treatment, untreated and injured A375s are harvested and are then added to the HMDMs, and the inhibitors are
replenished. 4) After 24 hours of co-culture, donor-matched HMDDCs are added. 5) After 24 hours of tri-culture, the media is collected for
downstream Luminex analysis while the cells are immediately harvested and stained for surface markers for analysis via flow cytometry. Created with
BioRender.com. (B) PCA scores plot of surfacemarker expression by HMDDCs in tri-culture, measured via flow cytometry, shows dendritic cells separate
primarily based on inhibitor treatment, and within inhibitor treatment arguably by A375 state. n = 5 independent donors. (C) PC1 loadings plot shows
which HMDDC surface markers contribute to separation in (B). (D) PCA scores plot of surface marker expression by HMDMs in tri-culture, measured via
flow cytometry, shows macrophages separate primarily based on A375 state, and potentially separate further by inhibitor treatment. n = 5 independent
donors, same donors as (B). (E) PC1 loadings plot shows which HMDM surface markers contribute to separation in (D). (F) PCA scores plot of log10(MFI) of
cytokines, chemokines, and growth factors detected via Luminex in the tri-culture supernatants from (B) through (E). Tri-cultures separate by A375 state.
(G) PC1 loadings plot shows which features contribute to separation in (F). Only top 10 features shown.
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FIGURE 6

The pan-TAMR small molecule inhibitor BMS-777607 does not recapitulate the results observed with bemcentinib in this in vitro system. (A) PCA
scores plot of surface marker expression by HMDMs in co-culture, measured via flow cytometry, shows macrophages separate based on both A375
state and inhibitor treatment. BMS-777607 (BMS) treatment does not separate from DMSO vehicle treatment while bemcentinib (Bem) treatment
does. n = 6 independent donors, same donors as Figure 3. (B) PC1 loadings plot (left) and PC2 loadings plot (right) show which HMDM surface
markers contribute to separation in (A). (C) PCA scores plot of surface marker expression by HMDDCs in tri-culture, measured via flow cytometry,
distinguishes dendritic cells in tri-cultures treated with bemcentinib from those treated with DMSO vehicle or BMS-777607. n = 5 independent
donors, same donors as Figure 5. (D) PC1 loadings plot shows which HMDDC surface markers contribute to separation in (C). (E) PCA scores plot of
surface marker expression by HMDMs in tri-culture, measured via flow cytometry, shows macrophages separate based on A375 state. n = 5
independent donors, same donors as (C) and Figure 5. (F) PC1 loadings plot shows which HMDM surface markers contribute to separation in (E).
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co-cultured with the injured A375 population, as expected.

However, treatment with BMS-777607 does not promote the

antigen-presenting, pro-inflammatory, and anti-tumor

macrophage state observed with bemcentinib treatment

(Figure 6B, PC2 loadings). Furthermore, in the tri-culture system,

dendritic cells from samples treated with BMS-777607 do not

separate from those treated with DMSO vehicle (Figure 6C), and

they do not adopt the more mature state observed with bemcentinib

treatment (Figure 6D). Consistent with the previously discussed

data, the macrophages in the tri-culture system separate based on

whether or not the A375 cells were pre-treated with targeted

therapy, but not based on TAMR inhibitor treatment (Figure 6E).

Furthermore, the HMDMs from tri-culture with untreated A375s

adopt a complex tumor-associated macrophage state (Figure 6F).

Taken together, these data demonstrate that Axl inhibition is not

interchangeable with pan-TAMR inhibition, at least in this in

vitro system.
4 Discussion

In this work, we developed a human in vitro model system of

the tumor microenvironment to study the effects of Axl
Frontiers in Immunology 14
inhibition on myeloid cells. We found that the Axl-specific

small molecule inhibitor bemcentinib promotes increased

activation and antigen presentation by HMDMs and HMDDCs.

This suggests that bemcentinib primes the myeloid compartment

of the tumor microenvironment to be better equipped to support

increased T cell infiltration into the tumor for a durable anti-

tumor immune response, as has been observed in prior in vivo

studies (30). Notably, through our experiments comparing

bemcentinib to the pan-TAMR inhibitor BMS-777607 we

demonstrate that TAMR inhibition is not necessari ly

interchangeable with Axl inhibit ion. However , more

comprehensive studies are warranted to understand whether

this finding extends to other forms of TAMR inhibition to

uncover the potential differential effects of Axl inhibition and

pan-TAMR inhibition, ultimately furthering the field ’s

understanding of the roles of Tyro3, Axl, and MerTK in the

tumor microenvironment. Finally, due to the design control

inherent to in vitro experiments, we were able to consider

tumor cell state, i.e., untreated vs. injured through treatment

with targeted therapeutics, as a variable necessary to gain a

mechanistic understanding of Axl inhibition in the distinct

contexts of a treatment-naïve tumor microenvironment versus

a tumor microenvironment defined by prior standard-of-care
FIGURE 7

Summary schematic of insights gained from this study. A375 prior treatment with targeted therapy is the primary driver of macrophage (HMDM)
state. Axl inhibition via bemcentinib (Bem) promotes macrophage activation and antigen presentation, characterized by CD86, CD80, HLADR, and
CD40 expression. The addition of dendritic cells (HMDDC) to the system dampens macrophage response. Created with BioRender.com.
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treatment (Figure 7) – a comparison which, to the best of our

knowledge, has not been reported on previously.

It is well-known that the form of death incurred by a cell as well

as its associated molecular cues impact macrophage response and

behavior upon efferocytosing the dead cell, as detailed by Rothlin et

al. (51). Recently, it was also shown that the identity of the dead cell

it consumes ultimately impacts macrophage response to exogenous

stimuli (52). Thus, we hypothesized that injury via treatment with

targeted therapy may impact subsequent macrophage response to

tumor cells, and that the distinct roles assumed by these

macrophages may fundamentally alter their responses to Axl

inhibition. Strikingly, untreated A375s yield HMDMs exhibiting a

tumor-associated macrophage phenotype characterized by CD40,

CD80, and CD206 surface expression while injured A375s yield

HMDMs with markers of increased antigen presentation, namely

HLADR and CD86. These A375 populations also resulted in co-

cultures with distinct molecular signatures, where the majority of the

measured cues were found to be more highly secreted in co-cultures

with untreated A375s. It is important to note that measuring

cytokines, chemokines, and growth factors in media supernatants

is limited to detecting those that are produced in excess. In other

words, molecules that are produced and consumed or degraded at

relatively equivalent rates cannot be detected. Thus, while one

interpretation of our Luminex data is that the microenvironment

of HMDMs cultured with untreated A375s is marked by higher

immune activity, it is also possible that the decreased presence of

these molecular cues in the injured A375 co-cultures is because the

molecules are consumed at a rate faster than they are produced as a

direct result of increased signaling and immune activity. Another

possible explanation of the lower amounts of secreted proteins

detected in supernatants from co-cultures with injured A375s may

simply be that these injured tumor cells do not produce the secreted

factors at appreciable levels. Regardless of the interpretation of the

Luminex data, it is clear that tumor cell state is an important

variable to consider that yields distinct macrophages and

microenvironments. Importantly, these differences may ultimately

impact the effects of Axl inhibition. Indeed, even though

bemcentinib treatment consistently separates from DMSO vehicle

control in our co-culture data, within the bemcentinib treatment the

conditions remain separate based on tumor cell state, further

supporting the hypothesis that the immune cell response to Axl

inhibition is impacted by the perturbed tumor state that results from

prior treatment with other therapeutics. This hypothesis warrants

further investigation because it has important implications for the

clinical use of Axl inhibitors and their integration into standard-of-

care frontline therapies for cancer patients.

For use in combination with existing treatments, our work

suggests that treatment timing could affect the immune activation

landscape with potential implications on efficacy. Indeed, it has been

demonstrated that following the development of treatment

resistance to chemotherapy, the use of bemcentinib as a

monotherapy is insufficient to prolong survival in a preclinical

study of leukemia (32). More recent results do show that in acute

myeloid leukemia, the combination of bemcentinib with low dose

chemotherapy is beneficial in a subset of patients (53). In the context
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of non-small cell lung cancer (NSCLC), a recent study demonstrated

that Axl expression in the tumor and immune compartments was

not associated with overall survival in patients who received first line

immunotherapy, but in patients who had received prior

chemotherapy, Axl expression was a strong negative prognostic

factor (54). Congruently, a clinical trial (NCT03184571) assessing

bemcentinib in combination with anti-PD-1 immunotherapy

showed that Axl-expressing NSCLC patients have improved

response (55). Additionally, administration of bemcentinib

benefitted a subset of EGFR mutant patients who had failed prior

erlotinib targeted therapy (NCT02424617, 56). However, clinical

trials in the first line setting have shown mixed results. Bemcentinib

in the context of first line metastatic melanoma treatment

(NCT02872259) did not increase patient response or survival (57),

and a first line combination treatment trial in STK11-mutant

NSCLC was recently discontinued (NCT05469178, 58). Other Axl

targeting agents (e.g., sitravatinib) have also reported disappointing

clinical trial results (NCT03906071, 59). Therefore, there is a need to

elucidate the context-specific mechanistic effects of Axl inhibition on

the tumor microenvironment, as validated by our in vitro model.

Additional models such as clinical solid tumor samples could

provide insights into a more complex tumor microenvironment

that extend beyond our three cell types and broaden the clinical

relevance of our findings. To that end, following the publication of

clinical trial data, it will be imperative to assess the ability of this in

vitro model to capture clinical observations.

Given our interest in how Axl inhibition may alter the tumor

immune microenvironment to ultimately support T cell infiltration

and an anti-tumor immune response, we conducted tri-culture

experiments with HMDDCs. Like the macrophages in the co-

culture experiments, we found that the dendritic cells in tri-

culture separate based on inhibitor treatment, with bemcentinib

treatment being associated with increased expression of maturation

markers. Intriguingly, including HMDDCs in the system appears to

dampen the HMDM responses that were observed in the co-culture

experiments. Specifically, the addition of HMDDCs impedes the

inhibitor-associated separation of HMDMs as assessed by surface

marker expression, and it impedes the inhibitor-associated

separation of the secreted molecular cues as assessed by Luminex.

We hypothesize that adding HMDDCs to the previously established

co-culture system is a significant perturbation to macrophage

signaling, and that the observed modulation of HMDM response

may be explained in part by the macrophages and dendritic cells

cooperating to share the burden of the innate immune response to

the tumor cells. Indeed, though macrophages and dendritic cells are

traditionally considered to have disparate roles in the immune

system, the field has begun to recognize that these cells cooperate

and coordinate their functions (60). Therefore, future studies

pursuing this hypothesis are warranted. Notably, despite the

observation that HMDDCs dampen the effects of bemcentinib on

HMDM state and on the molecular signature of the system, the

effects of tumor cell pre-treatment with targeted therapy are

maintained. This further bolsters the claim that treatment-naïve

and targeted therapy-treated tumor cells likely predetermine the

therapeutic efficacy of Axl inhibition as a consequence of how they
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condition the immune cells in their microenvironment. That is, the

tumor cell state may dictate the nature of the immune cell response

to Axl inhibition, and future studies should explore this possibility.

In conclusion, we have demonstrated the importance of

investigating the effects of Axl inhibition on myeloid cells in

addition to tumor cells in the tumor microenvironment. We have

shown that the effects of Axl inhibition depend not only on the

cellular composition of the model system, but also on the previous

treatment status of the tumor cells. Finally, we have reinforced the

utility of human in vitro model systems in complementing insights

gained from in vivo studies. Specifically, these in vitro models

contribute to the elucidation of the complex mechanistic effects of

candidate therapies, as they can be used to investigate cell-cell

communication and changes to immune cell crosstalk that may

impact T cell recruitment and activation. Collectively, these models

have the potential to inform clinical trial design by evaluating efficacy

in an immune landscape defined by standard-of-care treatments.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

The requirement of ethical approval was waived by Committee

on the Use of Humans as Experimental Subjects Massachusetts

Institute of Technology for the studies involving humans because

study activities do not meet the federal definition of research or do

not involve human subject as defined in 45 CFR 46. The studies

were conducted in accordance with the local legislation and

institutional requirements. The ethics committee/institutional

review board also waived the requirement of written informed

consent for participation from the participants or the participants’

legal guardians/next of kin because study activities do not meet the

federal definition of research or do not involve human subject as

defined in 45 CFR 46.
Author contributions

AD: Writing – review & editing, Writing – original draft,

Formal Analysis, Conceptualization, Methodology, Data curation,

Investigation. LB: Writing – review & editing, Writing – original

draft, Data curation, Methodology. DG: Methodology, Writing –

review & editing, Data curation. ET: Writing – review & editing,

Methodology, Data curation. JL: Writing – original draft, Writing –

review & editing, Conceptualization. DL: Conceptualization,

Supervision, Funding acquisition, Writing – review & editing,

Project administration, Writing – original draft.
Frontiers in Immunology 16
Funding

The author(s) declare that financial support was received for the

research and/or publication of this article. This work was supported

by the Army Institute of Collaborative Biotechnologies

collaborative agreement W911NF-19-2-0026 and the National

Science Foundation Grant No. 1745302. This work was also

supported by a graduate student fellowship from the Ludwig

Center at MIT’s Koch Institute for Integrative Cancer Research.
Acknowledgments

The authors thank Glenn Paradis, Michele Griffin, and Michael

Tramontanis of the Koch Institute Flow Cytometry Core for their

technical expertise and support. The authors also thank Christine

Wiggins, Dr. Krista Pullen, Dr. Brian Joughin, Dr. Laura Maiorino,

Dr. Darrell Irvine, Dr. Ellen Xu, and Dr. Michael Birnbaum for their

technical expertise and constructive discussions. Finally, the authors

thank Ellen Kan for her feedback on the manuscript. The contents of

this manuscript contributed to and first appeared in Dr. Anisha

Datta's dissertation, which is accessible online through MIT Libraries

DSpace@MIT repository (61). Figures created with BioRender.com

can be viewed at this link: https://BioRender.com/559jtoh.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.

1601420/full#supplementary-material
frontiersin.org

https://BioRender.com/559jtoh
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1601420/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1601420/full#supplementary-material
https://doi.org/10.3389/fimmu.2025.1601420
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Datta et al. 10.3389/fimmu.2025.1601420
References
1. Robert C. A decade of immune-checkpoint inhibitors in cancer therapy. Nat
Commun. (2020) 11:1–3. doi: 10.1038/s41467-020-17670-y

2. Ouyang P, Wang L, Wu J, Tian Y, Chen C, Li D, et al. Overcoming cold tumors: a
combination strategy of immune checkpoint inhibitors. Front Immunol. (2024)
15:1344272/PDF. doi: 10.3389/FIMMU.2024.1344272/PDF

3. Akalu YT, Rothlin CV, Ghosh S. TAM receptor tyrosine kinases as emerging
targets of innate immune checkpoint blockade for cancer therapy. Immunol Rev. (2017)
276:165–77. doi: 10.1111/imr.12522

4. Rothlin CV, Ghosh S. Lifting the innate immune barriers to antitumor immunity.
J Immunother Cancer. (2020) 8:1–15. doi: 10.1136/jitc-2020-000695

5. Gjerdrum C, Tiron C, Høiby T, Stefansson I, Haugen H, Sandal T, et al. Axl is an
essential epithelial-to-mesenchymal transition-induced regulator of breast cancer
metastasis and patient survival. Proc Natl Acad Sci U S A. (2010) 107:1124–9.
doi: 10.1073/pnas.0909333107

6. Asiedu MK, Beauchamp-Perez FD, Ingle JN, Behrens MD, Radisky DC,
Knutson KL. AXL induces epithelial-to-mesenchymal transition and regulates the
function of breast cancer stem cells. Oncogene. (2014) 33:1316–24. doi: 10.1038/
onc.2013.57

7. Graham DK, Deryckere D, Davies KD, Earp HS. The TAM family:
Phosphatidylserine-sensing receptor tyrosine kinases gone awry in cancer. Nat Rev
Cancer. (2014) 14:769–85. doi: 10.1038/nrc3847

8. Lee HJ, Jeng YM, Chen YL, Chung L, Yuan RH. Gas6/Axl pathway promotes
tumor invasion through the transcriptional activation of slug in hepatocellular
carcinoma. Carcinogenesis. (2014) 35:769–75. doi: 10.1093/carcin/bgt372

9. Gay CM, Balaji K, Byers LA. Giving AXL the axe: Targeting AXL in human
Malignancy. Br J Cancer. (2017) 116:415–23. doi: 10.1038/bjc.2016.428

10. Zweemer AJM, French CB, Mesfin J, Gordonov S, Meyer AS, Lauffenburger DA.
Apoptotic bodies elicit gas6-mediated migration of axl-expressing tumor cells. Mol
Cancer Res. (2017) 15:1656–66. doi: 10.1158/1541-7786.MCR-17-0012

11. Goyette MA, Duhamel S, Aubert L, Pelletier A, Savage P, Thibault MP, et al. The
Receptor Tyrosine Kinase AXL Is Required at Multiple Steps of the Metastatic Cascade
during HER2-Positive Breast Cancer Progression. Cell Rep. (2018) 23:1476–90.
doi: 10.1016/j.celrep.2018.04.019

12. Zhu C, Wei Y, Wei X. AXL receptor tyrosine kinase as a promising anti-cancer
approach: Functions, molecular mechanisms and clinical applications. Mol Cancer.
(2019) 18. doi: 10.1186/s12943-019-1090-3

13. Hong CC, Lay JD, Huang JS, Cheng AL, Tang JL, Lin MT, et al. Receptor tyrosine
kinase AXL is induced by chemotherapy drugs and overexpression of AXL confers drug
resistance in acute myeloid leukemia. Cancer Lett. (2008) 268:314–24. doi: 10.1016/
j.canlet.2008.04.017

14. Liu L, Greger J, Shi H, Liu Y, Greshock J, Annan R, et al. Novel mechanism of
lapatinib resistance in HER2-positive breast tumor cells: Activation of AXL. Cancer Res.
(2009) 69:6871–8. doi: 10.1158/0008-5472.CAN-08-4490

15. Brand TM, Iida M, Stein AP, Corrigan KL, Braverman CM, Luthar N, et al. AXL
mediates resistance to cetuximab therapy. Cancer Res. (2014) 74:5152–64. doi: 10.1158/
0008-5472.CAN-14-0294

16. Boshuizen J, Koopman LA, Krijgsman O, Shahrabi A, Van Den Heuvel EG,
Ligtenberg MA, et al. Cooperative targeting of melanoma heterogeneity with an AXL
antibody-drug conjugate and BRAF/MEK inhibitors. Nat Med. (2018) 24:203–12.
doi: 10.1038/nm.4472

17. Aldonza MBD, Reyes RDD, Kim YS, Ku J, Barsallo AM, Hong JY, et al.
Chemotherapy confers a conserved secondary tolerance to EGFR inhibition via
AXL-mediated signaling bypass. Sci Rep. (2021) 11:1–22. doi: 10.1038/s41598-021-
87599-9

18. Tang Y, Zang H, Wen Q, Fan S. AXL in cancer: a modulator of drug resistance
and therapeutic target. J Exp Clin Cancer Res. (2023) 42:1–14. doi: 10.1186/S13046-023-
02726-W/FIGURES/3

19. Aguilera TA, Rafat M, Castellini L, Shehade H, Kariolis MS, Hui ABY, et al.
Reprogramming the immunological microenvironment through radiation and
targeting Axl. Nat Commun. (2016) 7:1–14. doi: 10.1038/ncomms13898

20. Kasikara C, Davra V, Calianese D, Geng K, Spires TE, Quigley M, et al. Pan-
TAM tyrosine kinase inhibitor BMS-777607 Enhances Anti-PD-1 mAb efficacy in a
murine model of triple-negative breast cancer. Cancer Res. (2019) 79:2669–83.
doi: 10.1158/0008-5472.CAN-18-2614

21. Terry S, Abdou A, Engelsen AST, Buart S, Dessen P, Corgnac S, et al. AXL
targeting overcomes human lung cancer cell resistance to NK- And CTL-mediated
cytotoxicity. Cancer Immunol Res. (2019) 7:1789–802. doi: 10.1158/2326-6066.CIR-18-
0903

22. Tsukita Y, Fujino N, Miyauchi E, Saito R, Fujishima F, Itakura K, et al. Axl kinase
drives immune checkpoint and chemokine signalling pathways in lung
adenocarcinomas. Mol Cancer. (2019) 18:1–6. doi: 10.1186/s12943-019-0953-y

23. Engelsen AST, Lotsberg ML, Abou Khouzam R, Thiery JP, Lorens JB, Chouaib S,
et al. Dissecting the role of AXL in cancer immune escape and resistance to immune
Frontiers in Immunology 17
checkpoint inhibition. Front Immunol. (2022) 13:869676/PDF. doi: 10.3389/
FIMMU.2022.869676/PDF

24. Yadav M, Sharma A, Patne K, Tabasum S, Suryavanshi J, Rawat L, et al. AXL
signaling in cancer: from molecular insights to targeted therapies. Signal Transduction
Targeting Ther. (2025) 10. doi: 10.1038/s41392-024-02121-7

25. Rothlin CV, Ghosh S, Zuniga EI, Oldstone MBA, Lemke G. TAM receptors are
pleiotropic inhibitors of the innate immune response. Cell. (2007) 131:1124–36.
doi: 10.1016/j.cell.2007.10.034

26. Rothlin CV, Carrera-Silva EA, Bosurgi L, Ghosh S. TAM receptor signaling in
immune homeostasis. Annu Rev Immunol. (2015) 33:355–91. doi: 10.1146/annurev-
immunol-032414-112103

27. Rothlin CV, Lemke G. TAM receptor signaling and autoimmune disease. Curr
Opin Immunol. (2010) 22:740–6. doi: 10.1016/j.coi.2010.10.001

28. Boada-Romero E, Martinez J, Heckmann BL, Green DR. The clearance of dead
cells by efferocytosis. Nat Rev Mol Cell Biol. (2020). 21:398–414. doi: 10.1038/s41580-
020-0232-1

29. Lemke G, Rothlin CV. Immunobiology of the TAM receptors. Nat Rev Immunol.
(2008) 8:327–36. doi: 10.1038/nri2303

30. Guo Z, Li Y, Zhang D, Ma J. Axl inhibition induces the antitumor immune
response which can be further potentiated by PD-1 blockade in the mouse cancer
models. Oncotarget. (2017) 8:89761–74. doi: 10.18632/oncotarget.21125

31. Davra V, Kumar S, Geng K, Calianese D, Mehta D, Gadiyar V, et al. Axl and
mertk receptors cooperate to promote breast cancer progression by combined
oncogenic signaling and evasion of host antitumor immunity. Cancer Res. (2021)
81:698–712. doi: 10.1158/0008-5472.CAN-20-2066

32. Tirado-Gonzalez I, Descot A, Soetopo D, Nevmerzhitskaya A, Schäffer A, Kur
IM, et al. Axl inhibition in macrophages stimulates host-versus-leukemia immunity
and eradicates naïve and treatment-resistant leukemia. Cancer Discov. (2021) 11:2924–
43. doi: 10.1158/2159-8290.CD-20-1378

33. Pedersen CB, Dam SH, Barnkob MB, Leipold MD, Purroy N, Rassenti LZ, et al.
cyCombine allows for robust integration of single-cell cytometry datasets within and
across technologies. Nat Commun. (2022) 13. doi: 10.1038/s41467-022-29383-5

34. Robert C, Grob JJ, Stroyakovskiy D, Karaszewska B, Hauschild A, Levchenko E,
et al. Five-year outcomes with dabrafenib plus trametinib in metastatic melanoma. N
Engl J Med. (2019) 381:626–36. doi: 10.1056/NEJMoa1904059

35. Müller J, Krijgsman O, Tsoi J, Robert L, Hugo W, Song C, et al. Low MITF/AXL
ratio predicts early resistance to multiple targeted drugs in melanoma. Nat Commun.
(2014) 5:1–15. doi: 10.1038/ncomms6712

36. Luebker SA, Koepsell SA. Diverse mechanisms of BRAF inhibitor resistance in
melanoma identified in clinical and preclinical studies. Front Oncol. (2019) 9:268/
BIBTEX. doi: 10.3389/FONC.2019.00268/BIBTEX

37. Meyer AS, Miller MA, Gertler FB, Lauffenburger DA. The receptor AXL
diversifies EGFR signaling and limits the response to EGFR-targeted inhibitors in
triple-negative breast cancer cells. Sci Signal. (2013) 6. doi: 10.1126/scisignal.2004155

38. Claas AM, Atta L, Gordonov S, Meyer AS, Lauffenburger DA. Systems modeling
identifies divergent receptor tyrosine kinase reprogramming to MAPK pathway
inhibition. Cell Mol Bioeng. (2018) 11:451–69. doi: 10.1007/s12195-018-0542-y

39. Miller MA, Oudin MJ, Sullivan RJ, Wang SJ, Meyer AS, Im H, et al. Reduced
proteolytic shedding of receptor tyrosine kinases is a post-translational mechanism of
kinase inhibitor resistance. Cancer Discov. (2016) 6:383–99. doi: 10.1158/2159-
8290.CD-15-0933

40. Jinushi M, Sato M, Kanamoto A, Itoh A, Nagai S, Koyasu S, et al. Milk fat globule
epidermal growth factor–8 blockade triggers tumor destruction through coordinated
cell-autonomous and immune-mediated mechanisms. J Exp Med. (2009) 206:1317.
doi: 10.1084/JEM.20082614

41. Hou CH, Lin FL, Tong KB, Hou SM, Liu JF. Transforming growth factor alpha
promotes osteosarcoma metastasis by ICAM-1 and PI3K/Akt signaling pathway.
Biochem Pharmacol. (2014) 89:453–63. doi: 10.1016/J.BCP.2014.03.010

42. Gschwandtner M, Derler R, Midwood KS. More than just attractive: how CCL2
influences myeloid cell behavior beyond chemotaxis. Front Immunol. (2019) 10:2759.
doi: 10.3389/FIMMU.2019.02759

43. Fousek K, Horn LA, Palena C. Interleukin-8: a chemokine at the intersection of
cancer plasticity, angiogenesis, and immune suppression. Pharmacol Ther. (2020)
219:107692. doi: 10.1016/J.PHARMTHERA.2020.107692

44. Ricketts TD, Prieto-Dominguez N, Gowda PS, Ubil E. Mechanisms of
macrophage plasticity in the tumor environment: manipulating activation state to
improve outcomes. Front Immunol. (2021) 12:642285/PDF. doi: 10.3389/
FIMMU.2021.642285/PDF
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