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ABSTRACT
Background  Triple-negative breast cancer (TNBC) is an 
aggressive subtype of breast cancer with a poor prognosis 
particularly in the metastatic setting. Treatments with 
anti-programmed cell death protein-1/programmed 
death-ligand 1 (PD-L1) immune checkpoint inhibitors (ICI) 
in combination with chemotherapies have demonstrated 
promising clinical benefit in metastatic TNBC (mTNBC) 
but there is still an unmet need, particularly for 
patients with PD-L1 negative tumors. Mechanisms of 
resistance to ICIs in mTNBC include the presence of 
immunosuppressive tumor-associated macrophages 
(TAMs) in the tumor microenvironment (TME). Eganelisib 
is a potent and selective, small molecule PI3K-γ inhibitor 
that was shown in preclinical studies to reshape the 
TME by reducing myeloid cell recruitment to tumors and 
reprogramming TAMs from an immune-suppressive to 
an immune-activating phenotype and enhancing activity 
of ICIs. These studies provided rationale for the clinical 
evaluation of eganelisib in combination with the anti-
PD-L1 atezolizumab and nab-paclitaxel in firstline mTNBC 
in the phase 2 clinical trial MAcrophage Reprogramming 
in Immuno-Oncology-3 (MARIO-3, NCT03961698). We 
present here for the first time, in-depth translational 
analyses from the MARIO-3 study and supplemental data 
from eganelisib monotherapy Ph1/b study in solid tumors 
(MARIO-1, NCT02637531).
Methods  Paired pre-treatment and post-treatment 
tumor biopsies were analyzed for immunophenotyping 
by multiplex immunofluorescence (n=11), spatial 
transcriptomics using GeoMx digital spatial profiling 
(n=12), and PD-L1 immunohistochemistry, (n=18). 
Peripheral blood samples were analyzed using flow 
cytometry and multiplex cytokine analysis.

Results  Results from paired tumor biopsies from 
MARIO-3 revealed gene signatures of TAM reprogramming, 
immune activation and extracellular matrix (ECM) 
reorganization. Analysis of PD-L1 negative tumors revealed 
elevated ECM gene signatures at baseline that decreased 
after treatment. Gene signatures of immune activation 
were observed regardless of baseline PD-L1 status and 
occurred in patients having longer progression-free 
survival. Peripheral blood analyses revealed systemic 
immune activation.
Conclusions  This is the first report of translational 
analyses including paired tumor biopsies from a phase 
2 clinical study of the first-in-class PI3K-γ inhibitor 
eganelisib in combination with atezolizumab and nab-
paclitaxel in frontline mTNBC. These results support 
the mechanism of action of eganelisib as a TAM-
reprogramming immunotherapy and support the rationale 
for combining eganelisib with ICI and chemotherapy in 
indications with TAM-driven resistance to ICI.

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Reprogramming tumor-associated macrophages 
(TAMs) through inhibition of PI3K-γ is a promising 
therapeutic approach that has been extensively 
studied and validated in the preclinical setting in-
cluding syngeneic models of myeloid-rich breast 
cancer where the loss of PI3K-γ enhances the ef-
fects of chemotherapy and overcomes resistant to 
immune checkpoint therapy.

https://jitc.bmj.com/
http://orcid.org/0000-0001-6234-6435
https://doi.org/10.1136/jitc-2024-009160
https://doi.org/10.1136/jitc-2024-009160
http://crossmark.crossref.org/dialog/?doi=10.1136/jitc-2024-009160&domain=pdf&date_stamp=2024-08-30


2 O'Connell BC, et al. J Immunother Cancer 2024;12:e009160. doi:10.1136/jitc-2024-009160

Open access�

BACKGROUND
Triple-negative breast cancer (TNBC), characterized 
by negative expression of estrogen, progesterone and 
human epidermal growth factor receptor-2, represents 
15–20% of breast cancers and is the most aggressive 
subtype.1 Approximately 46% of patients with TNBC 
develop distant metastasis where the median survival is 
only 13.3 months.2 Treatment options for frontline meta-
static TNBC (mTNBC) historically included only chemo-
therapy, with recent advances including immunotherapy, 
PARP inhibitors and antibody–drug conjugates. Anti-
programmed cell death protein-1 (PD-1)/programmed 
death-ligand 1 (PD-L1) immune checkpoint inhibitors 
(ICIs) have shown promising activity when combined 
with chemotherapy in patients with mTNBC whose 
tumors are PD-L1 positive, with improved progression-
free and overall survival compared with chemotherapy 
alone.3 4 Despite this progress, there is still a need for 
improvement in frontline mTNBC treatment, particularly 
in patients with PD-L1 negative tumors, which represent 
the majority of patients with mTNBC.

One important mechanism of resistance to ICIs is 
the presence of immunosuppressive cells in the tumor 
microenvironment (TME), including T regulatory cells, 
myeloid-derived suppressor cells (MDSCs) and tumor-
associated macrophages (TAMs).5 Among these, TAMs 
are the most abundant and correlate with poor prognosis 
across many cancer types, including TNBC.6 As a result, 
several therapeutic approaches targeting TAMs have 
been developed and evaluated in the clinic, including 
approaches to suppress, block trafficking or, more 
recently, reprogram TAMs.7 8 TAM reprogramming seeks 
to leverage macrophages plasticity to turn immunosup-
pressive, tumor-supporting M2-like TAMs into immune-
activating, tumor-suppressing M1-like TAMs.9 Suppressing 
the trafficking of MDSCs to the TME and reprogram-
ming TAMs through inhibition of PI3K-γ is a promising 

therapeutic approach that has been extensively studied 
and validated in the preclinical setting including models 
of TNBC.10–12 PI3K-γ, selectively expressed in leuko-
cytes and preferentially within myeloid cells, promotes 
mammalian target of rapamycin (mTOR)-dependent C/
EBPb activation while blocking NFkB signaling resulting 
in gene transcription of immunosuppressive factors such 
as TGF-β1, Arg1 and IL-10.10 13–16 PI3K-γ blockade reverses 
these effects, reshaping the TME toward an immune-
activated, anti-tumor state characterized by macrophage 
reprogramming, T-cell activation and infiltration and 
enhanced gene signatures of IFN-γ signaling and antigen 
presentation.10–12 14–16

Eganelisib (IPI-549) is a first-in-class, oral, potent and 
highly selective PI3K-γ inhibitor developed as a macro-
phage reprogramming cancer immunotherapy with the 
potential to treat a broad range of cancers.17 The addition 
of eganelisib enhanced responses to ICIs (eg, anti−PD-1, 
anti−PD-L1, anti−cytotoxic T-lymphocytes-associated 
protein 4 (CTLA-4) antibodies) in multiple syngeneic 
tumor models and overcame resistance to ICIs in myeloid-
rich ICI-refractory tumor models including a syngeneic 
TNBC model.10 11 Further, a combination of eganelisib 
to chemotherapy (eg, nanoparticle albumin-bound pacl-
itaxel) and anti−PD-1 antibody led to improved survival 
compared with either chemotherapy alone or chemo-
therapy plus anti−PD-1 in a spontaneous syngeneic TNBC 
model.18 Together these data support the rationale for 
exploring the combination of eganelisib and ICI therapy 
with or without chemotherapy in the clinic.

Cohort A of MAcrophage Reprogramming in 
Immuno-Oncology (MARIO)-3 is a single-arm phase 2 
clinical study designed after IMpassion130 to evaluate 
the activity of eganelisib in combination with atezoli-
zumab/nab-paclitaxel in both PD-L1 positive and PD-L1 
negative subgroups in front line mTNBC patients 
(NCT03961698).4 19 Preliminary efficacy data at a median 
duration of follow-up of 9.9 months revealed median 
progression-free survival (PFS) of 11.0 months in the 
PD-L1 positive subgroup (n=14) and 7.3 months in the 
PD-L1 negative subgroup (n=27).19 Although cross-trial 
comparisons are only hypothesis-generating, this data is 
encouraging compared with the historical IMpassion130 
benchmark with median progression free survival (mPFS) 
of 7.5 months and 5.6 months in PD-L1 positive (n=185) 
and PD-L1 negative (n=266) subgroups, respectively.4 
Future analyses with longer follow-up will be required to 
further characterize the triplet combination of eganelisib 
and atezolizumab/nab-paclitaxel in PD-L1 positive and 
PD-L1 negative mTNBC.

Here, we report translational findings from MARIO-3 
including paired pre-treatment and post-treatment tumor 
biopsy analyses demonstrating immune activation in 
both PD-L1 negative and PD-L1 positive tumor types and 
supporting a role of eganelisib as a TAM reprogramming 
immunotherapy within the triple regimen. Peripheral 
blood analyses from MARIO-1 eganelisib monotherapy 

WHAT THIS STUDY ADDS
	⇒ This study is the first report of translational analyses from a phase 
2 clinical study of the first-in-class PI3K-γ inhibitor eganelisib, in 
combination with immune checkpoint therapy (atezolizumab) and 
chemotherapy (nab-paclitaxel) in 1 L metastatic triple-negative 
breast cancer (mTNBC). Translational analyses revealed evidence 
of TAM reprogramming and immune activation consistent with that 
previously characterized in a preclinical setting and further demon-
strated immune activation regardless of programmed death-ligand 
1 (PD-L1) tumor status.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR 
POLICY

	⇒ The immune activation observed in a subset of PD-L1 negative tu-
mors is intriguing given the unmet need in this patient population. 
These data support the rationale for further evaluation of PI3K-γ 
inhibition in combination with immune checkpoint therapy and che-
motherapy in patients with mTNBC regardless of PD-L1 status and 
potentially more broadly in oncology indications where TAMs are a 
factor of resistance to therapy.
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provide further support for the mechanism of drug 
action.

MATERIALS AND METHODS
MARIO-3 (NCT03961698)
MARIO-3 is a single-arm phase 2 study of eganelisib 
(30 mg once daily) in combination with standard dosing 
and regimen of atezolizumab and nab-paclitaxel in 62 
patients with inoperable locally advanced or mTNBC. 
Radiographic evaluations and Response Evaluation 
Criteria in Solid Tumors (RECIST) V.1.1 assessments were 
conducted every 8 weeks for 12 months and then at least 
every 12 weeks until confirmed progression of disease, 
alternate anticancer therapy, or withdrawal of consent. 
Median PFS was determined in months, censoring on the 
last tumor assessment (April 14, 2023 datacut). Peripheral 
blood, and serum were collected pre-dose at cycle 1 day 1 
(C1D1), cycle 1 day 15±2 days (C1D15) and day 1 of each 
28-day cycle≥C2D1±3 days. Biopsies were collected at day 
0 and 2 months post-treatment.

MARIO-1 (NCT02637531)
MARIO-1 is a phase 1/1b first-in-human study evaluating 
the safety and tolerability of once-daily eganelisib as mono-
therapy and in combination with nivolumab in patients 
with advanced solid tumors.20 A total of 39 patients were 
treated with eganelisib monotherapy in study MARIO-1 
which consisted of a 3+3 dose escalation ranging from 
10 mg to 60 mg (n=19) and a 60 mg monotherapy dose 
expansion phase (n=20).20 Peripheral blood, and serum 
were collected pre-dose at C1D1, C1D8, and day 1 of each 
28-day cycle≥C2D1.

Digital spatial profiling of tumor biopsy FFPE tissues
Formalin-fixed paraffin-embedded (FFPE) tissue from 
12 paired biopsies (pre-treatment and 2 months on-treat-
ment) was analyzed for spatially resolved profiling of 1800 
RNA targets from the cancer transcriptome atlas panel 
using NanoString’s GeoMx digital spatial profiling (DSP) 
platform performed at Canopy Biosciences, Hayward, 
California, USA (Bruker Nano, Billerica, Massachu-
setts, USA). Fluorescent labeled antibodies targeting 
CD68 (Santa Cruz catalog#SC-20060 AF594), CD45 
and PanCK (NanoString morphology kit catalog#GMX-
RNA-MORPH-HST-12) were used to identify the spatial 
location of macrophages, leukocytes, and tumor cells, 
respectively. Photocleavable RNA probes were released 
from each cellular segment by ultraviolet (UV) light 
and sequenced using next-generation sequencing 
(NGS) readout with an Illumina NovaSeq 6000. For 
each 5-micron slide, 4 regions of interest (∼450,000 mm2 
diameter) were selected and segmented into CD45+, 
CD68+and PanCK+areas for collection. For analysis, NGS 
counts were normalized as recommended by NanoString 
using Q3 normalization (third quartile normalization). 
Linear mixed effects models were used to characterize 
changes in gene expression between pre-treatment and 

on-treatment samples. Gene set enrichment analysis 
using the Reactome pathway database identified changes 
in pathways related to treatment. The R package visNet-
work was used to visualize the relationship between differ-
entially expressed genes and pathways.

Multiplex immunofluorescence
FFPE samples were processed and analyzed with the 
MultiOmyx platform at NeoGenomics (Fort Meyers, 
Florida, USA) using sequential rounds of staining with 
Cy3-conjugated antibodies and Cy5-conjugated anti-
bodies targeting human leukocyte antigen DR (HLA-
DR) (Novus catalog#NB100-64358), CD68 (BioLegend 
catalog#916104), CD8 (Dako catalog#M7103), Granzyme 
B (Dako catalog#M7235) and PanCK (Sigma-Aldrich 
catalog#C5992, Abcam Catalog#ab213135). Cell densities 
were measured as mean cell counts per area across∼20 
regions of interest (0.832 mm × 0.702 mm). The ratio of 
HLA-DR+CD68+ to HLA-DR-CD68+macrophages was 
calculated using mean cell counts for each measure taken 
from the same region of interest. Images were collected 
using IN Cell Analyzer 2200 Bioimager (GE Healthcare).

PD-L1 immunohistochemistry
FFPE samples were processed and analyzed by CellCarta 
(Naperville, Illinois, USA) for PD-L1 immunohistochem-
istry analysis using Ventana SP142 antibody. Determi-
nation of PD-L1 status was evaluated based on immune 
cell score (IC) defined as the proportion of tumor area 
occupied by PD-L1 tumor-infiltrating immune cells of any 
intensity, with a cut-off for PD-L1 positive≥1% IC.

Peripheral blood analyses
See online supplemental materials and methods.

RESULTS
Study design
Translational analyses were performed on peripheral 
blood and paired tumor biopsy samples collected from 
a single-arm phase 2 study of eganelisib in combina-
tion with atezolizumab and nab-paclitaxel (MARIO-3). 
Peripheral blood analyses from MARIO-3 are reported 
for patients having a full set of day 0, day 15, and day 28 
post-treatment samples and included multiplex cytokine 
analysis (n=45) and flow cytometry immunophenotyping 
(n=43). A total of 29 paired biopsies (within 3 months 
prior to the first dose and week 8±7 days) were collected 
from MARIO-3, 21 of which were evaluable by one or 
more of the translational analyses reported here. To 
support the role of eganelisib within the triplet regimen, 
additional peripheral blood analyses were performed 
with samples collected from patients treated with eganel-
isib monotherapy in a phase 1/1b dose escalation/expan-
sion study (MARIO-1). The 30 mg, 40 mg and 60 mg dose 
groups were combined for monotherapy analyses based 
on pharmacokinetic (PK)/pharmacodynamic (PD) data 

https://dx.doi.org/10.1136/jitc-2024-009160
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showing potent PI3K-γ inhibition throughout the dosing 
intervals.20

Peripheral blood analyses reveal systemic immune activation 
on treatment
Multiplex cytokine and chemokine quantitative analysis 
performed on serum collected from MARIO-3 patients 
revealed an increase in immune-activating chemokines 
including IFNG, CXCL9, CXCL10, IL-12p70 and IL-15, 
and a decrease in immune suppressive chemokines 
including CCL22 and TGFA at day 15 post-treatment with 
the triplet regimen (figure 1A).21–23 The anti-inflammatory 
factor IL-10 was also upregulated post-treatment, poten-
tially as an immune dampening mechanism. Some effects 
were transient in nature with the peak activity observed at 
the early timepoints including upregulation of IFNG and 
IL12p70 whereas others were sustained through day 28 
including upregulation of CXCL9 and CXCL10 among 
others (figure 1A).

Flow cytometry analyses of peripheral blood samples 
collected from MARIO-3 showed systemic immune 

activation characterized by a decrease in immunosup-
pressive monocytic MDSCs (mMDSC) and an increase 
in activated (Ki67+) memory T-cells at day 15 and day 
28 post-treatment compared with pre-treatment base-
line (figure 1B). While a transient reduction of mono-
cytes (CD14+HLADR+) was observed, the reduction of 
mMDSCs (CD14+HLADR−) was of greater magnitude 
and duration compared with monocytes (figure 1B). A 
modest transient reduction in CD4, CD8, memory CD4 
and memory CD8 cells was observed, likely a conse-
quence of chemotherapy-mediated lymphodepletion 
(figure  1B). However, the remaining T-cells showed 
evidence of activation with an upregulation of prolif-
erating (Ki67+) memory CD4/CD8 cells (figure  1B). 
Importantly, increases in the percentage of proliferating 
PD1+memory CD8/CD4 cells at day 15 and day 28 post-
treatment were observed, consistent with the reinvig-
oration of exhausted memory T-cells (figure 1B). The 
percentage of memory CD8 and memory CD4 T-cells 
expressing CTLA-4 was increased on day 15 and day 28 

Figure 1  Peripheral blood analyses for MARIO-3. Analytes for cytokine (A) and immune cell subsets (B) determined 
by Luminex and flow cytometry, respectively are expressed as log2FC over baseline for samples collected at day 15 
and day 28 after treatment. Absolute cell counts for monocytic MDSCs (HLAR-CD14+CD11b+CD33+), monocytes 
(HLADR+CD14+CD11b+CD33b+), CD8+T cells, CD4+T cells, memory CD8 T-cells (mCD8; CD45RA-CD8+CD3+), memory 
CD4 T cells (mCD4; CD45RA-CD4+CD3+) and subpopulations including per cent of memory CD8/CD4 T-cells expressing 
exhaustion markers PD-1 and CTLA-4, proliferation (Ki67+) of memory CD8/CD4 T-Cells, and proliferation (Ki67+) of exhausted 
(PD1+) memory CD8/CD4 T-Cells are shown (B). One-way repeated measures ANOVA was performed with colors representing 
significance and direction of change; blue: significant upregulation, green: significant downregulation, gray: not significant. For 
cytokine analysis, p-values were adjusted using Bonferroni corrections for multiple comparisons. ANOVA, analysis of variance; 
CTLA-4, cytotoxic T-lymphocytes-associated protein 4; MARIO-3, MAcrophage Reprogramming in Immuno-Oncology-3; 
MDSCs, myeloid-derived suppressor cells; PD-1, programmed cell death protein-1.
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after treatment with the largest effect on memory CD8 
cells (figure 1B). A modest increase in the percentage 
of mCD4 and mCD8 cells expressing PD-1 was also 
observed.

Importantly, peripheral blood analyses from eganel-
isib monotherapy dose escalation/expansion in patients 
with advanced solid tumors (MARIO-1)20 showed 
similar upregulation of CXCL9, downregulation of 
CCL22, proliferation of memory CD8+T cells and rein-
vigoration of PD-1+memory CD8+ T cells and a trend 
toward increased CXCL10 and reduced mMDSCs at day 
28 post-treatment (online supplemental figure 1).

Immunofluorescence analysis of paired biopsies reveals 
macrophage activation and T-cell infiltration in PD-L1 positive 
and PD-L1 negative tumors
To investigate treatment-related changes to the 
TME, MultiOmyx immunofluorescence analysis was 
performed on pre-treatment and post-treatment paired 
tumor biopsies collected from MARIO-3. Cell densities 
for distinct immune populations were quantified from 
11 paired biopsies (figure 2A). An increase in the ratio 
of HLA-DR+activated macrophages to HLA-DR− immu-
nosuppressive macrophages as well as an increase in the 
density of CD8+T cells and activated (Granzyme B+) 
CD8+T cells was observed in paired biopsies including 
both PD-L1 negative and PD-L1 positive tumor types 
after 2-month treatment with eganelisib+atezolizumab 
+ nab-paclitaxel (figure  2A). Representative images 
from a PD-L1 negative (patient C) and PD-L1 positive 
(patient A) tumor biopsy pair are shown (figure  2B). 
Micrographs from the PD-L1 negative tumor (patient 
C) demonstrate an increase in the ratio of HLA-
DR+to HLA-DR− macrophages (yellow), and density of 
CD8+T cells (purple) and activated Granzyme B+CD8+ 
T cells (white) after treatment. Micrographs from the 
PD-L1 positive tumor (patient A) show high baseline 
CD8+T cells (purple) and an increase in the density of 
activated (Granzyme B+) CD8+T cells (white) and the 
ratio of HLA-DR+to HLA-DR− macrophages (yellow) 
after treatment (figure 2B).

Digital spatial profiling of paired biopsies reveals gene 
signatures of immune activation and ECM reorganization in 
leukocytes-enriched regions of the TME
To identify gene expression changes within specific cell 
types of the TME including leukocytes (CD45+) and 
macrophages (CD68+), DSP was performed on paired 
biopsies collected at baseline and 2 months after treat-
ment with eganelisib + atezolizumab + nab-paclitaxel from 
MARIO-3. DSP was performed using the Cancer Tran-
scriptome Atlas panel representing 1800 RNA targets and 
55 pathways critical to immune response, tumor biology 
and the microenvironment. Reactome pathway anal-
ysis (figure 3A) and differential gene expression (DEG) 
(figure 3B, online supplemental table 2) were performed 
on the collective group of paired biopsies (n=12). Enrich-
ment of pathways associated with immune activation 

including the adaptive immune system, interferon-γ 
signaling, antigen presentation, chemokines and TCR 
signaling, and suppression of pathways associated with 
extracellular matrix organization (ECM) were observed 
after treatment (figure  3A). The strongest upregu-
lated genes, based on log2Fold change and significance 
included CXCL9 and CCL5 involved in T-cell chemo-
taxis, complement component C3, and KLRK1, a gene 
expressed on activated immune cells including natural 
killer (NK)-cells, T-cells and macrophages (figure  3B, 
online supplemental table 2). The strongest downregu-
lated genes included ECM proteins SPP1, FN1, COL5A1, 
COL11A1 and TPM1 (figure  3B, online supplemental 
table 2). Gene expression for gene sets contributing to 
the core enrichment of select pathways from the group 
analysis are represented by network plots (figure  3C). 
Immune-related pathways were highly interconnected. 
Upregulated genes that contributed to the core enrich-
ment of key pathways included interferon regulated 
genes (STAT1, GBP1, GBP2, GPB4), major histocom-
patibility complex (MHC) I antigen presentation (B2M, 
HLA-A, HLA-B, HLA-C, HLA-E, HLA-F, TAP1), MHC II 
antigen presentation genes (CTSS, CD74, HLA-DRA, 
HLA-DMB), chemokines (CXCL9, CXCL10, CXCL11, 
CXCL12, CXCL13, CCL4, CCL5, CCL19, CCR5), and 
T-cell receptor signaling (CD3D, CD3E, CD247, PSMB8, 
PSMB9, PSMB10, ZAP70) (figure  3C, online supple-
mental table 2) among others. Genes contributing to 
the core enrichment of the ECM organization pathway 
included fibrogenic cytokines (PDGFA, PDGFB), integ-
rins (ITGA5, ITGAV, ITGB6, ITGB8), matrix metallopro-
teinases and other matrix remodeling enzyme systems 
(MMP1, MMP3, MMP9, MMP11, PLAU, PLAT, PLAUR), 
collagens (COL5A1, COL5A2, COL11A1, COL27A1), 
and other ECM proteins (SPP1, FN1, VCAN) (figure 3C, 
online supplemental table 2). In addition, downregula-
tion of genes associated with angiogenesis (VEGF) and 
immune suppression including ITGAV, ITGB8, TGFB2, 
and TGFB3 were also observed (figure 3C, online supple-
mental table 2).

Individual patient digital spatial profiling analysis reveals 
immune activation in a subset of patients
To investigate potential relationships between TME 
changes and clinical outcomes, pathway analyses were 
performed on individual paired biopsy samples and 
annotated with PFS (online supplemental table 1). Indi-
vidual patient analyses revealed that the immune activa-
tion signature including the adaptive immune system, 
interferon-γ signaling and antigen presentation pathways 
observed in the group analysis (n=12) was primarily driven 
by patients A–D and I (figure  3D, online supplemental 
table 3). PFS (RECIST V.1.1) for each patient (A–L) show 
that patients A–D have the longest PFS of the group. An 
exploratory analysis of samples collected from patients 
experiencing transient eganelisib-only dose hold with 
uninterrupted atezolizumab/nab-paclitaxel for 2 weeks 
immediately prior to biopsy collection and PFS≤5.49 
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months (patients F, J, L) showed a lack of enrichment 
of many immune-related pathways including interferon-
gamma and antigen presentation pathways (figure  3D, 
online supplemental table 1). The reduction in ECM 
organization was variable across samples (figure  3D). 
Changes in gene expression for genes contributing to the 
core enrichment of the adaptive immune system pathway 
from the group analysis were visualized for individual 
patient samples using heat maps. Antigen presentation 
genes including MHC Class I (HLA-A, HLA-B, HLA-C, 

HLA-E, HLA-F, TAP1) and MHC II (HLA-DMB, HLA_
DOA, HLA-DPA1, HLA-DQA1, HLA-DRA, HLA-DRB3, 
HLA-DRB4, HLA-DRB4, CD74) were among the genes 
strongly upregulated in patients A–D with longer PFS 
(online supplemental figure 2).

Increased PD-L1 expression observed by IHC in a subset of 
paired tumor biopsies
To evaluate PD-L1 dynamics between pre-treatment and 
post-treatment paired biopsies, PD-L1 status was measured 

Figure 2  Immunofluorescence analysis of immune cell subsets from MARIO-3 paired tumor biopsies. FFPE tissue collected 
from pre-treatment (day 0) and on-treatment (2 months) biopsies (n=11) stained using MultiOmyx are quantified using the mean 
of∼20 ROIs and color coded according to baseline PD-L1 status (PD-L1 negative (red); PD-L1 positive (blue)) (A). Representative 
images from a PD-L1 negative (patient C) and PD-L1 positive (patient A) tumor biopsy pair are shown to visualize TAM 
reprogramming (CD68+HLA-DR− (red), CD68+HLA-DR+ (yellow), and density of CD8 T-Cells (purple), Granzyme B+CD8+ 
T Cells (white) and tumor PanCK+ (cyan) cells. Post treatment changes were characterized using one-way ANOVA *p<0.05. 
ANOVA, analysis of variance; FFPE, formalin-fixed paraffin-embedded; ROI, region of interest; PD-L1, programmed death-ligand 
1; TAM, tumor-associated macrophage.

https://dx.doi.org/10.1136/jitc-2024-009160
https://dx.doi.org/10.1136/jitc-2024-009160
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Figure 3  Digital spatial profiling (DSP) analysis of 12 paired biopsies collected pre-treatment (day 0) and on-treatment (2 
months) from MARIO-3 using anti-CD45+antibody guide to mark leukocytes. GSEA with Reactome pathways was performed to 
characterize changes in pathway expression within leukocyte enriched regions and visualized with volcano plots (A, left panel). 
Treatment related changes in gene expression were determined using linear mixed effects model and visualized by volcano 
plots (B, right panel). Network plots were used to visualize connectivity among pathways, direction of change, and significance 
of genes contributing to the core enrichment of pathways p<0.05 (circles), p≥0.05 (squares). GSEA was performed on paired 
tumor biopsies from individual patients, and normalized enrichment scores from representative pathways are shown using 
heat maps, *p<0.05 (D). ˆeganelisib hold with continued atezolizumab/nab-paclitaxel for 2 weeks prior to sample collection. 
mPFS (RECIST V.1.1) from April 14, 2023 datacut is indicated for each patient (D). ECM, extracellular matrix; GSEA, gene set 
enrichment analysis; MARIO-3, MAcrophage Reprogramming in Immuno-Oncology-3; PD-1, programmed cell death protein-1; 
PD-L1, programmed death-ligand 1; PFS, progression-free survival; RECIST, response evaluation criteria in solid tumor; TCR, 
T-cell receptor.
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using the SP142 Ventana assay (IC≥1% for PD-L1 posi-
tive) in 18 paired biopsies collected from MARIO-3 
(online supplemental figure 3). Upregulation of PD-L1 
was observed in 67% (12 out of 18) of paired biopsies 
including 80% of baseline PD-L1 positive (4 out of 5) and 
62% of baseline PD-L1 negative (8 out of 13) tumors. Of 
interest, 6 paired samples changed from PD-L1 negative 
to PD-L1 positive status post-treatment (IC≥1% cut-off).

DSP analysis reveals immune activation regardless of PD-L1 
status and ECM reorganization in PD-L1-negative tumors
Pathway and DEG analyses from DSP of leukocytes were 
performed on samples grouped according to base-
line PD-L1 status. Upregulation of genes and pathways 
consistent with immune activation including interferon 
gamma signaling, antigen presentation, and GPCR 
ligand binding pathways were observed in both PD-L1 
negative and PD-L1 positive tumors (figure 4A,B, online 
supplemental table 4). Genes and pathways involved 
in ECM organization and matrix remodeling desmo-
plasia and metastasis,24–28 including COL1A1, COL3A1, 
COL5A1, COL5A2, COL11A1, ITGB1, ITGAV, ITGA5, 
MMP1, MMP3, MMP9, PLAU, PLAUR, MFGE8, FN1, 
PDGFA, and PDGFRB, were specifically downregulated 
in the PD-L1 negative, but not PD-L1 positive subgroup 
(figure 4A,B, online supplemental table 4). To investigate 
whether differences existed between the TME of PD-L1 
negative versus PD-L1 positive subgroups at baseline, 
DEG and pathway analysis were performed comparing 
the two subgroups against each other using pre-treatment 
samples. Pathways and genes associated with the baseline 
PD-L1 negative subgroup are represented on the left side 
of the volcano plots with negative normalized enrichment 
score (NES) and Log2FC values and those associated with 
baseline PD-L1 positive subgroup are shown on the right 
side of the volcano plots with positive NES and Log2FC 
values (figure 4C,D). Genes and pathways related to ECM 
organization were strongly associated with baseline PD-L1 
negative relative to baseline PD-L1 positive subgroups 
and included genes associated with collagen COL1A1, 
COL1A2, COL3A1, COL5A1, COL5A2, COL11A1, and 
matrix remodeling desmoplasia and metastasis (PLAU, 
PLAUR, ITGAV, ITGA5, FN1) (figure  4C,D, online 
supplemental table 5). In contrast, genes and pathways 
associated with baseline PD-L1 positive relative to base-
line PD-L1 negative subgroup were primarily involved 
in complement cascade, interferon and T-cell signaling 
including C4B, IFIT2, IFIT3, IFI6, GBP1, GBP4, CD8A, 
and CD8B among others (figure  4C,D, online supple-
mental table 5). Genes associated with immunosuppres-
sive macrophages were observed in pre-treatment samples 
from both PD-L1 subgroups with CSF1R and Arg1 associ-
ated with PD-L1 negative and PD-L1 positive subgroups, 
respectively (figure 4D, online supplemental table 5).

Digital spatial profiling within macrophages-enriched regions 
reveals gene signatures consistent with TAM reprogramming 
in a subset of paired biopsies
To investigate the effect of treatment on TAM reprogram-
ming, DEG and pathway analysis were performed within 
macrophage (CD68+) enriched regions using DSP. Like 
that observed in total leukocytes (figure  3A), upregula-
tion of interferon-gamma signaling, chemokines and 
antigen presentation and suppression of ECM genes and 
pathways were observed in macrophage-enriched regions 
(figure  5A, online supplemental table 6). Unlike that 
observed in total leukocytes, pathways linked to immuno-
suppressive macrophages including IL-4/IL-13 and VEGF 
were observed only in macrophage-enriched regions 
(figure  5A). Individual patient sample analysis within 
macrophage-enriched regions revealed that enrich-
ment of pathways associated with TAM reprogramming 
including interferon-gamma signaling, and MHC Class I 
and Class II antigen presentation pathways were primarily 
driven by patients A, C, D and I (figure 5B, online supple-
mental table 7). Reduction in pathways associated with 
immune suppression (IL-4/IL-13 and VEGF) and/or 
ECM was observed in a subset of patients (figure  5B, 
online supplemental table 7). Changes in gene expres-
sion for genes contributing to the core enrichment of 
the interferon-gamma pathway in the group analysis were 
visualized on an individual sample basis with heatmaps 
(figure 5C, online supplemental table 8). Consistent with 
the pathway analysis, interferon-gamma pathway related 
genes were upregulated in a subset of patient samples 
including A, C, D and I and dampened in eganelisib-only 
dose hold patients F, J and L (figure 5C).

It was recently proposed that the ratio of the expression 
of CXCL9 and SPP1 (CXCL9:SPP1) can be used to define 
TAM polarity in several cancers and has a stronger prog-
nostic association than conventional M1-like and M2-like 
macrophage markers.29 We hypothesized that changes in 
the CXCL9:SPP1 ratio in macrophage-enriched regions 
could be used as a measure of TAM reprogramming on 
treatment with eganelisib combination. Interestingly, the 
strongest increase in CXCL9:SPP1 ratio was observed 
in patients A, C and D with prolonged PFS, consistent 
with the enrichment of TAM reprogramming pathways 
observed in these samples (figure 5D).

DISCUSSION
While the combination of ICI and chemotherapy has 
shown encouraging survival benefit over chemotherapy 
alone for patients with PD-L1 positive tumors, patients 
do eventually progress so more effective treatment strat-
egies are needed in mTNBC.3 4 In addition, a combina-
tion of ICI with chemotherapy does not improve survival 
for patients with PD-L1 negative tumors, leaving these 
patients with high unmet needs. Strategies to target resis-
tance mechanisms including immunosuppressive TAMs 
are explored to realize the full potential of immune 
therapies, particularly in the PD-L1 negative setting. 

https://dx.doi.org/10.1136/jitc-2024-009160
https://dx.doi.org/10.1136/jitc-2024-009160
https://dx.doi.org/10.1136/jitc-2024-009160
https://dx.doi.org/10.1136/jitc-2024-009160
https://dx.doi.org/10.1136/jitc-2024-009160
https://dx.doi.org/10.1136/jitc-2024-009160
https://dx.doi.org/10.1136/jitc-2024-009160
https://dx.doi.org/10.1136/jitc-2024-009160
https://dx.doi.org/10.1136/jitc-2024-009160
https://dx.doi.org/10.1136/jitc-2024-009160
https://dx.doi.org/10.1136/jitc-2024-009160
https://dx.doi.org/10.1136/jitc-2024-009160
https://dx.doi.org/10.1136/jitc-2024-009160
https://dx.doi.org/10.1136/jitc-2024-009160
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The TNBC portion of the single-arm, phase 2 MARIO-3 
study (NCT03961698) replicated key inclusion/exclusion 
criteria from the benchmark IMpassion130 study and 
sought to evaluate the activity of the first-in-class PI3K-γ 
inhibitor and TAM reprogramming agent eganelisib in 
combination with atezolizumab/nab-paclitaxel in PD-L1 
positive and PD-L1 negative subgroups. Preliminary 

results from MARIO-3 revealed encouraging mPFS 
(months) in patients with both PD-L1 positive and PD-L1 
negative tumors suggesting a potentially positive, contrib-
utory role of eganelisib within the triplet regimen19 
(online supplemental table 1).

This is the first report to describe translational findings 
from the evaluation of eganelisib in combination with 

Figure 4  Digital spatial profiling (DSP) analysis within CD45+leukocytes in paired biopsies from MARIO-3 grouped according 
to baseline PD-L1 status. GSEA was performed within leukocyte enriched regions. Treatment related changes are represented 
with volcano plots for PD-L1 negative subgroup (n=8) (A, left panel) and PD-L1 positive subgroup (n=4) (A, right panel). GSEA 
(left panel) and DEG (right panel) showing differences between PD -L1 negative and PD-L1 positive subgroups at baseline 
(Day 0) are shown with volcano plots (B). DEG, differential gene expression; ECM, extracellular matrix; GSEA, gene set 
enrichment analysis; MARIO-3, MAcrophage Reprogramming in Immuno-Oncology-3; PD-L1, programmed death-ligand 1; PFS, 
progression-free survival.

https://dx.doi.org/10.1136/jitc-2024-009160
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atezolizumab and nab-paclitaxel in frontline mTNBC, 
including analysis from peripheral blood and paired 
tumor biopsies. In this study, DSP revealed transcriptional 
changes within macrophage-enriched regions consistent 
with TAM reprograming to a pro-inflammatory state 
including enrichment of interferon-gamma signaling, 
and MHC I and MHC II antigen presentation pathways as 
well as increased CXCL9:SPP1 ratio in a subset of paired 
biopsies (figure 5A–D, online supplemental table 6). In 

an orthogonal approach, TAM reprogramming, defined 
by an increase in the ratio of HLA-DR+activated macro-
phages to HLA-DR− suppressive macrophages was also 
observed (figure  2). In summary, DSP and immunoflu-
orescence analyses both reveal evidence of TAM repro-
gramming in a subset of paired tumor biopsies from 
MARIO-3, consistent with eganelisib mechanism of action 
and preclinical findings.

Figure 5  Digital spatial profiling (DSP) analysis of 12 paired biopsies collected pre-treatment (day 0) and on-treatment 
(2 months) from MARIO-3 using anti-CD68+antibody guide to mark macrophages. GSEA with Reactome pathways was 
performed and normalized enrichment scores were calculated for macrophage enriched regions. Treatment related changes 
are represented with volcano plots (A). GSEA was performed on individual paired tumor biopsies, and normalized enrichment 
scores from representative pathways are shown using heat maps, *p<0.05 (B). Gene expression of genes contributing to the 
core enrichment of the interferon-gamma signaling pathway identified in the group analysis (n=12) were plotted as log2FC over 
baseline on an individual sample basis using heat maps (C). Log2FC changes in CXCL9:SPP1 ratio for on-treatment relative 
to baseline were plotted for individual paired biopsies against PFS (D). ˆeganelisib hold with continued atezolizumab/nab-
paclitaxel for 2 weeks prior to sample collection. mPFS (RECIST V.1.1) from April 14, 2023 datacut is indicated for each patient 
(B,C). ECM, extracellular matrix; GSEA, gene set enrichment analysis; MARIO-3, MAcrophage Reprogramming in Immuno-
Oncology-3; PD-1, programmed cell death protein-1; PD-L1, programmed death-ligand 1; PFS, progression-free survival; 
RECIST, response evaluation criteria in solid tumors.

https://dx.doi.org/10.1136/jitc-2024-009160
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Immune activation observed in post-treatment biopsies, 
including enrichment of interferon-gamma signaling, 
MHC-I and MHC-II antigen presentation and T-cell 
activation pathways within leukocyte enriched regions 
(figure 3A) as well as increased CD8+T cell density and 
Granzyme B+activated CD8+ T cells within the TME 
(figure  2) are in line with preclinical studies showing 
immune activation with similar characteristics on PI3K-γ 
blockade11 13 suggesting eganelisib is contributing to 
the overall effect. Importantly, our data show a shift to 
an immune-activated state in tumor biopsies after treat-
ment with the triplet not only in subsets of PD-L1 positive 
tumors, but also in subsets of PD-L1 negative tumor types 
using orthogonal approaches (figures 2 and 4). Interest-
ingly, the TME of PD-L1 negative tumors differed from 
PD-L1 positive tumors and were dominated by genes 
associated with ECM organization, matrix remodeling, 
desmoplasia and metastasis that were downregulated in 
post-treatment biopsies (figure  4). The dysregulation 
of ECM genes by TGF-β signaling in cancer-associated 
fibroblasts have been linked to immune evasion and 
immunotherapy failure.30 The enrichment of ECM genes 
observed at baseline in PD-L1 negative tumors from 
MARIO-3 suggest a more fibrotic, potentially ICI-resistant 
state compared with PD-L1 positive tumors which may 
further benefit from a combination of TME modulators 
such as eganelisib.

Peripheral blood analyses from MARIO-3 demon-
strated systemic immune activation including prolif-
eration and reinvigoration of memory CD8+T cells, 
upregulation of IFN-γ, CXCL9, CXCL10, and IL-15 and 
reduced immunosuppressive mMDSC cells and CCL22, a 
cytokine expressed by immunosuppressive macrophages 
(figure 1A,B). IFN-γ, CXCL9 and CXCL10 promote T-cell 
recruitment and activation, while IL-15 promotes NK 
cell activation and T-cell memory; each has been associ-
ated with stimulation of immune responses and positive 
outcomes in cancer therapy.21–23 Importantly, peripheral 
blood analyses from MARIO-1 eganelisib monotherapy 
revealed similar results to MARIO-3 for key cytokines and 
immune cell populations, supporting a role for eganelisib 
within the triplet regimen (online supplemental figure 
1).

It is noteworthy that similar immune and ECM changes 
observed in eganelisib-treated patients were observed 
on PI3K-γ inhibition in in vitro cultured monocyte/
macrophages and/or in vivo preclinical models of 
cancer.10 11 14–16 31 Upregulation of MHC II members 
(HLA-DR, HLA-DQ, CIITA, CD74) and T-cell activating 
cytokines (CXCL9, CXCL10, CCL5, IL12) in MDSCs, 
TAMs and dendritic cells (DCs), upregulation of MHC 
I on all tumor-associated cells; upregulation of T and NK 
cell activation markers IFNG, ITGAL, GZMK, GZMA, 
IL2RG,CD3D, ZAP70, RORA, ITGA4, ITK, CD8B, and 
LCK and others; and downregulation of desmoplasia 
and metastasis-associated genes PDGFA, PDGFB, TGF, 
VEGFA, PLAU, PLAT, MFGE8, VCAN, COL5A1, MMP1 
and MMP9, were also observed on PI3K-γ inhibition in 

animal models of cancer.10 31 In particular, inhibition of 
PI3K-γ reduced ECM deposition, enhanced T-cell recruit-
ment to tumors, prevented metastasis, and promoted 
survival in genetically engineered models of pancreatic 
cancer and TNBC.10 31

An intriguing finding from our DSP analysis of paired 
tumor biopsies was the potential association between 
gene signatures of TAM reprogramming and immune 
activation with clinical outcomes based on PFS. Patients 
whose tumors showed evidence of TAM reprogramming 
defined by enrichment of interferon-gamma, and MHC 
I and MHC II pathways within macrophages and/or 
increased ratio of CXCL9:SPP1 were among those with 
the longest PFS of the group (figure  5B,D). Consistent 
with a contributory role of eganelisib, samples collected 
from patients that experienced eganelisib-only dose 
holds prior to biopsy collection showed reduced evidence 
of TAM reprogramming and shorter PFS relative to the 
group (figure 5B,D, patients F, J, L). While a controlled 
study with larger sample numbers would be required to 
determine if there is a link between eganelisib TAM repro-
gramming and clinical outcome, results from this small 
sub-analysis support a potential contribution of eganel-
isib within the triplet regimen and warrants further study. 
DSP analysis of leukocyte-enriched regions showed similar 
results with 4 out of the 5 patients with gene signatures 
of immune activation, defined by significant enrichment 
of IFNG, adaptive immune system, MHC I, and MHC II 
pathways, having the longest PFS of the group (figure 3D, 
patients A–D) with dampened effects in patients experi-
encing eganelisib-only dose hold and shorter PFS.

The immune response is a highly regulated biological 
process involving many factors including checkpoint 
proteins that maintain homeostasis. The goal of immune 
checkpoint therapy in the context of cancer is to bypass 
checkpoints to achieve a sustained anti-tumor immune 
response. Compensatory upregulation of checkpoint 
proteins including CTLA-4 and immune tolerance factors 
including IL-10 can limit the full potential of immuno-
therapies.32 We observed evidence of these compensa-
tory changes after treatment with the triplet in MARIO-3 
including an increase in PD-L1 expressing immune cells 
within the tumor (online supplemental figure 3) and an 
increase in PD-1 and CTLA-4 expressing memory CD4/
CD8 T-Cells and IL-10 in peripheral blood (figure 1). The 
upregulation of PD-L1 observed in PD-L1 negative tumors 
supports a rationale for further testing of eganelisib and 
PD-L1/PD-1 inhibitors in the treatment of PD-L1 nega-
tive tumors. In addition, improved tumor growth inhibi-
tion has been observed on the addition of anti-CTLA-4 to 
eganelisib+anti-PD1 therapy in TNBC preclinical models, 
providing rationale for exploration of this chemotherapy-
free triple immunotherapy in the clinic.11

In summary, MARIO-3 TNBC tumor biopsy analyses 
revealed, in a subset of patients, evidence of TAM repro-
gramming and immune activation regardless of PD-L1 
status as well as ECM reorganization within PD-L1 nega-
tive tumor types. Based on these findings, we propose a 

https://dx.doi.org/10.1136/jitc-2024-009160
https://dx.doi.org/10.1136/jitc-2024-009160
https://dx.doi.org/10.1136/jitc-2024-009160
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model for the mechanism of action of the triple therapy 
shown in figure 6, whereby eganelisib triggers TAM repro-
gramming, relieving T-cell suppression and together 
with atezolizumab mediated checkpoint blockade and 
nab-paclitaxel mediated tumor cell killing results in a 
sustained anti-tumor immune response. In the context 
of PD-L1 negative tumors with elevated ECM proteins at 
baseline, treatment with the triplet results in gene signa-
tures associated with reduced desmoplasia and metastasis. 
Further studies will be required to determine if these 
changes translate to reduced metastasis in the clinic as 
has been observed in PI3K-γ -/- mice.10

We realize the limitations of interpreting translational 
data from a single-arm study with small sample numbers 
which include an inability to decipher the contribution of 
components. While trends between immune activation/
TAM reprogramming and clinical activity were observed, 
the sample size is too small to assign statistical signifi-
cance. Caution must be taken when interpreting results 
when combining with drugs which may elicit similar phar-
macodynamic changes. Immune activation and PD-L1 
upregulation have been observed with atezolizumab/
nab-paclitaxel combination33 and preclinical studies 
suggest a role for checkpoint blockade and paclitaxel in 

Figure 6  Model for mechanism of action of the triple regimen in both PD-L1 positive and PD-L1 negative tumors. In the 
absence of treatment, the presence of TAMs contributes to an immune suppressed TME that prevents T-cell activation and 
anti-tumor immunity. Treatment with eganelisib triggers TAM reprogramming to an activated state marked by high CXCL9:SPP1 
ratio and elevated MHC I and MHC II expression, resulting in enhanced antigen presentation and relief of T-cell suppression. 
Combination with nab-paclitaxel mediated tumor cell killing and tumor antigen release and atezolizumab mediated checkpoint 
blockade, the triple therapy results in sustained T-cell activity and anti-tumor immunity. For PD-L1 negative tumors with elevated 
ECM proteins in the TME relative to PD-L1 positive tumors, the triple therapy results in reduced gene signatures of EMT and 
fibrosis. ECM, extracellular matrix organization; EMT, epithelial-mesenchymal transition; PD-L1, programmed death-ligand 1; 
TAM, tumor-associated macrophages; TME, tumor microenvironment.
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macrophage polarization,34 35 therefore it is not possible 
to decipher which drug is causing these pharmacody-
namic changes in a single-arm study. However, a recent 
report describing albumin nanoparticle containing 
eganelisib and paclitaxel demonstrated improved macro-
phage reprogramming with the combination compared 
with either drug alone in preclinical breast cancer 
models.18 Despite the limitations of this study, evidence 
of systemic immune activation in peripheral blood from 
MARIO-1 with eganelisib monotherapy (online supple-
mental figure 1) and evidence of TAM reprogramming in 
post-treatment biopsies, including within PD-L1 negative 
tumors from MARIO-3 (figures  2 and 5) are consistent 
with a role for eganelisib within the triplet. Importantly, 
upregulation of MCH I, MHC II, CXCL9 and down-
regulation of SPP1, MMPs, PLAU, PDGF observed in 
tumors biopsies from MARIO-3 were also observed in 
PI3K-γ -/- macrophages in preclinical models.10 31 Future 
randomized controlled studies with more patients will be 
required to further refine the mechanistic contribution 
of components and establish the clinical efficacy of the 
triple regimen.

In conclusion, the translational data from MARIO-3, 
presented here for the first time, are consistent with the 
TAM reprogramming mechanism of action previously 
characterized in preclinical studies. The immune acti-
vation observed in a subset of PD-L1 negative tumors is 
intriguing given the unmet need in this patient popula-
tion. These data support the rationale for further eval-
uation of the first-in-class PI3K-γ inhibitor eganelisib 
in combination with ICI and chemotherapy in patients 
with mTNBC regardless of PD-L1 status and potentially 
more broadly to other PI3K pathway inhibitors or TAM-
targeting agents in oncology indications where TAMs are 
a factor of resistance to therapy.
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