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Abstract

Virulent infectious agents such as severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) and Methicillin Resistant Staphylococcus Aureus (MRSA) induce tissue damage

that recruits neutrophils, monocyte and macrophages, leading to T cell exhaustion, fibrosis,
vascular leak, epithelial cell depletion, and fatal organ damage. Neutrophils, monocytes, and
macrophages recruited to pathogen-infected lungs, including SARS-CoV-2 infected lungs,
express phosphatidylinositol 3-kinase gamma (PI13Ky), a signaling protein that coordinates both
granulocyte and monocyte trafficking to diseased tissues and immune suppressive, pro-fibrotic
transcription in myeloid cells. PI3Ky deletion and inhibition with the clinical PI3Ky inhibitor
eganelisib promoted survival in models of infectious diseases, including SARS-CoV-2 and MRSA,
by suppressing inflammation, vascular leak, organ damage, and cytokine storm. These results
demonstrate essential roles for PI3K+y in inflammatory lung disease and support the potential use
of PI3Ky inhibitors to suppress inflammation in severe infectious diseases.

One sentence summary:

PI13K-y inhibition suppresses lethal inflammation associated with severe infectious diseases, such
as SARS-CoV-2.

Introduction

SARS-CoV-2, SARS-CoV-1 and Middle Eastern respiratory syndrome coronavirus (MERS-
CoV) are viruses that cause lethal infections associated with aberrant pulmonary and
systemic inflammation, vascular leak, coagulation, and organ damage (1). These and other
viral and bacterial infections induce acute respiratory distress syndrome (ARDS), a disorder
characterized by breakdown of lung capillary walls and epithelial integrity, leading to
leakage of interstitial fluid, plasma proteins, and leukocytes into alveoli that can cause

fatal organ damage (2). Extensive recruitment of granulocytes, monocytes, and macrophages
to the lung as a consequence of infection promotes organ damage and scarring as well as
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cytokine storm, a lethal systemic release of pro-inflammatory cytokines (2). In patients

that survive ARDS, extensive lung fibrosis, compromised lung capacity, and systemic
inflammation impair recovery from pulmonary and systemic viral infection (2). Single cell
sequencing has shown that SARS-CoV-2 infections induce loss of alveolar type | (ATI) and
I1 (ATII) epithelial cells, vascular damage, and inflammation, activation of fibroblasts, and
co-infection with pneumonia-causing viruses (3,4,5). In children, SARS-CoV-2 infections
generate a rapid interferon (IFN) response that ameliorates disease, whereas in adults,
delayed IFN responses to MERS-CoV, SARS-CoV-1, and SARS-CoV-2 can fail to suppress
viral infections and exacerbate the damage associated with severe inflammation (6,7).

To identify therapeutic strategies that can reduce inflammatory damage induced by lethal
infectious agents such as SARS-CoV-2, we compared immune responses to infections

in lung and in bronchoalveolar lavage (BAL) specimens from humans, hamsters, and

mice using multiplex immunohistochemistry, fixed tissue RNA sequencing, and spatial
transcriptomics. These strategies together identified key roles for immature inflammatory
neutrophils and monocyte/macrophages in mediating acute and chronic lung tissue damage
during infections.

Research in our laboratory previously identified key roles for the phosphatidylinositol-3
kinase (PI3K) isoform, PI3K1y, in myeloid cell trafficking and immune suppressive, wound
healing, and pro-fibrotic macrophage polarization in cancer and chronic inflammatory
diseases (8,9,10,11,12,13,14). We found here that PI3K-y plays a central role in lung damage
in inflammatory diseases such as coronavirus disease 2019 (COVID-19), the respiratory
disease caused by SARS-CoV-2 infections. Targeted inhibition of PI3Ky prevents myeloid
cell trafficking, vascular leak, and damage to lung epithelium, providing therapeutic benefit
in models of severe lung and systemic infection. These findings support the clinical
evaluation of PI3Ky inhibitors for the treatment of infection-associated inflammation and
disease progression.

CD163* wound-healing macrophages predominate in severe COVID-19

To identify therapeutic strategies that could suppress the lethal inflammation associated
with pulmonary disorders such as COVID-19, we compared immune responses in SARS-
CoV-2 and other infections in humans, hamsters, and mice using patient lung tissue

and animal models of disease. Under institutional review board (IRB) approvals, we
characterized immune cell infiltrates in formalin-fixed, paraffin-embedded (FFPE) lung
tissue from recently deceased COVID-19 patients to normal human lung tissue obtained
during lung surgeries at UCSD, and bronchoalveolar lavage (BAL) specimens from
hospitalized, uninfected (normal) and SARS-CoV-2-infected patients (tables S1 to S2) using
multiplex immunohistochemistry (mIHC), RNA sequencing of FFPE tissue and spatial
transcriptomics. All BAL specimens were collected from hospitalized, living patients (table
S1), whereas COVID-19 patient tissues were obtained from rapid autopsies of patients

who died from SARS-CoV-2 infections early in the pandemic before vaccines or anti-viral
therapies were developed (table S2). The average interval between illness onset and death
was 19.9 £ 13.1 days for COVID-19 patients in this study. Patients who were virus positive
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at the time of death died 5+ 2 days after illness onset, whereas virus negative patients died
at 28.5 £ 7 days after illness onset, suggesting that most patients died as a consequence of
long-term, rather than acute, damage to the lung induced by the viral infection.

Lungs from SARS-CoV-2-infected patients exhibited congested blood vessels, enlarged
interstitial septa, and alveoli congested with large mononuclear cells, red blood cells, and
protein deposits in contrast to open airways with thin-walled interstitial septa separating
alveoli and thin capillaries in normal lung tissue (Fig. 1A; fig. S1A). Sparsely distributed
alveolar CD68* macrophages in normal lungs were replaced by dense accumulations

of CD68* monocytes and macrophages (black arrows) filling alveolar, interstitial, and
perivascular spaces in COVID-19 lungs (Fig. 1B; fig. S1A). Myeloperoxidase (MPO)*
neutrophils also were increased in COVID-19 lung tissue (Fig. 1C). Monocyte/macrophages
and neutrophils were each significantly (p=0.0024 and p=0.0023, respectively) increased
more than ten-fold and were more broadly dispersed in diseased versus normal lungs (Fig.
1D and E); monocyte/macrophages were more abundant than neutrophils. Lungs from
COVID-19 patients also exhibited significantly (p=0.0028) increased collagen deposition,
identified as blue fibrils in Mason’s trichrome stained tissue (Fig. 1F and G). This
extensive macrophage and neutrophil infiltration as well as collagen deposition suggested
that the lungs of most deceased COVID-19 patients were undergoing macrophage-driven
inflammation and fibrosis.

Hematoxylin and Eosin (H&E) and immunohistochemical (IHC) analysis of BAL specimens
of hospitalized patients (n=3) who were not infected (normal) revealed the presence of

large CD68™ alveolar macrophages yet few MPO* cells. In contrast, BAL specimens from
COVID-19 patients (n=7) were characterized by loss of alveolar macrophages and variable
changes in MPO+ granulocytes (Fig. 1H and I). We further analyzed BAL specimens of
uninfected normal (n=4) and hospitalized COVID-19 patients (n=5) (table S1) by multiplex
immune profiling (14) with validated panels of myeloid lineage-identifying antibodies (table
S3) followed by quantitative analyses (fig. S1B to D, see plots with red-labelled axes).

BAL from COVID-19 patients exhibited a significantly (p=0.0317) increased population

of myeloid cells (Fig. 1J) that lacked CCR2 or CD66b expression (here named “myeloid-
other”) and are consistent with prior reports of extensive immature neutrophil and monocyte
infiltration in COVID-19 patient BAL (4,5).

We investigated biomarkers of immune cell functional states in lung tissue from uninfected
and SARS-CoV-2-infected patients with validated panels of lineage-identifying antibodies
(table S4). Increased CD45* (green), CD11b* cells (red) (Fig. 1K, left and middle panels)
and CD163*CD68* macrophages (purple with blue membrane, Fig 1K, right panel) were
observed in pseudo-colored images of lungs from COVID-19 patients. No obvious changes
in lymphoid cell (CD45*CD3* or CD45*CD20%) density were noted (Fig. 1K), but lungs
from COVID-19 patients exhibited significantly (p=0.0324) decreased pan-cytokeratin-
positive epithelial cells (Fig. 1L)(16). Immature monocytes and neutrophils (myeloid-other,
p=0.0206) as well as NK cells, y& T cells, plasma cells, and other cells, p=0.0324) were
increased in COVID-19 lungs (Fig. 1M), as previously reported (2, 3, 4, 5, 6, 17, 18,19).
CD68™ macrophages were positive for CD163 (Fig. 1N), a biomarker expressed by immune-
suppressive, wound-healing-type macrophages (17,18).
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Three COVID-19 patients who died within 7 days of hospitalization were virus-positive at
the time of death (table S2). In their tissues, Surfactant Protein B positive (SPB*) ATII

cells were decreased, whereas Programmed Cell Death Protein Ligand 1 (PD-L1)* and
Ki67*SPB™ cells were increased (fig. S2A to C), consistent with ongoing lung tissue repair
processes. Active viral infection was associated with increased immature myeloid cells
(myeloid other), CD163*CD68* macrophages (fig. S2D and E), as well as increased PD-L1
on dendritic cells and granulocytes (fig. S2F and G).

Although total T cell abundance was unchanged, CD4* T cells, particularly
Foxp3~Thet"CD4*Th2 cells, were significantly (p=0.0206) increased in lungs from
COVID-19 patients (Fig. 10). Th2 subsets have known roles in resolution of viral
infection, wound-healing, and fibrosis, are often associated with CD163* macrophages,
and are increased in COVID-19 patients (19). Increased expression of Programmed Cell
Death Protein 1 (PD-1), but not Ki67, (Fig. 1P; fig. S2H and I), suggests the presence

of exhausted T cells in the lungs of COVID-19 patients (21, 20). Although high PD-1

and EOMES expression together can signify T cell activation, no increases in the CD8*
PD-1"EOMES cells were observed (Fig. 1Q), suggesting an absence of activated CD8*

T cells in COVID-19 lungs. Expression of PD-L1 and PD-1 was also noted on CD20*

B cells in virus-positive COVID-19 lungs (fig. S2J and K) (21). Together, these results
suggest a dysregulated immune microenvironment characterized by infiltration of immature
granulocytes and monocytes, CD163* wound-healing type macrophages, exhausted T cells
and fibrosis in lungs of patients with lethal COVID-19 disease.

Early inflammation is followed by wound-healing signatures in COVID-19 lungs.

To extend our understanding of the immune microenvironment in airways of COVID-19
patients, we performed RNA sequencing of normal and SARS-CoV-2-infected, formalin-
fixed, paraffin-embedded BAL and lung tissue. For bulk RNA sequencing, we utilized a
low input ligation-based targeted whole transcriptome expression profiling assay, TempO-
Seq, to characterize gene expression signatures in FFPE tissue (22, 23). Transcriptome
analysis of BAL specimens (normal, n=5; COVID-19, n=8) revealed that COVID-19 BAL
was primarily characterized by increased expression of genes associated with immature
neutrophil recruitment (CCL3, CXCL1, CXCLZ, CXCLS8, S100A8, SELL, CSF3R), pro-
inflammatory response pathways(CXCL&/IL8, CCL3, CCL4, IL1B, S100A9, S100A8,
OSM), and mRNA editing (APOBEC3A), but also decreased MHC class Il (HLA-DMB,
HLA-DRA) (Fig. 2A and B). COVID-19 BAL transcriptomes exhibited similarity to
inflammatory and infectious disease responses (Fig. 2C; fig. S3A). Together, these data
indicate a florid myeloid immune response in COVID-19 lungs.

We performed RNA sequencing of FFPE lung tissue specimens from 5 normal and

12 SARS-CoV-2-infected lung tissues. Specimens from upper and lower lung of two
patients each were also sequenced. Transcriptome analysis indicated that lungs from
COVID-19 patients exhibited more than 2500 significantly (p adj<0.05) downregulated
genes and 813 significantly (p agj<0.05) upregulated genes compared to lungs from
uninfected, normal patients (Fig. 2D and E). Volcano plot (Fig. 2D) and heatmaps of
differentially-expressed genes, as well as gene set enrichment analysis (GSEA) (Fig. 2E-
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F) demonstrate upregulated genes associated with tissue remodeling/fibrosis (e.g., 7/MP1,
TGFB, COL1A1, COL3A1, COL5A1, LOX, MMP14, TGFB3), but decreased neutrophil
recruitment genes (e.g., /L1A, CXCLZ, CXCL1, CCL8, CSF3R), and lung epithelial
function (e.g., CFTR, SFTPB, SFTPC, MUC15) in lungs from COVID-19 patients. GSEA
also indicated upregulated genes associated with glycolysis, the unfolded protein response,
epithelial to mesenchymal transition, coagulation, the G2M checkpoint, cellular response

to stress and neutrophil extracellular trap formation (Fig. 2F; fig. S3B to E). Lung tissue
from COVID-19 patients was associated with downregulated genes in pro-inflammatory and
cholesterol homeostasis pathways, among others. BAL from COVID-19 patients was more
pro-inflammatory and neutrophilic than lung tissue, whereas lung tissue was characterized
by more monocyte/macrophages and an overall epithelial-to-mesenchymal transition/fibrosis
signature. Diseased lungs exhibited significantly increased gene expression of CD163
(0=0.0006) and C1R (p=0.0003), indicating the presence of wound-healing, immune
suppressive-type macrophages. Significant loss of genes associated with normal airway
functions, including surfactant proteins (SFTPB p=0.0136, SFTPC p=0.0003) (Fig. 2G;

fig. S3F) was observed in diseased lungs, supporting prior descriptions that COVID-19 is
associated with the influx of wound-healing macrophages and loss of ATII cells (2, 3, 4, 5).
These results are consistent with the presence of a neutrophil rich lung environment in the
early stages of disease that is replaced by a macrophage-rich environment and associated
fibrosis and progressive COVID-19 disease.

To correlate RNA sequencing and IHC analyses, we applied cell type deconvolution
analysis to normalized expression values in BAL and lungs from normal and COVID-19
patients (Fig. 2H and 1) (24, 25). This analysis confirmed that normal BAL exhibits a high
macrophage/low neutrophil signature, whereas COVID-19 BAL exhibits high neutrophil/low
macrophage signature, similar to results from our IHC studies (Fig. 2H). Cell type
deconvolution of bulk RNA sequencing data revealed increased monocytes, macrophages,
fibroblasts, mesothelial cells and goblet cells and decreased ATII cells in lungs from
COVID-19 versus normal patients (Fig. 21). An increase in goblet cells has been previously
associated with chronic obstructive pulmonary disease, a chronic fibrotic disorder (26).
These results reveal that lethal COVID-19 is characterized by ATII cell depletion and

a monocyte/macrophage/fibroblast-rich, wound-healing, immune-suppressive environment,
suggesting impaired lung function as previously shown (27).

We examined the impact of ongoing viral infection at the time of death on gene

expression profiles. Tissues of virus-positive patients exhibited signatures of IFN-a and
IFN-y pathways, illustrated by expression of interferon-inducible genes, such as CXCL10,
CXCL11, cCL8and OAS3(fig. S4A to C). In contrast, virus-negative COVID-19 patient
tissues exhibited higher signatures of transforming growth factor (TGF)-g signaling and
coagulation (fig. S4C). Virus-positive patients exhibited signatures of cellular stress,
cytokine expression, inflammation and loss of normal cellular physiology when compared to
lungs of normal, uninfected patients (fig. S4D). Two virus-positive patients at the time death
were in treatment for multiple myeloma, a known risk factor for lethal COVID-19 due to

the absence of antibody-mediated immune responses in these patients (28). As virus-positive
patients died from COVID-19 an average of 5 days after illness onset but virus-negative
patients died 28.5 days after illness onset, these data support that death from COVID-19
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is associated with either an early insurmountable viral infection or from long-term wound-
healing/fibrosis processes that damage normal lung function and architecture.

Macrophages in COVID-19 lungs express a wound-healing gene expression signature

Our studies indicate that increased macrophage content in COVID-19 lungs correlates with
fibrosis and death. To explore whether lung myeloid cells promote the wound-healing, pro-
fibrotic environment in COVID-19 diseased lungs, we performed spatial profiling of lung
tissue using the nanoString GeoMx ImmuneOncology plus COVID-19 platform on CD68*
macrophages, MPO™* granulocytes, and panCK™* epithelium in normal and COVID-19

lung tissue specimens. Volcano plots, heat maps, and GSEA analysis of differentially
expressed genes within macrophages demonstrate that COVID-19 lung macrophages exhibit
alternatively activated, wound-healing, immune-suppressive gene expression signatures
characterized by increased expression of CD163and /DO, as well as heat shock

proteins (HSPA1A), complement/coagulation (CIQA, C1QB, C1R), and tissue remodeling
(COL3A1, COL1A1, COL1AZ, FN1, CTSS) pathways; with down-regulation of genes in
immune response pathways (HLA-DRB5) (fig. S5A to C). Macrophages in virus-positive
tissues expressed IFN-associated genes, including /RF8, OAS1, OAS2, CXCLS& (fig. S5A to
C). Spatial profiling of granulocytes revealed IFN, oxidative phosphorylation, apoptosis, and
complement expression signatures in COVID-19 patients (fig. S5D to F). Lung epithelial
cells also expressed signatures of inflammation and TGF-p signaling (fig. S5G to I). These
signatures support the hypothesis that during SARS-CoV-2 infection, myeloid cells initially
mount an IFN-driven anti-viral response that is superseded by wound-healing responses
associated with fibrosis and death, much as has been observed after infection with SARS-
CoV-1 and MERS-CoV and in animal models of betacoronavirus infections (6).

PI3Ky promotes inflammation in models of SARS-CoV-2 infection

These results suggest that strategies that inhibit myeloid cell recruitment to tissues could
provide therapeutic benefit in COVID-19 and other severe infectious diseases. One potential
target for therapeutic intervention of myeloid cell trafficking in inflammatory diseases

is the signaling protein PI3Kry. PI3Ky promotes neutrophil and monocyte trafficking to
tumors by activating integrin a4f1 expressed on circulating myeloid cells (8); PI3Ky

also promotes immune suppressive, pro-fibrotic transcription in macrophages (9,10,11).
Genetic or pharmacological blockade of PI3K-y suppressed recruitment of myeloid cells
to tumor tissues, repolarized macrophages and dendritic cells to promote anti-tumor T cell
responses and prevented fibrosis (9, 10, 11). Other studies showed that PI3Ky inhibition
also blocked neutrophil recruitment and degranulation (12) and prevented vascular leak
(29,30). Inhibition of PI3Ky also suppressed fibrosis in association with pancreatic cancer
and pancreatitis through the reduction of macrophage expression of pro-fibrotic factors,
including 7GFB, PDGFA, PDGFB, PLAU and extracellular matrix genes (10).

To investigate whether PI3Ky inhibition might also ameliorate lung damage associated
with SARS-CoV-2 and other infections, we first evaluated PI13K-y expression in lung
tissue from normal and COVID-19 patients. P/IK3CG mRNA was expressed both in
COVID-19 patient lung tissue and in normal lung (Fig. 3A). Immunohistochemical
staining for PI3K+y and CD68 in serial sections of COVID-19 tissue revealed that

Sci Transl Med. Author manuscript; available in PMC 2024 July 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shepard et al.

Page 8

PI3K-y expression overlapped extensively with CD68+ macrophages (Fig. 3B). Fluorescent
confocal microscopy of COVID-19 lungs for CD68 (green) and PI13Ky (red) expression
showed considerable overlap of expression (yellow, arrows) (Fig. 3C upper panels).
Stochastic optical reconstruction microscopy (STORM) of single macrophages demonstrated
that PI3Ky colocalizes extensively with CD68 in clusters at the cell membrane in
COVID-19 infected lungs (Fig. 3C lower panels). Increased macrophage content and
macrophage PI3Ky expression was also observed in lung tissue from patients with other
inflammatory lung disorders (fig. S6A and B). Specificity of the antibody for PI3Ky used in
immunohistochemistry studies was confirmed by manufacture’s specifications and Western
blotting of immortalized WT, mock transfected and PI13K-y Crispr-mediated knockout
murine macrophages (fig. S6C).

We next evaluated PI3Ky expression in an animal model of SARS-CoV-2 infection (31).
SARS-CoV-2 induces non-lethal respiratory disease in hamsters, with a duration of 10—

14 days. When Syrian golden hamsters were infected intranasally with SARS-CoV-2,
infiltration of myeloperoxidase* neutrophil and IBA1* macrophages into lungs was rapidly
induced. Neutrophil infiltration peaked at 4 days after infection, whereas IBA1* macrophage
infiltration peaked 7 days after infection (Fig. 3D and E). SARS-CoV-2 infection of

Syrian golden hamsters increased PI3Ky mRNA expression in these cells, as detected by
RNAscope fluorescence microscopy (Fig. 3D and E). Taken together, these data indicate
that PI3Kry is expressed in COVID-19-associated myeloid cells. On the basis of its roles in
myeloid cell trafficking in cancer and its tissue specific expression patterns, it is possible
that PI3Ky plays a key role in promoting COVID-19.

To investigate whether PI3K-y inhibition could serve as a therapeutic strategy for
COVID-19, we tested the PI3Ky inhibitor IP1-549 (eganelisib), a highly selective PI3K~y
inhibitor that is currently in development as a cancer therapeutic and has shown safety

and activity in clinical trials (13,14), in a hamster model of SARS-CoV-2 infection (Fig.
3F) (31). Hamsters were inoculated with SARS-CoV-2 and treated with a 4-day course of
IP1-549 or vehicle from day 0 to day 4 (Fig. 3F). Neutrophil accumulation was substantially
suppressed by IP1-549 treatment, whereas macrophage accumulation was not inhibited,
possibly because macrophage accumulation peaks at day 7 post-inoculation (Fig. 3G to I);
treatment did not substantially affect weight loss in this non-lethal model of SARS-CoV-2
infection (fig. S7A). These results indicate that PI3K-y inhibition can suppress neutrophil
recruitment induced by SARS-CoV-2 infection and suggest that continuous treatment with
IP1-549 might be warranted to further protect lungs from inflammation associated with
infection.

We then tested the effect of PI3K-y inhibition in murine models of SARS-CoV-2 infection.
K18-ACE2TG C57BL/6 mice (32) were infected with SARS-CoV-2 and treated two days
later with 1P1-549 or vehicle (Fig. 3J). IP1-549 treatment of SARS-CoV-2 infected hACE2-
TG mice significantly delayed weight loss (Fig. 3K, p=0.02472) and delayed signs of illness,
including reduced activity, reduced appetite, and social withdrawal, but did not significantly
impact viral load (p=0.0712) or survival (Fig. 3L, fig. S7B). IP1-549 treatment significantly
reduced monocyte/macrophage (p=0.0108) and granulocyte (p=0.0172) infiltration, as
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detected by immunohistochemistry (Fig. 3M to O) or by flow cytometry in lung tissue
collected at 5 dpi (fig. S7C to E).

Transcriptomics reveal PI3Ky inhibition reduces inflammation in mice infected with SARS-
CoV-2

To investigate the impact of PI3Ky inhibition on SARS-CoV-2 infected mouse lungs further,
we performed RNA sequencing of lungs from hACE2Tg mice infected intranasally with
SARS-CoV-2 and treated 2-5 days post infection (dpi) later with vehicle or IP1-549, as
shown in Fig. 3J. Differential expression analysis revealed that just 3 days of IP1-549
treatment down-regulated expression of pro-inflammatory cytokines and transcription
factors (e.g., /rf8, Irf5, TIr9, Tnfa, Osm, S100a4, Ltf) as well as neutrophil, monocyte,

and macrophage markers (Adgrel, Cd68, Trem?Z, ltgam, Apoe, C1qga, Ly6c2), and markers
of fibrosis (Collal, Col3al, Col5a2, Fnl, MmpZ2, Mmp8) (Fig. 4A). In contrast, genes
associated with normal organ development (e.g., 7gfbr3) or protection from oxidative

stress (e.g., Cbr2, Ahr) were upregulated in IP1-549-treated lungs (Fig. 4A). Signatures of
macrophage activation, response to infection, inflammation and interferon gamma signaling
stimulated by SARS-CoV-2 infection were downregulated in IP1-549 treated lungs, and
signatures of epithelial and vascular development were upregulated in IP1-549 treated lungs
(Fig. 4B). To determine if differences between experimental conditions were associated
with unique cell-type signatures, we assessed the list of differentially expressed genes

for enrichment for gene expression markers used to define cell types, as defined in
PanglaoDB (33), a single cell sequencing resource for gene expression data collected and
integrated from multiple studies. Vehicle-treated, SARS-CoV-2-infected lungs exhibited
gene expression signatures of macrophage, monocyte, and myeloid-derived suppressor cells,
whereas IP1-549-treated lungs exhibited signatures of lung epithelial cells, including Clara
cells, ATIl and ATII cells, and ionocytes (Fig. 4C). Examples of downregulated macrophage
genes in IP1-549-treated lungs shown in the heatmap in fig. S8 and in graphs of transcripts
per million for monocyte/macrophages genes include Adgrel, ltgam, Cd68and Ly6c2
(Fig. 4D). Pik3cg, the gene for PI3Ky, was also downregulated upon 1P1-549 treatment,
indicating a reduction in myeloid cell content. We identified 102 genes that are upregulated
in both SARS-CoV-2 infected murine and human lungs but are downregulated in IP1-549
treated lungs (Fig. 4E and F). These genes were associated with signatures of inflammation,
neutrophil degranulation, leukocyte migration, SARS-CoV-2 signaling, extracellular matrix
disassembly, and interferon gamma responses (Fig. 4E). Select genes that were upregulated
in SARS-CoV-2 infected human and mouse lungs and downregulated in IP1-549 treated
lungs, including interferon response genes (CGAS, /IFIT130), fibrosis-associated genes
(COL1AZ, COL3A1, FNI)and immune exhaustion genes (LAG3, LILRB4), are shown in
Fig. 4F. Taken together, these data indicate that IP1-549 treatment prevents epithelial tissue
damage and fibrosis.

PI3Ky inhibition reduces inflammation and tissue damage in aged mice infected with
SARS-CoV-2

We next examined the effect of PI3Ky inhibition on mouse-adapted (ma)SARS-CoV-2
infection in aged mice in three separate cohorts. 10-month-old female BALB/c mice were
infected intranasally with maSARS-CoV-2 (34) and were treated with vehicle (n=5) or with
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IP1-549 (n=10) from 0 days post-infection (dpi) until 2 dpi (cohort 1) (Fig. 5A). Tissue and
blood were collected from cohort 1 mice on day 2 post-infection for viral load, histological,
and other assessments. Additional cohorts of mice were infected and treated with vehicle
(n=5) or IPI-549 (n=10) from 0-4 dpi (cohort 2), or with IP1-549 (n=10) from 2—4 dpi
(cohort 3) or were mock-infected and treated with vehicle (sham, n=4). IPI-549 significantly
(p=0.0133) extended survival of mice infected with SARS-CoV-2, whether treated from 0-4
dpi (cohort 2) or 2—-4 dpi (cohort 3) (Fig. 5B). Tissue and blood were collected from mice
that were surviving on 6 dpi from cohort 3 (n=2) and sham-infected mice (n=4) for viral
load, histological and other assessments. No tissue was collected from mice in cohorts 2 and
3 that died before day 6.

Although PI3Kry inhibitor treatment did not reduce weight loss induced by infection and
did not affect viral load during this assay window in cohorts 1, 2 and 3 (Fig. 5C to F),
IP1-549 treatment did reduce lung inflammation in infected mice. We compared lung tissues
collected at 2 dpi (cohort 1) and at 6 dpi (cohort 3 and sham infected) for immune cell

and epithelial cell content. In contrast to lungs of vehicle-treated, SARS-CoV-2 infected
mice, which exhibited substantial macrophage and granulocyte content, lungs of 0—4 dpi
(cohort 1) and 2—4 dpi (cohort 3) IP1-549-treated mice exhibited near normal frequencies of
macrophages (p<0.0001) and granulocytes (0=0.0155) (Fig. 5G to I). These results indicate
that PI3Ky inhibition suppressed SARS-CoV-2 induced lung inflammation in both treatment
regimens. PI13K+y blockade by IP1-549 also reduced virus-induced lung damage, as ATII
loss detected by Pro-Surfactant C staining, septal wall thickening, vascular congestion and
hemorrhage were equally suppressed in 1P1-549-treated mice from cohorts 1 and 3 (Fig. 5G
and J). PI3K-y inhibition suppressed inflammatory cytokine gene and protein expression, as
shown for 7nfaand Cxc/IZ0 mRNA in lung tissue and circulating CXCL10 serum proteins
(fig. S9A and B). These results indicate that inhibition of PI3K-y can suppress the damaging
inflammation and cytokine surge that accompanies SARS-CoV-2 infection.

We sequenced mRNA isolated from lung tissue of cohorts 1 and 3 and sham-infected mice.
Transcriptome analysis revealed that maSARS-CoV-2 infection downregulated expression
of genes associated with normal lung epithelium and alveolar macrophage function

(Sftpe, Siglect, Muc2, Muc4, Mucé) and T cell function (Cd3g, Cad8b1, Ragl, Trdc),

and stimulated expression of genes associated with pro-inflammatory response pathways,
including cytokine/chemokines (Cxcl9, Cxcl10, Ccl2, Cxcl1, CxclZ, 116), interferon response
genes (Oasl, 1sg15, Irf7, Ifitl, Ifit3, Gbp5, Gbp8, Gbp9)and immune exhaustion (Ca274,
Lag3) (fig. S9C). Accordingly, maSARS-CoV-2 infection of mouse lungs was associated
with upregulation of gene expression pathways related to interferon gamma responses,
inflammation and epithelial-to-mesenchymal transition and downregulation of pathways
associated with normal function, including oxidative phosphorylation, DNA repair, and fatty
acid metabolism, consistent with SARS-CoV-2 infection in humans (fig. S9D).

To determine the effect of PI3Ky inhibition on lung function and immune responses, we
compared transcriptomes from normal lungs (sham) and maSARS-CoV-2-infected lungs
that were treated with vehicle or IP1-549. Heatmaps illustrate that IP1-549 treatment of virus-
infected animals from dpi0-2 (cohort 1) only modestly affected gene expression compared
with treatment with vehicle (fig. SOE). In contrast, IPI-549 treatment from 2—4 dpi (cohort
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3) significantly (p adj <0.05) altered gene expression patterns by reducing immune response
gene (ISG) and inflammatory gene expression signatures and increasing expression of lung
alveolar macrophage genes, such as Siglect, Mrc1, Csflr, TremZ2, and Apoe, to that found
in sham-treated lung (fig. SO9E). Gene signature and pathway analyses revealed that IP1-549
treatment stimulated blood vessel and epithelial morphogenesis signatures characterized by
expression of key endothelial cell regulators (Vwr, Fnl, Ifga5, Itgb3), alveolar macrophage
markers ( 7remZ2, Apoe) and other repair genes (fig. S9F to H). These results are similar to
those shown in Fig. 4 for hACE2Tg mice. Taken together, results from these two mouse
models suggest that IP1-549 treatment restored some normal alveolar macrophage and
epithelial tissue markers and reduced expression of recruited pro-inflammatory macrophage
markers, while also upregulating markers of tissue repair.

When gene expression signatures between SARS-CoV-2-infected murine and human lungs
were compared, overlap was observed primarily in interferon gamma and viral response
signatures; expression of these interferon response signatures was strongly suppressed in
IP1-549-treated mouse lungs (fig S9I and J). Importantly, IP1-549 treatment was associated
with a reduction in gene expression signatures found in other infectious diseases, including
hepatitis A, B and C, pneumonitis, and tuberculosis (fig. S9K). It is notable that PI3Ky
inhibition similarly reduced inflammatory response gene signatures and increased signatures
of wound repair and vascularization in both young and old mice. These results indicate that
PI13K-y inhibition can reduce damaging inflammation in the lung and protect normal lung
function during infectious lung disease.

PI3K+y inhibition reduces inflammation, vascular leak, and cytokine storm in mouse
models of acute respiratory distress syndrome

To explore whether PI3Kry inhibition could provide therapeutic benefit in animal models of
other pulmonary diseases and identify mechanisms of therapeutic benefit, we inoculated
wild-type (WT) and Pik3cg™~ mice with methicillin-resistant Staphylococcus aureus
(MRSA) or multi-drug resistant Escherichia coli O157:H7 (Fig. 6A; fig. SL0A). Whereas
all WT infected mice succumbed to MRSA infection over a period of 24 hours, 40%

of Pik3cg™~ mice survived infection (Fig. 6A, p=0.0092). A reduction in serum IL-1p,

a key biomarker in systemic inflammation, was observed in Pik3cg™~ animals, although

no significant differences in IL-6, bacterial load, or the abilities of WT and Pik3cg™~
macrophages to mediate killing of bacteria in vitro by phagocytosis were noted (fig. S10B
to D). These results indicate that PI3Ky inhibition can provide therapeutic benefits in acute
infections even without directly affecting pathogen load. We also examined the effects of
PI3KYy inhibition during sterile inflammation models utilizing both Pik3cg™~ mice and

the PI3K-y inhibitor IP1-549. In a model of sterile inflammation, peritoneal administration
of thioglycolate, a bacterial nutrient, stimulated substantial macrophage recruitment to the
peritoneum that was suppressed by both PI3Ky deletion and IP1-549-treatment (Fig. 6B).

To determine whether PI13Ky controls inflammation in bacterial and viral infection, we
investigated mouse models of acute respiratory distress syndrome (ARDS), in which
acute or chronic Poly I:C or lipopolysaccharide (LPS) administration induces sterile
lung inflammation, vascular leak and local and systemic cytokine elevation (35) (Fig.
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6C). Significantly (p=0.0214 female; p=0.0237 male) increased survival from lethal

LPS administration was observed in Pik3cg—/—animals (Fig. 6D). Analysis of BAL of
treated mice demonstrated that each inflammatory stimulus induced significant (p<0.0001)
macrophage recruitment to airways that was suppressed at all time points in both Pik3cg™~
mice and IP1-549-treated mice (Fig. 6E and F; fig. S11A and B). H&E analysis also revealed
that PI3Ky inhibition reduced inflammatory changes in the lung (fig. S11B). In contrast

to clear airway spaces in PI3Ky ™/~ and IP1-549-treated animals, WT and vehicle-treated
animal lungs exhibit thickened septa, congested vessels, and hemorrhage (Fig. 6G; fig.
S11B). PI3KYy inhibition decreased F4/80" macrophage recruitment to the lungs in all
inflammation models, as substantially fewer macrophages were observed in Pik3cg™~ and
IP1-549 treated animals than in WT and vehicle treated animals (Fig. 6G and H; fig. S11B).

Vascular leak is a major complicating factor in sepsis, ARDS and viral pneumonia that is
induced by histamine and vascular endothelial growth factor secreted by myeloid cells, as
well as other cells in injured tissues. We evaluated the effect of PI3Ky inhibition on vascular
leak in the ARDS models using the Miles assays, in which the quantification of intravascular
Evans blue dye leakage into tissues serves as a measure of vascular leak (Fig. 61 and J).

Both PI3Ky deletion and IP1-549 treatment suppressed vascular leak in the lungs and other
organs in chronic and acute ARDS models, although with some variability between models
and tissues (Fig. 6J, fig. S12A to E). Importantly, PI3K-y inhibition directly suppresses
vascular leak induced by VEGF-A (fig. S12F), suggesting added therapeutic benefit to
PI3Ky inhibition in sepsis and infectious diseases characterized by vascular leak.

To determine the role of PI3K-y on cytokine storm associated with severe inflammation,

we examined the effect of inhibition PI3K+y on inflammatory cytokine expression in serum
and lung myeloid cells. Systemic, acute administration of LPS promoted a transient rise

in serum cytokines and chemokines, including TNF-a, IL-1B, and IL-6, that peaked at

24 hours and returned to normal within 48 hours (fig.S13A). PI3Ky inhibition transiently
elevated the expression of some inflammatory cytokines upon acute LPS administration (fig.
S13B). In contrast, PI3K<y inhibition suppressed chronic LPS-induced cytokine release, as
shown for TNF-a in serum, bronchioalveolar lavage and peritoneal lavage (Fig. 6K; fig.
S13C and D). Chronic LPS stimulated RNA expression of inflammatory cytokines in lung
CD11b* cells but not lung CD11b™ cells; PI3Kry inhibition substantially reduced expression
of inflammatory cytokines in lung myeloid cells (Fig. 6L; fig. S13E). Together, these

data indicate that PI3K-y inhibition can reduce inflammation and associated inflammatory
sequalae such as vascular leak, cytokine storm and lethality in infectious disease models.

PI3Ky inhibition promotes recovery in murine hepatitis virus infection

To evaluate the impact of dampening myeloid cell infiltration in viral pneumonia, mice
that were intranasally inoculated with the betacoronavirus, murine hepatitis virus (MHV-
A59) (41), were treated with the PI3Ky inhibitor IP1-549 or vehicle and compared

to sham-infected animals (Fig. 7A). MHV administered intranasally induces non-lethal
pneumonia that lasts approximately 10 days (36). Treatment with IP1-549, but not vehicle,
partially attenuated virus-induced weight loss without affecting viral load from 5 dpi (Fig.
7B and C). Treatment with IP1-549 substantially inhibited airway inflammation; fewer
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macrophages were present in BAL collected from IPI-549-treated versus vehicle-treated
animals 5 dpi (Fig. 7D). PI3Kvy blockade also reduced lung septal wall thickening, vascular
congestion, and hemorrhage (Fig. 7E; fig. S14), while substantially reducing macrophage
and granulocyte infiltration of lungs at all time points after viral infection (Fig. 7E to G; fig.
S14).

Our previous results indicated that PI3Ky inhibition may reduce virus-induced cytokine
storm; therefore, we quantified cytokine concentrations in serum and mMRNA expression of
cytokines in lung tissue from sham-infected and MHV-infected mice treated with vehicle or
IP1-549. 1P1-549 treatment reduced TNF-a, IFN-y, IL-12, IL-6, and CXCL10 in serum (Fig.
7H). Viral infection increased expression of genes encoding pro-inflammatory cytokines,
inflammatory signaling factors, and T cell biomarkers in the lung (Fig. 81). In contrast,
PI3KYy inhibition reduced expression of these factors, particularly at later time points (Fig.
71). As elevated serum cytokines are associated with severe or lethal coronavirus infection
(1,2), these results suggest that PI3K-y inhibition can suppress myeloid cell accumulation
and expression of inflammatory cytokines that contribute to cytokine storm.

Discussion

Infectious diseases like SARS-CoV-2 continue to kill millions of individuals worldwide
(37). Despite increased attention to disease prevention and management, new therapeutic
approaches are still needed to manage this and other aggressive pulmonary infections,
which are characterized by aberrant pulmonary and systemic inflammation leading to acute
respiratory distress syndrome, vascular leak, coagulation and fatal organ damage (1,2).
Here, we showed using animal models of disease that PI3Ky inhibition with the clinical
inhibitor IP1-549 (eganelisib) can protect against acute respiratory distress syndrome,
vascular damage and, in some cases, lethality, induced by severe infectious agents such

as MRSA and SARS-CoV-2.

SARS-CoV-2 and other viral and bacterial infections in mouse, hamster, and human

are characterized by extensive recruitment of PI3Ky-expressing wound-healing type, pro-
fibrotic monocyte/macrophages and granulocytes to the lungs, concomitant with loss of
surfactant C-expressing alveolar cells. Several studies have revealed neutrophilia in blood
and extensive neutrophil infiltration of airways in COVID-19 patients (35). Neutrophils can
damage tissues in part through NETosis, the release of intracellular proteinases and DNA
that can create a physical trap for bacteria but can also induce thrombosis and damage
organs (38). Because they self-destruct in tissues, neutrophils can be difficult to study. Our
use of spatial transcriptomics and fixed tissue RNA sequencing provided an opportunity to
characterize neutrophil and macrophages roles in lungs from individuals with COVID-19.
Recent single cell sequencing studies demonstrated increased macrophages and fibroblasts
in lungs from COVID-19 patients, consistent with our findings (3).

Our studies uniquely compare and contrast inflammation and transcriptomics in the response
to COVID-19 in both BAL specimens and lung tissues from COVID-19 patients. These
studies show that BAL reveals a subset of the inflammation and damage done to lungs
during diseases like COVID-19 and demonstrates the recruitment of immature monocytes
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and neutrophils to the site of infection. Analysis of lung tissue, however, reveals that the
alveolar spaces of the infected lung are replaced by extensive macrophage recruitment,
interstitial inflammation and remodeling of tissue extracellular matrix, features that cannot
be revealed in BAL specimens. Extensive areas of the infected lung are compromised

by fibrosis and lung collapse and thus would not be accessible to lavage. Ongoing viral
infections were associated with greater abundance of immature myeloid cells (myeloid
other) and CD163*CD68* macrophages as well as increased expression of PD-L1 on
dendritic cells and granulocytes. Virus negative patients exhibited much greater fibroblast
content.

We further showed that PI3K'y is expressed in myeloid cells from SARS-CoV-2 infected
human and animal tissues, suggesting a potential therapeutic target for reduction of
inflammation, vascular leak, cytokine storm, and mortality from infectious lung diseases.
We then demonstrated that inhibition of myeloid cell recruitment to infected lungs with
the clinical PI3Ky inhibitor IPI-549 promoted survival and recovery in animal models of
sterile inflammation and infectious disease. IP1-549, also called eganelisib, is currently in
cancer immune therapy Phase 2 clinical trials. Antagonism of PI3Kyreduced myeloid cell
recruitment to lungs in several models of inflammation and infection. RNA expression
analysis showed that lungs of COVID-19 patients and SARS-CoV-2 infected animals
exhibited inflammation as well as a Th2-like, immune suppressed, wound-healing profile,
which was suppressed prevented in animals by PI3K-y inhibition. Our studies thus indicated
that P13K-y inhibition can reduce inflammatory disease by suppressing organ-damaging
sequelae, such as fibrosis, vascular leak, and cytokine storm.

Our study has some limitations. Whereas P13K-y inhibition reduces myeloid cell
recruitment, weight loss and lung damage associated with SARS-CoV-2 and other
infections, our studies did not show a curative benefit in animal models of SARS-CoV-2
infection. PI13Ky inhibition did extend the survival of aging animals infected with SARS-
CoV-2 in two separate cohorts of one study, although these studies need to be repeated

and extended. Additionally, our analyses of biological materials from SARS-CoV-2 infected
patients and animals were largely limited to fixed tissues for biosafety reasons. Further
analyses of the mechanisms by which myeloid cells and PI3Ky promote SARS-CoV-2-
mediated inflammation and disease progression are needed to learn how to modulate viral
diseases such as SARS-CoV-2 and the inflammation that is associated with them.

Taken together, these results indicate that PI3Ky inhibition can reduce recruitment of
inflammatory neutrophils, monocytes, and macrophages to the lung, which in turn lessens
damage to the lung and distal organs by preventing cytokine surge and vascular leak. These
results indicate that IP1-549 might provide benefit to patients with infectious lung diseases
including and beyond COVID-19.

MATERIALS AND METHODS

Study Design

In this study, immune cell composition and state were investigated in lungs and BAL
specimens from normal patients and patients with COVID-19, using IHC, mIHC RNA
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sequencing, and spatial transcriptomics. The effect of PI3Ky inhibition on disease
progression was evaluated in Pik3cg™~ mice and mice treated with the PI3K+y antagonist,
IP1-549. Animal models included infection with SARS-CoV-2, mouse hepatitis virus
(MHV), methicillin-resistant Staphylococcus aureus (MRSA), and antibiotic-resistant £.coli
as well as acute respiratory distress syndrome (ARDS) induced by lipopolysaccharide (LPS)
and poly-inosine:cytosine (Polyl:C) administration. Survival, weight loss, inflammation and
vascular leak were measured as an index of disease progression.

Human tissue analyses were conducted on de-identified tissue under guidelines established
by the Institutional Review Board (IRB) for human subject research of the University of
California, San Diego (UCSD). De-identified lung tissue was obtained upon rapid autopsy
of deceased COVID-19 patients or from patients with consent during lung cancer surgery
at the Moores Cancer Center, UCSD. BAL cells were obtained from patients infected with
SARS-CoV-2 and from hospitalized patients without infections with consent.

MHYV and ARDS animal studies were performed with approval of the Institutional Animal
Care and Use Committee (IACUC) and Institutional Biosafety Committee (IBC) of UCSD.
MHYV studies were conducted in Animal Biosafety Level 2 (ABSL2) facilities. SARS-CoV-2
infections in K18-hACE2 mice were performed in ABSL3 facilities at The Scripps Research
Institute (TSRI) with approval of TSRI IACUC and IBC. MaSARS-CoV-2 models were
conducted in ABSL3 facilities at The Institute for Antiviral Research, Animal, Dairy and
Veterinary Science, Utah State University, Logan, UT, with the approval of the IACUC

and IBC of Utah State University. SARS-CoV-2 hamster studies were performed in ABSL3
facilities at the Department of Infectious Diseases and Global Health, Tufts University
Cummings School of Veterinary Medicine with the approval of the IACUC and IBC of Tufts
University.

A sample size of at least 10 mice per group provided 80% power to detect mean difference
of 2.25 standard deviations (SD) between two groups (based on a two-sample t-test with
two-sided 5% significance level). Mice were randomized prior to treatment with inhibitors
or controls. Prior to statistical analyses, data were examined for normal distribution and
outliers. No data points were omitted. Animal studies were ended when mouse weight loss
was greater than 20% of starting body weight or at pre-designated endpoints. All animal

and histological studies were performed with investigators blinded as to study group identity.
Animal experiments were performed at least 2 times with n=5 to 15 per group, except the
maSARS-CoV-2 study was performed once, with n=5 to 20 mice per group.

Statistical Analysis

Results were analyzed using one-way ANOVA with Tukey’s or Dunnett’s post-hoc test for
multiple group analyses, Student’s t-test for parametric two sample analysis, Mann Whitney
test for non-parametric two sample analysis, and Log-rank (Mantel-Cox) test for survival
analysis using Graph Pad Prism version 9.1.0. Data with p<0.05 were considered statistically
significant. Statistical significance in differential gene expression analysis was performed by
limma-voom method.
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Figure 1: CD163" myeloid cells dominate the immune microenvironment of SARS-CoV-2 -
infected lungs

(A to C) H&E (A), anti-CD68 (B), and anti-myeloperoxidase (MPO) (C) stained images

of lung tissue from patients that were uninfected (normal) or infected with SARS-CoV-2
(COVID-19); scale bar, 250 or 50 um; arrows indicate CD68* macrophages or MPO*
granulocytes. (D-E) Graphs of CD68* macrophages/mm? (D) and MPO™ granulocytes/mm?
(E) in normal (n=5) and COVID-19 patient lung tissues (n=14). (F) Images of trichrome-
stained lung tissue from normal and COVID-19 patients. Scale bars, 100 or 50 um. (G)
Graphs of trichrome* pixels/mm? in lung tissue from normal (n=6) and COVID-19 patients
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(n=8). (H) Images of H&E, anti-CD68, and anti-MPO-stained sections of cell pellets

from BAL from uninfected and COVID-19 infected patients. Arrows indicate granulocytes
and macrophages. (1) Graphs of CD68+ macrophages/mm? and MPO* granulocytes/mm?

in sections of BAL cells from normal (n=3) and COVID-19 (n=7) patients. (J) Graphs

of immune cell proportions within BAL from COVID-19 (n=5) and uninfected normal
patients (n=4). (K, left) Pseudo-colored images of multiplex IHC-stained lung tissue from
COVID-19 and normal uninfected patients: total immune cells (CD45, green), myeloid cells
(CD11b, red), total T cells (CD3, cyan), total CD20* B cells (CD20, yellow), epithelium
(PanCK, white) and DNA (blue). (K, middle) Higher magnification of a subregion from

the left column. K, right) Pseudo-colored images for CD68 (magenta); CCR2 (yellow),
CD163 (cyan), and PanCK (white); scale bar indicates 50 pm. (L to P) Quantification
graphs of multiplex immune markers in lung tissue from COVID-19 (n=14) vs normal (n=3)
patients: (L) PanCK epithelial and immune cells, (M) CD45* cell subsets, (N) CD163*
macrophages, (O) CD3*CD8™ cell subsets, (P) CD3"CD8~ cells expressing PD-1 and (Q)
CD3*CD8* cells expressing PD-1 or EOMES. For violin plots, dashed lines indicate mean
and interquartile range; for stacked and single bar graphs, bars indicate mean + SEM. For
statistical testing, T tests (D, G) or Mann Whitney tests (E, I, J, L, M, N, O, P, Q) were
utilized.
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Figure 2. Transcriptomicsidentify a myeloid cell-rich microenvironment in SARS-CoV-2
infected lung tissue
(A)Volcano plot of differential mMRNA expression in BAL cells from uninfected “normal”

(n=5) and COVID-19 infected (n=8) patients. Significant gene expression differences are
identified in blue (down-regulated in COVID-19) or red (up-regulated in COVID-19). (B)
Heatmap depicting differentially expressed genes in BAL cells from normal uninfected
(n=5) and infected patients (n=8). (C) Plot of up- or down-regulated Hallmark pathways in
BAL from infected (n=8) versus uninfected patients (n=5) graphed according to normalized
expression score (NES) and /og adj.p. (D) Volcano plot of differential mMRNA expression
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in lung tissue from normal (n=5) and COVID-19 (n=12) patients. (E) Heatmap depicting
differentially expressed genes in lung tissue from normal (n=5) and COVID-19 (n=12)
patients. (F) Plot of differentially expressed hallmark pathways in lung tissue from normal
and COVID-19 patients graphed according to NES and Log adj. P. (G) Graphs of SFTPC,
CIR, SFTPB, and CD163 transcripts in COVID-19 (n=12) versus normal (n=5) patient lung
tissue (mean = SEM), (H-1) Box plots of mean = SEM cell type deconvolution of (H) BAL
from normal (n=5) and COVID-19 (n=8) patients and (I) lung tissue from normal (n=5) and
COVID-19 (n=12) patients. p values were determined by limma-vroom.
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Figure 3. PI3Ky is promotesinflammation in response to SARS-CoV-2 infection.

Normal COVID-19

(A) Graph of PI3KCG gene transcripts determined by RNA sequencing of FFPE lung

tissue from normal (n=5) and COVID-19 patients (n=14). (B) Images of CD68 and PI3K<y
expression in lung tissue from COVID-19 patients. Scale bar indicates 25 um. Arrowheads
indicate CD68* and P13K+y™* cells in serial 5 um sections. (C) PI3Ky (red), CD68 (green),
and DAPI (blue) confocal (upper panels) and stochastic optical reconstruction microscopy
(STORM, lower panels) images of macrophages in COVID-19 infected lungs. Scale bars
indicate 25 pm or 75 um (upper) and 2 um or 10 um (lower). Insets indicate fields magnified
in subsequent panels. Arrowheads identify CD68*PI3Ky* stained cells. (D) Immunostaining
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for MPO* granulocytes, IBA1* macrophages and RNAscope detection of PI3Ky mRNA in
lung tissue from uninfected (PBS) and SARS-CoV-2 infected Syrian golden hamsters. Scale
bar indicates 10pm. Arrowheads identify stained cells. (E) Graphs of mean + SEM IBA1*
macrophages, MPO+ granulocytes and PI3Ky mRNA™ cells in lung tissue from uninfected
(PBS, n=2-5) and SARS-CoV-2 infected (COVID, n=3-4) hamsters. (F) Schematic of
hamster infection with SARS-CoV-2 and treatment with vehicle (n=4) or IP1-549 (n=4).

(G and H) Images of IBA1+ macrophages (G) and MPO+ granulocytes (H) in lungs from
(F). (1) Graphs of mean + SEM MPO™ neutrophils and IBA1* macrophages in hamster
lungs over time. Arrows indicate days of treatment. (J) Schematic of K18-ACE?2 transgenic
mice infected with SARS-CoV-2 and treated with vehicle or IP1-549. (K) Graph of median
weight loss over time for mice infected with SARS-CoV-2 and treated with vehicle (n=10)
or IP1-549 (n=10). (L) Graph of mean £ SEM viral load expressed as focus-forming units
(ffu)/gm lung tissue in mice (n=10 per group) from (J). (M) Images of H&E, MPO*

and F4/80+ staining in endpoint tissues from (K). Scale bar indicates 20 um. Arrowheads
indicate F4/80* macrophages and MPO* granulocytes. (N and O) Graphs of mean + SEM
F4/80* macrophages/mm?2 (N) and MPO+ granulocytes/mm? (O) in lung tissue from mice
infected with SARS-CoV-2 and treated with vehicle (n=5) or IP1-549 (n=5). Statistical
analysis was performed by limma-vroom (A), unpaired T tests (K, L, N, O), or one-way
ANOVA with Tukey’s post hoc multiple comparisons test (E, I).
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Figure 4: PI3K+y inhibition suppresses gene expression signatures of inflammation and tissue

damage during SARSCoV-2 infection.
(A and B) Heatmap (A) and gene set enrichment signatures (B)

of differentially expressed

genes and pathways in SARS-CoV-2 infected, vehicle- or IP1-549-treated mouse lungs at
day 5 post-infection. Select gene names are shown. (C) Cell type enrichment signatures
expressed in lungs from (A). Cell types shown in grey are not significantly changed in
lungs from IPI1-549 treated animals. (D) Transcripts per million of myeloid cell genes
Pik3cg Adgrel, Cd68, Ly6c2and ltgam) are shown for lungs from (A). (E) Gene
enrichment signatures common to mouse and human SARS-CoV-2 infected lungs that are
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down-regulated in IP1-549-treated lungs. (F) Heatmap of differentially expressed genes that
are upregulated in SARS-CoV-2-infected, IPI1-549-treated mouse lungs versus SARS-CoV-2-
infected human and mouse lung tissues. Statistical analysis was performed by limma-vroom.
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Figure5: PI3K+y inhibition suppresses inflammation and promotes survival from maSARS-
CoV-2infection

(A) Schematic of maSARS-CoV-2 infection in 10-month-old mice. Cohorts of mice were
inoculated with virus and treated with vehicle or IP1-549 from 0 dpi or 2 dpi. Tissue was
collected at 2 dpi or 6 dpi (B) Probability of survival graph of mice treated with vehicle
alone (black x, sham infected, n=4) or inoculated with virus and treated with vehicle from
0-4 dpi (black open circles, n=5), with IPI1-549 from 0-4 dpi (red circles, n=10) or with
IP1-549 from 2—4 dpi (blue circles, n=10). (C) Graph of median weight changes at 2 dpi
of mice from each group in (B). (D) Graph of group and individual body weight changes
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over time in mice from (B). (E and F) Graph of genomic (E) and subgenomic (F) viral
RNA relative to total RNA in tissues from mice treated 0-2 dpi with vehicle (n=5) or
IP1-549 (n=10) (cohort 1) and from surviving mice at day 6 that had been treated 2—4

dpi with IP1-549 (n=2) or sham-infected (n=4). Dashed line indicates lower limit of virus
detection. (G) Images of H&E as well as anti-F4/80, anti-MPO, and anti-ProSurfactant

C staining of lung tissues from (A). Arrowheads identify CD68" macrophages, MPO*
granulocytes, and Pro-Surfactant C* ATII cells. (H to J) Graphs of mean + SEM of F4/80*
macrophages/mm?2 (H), MPO* granulocytes/mm? (1), and Pro-Surfactant C* cells (J) in
tissues from (A). Significance determined by Log-rank (Mantel-Cox) test (B), one-way
ANOVA with Dunnett’s multiple comparisons test (C) or Tukey’s multiple comparisons test
(H-J).
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Figure 6: PI3Ky inhibition suppresses inflammation and promotes survival in mouse models of

acuterespiratory distress syndrome and sepsis

(A) Kaplan-Meier survival plots of WT (n=8) and Pik3cg™~ mice (n=8) inoculated with
methicillin-resistant Staphylococcus aureus (MRSA). B) Left, graph of mean + SEM
macrophages in thioglycolate-stimulated peritoneal exudates of WT and Pik3cg™~ (n=4)
and in vehicle vs IP1-549 treated mice (n=4). Right, flow cytometry profiles of F4/80*
macrophages in peritoneal exudates from WT and Pik3cg™~ animals with and without
thioglycolate treatment. (C) Schematic of animal models of acute respiratory distress
syndrome and outcome measures. (D) Kaplan-Meier survival plots of female and male
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WT (n=10) and Pik3cg™~ (n=10) mice treated once with 10 mg/kg (acute) LPS. (E)
Representative images of Giemsa-stained cells in BAL from WT or Pik3cg™~ animals
stimulated with 12 mg/kg (acute) LPS or with 3 mg/kg (chronic) LPS or poly I:C and treated
with vehicle or IP1-549. Arrowheads indicate macrophages. (F) Graph of macrophages/ml
(mean + SEM) in BAL from WT (n=5) versus Pik3cg™~ (n=5) and vehicle (n=5) versus
IP1-549-treated (n=5) animals after treatment with acute LPS, chronic LPS or chronic poly
I:C (G) H&E and anti-F4/80-stained images of lungs isolated from WT versus Pik3cg™~ and
vehicle versus IP1-549-treated animals 96h after stimulation with chronic LPS. Arrowheads
indicate macrophages. (H) Violin plots of macrophages/mm? (mean and interquartile range
indicated by dotted lines) in lungs from WT (n=5) versus Pik3cg™~ (n=5) and vehicle (n=5)
versus IP1-549-treated (n=5) animals. (I) Schematic depicting vascular leak assay. (J) Graph
of Evans blue concentration (mean pg/ml = SEM) in lungs of naive mice (n=7) or mice
treated with chronic LPS (n=5), Poly I:C (n=5), or acute LPS (h=9-10) and vehicle or
IP1-549-treatment. (K) Graph of mean £ SEM pg/ml TNF-a in serum from naive (n=5)

and chronic LPS-stimulated, vehicle- (n=5) or IP1-549-treated (n=5) animals. (L) Graph of
cytokine mRNA expression (mean 27ACT + SEM) in CD11b* cells from lungs of chronic
LPS-stimulated animals treated with vehicle or IP1-549 (n=3). Statistical significance was
determined by Log-rank Mantel-Cox test (A, D), one-way ANOVA with Tukey’s multiple
comparisons test (J, K) or ttest (B, F, H, L).
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Figure 7: The PI3Ky inhibitor | PI-549 reducesinflammation and promotesrecovery in a mouse
model of MHYV infection

(A) Schematic of MHV A59 pulmonary infection, treatment, and tissue collection. (B) Time
course graph of mean £ SEM weight changes in sham-infected (n=5) or MHV-infected mice
treated with vehicle (n=5) or IPI-549 (n=5). (C) Graph of mean £ SEM MHYV nucleocapsid
N gene transcripts (272CT) determined by quantitative RT-PCR normalized to 32 ribosomal
protein housekeeping gene in lungs from sham-infected (n=3) and MHV-infected mice
treated with vehicle (n=5 per time point) or IP1-549 (n=5 per time point). (D) Images

of Giemsa-stained cells and graphs of macrophages/ml quantification in BAL from MHV-
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infected animals at 5 dpi after treatment with vehicle or IP1-549. (E) Images of H&E,
anti-F4/80-, and anti-MPO-stained lung tissues from (B). Arrowheads indicate macrophages
and granulocytes. (F and G) Graphs of mean + SEM F4/80" macrophages/mm? (F) and
MPO+ granulocytes/mm? (G) from (E). (H) Graph of cytokine concentration + SEM in
serum of mice treated from A. (1) Graph of MRNA expression (272CT) of inflammatory
factors relative to Gapdh in lung lysates from A. Statistical significance was determined by
t-test (B, D) or by one-way ANOVA with Tukey’s multiple comparisons test (C, F, G, H, I).

Sci Transl Med. Author manuscript; available in PMC 2024 July 25.



	Abstract
	One sentence summary:
	Introduction
	Results
	CD163+ wound-healing macrophages predominate in severe COVID-19
	Early inflammation is followed by wound-healing signatures in COVID-19 lungs.
	Macrophages in COVID-19 lungs express a wound-healing gene expression signature
	PI3Kγ promotes inflammation in models of SARS-CoV-2 infection
	Transcriptomics reveal PI3Kγ inhibition reduces inflammation in mice infected with SARS-CoV-2
	PI3Kγ inhibition reduces inflammation and tissue damage in aged mice infected with SARS-CoV-2
	PI3Kγ inhibition reduces inflammation, vascular leak, and cytokine storm in mouse models of acute respiratory distress syndrome
	PI3Kγ inhibition promotes recovery in murine hepatitis virus infection

	Discussion
	MATERIALS AND METHODS
	Study Design
	Statistical Analysis

	References
	Figure 1:
	Figure 2.
	Figure 3.
	Figure 4:
	Figure 5:
	Figure 6:
	Figure 7:

