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Abstract: Current advances in the treatment of melanoma brain metastases through immune checkpoint blockade and
targeted therapy has significantly improved outcomes and patient survival. Yet, half of all patients continue to die from
brain metastases despite use of these therapies and the addition of localized therapies like surgery and stereotactic
radiosurgery. Novel treatments are needed to improve the morbidity and mortality associated with melanoma brain
metastases. We have identified the inflammatory myddosomal pathway as a novel potential target of therapy in melanoma
brain metastases, with gross upregulation in both tumor tissue and tumor-infiltrating immune cells. These cells display
upregulation in MYD8S8, IRAK-1, IRAK-4, and downstream mediators of inflammatory activation at both the gene and
protein level. We have previously shown the ability of the oral IRAK-4 inhibitor emavusertib (CA-4948) to penetrate the
blood brain barrier and inhibit the myddosomal pathway in metastatic melanoma and primary CNS lymphoma. In this study
we further show the capacity for IRAK-4 inhibition with emavusertib to improve the therapeutic efficacy of anti-PD-1
immune checkpoint blockade in melanoma brain metastases. Emavusertib in combination with anti-PD-1 therapy results in
improved tumor-infiltrating lymphocyte recruitment, decreased myeloid derived suppressor cell function, and upregulation
of interferon y signaling resulting in improved survival in aggressive mouse models of melanoma brain metastases. This
work supports the development of combination strategies of emavusertib with immune checkpoint blockade in melanoma
brain metastases.

Introduction:

The treatment of metastatic melanoma has been revolutionized over the last 15 years with the advent and application of
immune checkpoint blockade (ICB) and BRAF targeted therapies (TT), improving the 10-year overall survival of patients
to approximately 50% (1,2). ICB in the form of single agent and combination anti-PD-1, anti-CTLA-4, and anti-LAG-3
antibodies has further been shown to improve overall survival as first line therapy in all comers regardless of BRAF
mutational status (3-5). A key issue faced by metastatic melanoma patients is the development of melanoma brain metastases
(MBM) which occurs in up to 60% of patients (6). Dual ICB with anti-PD-1 and anti-CTLA-4 is the preferred first line
therapy for MBM and can be paired with surgical resection of symptomatic MBM or stereotactic radiosurgery (SRS) to
improve patient outcomes (7-9). Unfortunately, even with these interventions melanoma brain metastases (MBM) remain a
key driver of overall mortality, responsible for greater than half of melanoma specific deaths (6,9). Timing of SRS with
immunotherapy as either combination, adjuvant, or consolidative therapies is likely to further improve upon outcomes;
however, the optimal timing and dosing of these therapies remains a point of clinical interest (10). The brain is often the
first site of treatment resistance and displays unique barriers to treatment including issues with trafficking across the blood
brain barrier (BBB), decreased penetrance of tumor-infiltrating lymphocytes (TILs), altered tumor metabolism, and an
altered mutational landscape of the tumor among others (11-15). Outside of ICB and TT, localized therapies like laser
interstitial thermal therapy, focused ultrasound (high or low intensity) and hyperthermic therapy show promise as additions
to the treatment landscape, however there is limited clinical application to-date and their integration with standard of care
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approaches is far away from routine (16). Novel therapies that address the limitation of current standard of care
immunotherapy to overcome inherent and acquired resistance in MBM are needed to combat this continued clinical problem.

One of the first barriers to effective intracranial therapies is the restrictive blood brain barrier, where a limited number of
agents can penetrate the BBB and even fewer maintain therapeutic concentrations within the brain (17). Our team has
previously shown preclinically the ability of the potent oral small molecule IRAK4 inhibitor emavusertib (CA-4948) to
cross the BBB with measurable drug exposure detected across intracranial compartments following oral administration (18).
Emavusertib is currently being explored in an on-going clinical trial, TakeAim Lymphoma (NCT03328078), where it is
being used in combination with the BTK inhibitor, ibrutinib for the treatment of primary CNS lymphoma (PCNSL). The
combination has shown early efficacy in treatment of an intracranial restricted disease, inducing complete response in some
patients with R/R PCNSL (19,20). Utilizing this understanding of drug penetrance and activity within the CNS, we have
further studied the role of the inflammatory myddosomal pathway, MYDS88 and its cotransport molecules IRAK1 and
IRAK4 as potential therapeutic targets in MBM (18). In our previous work we have shown upregulated IRAK4 expression
in human and murine MBM samples and the ability of emavusertib to inhibit MBM growth in murine models of aggressive
disease (18). We further have shown that mechanistically, this IRAK4 inhibition decreases activation of the MAPK and
NFKB pathways of activation potentially limiting the proliferative and invasive capacity of these tumors. Though promising,
single agent therapies in MBM have not shown positive outcomes and combination approaches may provide better
therapeutic efficacy and patient outcomes. As ICB remains the backbone of therapy for MBM patients, and has shown
intracranial benefit and disease control, we sought to study the combination of emavusertib with ICB therapy in the form of
anti-PD-1 therapy to understand the potential interactions between myddosomal inhibition and checkpoint blockade.

To further validate the myddosomal pathway as a therapeutic target, we first aimed to characterize the extent of myddosomal
activation in a larger cohort of MBM patient samples using both bulk and single-cell sequencing analyses. After
identification of significant upregulation of MYDS88, IRAK1, and IRAK4 in human MBM samples as well as significant
upregulation in the immune cells within the tumor microenvironment we then sought to determine the additive benefit of
emavusertib with anti-PD-1 therapy in aggressive mouse models of MBM. Our findings support the potential benefits of
the combination of emavusertib and anti-PD-1 immunotherapy in MBM.

Materials and Methods:

Cell Culture

B2905 (RRID: CVCL _BO0CG), B16F10 (RRID: CVCL 0159), and YUMMI1.G1 (RRID: CVCL_JK25) murine melanoma
cells were purchased directly from ATCC in 2023, with mycoplasma testing and origin verified by the commercial vendor.
All cells were cultured in DMEM (Gibco, 11965084) supplemented with 10% FBS (VWR, 97068-085) and 1% Penn-Strep
(Gibco, 15070063) and maintained at 37°C in humidified conditions with 5% CO,. At the beginning of the study, cells were
expanded, stocks made, and thawed vials were maintained in culture for no more than 3 weeks.

In vivo Studies

C57BL/6J (RRID: IMSR JAX:000664), GREAT (RRID: IMSR JAX:017581), and OT-I mice (RRID:
IMSR JAX:003831) were purchased from Jackson Laboratory. Animals were maintained at the animal facility of the
University of Florida in ventilated cages in a pathogen-free facility in a standard environmentally controlled room, with
50% humidity and 22 C temperature under a 14—10 h light-dark cycle. Standard water and diet were given to the mice. Flank
tumor inoculation was performed as follows: on day 0, 2 x 10° tumor cells suspended in 50% Matrigel® Matrix (Corning,
354230) and 50% saline (Aspen, 46066-807-25) and maintained on ice prior to subcutaneous injection into the murine flank
at a total volume of 50 ul. Brain melanoma inoculation was performed as follows: on day 0, 5 x 10* tumor cells suspended
in saline (Aspen, 46066-807-25) were stereotaxically injected into murine brain at a depth of 3 mm, 2 mm lateral to bregma,
at a volume of 2 pl using a Stoelting digital instrument (Stoelting, 51730D). All animals in the study were 8—12 weeks old
at experiment initiation. All animal experiments complied with local and federal animal welfare standards, and all protocols
were independently reviewed and approved by the University of Florida Institutional Animal Care and Use Committee
(IACUC).

Drug

InVivoMADb anti-mouse PD-1 (RRID: AB_10949053), InVivoMADb rat IgG2a isotype control (RRID: AB_1107769),
InVivoMADb anti-mouse CTLA-4 (RRID: AB 10950184) and InVivoMab mouse IgG2b isotype control (RRID:
AB_1107791) monoclonal antibodies were purchased from BioXcell, diluted in sterile 0.9% saline solution (Aspen, 46066-
807-25), and administered via intraperitoneal injection at a dose of 10 mg/kg every 72 hours for a total of four doses, starting
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on day 5 of the study. Emavusertib (CA-4948) was provided by Curis, Inc. It was prepared at a concentration of 10 mg/ml
in a vehicle containing 0.25% (w/v) hydroxyethyl cellulose (Millipore-Sigma, 09368) and 0.5% (w/v) Tween-20 (Millipore-
Sigma, P9416) and administered via oral gavage at a dose of 100 mg/kg, beginning on day 5 of the study. For in vitro
experiments, emavusertib was solubilized in DMSO (Millipore-Sigma, D8418) at a stock concentration of 10 mM, diluted
to 1000x concentrations, and administered at 1 ul per mL.

Clinical Specimens

Ethical approval for the use of human tissue specimens was obtained through the Florida Center for Brain Tumor Research
(FCBTR) under the University of Florida Institutional Review Board protocol 201300482 in accordance with an assurance
filed with and approved by the U.S. Department of Health and Human Services, and guided by ethical principles outlined
in the Belmont Report and U.S. Common Rule (45 CFR 46). The patient tissues used in this study have an ‘Exempt Non-
Human Status’ approval from the IRB as it is considered non-human in nature, with no identifiers.

Single Cell RNA Sequencing

In this study, we downloaded scRNASeq data from the Broad Institute scRNASeq portal
(https://singlecell.broadinstitute.org/single cell) on melanoma (Project SCP109) and brain metastasis tumor samples
(SCP1493) to investigate immune cell infiltrates and the MYD88 pathway’s role in tumor progression. We used the Seurat
package (21) in R to preprocess and analyze the data, starting with the extraction of gene expression matrices from quality-
controlled datasets. The data were normalized and log-transformed to correct for technical variations. To capture biological
variability, we focused on the most highly variable genes across the samples. We then performed dimensionality reduction
using principal component analysis (PCA) followed by t-SNE (t-Distributed Stochastic Neighbor Embedding) for
visualization. To identify distinct cell types, clustering was guided by the original metadata and assessment which was based
on gene expression profiles. Various visualization techniques, such as t-SNE and UMAP plots, were used to examine the
distribution of different cell types. We specifically investigated the expression of MYDS88 pathway genes, such as MYDSS,
IRAK1, IRAK2, and TLR4, using feature plots, dot plots, and heatmaps.

In vitro Proliferation

10* tumor cells were plated per well in 24 well plates in 1 mL of complete media. After 12 hours, CA-4948 or DMSO was
added at a dilution factor of 1:1000. Media and fresh drug were applied on day 3 of the experiment. Cell count and viability
were determined on day 5 using a Vi-CELL XR Analyzer (RRID: SCR_019664).

T-Cell Proliferation Assay

Bone marrow derived MDSCs and splenic T-cells were isolated from 6-8 week old C57BL/6 mice harboring either
YUMMI1.G1 or B16F10 tumors subcutaneously implanted on the flank minimally 10 days prior to tissue collection.
Following hydraulic extrusion from the femur, MDSCs were isolated from the bone marrow using the MojoSort™ Mouse
CD11b selection kit per manufacturer specifications (BioLegend, 480110). Following mechanical disruptions, T-cells were
isolated from the spleen using the MojoSort™ Mouse CD3 selection kit per manufacturer specifications (BioLegend,
480100). T-cells were labeled with CellTrace™ Violet Proliferation Kit per manufacturer specifications (Invitrogen,
C34557). YUMMI1.G1 or B16F10 cells were seeded at 2 x 10° cells per well at a 1:1:1 ratio with MDSCs and T-cells in 24
well plates in RPMI (Fisher Scientific) supplemented with 10% FBS (VWR, 97068-085), 1% Penn-Strep (Gibco,
15070063), 1% NEAA (Gibco, 11140050), 0.5% L-glutamine (Gibco, 25030081), 1% sodium pyruvate (Gibco, 11360070),
and 0.1% BME (Gibco, 31350010). Media was additionally supplemented with Dynabeads™ Mouse T-Activator
CD3/CD28 (Gibco, 11452D) and murine IL-2 (R&D, 402-ML/CF) in wells receiving T-cell stimulation to prompt
proliferation. DMSO control or emavusertib was added at 10 pM at a 1:1000 dilution. Following a 48 h co-culture period,
cells were collected and labeled with Zombie NIR™ Fixable Viability Kit (BioLegend, 423105) to exclude dead cells, and
CD3-FITC (RRID: AB 312661 ), CD4-PE (RRID: AB 312693 ), and CD8-APC (RRID:AB_312751 ) to identify T-cells
from pooled populations. Cell doubling was measured via dilution of CTV fluorescence intensity as detected by flow
cytometry using a BD FACSCanto II or BD FACSymphony A3 flow cytometer (RRID:SCR _019119).

Immunohistochemistry

Frozen brain and flank tissue were cryosectioned using a Leica CM1860 (RRID: SCR _025772) at 12um, mounted onto
TruBond 380 slides (Fisher Scientific, 50-340-33), fixed in 10% Buffered Formalin (Fisher Scientific, 57-35) for 10
minutes, and washed 3x in PBS (Gibco, 10010023) for 5 minutes. Slides were blocked using SuperBlock (Thermo Scientific,
37580) containing 0.3% Triton X-100 (Invitrogen, HFH10) for 1 hour at room temperature. Samples were immunostained
with primary antibodies overnight at 4°C: CD45 (RRID: AB 467251 or RRID: AB 2539077 ), CD3e (RRID: AB 928107
) and phospho-IRAK-1 (RRID: AB 2817151). Slides were washed 3x in PBS containing 0.1% Tween-20 (PBS-T, Sigma-
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Aldrich, P7949) for 5 minutes. Fluorescently-labeled secondary antibodies were added for 1 hour at room-temperature: goat
anti-rabbit AlexaFluor™647 (RRID: AB 2535812), goat anti-rat AlexaFluor™568 (RRID: AB_141874), and DAPI
(Thermo Scientific, 62248). Slides were washed 3x in 1 x PBS-T for 5 minutes each and coverslips mounted using
ProLong™ Diamond (ThermoFisher). Images were acquired using the Leica Stellaris 8 and Nikon AIRMP confocal
microscopes (RRID:SCR _019119). Imaris x64 10.2.0 imaging software (RRID: SCR _007370) was used to perform
quantitative and co-localization analyses. For co-localization studies, CD45+ immune cells and pIRAK1+ cells were
identified using the Surfaces tool within the Imaris Creation Wizard. Surfaces were generated based on channel-specific
input for CD45 (Channel 3 - Alexa Fluor 568) and pIRAK1 (Channel 4 - Alexa Fluor 647). Local contrast was restricted to
a maximum cell diameter of 10 pm to account for variability in staining across tissue specimens. Following the generation
of surface objects, co-localization analysis was performed by detecting overlapping voxels between the CD45+ and
pIRAK 1+ objects, enabling precise quantification of pIRAK1 expression within CD45+ immune cell populations.

Tissue Dissociation and Flow Cytometry

Brain tissue was digested using the Brain Tumor Dissociation Kit (P) (Miltenyi Biotec, 130-092-628) on a gentleMACS™
Octo Dissociator with heat (RRID: SCR _020271), followed by sample clean-up using Debris Removal Solution (Miltenyi
Biotec, 130-109-398) according to manufacturer’s protocol. Tumor-infiltrating leukocytes were isolated using CD45
microbeads (Miltenyi Biotec, 130-052-301) filtered through LS columns (Miltenyi Biotec, 130-042-401) on a
QuadroMACS Separator (Miltenyi Biotec, 130-091-051) according to manufacturer’s protocol. Unstained cells were
reserved for unlabeled and FC controls, and dead cells were labeled with Zombie NIR™ Fixable Viability Kit (BioLegend,
423105) according to manufacturer’s protocol. Cells were washed 2x in PBS containing 0.5% BSA (Sigma-Aldric, A8806)
and 2mM EDTA (ThermoFisher, AM9260G) FC buffer and blocked for 10 min on ice using TruStain FcX (RRID:
AB_1574975) prior to cell surface antigen labeling with the following antibodies from BioLegend: Gr1-UV387 (RRID:
AB 2924447), CD11b-BV421 (RRID: AB 2562904), PD-L1-BV650 (RRID: AB 2734192), CD3-FITC (RRID:
AB 312661), CD4-PE (RRID: AB 312693), CD8-PE-CY5 (RRID: AB 312748), PD1-PE-Cy7 (RRID: AB 572017),
CD45-APC (RRID: AB 312977) for 45 min on ice. For samples subject to intracellular labeling, cells were fixed,
permeabilized and immunolabeled using the Tru-Nuc Transcription Factor Staining Kit (BioLegend, 424401) following
CD45 microbead isolation. Additional fluorochrome-labeled antibodies include: GranzymeB-SparkUV387 (RRID:
AB 3662295), TIM3-BV605 (RRID: AB 2616907), CD45-BV785 (RRID: AB 2564590), CDI11b-FITC (RRID:
AB 312789), LAG3-PE-CYS5 (RRID: AB 3106096), FoxP3-APC (RRID: AB 439750) from BioLegend and CD4-
BUV496 (RRID: AB 2870666) and CD3-BUV737 (RRID: AB 2871089) from BD Biosciences. Following
immunolabeling, all samples were washed 2x with FC buffer and analyzed using the BD FACSCanto II or BD
FACSymphony A3 flow cytometers (RRID:SCR _019119).

Macrophage Isolation, Culture, and LEGENDplex™ Assay

On Day 0, myeloid cells were collected from the bone marrow of 6-8 week old C57BL/6 mice following hydraulic extrusion.
RBC lysis was completed using ACK lysis buffer (Gibco, A4000225501). Cells were cultured in RPMI (Gibco, 11875093)
supplemented with 25% FBS (VWR, 97068-085), 1% Penn-Strep (Gibco, 15070063), 1% Sodium Pyruvate (Gibco,
11360070), 1% L-Glutamine (Gibco, 25030081), and 0.1% BME (Gibco, 31350010). Macrophage Colony Stimulating
Factor (MCSF) (Thermo Fisher, 315-02-50UG) was added at 50 ng/mL to stimulate macrophage differentiation. On Day 3,
media and MCSF were refreshed. On Day 7, 2x10° differentiated macrophages were plated in a 24-well plate at a 1:1 ratio
with YUMMI1.GI cells and treated with either DMSO or 10 uM emavusertib. After 24 hours, media was collected and
analyzed using the LEGENDplex™ Mouse Macrophage/Microglia kit (Biolegend, 740846) per manufacturer protocol.

ELISA Assay

Primary DCs were isolated from murine bone marrow and matured in vitro with IL-4 and GM-CSF supplemented media as
previously described (22). After maturation, DCs were electroporated with mRNA encoding the model antigen ovalbumin
(OVA, TriLink, L-7210-1000). Splenic OT-I T-cells, derived from the OT-I transgenic murine model with a T-cell receptor
(TCR) genetically engineered to recognize OVA residues 257-264 in the context of H2Kb presentation to CD8+ T-cells,
were co-cultured with OV A-electroporated DCs for five days. OV A peptide (Fisher Scientific, 50-843-885) was used as a
positive control. IFNy production was measured using an ELISA kit (R&D Systems, DY485-05) as a readout of T-cell
activation using a BioTek Cytation 3.

Statistical analysis
Statistical analyses performed using GraphPad Prism 9 (RRID: SCR_002798) as described in figure legends. Significance
determined as p<0.05. For all IHC, individual specimen data includes 2-3 tissue sections separated by >50um, where mean
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values are used for quantitative comparisons between groups. For survival studies, animals were randomized prior to
treatment. Human tissue was limited by biospecimen availability.

Data Availability: The single-cell RNA sequencing (scRNA-seq) datasets analyzed in this study were obtained from the
Broad Institute Single Cell Portal, including melanoma samples (Project SCP109) and brain metastasis tumor samples
(Project SCP1493). All other data generated and analyzed during this study are included within the article and its
Supplementary Information files. Raw data supporting the findings of this study are available from the corresponding
authors upon reasonable request.

Results:

Myddosome pathway activation in metastatic brain melanoma

Tumor-associated macrophages comprise a significant proportion of the cellular make-up of solid tumor metastases to the
CNS, including in melanoma (23). Although macrophages possess dichotomous roles in terms of mediating tumor
immunity, emerging evidence suggests that in MBM these cells participate in the formation of an immune suppressive
microenvironment that enables extracellular matrix remodeling to support metastatic expansion while shielding cancer cells
from immunologic detection (23,24). Thus, identifying molecular signaling pathways that contribute towards “pro-tumor”
macrophage function and therapeutically augmenting these may improve tumor response to immunotherapy.

We were able to corroborate previous studies by leveraging bulk RNAseq analysis of normal, primary, and metastatic skin
tumors via TMNplot (25), where elevated expression of the myddosome pathway, including MYDS88, IRAK1, and IRAK4,
was detected in patient tumor samples (Fig. 1a) (26). Increased transcriptional expression was also observed in key
mediators of the MYDB88 signaling cascade, including upstream toll-like receptors TLR1, 2, and 4, as well as downstream
interferon regulatory factors IRF3 and IRF7 (Fig. 1a). Given that increased transcriptional expression of MYDS88 has been
previously observed in metastatic melanoma (26), but its cellular source and functional role in tumorigenesis remain unclear,
we sought to define pathway activation at the cellular level to provide greater insight into its contributions to disease
progression. We performed dimensionality reduction using principal component analysis (PCA) to delineate pooled tumor-
associated cells from 7 previously untreated metastatic melanoma patient tumors (27) followed by t-SNE (t-Distributed
Stochastic Neighbor Embedding) for visualization (Fig. 1b-e). We found MYD&$ transcript expression congregates within
the tumor-associated macrophage subset. Further analysis of transcripts associated with myddosome activation, including
TLRI1, TLR2, TLR4, MYDS8S8, IRAKI, IRF3, and IRF7 were also selectively enriched within the tumor-associated
macrophage (TAM) subset as compared to other tumor-associated cells and the tumor cell population themselves (Fig. 1f).
Of note, increased expression of myddosome activation was also observed in 3/7 patient tumor cell clusters, indicative of
oncogenic appropriation of this signaling mechanism (Fig. 1f). Deeper interrogation of signaling pathways downstream of
myddosome activation via single cell RNA sequencing (scRNAseq) data revealed evidence of mitogen-activated protein
kinase (MAPK) in TAMs, in particular the P38 MAPK pathway via MAP2K3 and associated downstream transcription
factors ATF2, CREBI, MEF2A, and MEF2C (Supplementary Fig. 1a). Patient tumors with elevated MYDS&S levels
similarly exhibited increased transcript expression associated with P38 MAPK (Supplementary Fig. 1b). Elevated
transcript expression of chemotactic factors favoring myeloid-derived suppressor cell (MDSC) recruitment (28) including
CXCLI, CXCL3, CCL2, CCL3, and IL8 was observed in the TAM subset, indicative of reciprocal immune suppression
mediated by this cell population (Supplementary Fig. 1a).

Enrichment of MYD88 was similarly observed in MDSC subsets isolated from human metastatic brain lesions (29),
including both neutrophils and TAMs, evidenced by scRNAseq as shown by tSNE (Fig. 2a,b). Myddosome-associated
transcripts including /RAK1 and IRAK4 were also found to be selectively elevated in TAMs (Fig. 2¢). Analogous to non-
CNS metastatic melanoma samples, TAMs isolated from MBM tissue also demonstrate elevated transcript levels of P38
MAPK pathway activation (Supplementary Fig. 2a). Evidence for broad myddosome stimulation in MBM cells across
nearly all patient samples was observed in scRNAseq data (Fig. 2d-f), potentially implicating this pathway as ubiquitous
for metastatic seeding in the CNS. Robust MAPK (MAPK37K, MAPK2K3, MAPK 14, and associated transcription factors
ATFI1, ATF2, CREBI, ELKI, MEF24, MEF2C, and JUN) and NF-xB pathway (IKBKB, IKBKG, NFKBIA, and RELA)
activation in tumor cells was also detected via scRNAseq (Supplementary Fig. 2b). Phosphorylated IRAK1 (Thr387)
protein was readily detected in MBM brain tissues, where upwards of 60% of signal co-localized with CD45 (Fig. 2g),
corroborating scRNAseq findings that tumor-associated immune cells, likely TAMs and MDSCs, exhibit myddosome
activation.

Pharmacologic IRAK4 blockade reverses immune suppression in MDSCs
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As a rate-limiting factor in MYDS88 signaling through downstream interleukin-1 receptor-associated kinase (IRAK) family
members, IRAK4 presents as an ideal target to inhibit constitutive activation of this pathway. Emavusertib is a selective
small molecule orally bioavailable IRAK4 inhibitor, currently under clinical investigation for treating a variety of
hematological and solid tumor malignancies (20,30,31). Our group and others have demonstrated that emavusertib exhibits
potent inhibition of IRAK4, dampening both P38 MAPK and NF-kB downstream of the myddosome (18,32) as illustrated
in the schematic in Fig. 3a. An initial dose-response analysis was performed to assess the in vitro sensitivity of tumor cells
to emavusertib. BI6F10 and B2905 cells exhibited modest sensitivity, with ICso values of 0.55 uM and 3.13 uM,
respectively, while YUMMI1.G1 cells were largely refractory to treatment (Fig. 3b). To determine if emavusertib treatment
could blunt the immune-suppressive phenotype of TAMs, we assayed culture media for production of immune suppressive
cytokines/chemokines produced by MDSCs isolated from YUMM1.G1 tumor-bearing mice including CXCL1, interleukin-
6 (IL-6), interleukin-10 (IL-10), and free active transforming growth factor beta (TGF-B1) (33,34). Given the refractory
nature of YUMMI1.G1 tumor cells to emavusertib, a 10 uM concentration was selected to approximate the intracerebral
levels achieved following high-dose oral administration in vivo, as demonstrated in prior studies (18). This dosing strategy
was further informed by the biology of tumor-associated immune cells. Tumor-infiltrating leukocytes, including myeloid-
derived suppressor cells and lymphocytes, are recruited to tumors from systemic compartments such as the bone marrow
and peripheral lymphoid tissues rather than arising locally within the tumor (35). Consequently, these immune populations
are likely exposed to higher systemic concentrations of emavusertib in circulation prior to trafficking into and infiltrating
the metastatic brain tumor niche, providing additional rationale for the selected in vitro dose. MDSCs co-cultured with
tumor cells produced the highest levels of CXCL1, G-CSF, and IL-6, indicating some degree of collusion between these
two cells to enhance immune-suppression (Fig. 3c-f). Emavusertib treatment reduced levels of TGF-1, CXCL1, G-CSF,
and IL-6, with significant reductions observed for CXCL1 and IL-6 (Fig. 3d, f). Notably, this inhibitory effect was specific
to co-culture conditions. Additional studies evaluating inhibitory cytokine production in MDSC-YUMMI1.G1 co-cultures
across lower emavusertib concentrations demonstrated a clear dose-dependent treatment effect, with progressively higher
drug concentrations resulting in reduced levels of all four cytokines assessed (Supplementary Fig. 3a-d).

We next assayed the ability of emavusertib to modulate cytokines/chemokine production in vivo in C57BL/6 mice harboring
YUMMI.G1 brain melanoma tumors by assaying cerebrospinal fluid (CSF) following oral emavusertib treatment (100
mg/kg) for 7 days. Due to the low volume of CSF extracted from the cisterna magna, samples were pooled according to
treatment group (n=5/group). Of the cytokines evaluated (TGF-f1, CXCL1, G-CSF, and IL-6), only TGF-f1 and CXCL1
were detectable in CSF. Emavusertib treatment significantly reduced the levels of both cytokines (Fig. 3g—h), corroborating
our in vitro findings. To determine if IRAK-4 inhibition could reverse the functional immune suppressive effects of MDSC
cells, T-cell proliferation was assessed when co-cultured together with MDSCs isolated from YUMMI1.G1 tumor-bearing
C57BL/6 bone marrow along with tumor cells in a 1:1:1 ratio. All cell conditions were treated with either DMSO vehicle
control or 10uM emavusertib. Stimulated T-cells cultured in the absence of MDSCs and tumor cells demonstrated robust
proliferation, evidenced by significant dye dilution detected by flow cytometry including with emavusertib treatment (Fig.
3i, Supplementary Fig. 4a). When co-cultured with tumor cells and MDSCs, T-cell proliferation was significantly
impaired, with upwards of 40% of T-cells failing to divide compared to less than 10% in single culture stimulated T-cells,
and very few T-cells making it beyond 5 generations of cell division (Fig. 3i). The addition of emavusertib (10 uM) was
able to moderately reverse T-cell inhibition, with significantly more T-cells able to proliferate into 5™ and 6™ generations
(Fig. 3i). A similar effect on T-cell proliferation was observed in the B16F10 model (Supplementary Fig. 4b). Together,
these findings suggest that emavusertib can counteract certain aspects of TAM-induced immune suppression, highlighting
its potential as an adjunct to immune-based therapies.

Targeted IRAK4 inhibition with emavusertib improves survival in MBM when combined with anti-PD-1 ICB

Given that myddosome signaling is aberrantly upregulated in MBM within the myeloid compartment, we surmised that
constitutive activation of this pathway could contribute to reciprocal immune suppression in these lesions. Therefore,
targeted inhibition of the MYDS8S8 signaling cascade via targeted inhibition of IRAK4 may improve immunologic
sensitization and treatment response to anti-PD-1 ICB, the backbone of metastatic melanoma treatment. To test this, we
performed survival studies using three unique syngeneic models of MBM: B16F10, B2905, and YUMMI1.G1. Both the
B16F10 model and the B2905 models derive from spontaneous tumors as a result of UVB exposure, whereas YUMMI1.G1
is an induced oncogenic model carrying a Braf’*’F gain-of-function mutation and conditionally inactivated Cdkn2a™ and
Pten” alleles. The two pathways of tumor activation and development try to mimic the differences in responsiveness in
human wildtype melanoma versus those with BRAF mutations. Tumor cells were implanted either intracranially (IC) or
subcutaneously (SQ) in the flank of C57BL/6 immune-competent mice, and animals received single-agent or combination
therapy as outlined in Fig. 4a. In B16F10 intracranial tumor-bearing mice, combination treatment significantly improved
overall survival, with a mean survival of 20.1 days compared to 15.9 days with single-agent emavusertib and 15.5 days with
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single-agent PD-1 ICB (Fig. 4b). A similar pattern was observed in the BI6F10 flank tumor model, where combination
therapy extended mean survival to 23.4 days, significantly longer than monotherapy (16.4 days each) (Fig. 4c). Tumor
volume assessments at Day 14, a time point when all treatment groups maintained 100% viability, showed significantly
reduced tumor sizes in the combination group compared to vehicle controls (Fig. 4d). In YUMMI1.G1 intracranial tumor-
bearing mice, combination therapy also significantly extended mean survival to 33.8 days, compared to 24.3 days with
vehicle, and showed a trend toward improved survival relative to single-agent emavusertib (27.0 days) and PD-1 ICB (26.8
days) (Fig. 4e). In the YUMMI1.G1 flank model, mean survival with combination treatment increased to 30.6 days,
significantly longer than with vehicle (24.1 days) or emavusertib alone (26.9 days), and trending toward significance versus
PD-1 ICB alone (25.4 days) (Fig. 4f). Tumor volume comparisons at Day 20, when all groups remained fully viable, also
revealed significantly smaller tumors in the combination group relative to vehicle controls (Fig. 4g). In the B2905
intracranial model, both monotherapies and the combination treatment significantly improved overall survival compared to
vehicle controls, with the combination group exhibiting the longest mean survival (33.6 days). However, this was not
statistically significant relative to single-agent emavusertib (30.7 days) or PD-1 ICB (29.7 days) (Supplementary Fig. 5a).

Clinically, combination ICB targeting PD-1 and CTLA-4 has been shown to be more effective than single-agent ICB in the
treatment of advanced metastatic melanoma (36). Based on these reports, we evaluated the preclinical efficacy of combining
emavusertib with dual ICB. CTLA-4 monoclonal antibody (mAb) treatment (10 mg/kg) was administered concurrently with
PD-1 ICB and emavusertib in B16F10 intracranial tumor-bearing mice, as outlined in Supplementary Fig. Sb. While
CTLA-4 mAb treatment did not yield a significant survival benefit when added to PD-1 monotherapy, the triple combination
of PD-1 mAb, CTLA-4 mAb, and emavusertib resulted in the most pronounced improvement in overall survival, with
statistical significance compared to both vehicle control and dual ICB alone (Supplementary Fig. 5¢). Collectively, these
findings demonstrate that emavusertib enhances the therapeutic efficacy of anti-PD-1 ICB, leading to improved overall
survival and supporting its potential as a promising combination strategy for the treatment of MBM.

Combination emavusertib and anti-PD-1 ICB improves immunologic activation in MBM

To evaluate the immune composition of MBM tumors following single-agent and combination treatments, we resected
B16F10 and YUMMI.Gl intracranial tumors on day 12 of therapy. This time point was selected to capture distinct immune
responses from these models, which possess divergent oncogenic genotypes. Multiparameter immunolabeling was
performed on CD45" immune cells isolated from digested tumors, followed by T-Distributed Stochastic Neighbor
Embedding (tSNE) analysis for dimensionality reduction and identification of immune cell populations via flow cytometry
(Supplementary Fig. 6a,b). Consistent with in vitro findings, emavusertib and combination treatment reduced the number
of tumor-infiltrating MDSCs, identified as CD45"CD11b*Gr1* cells, in the YUMMI1.G1 model (Fig. 5a). In contrast, no
significant changes in MDSC infiltration were observed in the B16F10 model (Fig. Sb).

To evaluate whether treatment influenced PD-L1 expression, we examined tissue-resident microglia (Mg; CD45°CD11b")
and tumor-associated myeloid cells (CD45"CD11b*) across both tumor models. Interestingly, PD-L1 expression patterns
diverged between the models: in BI6F10 tumors, PD-L1 levels were mildly decreased on both Mg and tumor-associated
myeloid populations following combination treatment (Supplementary Fig. 7a,b), whereas in YUMM1.G1 tumors, PD-
L1 levels were mildly increased on both populations in response to the same treatment (Supplementary Fig. 7c,d). These
contrasting results suggest that PD-L1 expression on macrophages may not reliably predict therapeutic response across
different tumor contexts. Alternatively, PD-L1 expression could inversely correlate with tumor antigen burden, reflecting
distinct immunologic pressures in each model.

A trend toward increased CD3" T-cell infiltration was observed in both single-agent emavusertib and combination-treated
YUMMI1.G1 tumors (Fig. 5¢), with statistically significant increases observed in the B16F10 model (Fig. 5d). Increased T-
cell infiltration in the B16F10 model was confirmed by immunofluorescence detection of CD3 in combination treated
subcutaneous and intracranial tumors, which overlapped with the pan-leukocyte marker CD45, further validating these cells
as TILs (Fig. Se-g). PD-1 expression, a marker for antigen-exposed/exhausted T-cells and therapeutic target for anti-PD-1
ICB (37), revealed differential baseline levels in vehicle controls between the two models. YUMM1.G1 tumors displayed
low to moderate PD-1 expression on CD4" and CD8" T-cells (Supplementary Fig. 8a,b), whereas B16F 10 tumors exhibited
high PD-1 expression on both CD4" and CD8" T-cells (Supplementary Fig. 8c,d), likely reflecting their interactions with
the immune system in each respective model. In YUMMI1.G1 tumors, emavusertib and combination therapy significantly
increased PD-1 expression on tumor-infiltrating CD4+ T-cells, with a trend toward increased expression on CD8" T-cells
(Supplementary Fig. 8a,b). Conversely, PD-1 expression in both CD4" and CD8" T-cells in the B16F10 model remained
consistently high across treatment groups (Supplementary Fig. 8c,d). Given the more pronounced lymphocyte infiltration
observed in B16F10 tumors following treatment, we performed an expanded characterization of TILs to better understand
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the effect of treatment on T-cell phenotype. Emavusertib significantly reduced the infiltration of regulatory T-cells (Tregs;
CD3*CD4FoxP3*) when administered as a single agent (Fig. 6a). A similar trend was observed with the combination of
emavusertib and PD-1 ICB, whereas PD-1 monotherapy was associated with a modest increase in this immunosuppressive
population. We further evaluated the expression of additional immune checkpoints, including LAG-3 and TIM-3, on both
CD8" and CD4* T-cell subsets. LAG-3 expression was variably present in vehicle-treated tumors and appeared to be reduced
by both emavusertib and PD-1 ICB, though statistical significance was only reached with PD-1 monotherapy
(Supplementary Fig. 9a—c). TIM-3 expression on CD8" T-cells was not significantly altered by either treatment
(Supplementary Fig. 9d); however, PD-1 ICB significantly decreased TIM-3 expression on CD4" T-cells (Supplementary
Fig. 9e). Cytotoxic T-cell activity, as measured by granzyme B (GRZB) expression in CD3"CD8" T-cells, was generally
elevated across all treatment groups. Notably, only emavusertib monotherapy induced a statistically significant increase in
GRZB" cytotoxic TILs compared to vehicle control (Fig. 6b). Using interferon gamma (IFNy) as an additional surrogate
marker for immune activation (38), we analyzed B16F10 tumors resected on day 12 following single-agent and combination
treatment in both intracranial and subcutaneous settings. Tumors were grafted into GREAT transgenic reporter mice
(B6.129S4-Ifng™* /], where yellow fluorescent protein (eYFP) expression is driven by the endogenous Ifirg promoter.
In both subcutaneous and intracranial tumors, IFNy expression was mildly elevated in CD45* immune cells following
emavusertib monotherapy and significantly increased following combination treatment (Fig. 6¢c-e).

Although our data suggest that cumulative Myddosome activation contributes to the development of an immunosuppressive
tumor microenvironment in MBM, the specific role of MyD88 signaling in T-cells remains complex and somewhat
controversial. Conflicting reports indicate that MyD88 deficiency can impair T-cell proliferation and Type I cytokine
production, underscoring the multifaceted nature of its contributions to T-cell-mediated immunity (39-41). To further
evaluate the potential impact of emavusertib treatment on antigen processing and presentation, we conducted a series of co-
culture assays. Dendritic cells (DCs) were treated with emavusertib during antigen detection, which was achieved by
electroporation-mediated delivery of mRNA encoding the model antigen OV A. This approach allowed us to assess whether
the treatment impaired the ability of DCs to process antigen. Treated DCs were then co-cultured with OT-I T-cells, which
specifically recognize the OV A peptide (residues 257-264) in the context of H2Kb presentation. As a measure of biological
response, we quantified IFNy production by T-cells using an ELISA assay, given that antigen-primed T-cells produce high
levels of this pro-inflammatory cytokine (38). Our results demonstrated that emavusertib treatment at physiologically
relevant doses for the CNS (up to 10 uM) did not impair antigen processing by DCs. OT-I T-cells were similarly stimulated
across all treatment doses, as evidenced by comparable IFNy production when compared to DMSO vehicle control
(Supplementary Fig. 10a). Additionally, we evaluated whether emavusertib affected antigen presentation or T-cell sensing
by treating OT-I T-cells during co-culture with OV A-pulsed DCs. Here, too, we observed no significant differences in IFNy
production across emavusertib treatment groups up to 10 uM (Supplementary Fig. 10b). Additionally, we found no overt
inhibitory effects of emavusertib on T-cell proliferation (Fig. 3i). Rather, treatment with emavusertib in a physiologically
relevant tumor model was associated with reduced Treg infiltration and enhanced recruitment of cytotoxic T-cells into
tumors (Fig. 6). Collectively, these findings demonstrate that emavusertib does not impair key aspects of antigen processing,
presentation, recognition, or T-cell proliferation in this experimental system, supporting its compatibility with T-cell—
mediated antitumor immunity.

These results demonstrate that combination treatment with emavusertib and anti—-PD-1 ICB enhances both innate and
adaptive immune responses in a model-dependent manner, reflecting the complex interplay between tumor genotype and
immune contexture. This highlights the potential of emavusertib to boost T-cell-mediated anti-tumor immunity when paired
with ICB and underscores the importance of tumor-specific immune landscapes in determining therapeutic efficacy.

Discussion:

The treatment landscape for metastatic melanoma, particularly MBM, has significantly advanced with the development of
ICB and targeted therapies. Despite these advances, MBM remains a formidable clinical challenge, contributing
disproportionately to melanoma-related mortality. The findings of this study highlight the importance of the myddosome
signaling pathway, specifically IRAK4, as a critical mediator of immune suppression in the TME of MBM. Our results
demonstrate that pharmacologic inhibition of IRAK4 using emavusertib reverses MDSC-mediated immune suppression,
enhances T-cell proliferation, and improves therapeutic efficacy when combined with anti-PD-1 ICB.

Our transcriptomic analyses revealed a pronounced upregulation of the myddosome pathway, including key mediators such
as MYDB8S8, IRAK1, and IRAK4, in both metastatic melanoma and MBM samples (Figs. 1 and 2). These findings
corroborate prior studies implicating MYD88 signaling in TAMs and MDSCs as contributors to immune evasion and tumor
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progression (25,26). Using scRNAseq, we were able to delineate the cellular specificity of MYD88 and IRAK4 activation
(Figs. 1 and 2), with TAMs and MDSCs displaying enriched pathway activation particularly in MBM (Fig. 2). These
immune cell subsets are well-documented drivers of immune suppression, supporting tumor growth through
cytokine/chemokine secretion, extracellular matrix remodeling, and T-cell suppression (23,24).

The downstream activation of the p38 MAPK and NF-kB pathways in TAMs and MDSCs provides mechanistic insight into
how IRAK4 signaling perpetuates an immune-suppressive milieu and corroborates our previous findings (Supplementary
Figs. 1 and 2) (18). Elevated expression of pro-tumor chemotactic factors such as CXCL1, CXCL3, and CCL2 further
reinforces the role of these immune subsets in immune evasion and tumor progression. Interestingly, while tumor-associated
immune cells exhibited the highest expression of myddosome-associated transcripts, a distinct subset of metastatic
melanoma cells also displayed activation of this pathway. Notably, this activation was more frequently observed in MBM
samples, suggesting a potential oncogenic hijacking of myddosome signaling. This phenomenon may represent a key
molecular adaptation that facilitates melanoma cell survival and colonization within the CNS microenvironment
(Supplementary Figs. 1 and 2).

Targeting IRAK4 using emavusertib effectively subdued the immune-suppressive phenotype of TAMs and MDSCs both in
vitro and in vivo. Co-culture experiments demonstrated that emavusertib treatment reduced levels of key immune-
suppressive cytokines and chemokines, including TGF-p1, CXCL1, G-CSF, and IL-6 (Fig. 3c-f, Supplementary Fig. 3).
Notably, these inhibitory effects were most pronounced in co-culture conditions, highlighting the importance of cell-cell
interactions within the TME for maintaining the suppressive phenotype. In vivo analysis of cerebrospinal fluid (CSF)
following emavusertib treatment corroborated the in vitro findings, with reduced levels of TGF-B1 and CXCL1 detected
(Fig. 3g and h). Additionally, functional assays revealed partial restoration of T-cell proliferation when MDSCs were treated
with emavusertib (Fig. 3i, and Supplementary Fig. 4b). This is a crucial observation, as MDSC-mediated T-cell
suppression represents a major barrier to effective ICB therapy in MBM.

Combining emavusertib with anti-PD-1 ICB demonstrated survival benefits across multiple aggressive syngeneic MBM
models (B16F10, B2905, and YUMMI1.G1). While emavusertib alone exhibited mild direct anti-tumor effects, its
combination with anti-PD-1 ICB as well as dual ICB (PD-1 plus CTLA-4) improved overall survival and delayed tumor
progression in both intracranial and subcutaneous tumor models (Fig. 4, Supplementary Fig. 5). These findings suggest
that IRAK-4 inhibition enhances the efficacy of anti-PD-1 ICB by modulating the immune-suppressive TME.

Interestingly, the immune response to combination therapy demonstrated model-dependent differences. In the YUMM1.Gl1
model, emavusertib treatment reduced MDSC infiltration and increased PD-1 expression on both CD4* and CD8* T-cells,
suggesting enhanced T-cell activation and heightened sensitivity to anti-PD-1 therapy (Fig. Sa, Supplementary Fig. 8a,
b). In contrast, PD-1 ICB monotherapy was associated with decreased CD3* T-cell infiltration and elevated MDSC
accumulation (Fig. 5a, ¢), indicating a potential negative feedback mechanism that could undermine therapeutic efficacy in
certain contexts. These findings highlight the importance of incorporating complementary strategies that target or suppress
MDSCs, such as emavusertib, to improve the effectiveness of ICB in MBM. In the B16F10 model, combination treatment
promoted T-cell infiltration, although PD-1 expression remained high on T-cells across all treatment groups (Fig. 5d—g;
Supplementary Fig. 8¢, d). Emavusertib monotherapy additionally reduced tumor infiltration by Tregs (Fig. 6a),
implicating an important role for IRAK4 signaling in modulating adaptive immunoregulatory mechanisms.
Immunofluorescence analysis confirmed increased T-cell infiltration (Fig. Se-g) and immune activation via surrogate [FNy
expression in this model following combination therapy (Fig. 6c-e), further validating the immunostimulatory effects of
IRAK4 inhibition on the adaptive immune response. The divergent immunologic profiles observed between the
YUMMI1.G1 and B16F10 models emphasize the need for further exploration of patient-specific factors that may predict
response to IRAK4 inhibition and ICB therapy. Future studies should prioritize the identification of predictive biomarkers
including immune cell infiltration patterns, checkpoint receptor expression, and activation of the myddosome signaling
pathway. In parallel, further exploration of emavusertib in combination with dual-agent ICB (e.g., PD-1 plus CTLA-4 or
LAG-3) is warranted, as is evaluating its potential synergy with targeted therapies in BRAF-mutant melanoma.

Consistent with our findings that pharmacologic inhibition of IRAK4 using emavusertib attenuates the immunosuppressive
phenotype of tumor-infiltrating myeloid cells, emerging evidence further supports a key role for the MyD88-IRAK
signaling axis in limiting antitumor immunity, particularly in the context of radiation therapy. Recent work by Medler et al.
(42) demonstrated that MyD88 activation within TAMs suppresses Type I interferon production in response to radiation,
thereby impairing CD8" T-cell priming and limiting adaptive immune activation. This immunosuppressive mechanism
poses a significant barrier to the immunogenic potential of radiotherapy, particularly in immunologically “cold” tumors
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such as many brain metastases. In parallel, Liu et al. (43) identified a non-canonical role for IRAK1 and IRAK4 in
promoting tumor resistance to radiotherapy. Specifically, they showed that IRAK1/4 signaling can inhibit activation of the
PIDD-RAIDD-caspase-2 axis, a key apoptotic pathway induced by DNA damage, thus enabling tumor cell survival
following radiation exposure. This radioprotective function suggests that IRAK 1/4 can not only modulate immune responses
but may also directly influence tumor cell-intrinsic resistance to cytotoxic therapies. Taken together, these data provide a
compelling rationale for incorporating IRAK inhibitors such as emavusertib into standard-of-care regimens for metastatic
brain tumors, including SRS and ICB.

The findings from this study hold significant translational promise. Emavusertib’s oral bioavailability, selectivity for
IRAK4, and demonstrated ability to cross the BBB further position it as an attractive candidate for combination therapy in
clinical settings (18,20,44). Notably, emavusertib has already shown promising clinical anti-cancer activity in the TakeAim
trial for PCNSL (19,20), underscoring its potential efficacy in CNS malignancies. In conclusion, this study establishes
IRAK4 as a driver of immune suppression in MBM and highlights the potential of pharmacologic IRAK4 inhibition with
emavusertib as a combinatorial strategy with anti-PD-1 ICB. By targeting the immune-suppressive TME, IRAK4 inhibition
enhances T-cell activation and improves survival outcomes, addressing a critical unmet need in the treatment of MBM.
These findings pave the way for clinical translation and underscore the importance of continued investigation into the
immune-regulatory mechanisms governing therapeutic resistance in MBM.
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Figure Legends:

Figure 1. Myddosome activation in extracranial metastatic melanoma. (a) Bulk RNA transcript expression of myddosome
constituents in unmatched normal dermis (n=174), primary tumor (n=253), and extracranial tumor metastases (n=76). Data
obtained using TMNplot (25), with statistical comparisons performed using Dunn’s test shown below each graph. (b) tSNE
visualization of tumor-associated immune cell clusters, highlighting (c) MYDS88 transcript expression on a logz-transformed
scale, pooled from n=7 treatment-naive melanoma patients (27). The TAM cluster is indicated by a dashed red line. (d)
tSNE visualization of patient-derived melanoma cell clusters, with n=6 derived from metastatic lesions and n=1 from a
primary site (Melal29pa) (27). () MYDSS transcript expression in melanoma cells is shown on a log-transformed scale.
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(f) Heatmap summarizing scRNAseq transcript expression of myddosome constituents in tumor-associated immune cells
and melanoma cells. The TAM population is outlined by a dashed red line.

Figure 2. Myddosome activation in metastatic brain melanoma. (a) tSNE visualization of tumor-associated cell clusters
derived from metastatic brain melanoma lesions, with (b) MYDS88 transcript expression displayed on a log:-transformed
scale (n=26 patients) (29). TAM and neutrophil populations are outlined with dashed red lines. (c) Heatmap summarizing
scRNAseq transcript expression of myddosome constituents across tumor-associated cell clusters. TAM and neutrophil
populations are similarly indicated by dashed red lines. (d) tSNE visualization of melanoma cell clusters from metastatic
brain melanoma lesions, with (e) corresponding MYDS88 transcript expression shown on a log-transformed scale (n=26
patients) (29). (f) Heatmap summarizing scRNAseq transcript expression of myddosome constituents in metastatic brain
melanoma cells. (g) Multiparameter IF detection of phosphorylated IRAK1 (Thr387) (pIRAK) in patient MBM samples
and co-localization with CD45. Representative images and frequency of co-localization shown.

Figure 3. Pharmacologic inhibition of IRAK4 decreases myeloid mediated immune suppression. (a) Schematic of
emavusertib mechanism of action. (b) /n vitro emavusertib dose response in syngeneic murine melanoma cell lines. Error
bars represent standard deviation, and ICso values were calculated using a four-parameter logistic regression model. Protein
quantification of immune suppressive cytokines/chemokines including (¢) free active TGF-B1, (d) CXCL1, (e) G-CSF, and
(f) IL-6 in single and co-cultures of MDSCs with YUMMI1.G1 tumor cells treated with vehicle control or emavusertib (10
uM). Statistical comparisons between similar culture conditions in panels c-f were performed using the Mann-Whitney test
(n = 4-8 per group). CSF protein concentrations of (g) free active TGF-B1 and (h) CXCL1 in YUMMI1.G1 tumor-bearing
mice treated with vehicle control or emavusertib (100 mg/kg) were assessed (n =5 per group). Statistical comparisons were
performed using a T-test with pooled variance. (i) Analysis of T-cell proliferation in single and co-culture settings of
YUMMI1.G1 tumor cells and MDSCs treated with vehicle control or emavusertib (10 pM). Statistical analyses were
performed using two-way ANOVA with multiple comparisons, n=5-6 per group. P-values less than 0.05 are indicated on
the graph; values not shown are not statistically significant. An example flow cytometry histogram is shown, with T-cell
generations (QG) indicated by dashed lines (GO = no proliferation).

Figure 4. Combination emavusertib plus anti-PD-1 ICB improves survival in preclinical MBM. (a) Treatment schematic
for emavusertib combined with anti-PD-1 therapy. Overall survival analysis in preclinical B16F10 tumors implanted (b)
intracranially (IC), n=15 per group, and (c) subcutaneously (SQ), n=5 per group. Statistical comparisons between treatment
groups were performed using the Log-rank test. (d) Comparison of B16F10 flank tumor volume assessed at day 14 of study,
with statistical analysis performed using ordinary one-way ANOVA, n=10 per group. P-values less than 0.05 are indicated
on the graph; values not shown are not statistically significant. Overall survival analysis in preclinical YUMMI1.G1 tumors
implanted (e) intracranially (IC), n=8 per group, or (f) subcutaneously (SQ), n=6-8 per group. Statistical comparisons
between treatment groups were performed using the Log-rank test. (g) Comparison of YUMMI1.G1 flank tumor volume
assessed at day 20 of study, with statistical analysis performed using ordinary one-way ANOVA, n=6-8 per group. P-values
less than 0.05 are indicated on the graph; values not shown are not statistically significant.

Figure 5. Combination emavusertib plus anti-PD-1 ICB promotes TIL infiltration in preclinical MBM. (a) Flow cytometric
quantitation of infiltrating MDSCs (CD45"CD11b*Gr1") in YUMMI1.G1 CNS tumors. Statistical comparisons calculated
using Kruskal-Wallis test for multiple comparisons, n=5-6 per treatment group. (b) Flow cytometric quantitation of
infiltrating MDSCs (CD45"CD11b"Gr1") in BI6F10 CNS tumors. Statistical comparisons calculated using Kruskal-Wallis
test for multiple comparisons, n=5-6 per treatment group. (c) Flow cytometric quantitation of infiltrating T-cells
(CD45"CD3") in YUMMI1.G1 CNS tumors. Statistical comparisons calculated using Kruskal-Wallis test for multiple
comparisons, n=5-6 per treatment group. (d) Flow cytometric quantitation of infiltrating T-cells (CD45%CD3") in B16F10
CNS tumors. Statistical comparisons calculated using Kruskal-Wallis test for multiple comparisons, n=8-9 per treatment
group. (e) Quantitative analysis of multiparameter fluorescence IHC for CD3 T-cell infiltration in B16F10 CNS (IC) tumors.
Statistical comparisons calculated using Kruskal-Wallis test for multiple comparisons, n=6-9 per treatment group.
Representative IHC images shown in (f) including CD3 (green pseudocolor), CD45 (red pseudocolor), and DAPI nuclear
stain (blue pseudocolor). (g) Quantitative analysis of multiparameter fluorescence IHC for CD3 T-cell infiltration in B16F10
flank (SQ) tumors. Statistical comparisons calculated using Kruskal-Wallis test for multiple comparisons, n=5-9 per
treatment group. For panels a-g, P-values less than 0.05 are indicated on the graph; values not shown are not statistically
significant.

Figure 6. Combination emavusertib plus anti-PD-1 ICB enhances immunologic activation in preclinical MBM. (a) Flow
cytometric quantitation of infiltrating Tregs (CD45"CD3*CD4*FoxP3") in BI6F10 CNS tumors. Statistical comparisons
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calculated using Kruskal-Wallis test for multiple comparisons, n=5 per treatment group. (b) Flow cytometric quantitation
of infiltrating CTLs (CD45"CD3*CD8"GRZB") in BI6F10 CNS tumors. Statistical comparisons calculated using Kruskal-
Wallis test for multiple comparisons, n=5 per treatment group. (c) Quantitative analysis of multiparameter fluorescence IHC
for IFNy in B16F10 flank (SQ) tumors. Statistical comparisons calculated using Kruskal-Wallis test for multiple
comparisons, n=5-9 per treatment group. (d) Quantitative analysis of multiparameter fluorescence IHC for IFNy in B16F10
CNS (IC) tumors. Statistical comparisons calculated using Kruskal-Wallis test for multiple comparisons, n=6-12 per
treatment group. Representative IHC images shown in (e) including IFNy (green pseudocolor), CD45 (red pseudocolor),
and DAPI nuclear stain (blue pseudocolor). Digital zoom in combination panel included to show specificity of IFNy signal
within CD45" cells. For panels b-d, P-values less than 0.05 are indicated on the graph; values not shown are not statistically
significant.
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Figure 5

oo
00355
a b c d - |
o 159 00089 0.0161 - 157 60 | 00043 0.0455 40+
o o % )
% | "E;-i < 50 | || | & 304
E 10 E 404 o E o
8 ] c =
3 5 £ 404
8 £ " + 20
k= £ ) 2
54 + 5 Q 30 3)
— — o o 10
(G 1G] ES B
=R = 20
0 T T T T 0 T T T T T T T 0 T
YUMM1.G1 + + + + B16F10 + + + * YUMM1.G1 + + + + B16F10 + +
emavusertib - + - + emavusertib + - + emavusertib - + - + emavusertib +
anti-PD-1 mAb . - + + anti-PD-1 mAb . - + + anti-PD-1 mAb . - + + anti-PD-1 mAb - -
e ~ 12- f vehicle emavusertib  aPD-1 mAb  combination
Q 0.0169 —_
o o
% 9 <
a [m]
o +
£ 6 -~
[1h]
& o
O L
O 34 5}
= =
0 I 1 I 1
B16F10 + + + +
emavusertib - + - + Q
anti-PD-1mAb - -+ o+ [m)]
(&)
— 75+
g (]
@ 0.0170
uwy
& 50
(o]
£ ™
5 25 S
ci‘) -
4 O
Q
=R
o_
B16F10 + + + +
emavusertib - + +
anti-PD-1 mAb - - + +

920z dunr 6z uo 3sanB Aq ypd “6YE0 -GZ - 1AW /SO8S08E /6VE0 -GZ ~LON "E9TL -GEST /GSTT '0T /10p /4pd -3 19 1118 /3au /6 10 s feuno [oee //:d 13§ wba psreo |meo‘_@



Figure 6
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