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CORONAVIRUS

PI3Ky inhibition circumvents inflammation and vascular
leak in SARS-CoV-2 and other infections
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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 macro-
phages, 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 (PI3Ky), a signaling protein that coordinates both granulo-
cyte and monocyte trafficking to diseased tissues and immune-suppressive, profibrotic transcription in myeloid
cells. PI3Ky deletion and inhibition with the clinical PI3Ky inhibitor eganelisib promoted survival in models of in-
fectious diseases, including SARS-CoV-2 and MRSA, by suppressing inflammation, vascular leak, organ damage,
and cytokine storm. These results demonstrate essential roles for PI3Ky in inflammatory lung disease and support

the potential use of PI3Ky inhibitors to suppress inflammation in severe infectious diseases.

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
SARS-CoV, and Middle Eastern respiratory syndrome coronavirus
(MERS-CoV) are viruses that cause lethal infections associated with
aberrant pulmonary and systemic inflammation, vascular leak, co-
agulation, and organ damage (I). These and other viral and bacterial
infections induce acute respiratory distress syndrome (ARDS), a dis-
order characterized by breakdown of lung capillary walls and epithe-
lial integrity, leading to leakage of interstitial fluid, plasma proteins,
and leukocytes into alveoli that can cause fatal organ damage (2).
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Extensive recruitment of granulocytes, monocytes, and macrophages
to the lung as a consequence of infection promotes organ damage
and scarring as well as cytokine storm, a lethal systemic release of
proinflammatory cytokines (2). In patients who survive ARDS, ex-
tensive lung fibrosis, compromised lung capacity, and systemic in-
flammation impair recovery from pulmonary and systemic viral
infection (2). Single-cell sequencing has shown that SARS-CoV-2
infections induce loss of alveolar type I (ATI) and II (ATII) epithelial
cells, vascular damage and inflammation, activation of fibroblasts,
and coinfection with pneumonia-causing viruses (3-5). 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, and SARS-CoV-2 can fail to suppress viral
infections and exacerbate the damage associated with severe inflam-
mation (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 bron-
choalveolar lavage (BAL) specimens from humans, hamsters, and
mice using multiplex immunohistochemistry (mIHC), fixed-tissue
RNA sequencing, and spatial transcriptomics. These strategies to-
gether 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, PI3Ky, in my-
eloid cell trafficking, immune-suppressive wound healing, and
profibrotic macrophage polarization in cancer and chronic inflam-
matory diseases (8-14). We found here that PI3Ky plays a central
role in lung damage in inflammatory diseases such as coronavi-
rus disease 2019 (COVID-19), the respiratory disease caused by
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SARS-CoV-2 infections. Targeted inhibition of PI3Ky prevents
myeloid cell trafficking, vascular leak, and damage to lung epithe-
lium, 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 in-
flammation and disease progression.

RESULTS

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

To identify therapeutic strategies that could suppress the lethal in-
flammation associated with pulmonary disorders such as COVID-19,
we compared immune responses in SARS-CoV-2 and other in-
fections in humans, hamsters, and mice using patient lung tissue
and animal models of disease. Under Institutional Review Board
(IRB) approvals, we compared immune cell infiltrates in formalin-
fixed, paraffin-embedded (FFPE) lung tissue from recently de-
ceased patients with COVID-19 with normal human lung tissue
obtained during lung surgeries at University of California, San Diego
(UCSD), and BAL specimens from hospitalized, uninfected (nor-
mal), and SARS-CoV-2-infected patients (tables S1 to S4) using
mIHC, RNA sequencing of FFPE tissue, and spatial transcrip-
tomics. All BAL specimens were collected from hospitalized, living
patients (tables S1 and S2), whereas lung tissues from COVID-19
patients were obtained from rapid autopsies of patients who died
from SARS-CoV-2 infections early in the pandemic before vaccines
or antiviral therapies were developed (table S4). The average in-
terval between illness onset and death was 19.9 + 13.1 days for
patients with COVID-19 in this study. Patients who were virus
positive 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 with open airways with thin-walled interstitial septa sepa-
rating alveoli and thin capillaries in normal lung tissue (Fig. 1A
and fig. S1A). Sparsely distributed alveolar CD68" macrophages in
normal lungs were replaced by dense accumulations of CD68"
monocytes and macrophages (black arrows) filling alveolar, inter-
stitial, and perivascular spaces in COVID-19 lungs (Fig. 1B and
fig. S1A). Myeloperoxidase (MPO)* neutrophils also were in-
creased in COVID-19 lung tissue (Fig. 1C). Monocyte/macro-
phages and neutrophils were each significantly (P = 0.0024 and
P = 0.0023, respectively) increased more than 10-fold and were
more broadly dispersed in diseased versus normal lungs (Fig. 1, D
and E); monocyte/macrophages were more abundant than neutro-
phils. Lungs from patients with COVID-19 also exhibited signifi-
cantly (P = 0.0028) increased collagen deposition, identified as
blue fibrils in Mason’s trichrome-stained tissue (Fig. 1, F and G).
This extensive macrophage and neutrophil infiltration as well as
collagen deposition suggested that the lungs of most deceased pa-
tients with COVID-19 were undergoing macrophage-driven in-
flammation and fibrosis.

Hematoxylin and eosin (H&E) and IHC analysis of BAL spec-
imens of hospitalized patients (n = 3) who were not infected
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(normal) revealed the presence of large CD68" alveolar macro-
phages yet few MPO™ cells. In contrast, BAL specimens from patients
with COVID-19 (n = 7) were characterized by loss of alveolar macro-
phages and variable changes in MPO" granulocytes (Fig. 1, H and I).
We further analyzed BAL specimens of uninfected normal (n =4) and
hospitalized patients with COVID-19 (n = 5) (tables S1 and S2) by
multiplex immune profiling (15) with validated panels of myeloid
lineage-identifying antibodies (table S5) followed by quantitative
analyses (fig. S1, B to D; see plots with red-labeled axes). BAL
specimens from patients with COVID-19 exhibited a significantly
(P=0.0317) increased population of myeloid cells (Fig. 1]) that lacked
CCR2 or CD66b expression (here named “myeloid-other”) and are
consistent with prior reports of extensive immature neutrophil and
monocyte infiltration in BAL of patients with COVID-19 (4, 5).

We investigated biomarkers of immune cell functional states in
lung tissues from uninfected patients and patients infected with
SARS-CoV-2 with validated panels of lineage-identifying antibodies
(table S6). Increased CD45" (green), CD11b" cells (red) (Fig. 1K,
left and middle), and CD163"CD68" macrophages (purple with
blue membrane; Fig. 1K, right) were observed in pseudo-colored
images of lungs from patients with COVID-19. No obvious chang-
es in lymphoid cell (CD45*CD3* or CD45*CD20") density were
noted (Fig. 1K), but lungs from patients with COVID-19 exhibited
significantly (P = 0.0324) decreased pan-cytokeratin—positive epi-
thelial cells (Fig. 1L) (16). Immature monocytes and neutrophils
(myeloid-other, P = 0.0206) as well as natural killer cells, y8 T cells,
plasma cells, and other cells (P = 0.0324) were increased in COVID-
19 lungs (Fig. 1M), as previously reported (2-6, 17-19). CD68*
macrophages were positive for CD163 (Fig. 1N), a biomarker ex-
pressed by immune-suppressive, wound-healing-type macrophages
(17, 18).

Three patients with COVID-19 who died within 7 days of
hospitalization were virus-positive at the time of death (table S4).
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. S2, A to C),
consistent with ongoing lung tissue repair processes. Active viral
infection was associated with increased immature myeloid cells
(myeloid-other), CD163tCD68™" macrophages (fig. S2, D and E),
as well as increased PD-L1 on dendritic cells and granulocytes
(fig. S2, F and G).

Although total T cell abundance was unchanged, CD4" T cells, par-
ticularly Foxp3 Tbet” CD4*Th2 cells, were significantly (P = 0.0206)
increased in lungs of patients with COVID-19 (Fig. 10). T helper 2
(Ty2) subsets have known roles in resolution of viral infection, wound-
healing, and fibrosis; are often associated with CD163* macrophages;
and are increased in patients with COVID-19 (19). Increased expres-
sion of programmed cell death protein 1 (PD-1), but not Ki67 (Fig. 1P
and fig. S2, H and I), suggests the presence of exhausted T cells in the
lungs of patients with COVID-19 (20, 2I). Although high PD-1 and
EOMES expression together can signify T cell activation, no increases
in the CD8" PD-1Y"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. S2, ] and K) (21). Together, these results suggest
a dysregulated immune microenvironment characterized by infiltra-
tion of immature granulocytes and monocytes, CD163" wound heal-
ing-type macrophages, exhausted T cells, and fibrosis in lungs of
patients with lethal COVID-19 disease.
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Fig. 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 who were uninfected (normal) or infected with SARS-CoV-2 (COVID-19); scale bar, 250 or 50 pm; arrows indicate
CD68" macrophages or MPO* granulocytes. (D and 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 patients and patients with COVID-19. Scale bars, 100 or 50 pm. (G) Graphs of trichrome™
pixels/mmz in lung tissue from normal patients (n = 6) and patients with COVID-19 (n = 8). (H) Images of H&E, anti-CD68, and anti-MPO-stained sections of cell pellets
from BAL from uninfected patients and patients infected with COVID-19. Arrows indicate granulocytes and macrophages. (I) Graphs of CD68+ macrophages/mm? and
MPO™ granulocytes/mm? in sections of BAL cells from normal patients (n = 3) and patients with COVID-19 (n = 7). (J) Graphs of immune cell proportions within BAL from
patients with COVID-19 (n = 5) and uninfected normal patients (n = 4). (K, left) Pseudo-colored images of mIHC-stained lung tissue from patients with 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, 50 pm. (L to Q) Quantification graphs of multiplex immune markers in lung tissue from patients with COVID-19 (n = 14) and normal
(n = 3) patients: (L) PanCK epithelial and immune cells, (M) CD45" cell subsets, (N) CD163* macrophages, (0) CD37CD8™ 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 bar and single bar graphs, bars indicate
means + SEM. For statistical testing, t tests (D and G) or Mann-Whitney nonparametric tests [(E), (1), (J), and (L) to (Q)] were used.
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Early inflammation is followed by wound-healing signatures
in COVID-19 lungs

To extend our understanding of the immune microenvironment in
airways of patients with COVID-19, we performed RNA sequencing
of normal and SARS-CoV-2-infected FFPE BAL and lung tissue.
For bulk RNA sequencing, we used a low-input ligation-based tar-
geted whole transcriptome expression profiling assay, TempO-Segq,
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 character-
ized by increased expression of genes associated with immature
neutrophil recruitment (CCL3, CXCLI, CXCL2, CXCL8, S100AS,
SELL, and CSF3R), proinflammatory response pathways (CXCL8/
IL8, CCL3, CCL4, IL1B, S100A9, S100A8, and OSM), and mRNA
editing (APOBEC3A) but also decreased major histocompatibility
complex class I (HLA-DMB and HLA-DRA) (Fig. 2, A and B). CO-
VID-19 BAL transcriptomes exhibited similarity to inflammatory
and infectious disease responses (Fig. 2C and fig. S3A). Together,
these data indicate a florid myeloid immune response in COV-
ID-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 patients with
COVID-19 exhibited more than 2500 significantly [adjusted P value
(Pagj) < 0.05] down-regulated genes and 813 significantly (P,qj < 0.05)
up-regulated genes compared with lungs from uninfected, normal pa-
tients (Fig. 2, D and E). Volcano plot (Fig. 2D) and heatmaps of dif-
ferentially expressed genes, as well as gene set enrichment analysis
(GSEA) (Fig. 2, E and F) demonstrate up-regulated genes associated
with tissue remodeling/fibrosis (e.g., TIMPI, TGFB, COL1AI, COL3Al,
COL5A1, LOX, MMP14, and TGFB3) but decreased neutrophil re-
cruitment genes (e.g., ILIA, CXCL2, CXCLI1, CCL8, and CSF3R)
and lung epithelial function (e.g., CFTR, SFTPB, SFTPC, and MUCI5)
in lungs from patients with COVID-19. GSEA also indicated up-
regulated genes associated with glycolysis, the unfolded protein re-
sponse, epithelial to mesenchymal transition, coagulation, the G,-M
checkpoint, cellular response to stress, and neutrophil extracellular
trap formation (Fig. 2F and fig. S3, B to E). Lung tissue from patients
with COVID-19 was associated with down-regulated genes in proin-
flammatory and cholesterol homeostasis pathways, among others.
BAL from patients with COVID-19 was more proinflammatory
and neutrophilic than lung tissue, whereas lung tissue was character-
ized by more monocyte/macrophages and an overall epithelial-to-
mesenchymal transition/fibrosis signature. Diseased lungs exhibited
significantly increased gene expression of CD163 (P = 0.0006)
and CI1R (P = 0.0003), indicating the presence of wound-healing,
immune-suppressive-type macrophages. Significant loss of genes as-
sociated with normal airway functions, including surfactant proteins
(SFTPB, P = 0.0136; SFTPC, P = 0.0003) (Fig. 2G and fig. S3F), was
observed in diseased lungs, supporting prior descriptions that COV-
ID-19 is associated with the influx of wound-healing macrophages
and loss of ATII cells (2-5). These results are consistent with the pres-
ence of a neutrophil-rich lung environment in the early stages of
disease that is replaced by a macrophage-rich environment and asso-
ciated fibrosis and progressive COVID-19.

To correlate RNA sequencing and THC analyses, we applied cell
type deconvolution analysis to normalized expression values in BAL
and lungs from normal patients and patients with COVID-19 (Fig. 2,
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H and I) (24, 25). This analysis confirmed that normal BAL exhibits a
high macrophage/low neutrophil signature, whereas COVID-19 BAL
exhibits a high neutrophil/low macrophage signature, similar to re-
sults 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 patients with COVID-19 versus normal patients
(Fig. 2I). An increase in goblet cells has been previously associated
with chronic obstructive pulmonary disease, a chronic fibrotic disor-
der (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 im-
paired 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-o and IFN-y pathways, illustrated by ex-
pression of IFN-inducible genes, such as CXCL10, CXCL11, CCLS,
and OAS3 (fig. S4, A to C). In contrast, virus-negative COVID-19
patient tissues exhibited higher signatures of transforming growth
factor-p (TGF-p) signaling and coagulation (fig. S4C). Virus-positive
patients exhibited signatures of cellular stress, cytokine expression,
inflammation, and loss of normal cellular physiology when compared
with lungs of normal, uninfected patients (fig. S4D). Two virus-
positive patients at the time of death were in treatment for multiple
myeloma, a known risk factor for lethal COVID-19 due to the ab-
sence of antibody-mediated immune responses in these patients (28).
Because 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 is
associated with either an early insurmountable viral infection or 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, profibrotic 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 spec-
imens. Volcano plots, heatmaps, and GSEA of differentially ex-
pressed genes within macrophages demonstrate that COVID-19
lung macrophages exhibit alternatively activated, wound-healing,
immune-suppressive gene expression signatures characterized by
increased expression of CD163, IDO, heat shock proteins (HSPAIA),
complement/coagulation (CIQA, CIQB, and CIR), and tissue re-
modeling (COL3A1, COLIAI, COL1A2, FNI, and CTSS) path-
ways, with down-regulation of genes in immune response pathways
(HLA-DRBS5) (fig. S5, A to C). Macrophages in virus-positive tissues
expressed IFN-associated genes, including IRF8, OASI, OAS2, and
CXCLS8 (fig. S5, A to C). Spatial profiling of granulocytes revealed
IFN, oxidative phosphorylation, apoptosis, and complement expres-
sion signatures in patients with COVID-19 (fig. S5, D to F). Lung
epithelial cells also expressed signatures of inflammation and TGF-f
signaling (fig. S5, G to I). These signatures support the hypothesis
that during SARS-CoV-2 infection, myeloid cells initially mount an
IFN-driven antiviral response that is superseded by wound-healing
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Fig. 2. Transcriptomics identify 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” patients (n = 5) and patients infected with COVID-19 (n = 8). 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 logP,g;. (D) Volcano plot of differential mRNA expression in lung tissue from normal patients (n = 5) and patients with COVID-19 (n = 12). (E) Heatmap
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(n=5) and patients with COVID-19 (n = 8) and (1) lung tissue from normal patients (n = 5) and patients with COVID-19 (n = 12). P values were determined by limma-vroom.
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responses associated with fibrosis and death, much as has been ob-
served 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 recruit-
ment 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 PI3Ky. PI3Ky promotes neutrophil and monocyte
trafficking to tumors by activating integrin a4f1 expressed on circu-
lating myeloid cells (8); PI3Ky also promotes immune-suppressive,
profibrotic transcription in macrophages (9-11). Genetic or pharma-
cological blockade of PI3Ky suppressed recruitment of myeloid cells
to tumor tissues, repolarized macrophages and dendritic cells to pro-
mote antitumor T cell responses, and prevented fibrosis (9-11). Other
studies showed that PI3Ky inhibition also blocked neutrophil recruit-
ment and degranulation (12) and prevented vascular leak (29, 30).
Inhibition of PI3Ky also suppressed fibrosis in association with pan-
creatic cancer and pancreatitis through the reduction of macrophage
expression of profibrotic factors, including TGFB, 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 PI3Ky expression in lung tissue from normal patients
and patients with COVID-19. PIK3CG mRNA was expressed both
in COVID-19 patient lung tissue and in normal lung (Fig. 3A). IHC
staining for PI3Ky and CD68 in serial sections of COVID-19 tissue
revealed that PI3Ky expression overlapped extensively with CD68"
macrophages (Fig. 3B). Fluorescent confocal microscopy of COVID-
19 lungs for CD68 (green) and PI3Ky (red) expression showed
considerable overlap of expression (yellow, arrows) (Fig. 3C, top).
Stochastic optical reconstruction microscopy of single macrophages
demonstrated that PI3Ky colocalizes extensively with CD68 in
clusters at the cell membrane in COVID-19-infected lungs (Fig. 3C,
bottom). Increased macrophage content and macrophage PI3Ky ex-
pression was also observed in lung tissue from patients with other
inflammatory lung disorders (fig. S6, A and B). Specificity of the
antibody for PI3Ky used in IHC studies was confirmed by the manu-
facturer’s specifications and Western blotting of immortalized wild-
type (WT), mock-transfected, and PI3Ky 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 nonlethal respiratory dis-
ease in hamsters, with a duration of 10 to 14 days. When Syrian
golden hamsters were infected intranasally with SARS-CoV-2, infil-
tration of MPO™ neutrophil and IBA1* macrophages into lungs was
rapidly induced. Neutrophil infiltration peaked at 4 days after infec-
tion, whereas IBA1* macrophage infiltration peaked 7 days after in-
fection (Fig. 3, D and E). SARS-CoV-2 infection of Syrian golden
hamsters increased PI3Ky mRNA expression in these cells, as detected
by RNAscope fluorescence microscopy (Fig. 3, D and E). Together,
these data indicate that PI3Ky 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 PI3Ky inhibition could serve as a therapeu-
tic strategy for COVID-19, we tested the PI3Ky inhibitor IPI-549
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(eganelisib), a highly selective PI3Ky inhibitor that is currently in de-
velopment as a cancer therapeutic and has shown safety and activity
in clinical trials (13, 14) in a hamster model of SARS-CoV-2 infec-
tion (Fig. 3F) (31). Hamsters were inoculated with SARS-CoV-2 and
treated with a 4-day course of IPI-549 or vehicle from day 0 to day 4
(Fig. 3F). Neutrophil accumulation was substantially suppressed by
IPI-549 treatment, whereas macrophage accumulation was not in-
hibited, possibly because macrophage accumulation peaks at day 7
after inoculation (Fig. 3, G to I); treatment did not substantially af-
fect weight loss in this nonlethal model of SARS-CoV-2 infection
(fig. S7A). These results indicate that PI3Ky inhibition can suppress
neutrophil recruitment induced by SARS-CoV-2 infection and sug-
gest that continuous treatment with IPI-549 might be warranted to
further protect lungs from inflammation associated with infection.

We then tested the effect of PI3Ky inhibition in murine models of
SARS-CoV-2 infection. K18-ACE2TG C57BL/6 mice (32) were in-
fected with SARS-CoV-2 and treated 2 days later with IPI-549 or ve-
hicle (Fig. 3]). IPI-549 treatment of SARS-CoV-2-infected hACE2-TG
mice significantly delayed weight loss (Fig. 3K, P = 0.02472) and de-
layed signs of illness, including reduced activity, reduced appetite,
and social withdrawal, but did not significantly affect viral load
(P=0.0712) or survival (Fig. 3L and fig. S7B). IPI-549 treatment sig-
nificantly reduced monocyte/macrophage (P = 0.0108) and granulo-
cyte (P = 0.0172) infiltration, as detected by IHC (Fig. 3, M to O) or
by flow cytometry in lung tissue collected at 5 days postinfection
(dpi) (fig. S7, C to E).

Transcriptomics reveal that 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 to 5 dpi later with vehicle or IPI-549, as shown in
Fig. 3]. Differential expression analysis revealed that just 3 days of IPI-
549 treatment down-regulated expression of proinflammatory cyto-
kines and transcription factors (e.g., Irf8, Irf5, Tlr9, Tnfa, Osm, S100a4,
and Ltf); neutrophil, monocyte, and macrophage markers (Adgrel,
Cd68, Trem2, Itgam, Apoe, Clqa, and Ly6c2); and markers of fibrosis
(Collal, Col3al, Col5a2, Fnl, Mmp2, and Mmp8) (Fig. 4A). In con-
trast, genes associated with normal organ development (e.g., Tgfbr3)
or protection from oxidative stress (e.g., Cbr2 and Ahr) were up-
regulated in IPI-549-treated lungs (Fig. 4A). Signatures of macro-
phage activation, response to infection, inflammation, and IFN-y
signaling stimulated by SARS-CoV-2 infection were down-regulated
in IPI-549-treated lungs, and signatures of epithelial and vascular
development were up-regulated in IPI-549-treated lungs (Fig. 4B).
To determine whether 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 IPI-549-
treated lungs exhibited signatures of lung epithelial cells, including
Clara cells, ATT and ATII cells, and ionocytes (Fig. 4C). Examples of
down-regulated macrophage genes in IPI-549-treated lungs shown in
the heatmap in fig. S8 and in graphs of transcripts per million for
monocyte/macrophages genes include Adgrel, Itgam, Cd68, and
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Fig. 3. PI3Ky promotes inflammation in response to SARS-CoV-2 infection. (A) Graph of PI3KCG gene transcripts determined by RNA sequencing of FFPE lung tissue
from normal patients (n = 5) and patients with COVID-19 (n = 14). (B) Images of CD68 and PI3Ky expression in lung tissue from patients with COVID-19. Scale bar, 25 pm.
Arrowheads indicate CD68" and PI3Ky™" cells in serial 5-um sections. (C) PI3Ky (red), CD68 (green), and DAPI (blue) confocal (top) and stochastic optical reconstruction
microscopy (STORM, bottom) images of macrophages in COVID-19-infected lungs. Scale bars, 25 or 75 pm (top) and 2 or 10 pm (bottom). Insets indicate fields magnified
in subsequent panels. Arrowheads identify CD68*PI3Ky*-stained cells. (D) Immunostaining for MPO™ granulocytes, IBA1* macrophages, and RNAscope detection of
PI3Ky mRNA in lung tissue from uninfected [phosphate-buffered saline (PBS)] and SARS-CoV-2-infected Syrian golden hamsters. Scale bar, 10 pm. Arrowheads identify
stained cells. (E) Graphs of means + SEM IBA1* macrophages, MPO™ granulocytes, and PI3Ky mRNA™ cells in lung tissue from uninfected (PBS, n = 2 to 5) and SARS-CoV-2-
infected (COVID, n = 3 or 4) hamsters. (F) Schematic of hamster infection with SARS-CoV-2 and treatment with vehicle (n = 4) or IPI-549 (n = 4). (G and H) Images of IBA1*
macrophages (G) and MPO™ granulocytes (H) in lungs from (F). (I) Graphs of means + SEM MPO* neutrophils and IBA1* macrophages in hamster lungs over time. Arrows
indicate days of treatment. (J) Schematic of K18-ACE2 transgenic mice infected with SARS-CoV-2 and treated with vehicle or IPI-549. (K) Graph of median weight loss over
time for mice infected with SARS-CoV-2 and treated with vehicle (n = 10) or IPI-549 (n = 10). (L) Graph of mean + SEM viral load expressed as focus-forming units (ffu)/g
of lung tissue in mice (n = 10 per group) from (J). (M) Images of H&E, MPO™, and F4/80" staining in end point tissues from (K). Scale bar, 20 pm. Arrowheads indicate F4/80*
macrophages and MPO™ granulocytes. (N and O) Graphs of means + SEM F4/80* macrophages/mm? (N) and MPO™ granulocytes/mm2 (O) in lung tissue from mice in-
fected with SARS-CoV-2 and treated with vehicle (n = 5) or IPI-549 (n = 5). Statistical analysis was performed by limma-vroom (A), unpaired t tests [(K), (L), (N), and (O)], or
one-way ANOVA with Tukey’s post hoc multiple comparisons test (E and I).
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Fig. 4. PI3Ky inhibition suppresses gene expression signatures of inflammation and tissue damage during SARS-CoV-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-treated, or IPI-549-treated mouse lungs at day 5 after infec-
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by limma-vroom.
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Ly6c2 (Fig. 4D). Pik3cg, the gene for PI3Ky, was also down-regulated
upon IPI-549 treatment, indicating a reduction in myeloid cell
content. We identified 102 genes that were up-regulated in both
SARS-CoV-2-infected murine and human lungs but were down-
regulated in IPI-549-treated lungs (Fig. 4, E and F). These genes were
associated with signatures of inflammation, neutrophil degranula-
tion, leukocyte migration, SARS-CoV-2 signaling, extracellular ma-
trix disassembly, and IFN-y responses (Fig. 4E). Select genes that
were up-regulated in SARS-CoV-2-infected human and mouse
lungs and down-regulated in IPI-549-treated lungs, including IFN
response genes (CGAS and IFIT130), fibrosis-associated genes
(COLI1A2, COL3A1, and FNI), and immune exhaustion genes (LAG3
and LILRB4), are shown in Fig. 4F. Together, these data indicate that
IPI-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.
Ten-month-old female BALB/c mice were infected intranasally with
maSARS-CoV-2 (34) and were treated with vehicle (n = 5) or with
IPI-549 (n = 10) from 0 dpi until 2 dpi (cohort 1) (Fig. 5A). Tissue
and blood were collected from cohort 1 mice on day 2 after infection
for viral load, histological, and other assessments. Additional co-
horts of mice were infected and treated with vehicle (n = 5) or IPI-
549 (n=10) from 0 to 4 dpi (cohort 2) or with IPI-549 (n = 10) from
2 to 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 to 4 dpi
(cohort 2) or 2 to 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 PI3Ky 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. 5, C to F), IPI-549 treatment did
reduce lung inflammation in infected mice. We compared lung tis-
sues collected at 2 dpi (cohort 1) and at 6 dpi (cohort 3 and sham
infected) for immune cell and epithelial cell content. In contrast
with lungs of vehicle-treated, SARS-CoV-2-infected mice, which
exhibited substantial macrophage and granulocyte content, lungs of
0 to 4 dpi (cohort 1) and 2 to 4 dpi (cohort 3) IPI-549-treated mice
exhibited near-normal frequencies of macrophages (P < 0.0001)
and granulocytes (P = 0.0155) (Fig. 5, G to I). These results indicate
that PI3Ky inhibition suppressed SARS-CoV-2-induced lung in-
flammation in both treatment regimens. PI3Ky blockade by IPI-549
also reduced virus-induced lung damage, because ATII loss detected
by prosurfactant C staining, septal wall thickening, vascular conges-
tion, and hemorrhage were equally suppressed in IPI-549-treated
mice from cohorts 1 and 3 (Fig. 5, G and J). PI3Ky inhibition sup-
pressed inflammatory cytokine gene and protein expression, as
shown for Tnfa and Cxcl10 mRNA in lung tissue and circulating
CXCL10 serum proteins (fig. S9, A and B). These results indicate
that inhibition of PI3Ky 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 down-regulated expression of genes
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associated with normal lung epithelium and alveolar macrophage
function (Sftpc, Siglecf, Muc2, Muc4, and Muc6) and T cell function
(Cd3g, Cd8bl, Ragl, and Trdc) and stimulated expression of genes
associated with proinflammatory response pathways, including cy-
tokine/chemokines (Cxcl9, Cxcll10, Ccl2, Cxcll, Cxcl2, and II6),
IEN response genes (Oasl, Isgl5, Irf7, Ifit1, Ifit3, Gbp5, Gbp8, and
Gbp9), and immune exhaustion (Cd274 and Lag3) (fig. S9C). Ac-
cordingly, maSARS-CoV-2 infection of mouse lungs was associated
with up-regulation of gene expression pathways related to IFN-y
responses, inflammation and epithelial-to-mesenchymal transi-
tion, and down-regulation 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 IPI-549. Heatmaps illustrate that IPI-549 treatment
of virus-infected animals from dpi 0 to 2 (cohort 1) only modestly
affected gene expression compared with treatment with vehicle
(fig. S9E). In contrast, IPI-549 treatment from 2 to 4 dpi (cohort 3)
significantly (P,gj < 0.05) altered gene expression patterns by reduc-
ing immune response gene (ISG) and inflammatory gene expression
signatures and increasing expression of lung alveolar macrophage
genes, such as Siglecf, Mrcl, Csflr, Trem2, and Apoe, to that found in
sham-treated lung (fig. SOE). Gene signature and pathway analyses
revealed that IPI-549 treatment stimulated blood vessel and epithe-
lial morphogenesis signatures characterized by expression of key
endothelial cell regulators (Vwf, Fnl, Itga5, and Itgb3), alveolar mac-
rophage markers (Trem2 and Apoe), and other repair genes (fig. S9,
F to H). These results are similar to those shown in Fig. 4 for
hACE2Tg mice. Together, results from these two mouse models
suggest that IPI-549 treatment restored some normal alveolar macro-
phage and epithelial tissue markers and reduced expression of recruited
proinflammatory macrophage markers while also up-regulating
markers of tissue repair.

When gene expression signatures between SARS-CoV-2-infected
murine and human lungs were compared, overlap was observed pri-
marily in IFN-y and viral response signatures; expression of these
IFN response signatures was strongly suppressed in IPI-549-treated
mouse lungs (fig. S9, I and J). IPI-549 treatment was associated with
a reduction in gene expression signatures found in other infectious
diseases, including hepatitis A, B, and C; pneumonitis; and tubercu-
losis (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 PI3Ky inhibition can reduce damaging
inflammation in the lung and protect normal lung function during
infectious lung disease.

PI3Ky inhibition reduces inflammation, vascular leak, and
cytokine storm in mouse models of ARDS

To explore whether PI3Ky inhibition could provide therapeutic ben-
efit in animal models of other pulmonary diseases and identify
mechanisms of therapeutic benefit, we inoculated WT and Pik3cg™~
mice with methicillin-resistant Staphylococcus aureus (MRSA) or
multidrug resistant Escherichia coli O157:H7 (Fig. 6A and fig. S10A).
Whereas all WT-infected mice succumbed to MRSA infection over
a period of 24 hours, 40% of Pik3cg”’~ mice survived infection
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Fig. 5. PI3Ky inhibition suppresses inflammation and promotes survival from maSARS-CoV-2 infection. (A) Schematic of maSARS-CoV-2 infection in 10-month-old
mice. Cohorts of mice were inoculated with virus and treated with vehicle or IPI-549 from 0 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 to 4 dpi (black open circles, n = 5), with IPI-549
from 0 to 4 dpi (red circles, n = 10) or with IPI-549 from 2 to 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 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 to 2 dpi with vehicle (n = 5) or IPI-549 (n = 10) (cohort 1) and from surviving mice at day 6 that had been treated 2 to 4 dpi with IPI-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 prosurfactant C* ATII cells. (H to J) Graphs of means + SEM of F4/80* macrophages/
mm? (H), MPO™ granulocytes/mm2 (1), and prosurfactant 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 to J).
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Fig. 6. PI3Ky inhibition suppresses inflammation and promotes survival in mouse models of ARDS and sepsis. (A) Kaplan-Meier survival plots of WT (n = 8) and
Pik3cg’/’ mice (n = 8) inoculated with MRSA. (B) Left, graph of mean + SEM macrophages in thioglycolate-stimulated peritoneal exudates of WT and Pik3cg’/’ (n=4)and
in vehicle versus IPI-549-treated mice (n = 4). Right, flow cytometry profiles of F4/80* macrophages in peritoneal exudates from WT and Pik3cg ™" animals with and with-
out thioglycolate treatment. (C) Schematic of animal models of ARDS and outcome measures. (D) Kaplan-Meier survival plots of female and male 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 IPI-549. Arrowheads indicate macrophages. (F) Graph of macrophages/ml (means + SEM)
in BAL from WT (n = 5) versus Pik3cg™~ (n = 5) and vehicle (n = 5) versus IPI-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 IPI-549-treated animals 96 hours 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 IPI-549-treated (n = 5) animals. (I) Schematic depicting vascular leak assay. (J) Graph of Evans blue concentration (means 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 (n = 9 to 10) and vehicle or IPI-549 treatment. (K) Graph of
means + SEM pg/mI TNF-a in serum from naive (n = 5) and chronic LPS-stimulated, vehicle- (n = 5), or IPI-549-treated (n = 5) animals. (L) Graph of cytokine mRNA expres-
sion (mean 22T + SEM) in CD11b* cells from lungs of chronic LPS-stimulated animals treated with vehicle or IPI-549 (n = 3). Statistical significance was determined by
log-rank Mantel-Cox test (A and D), one-way ANOVA with Tukey’s multiple comparisons test (J and K), or t test [(B), (F), (H), and (L)].
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(Fig. 6A, P =0.0092). A reduction in serum interleukin-1f (IL-1p),
akey 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. S10, B
to D). These results indicate that PI3Ky inhibition can provide
therapeutic benefits in acute infections even without directly af-
fecting pathogen load. We also examined the effects of PI3Ky inhibi-
tion during sterile inflammation models using both Pik3cg™~ mice
and the PI3Ky inhibitor IPI-549. In a model of sterile inflamma-
tion, peritoneal administration of thioglycolate, a bacterial nutrient,
stimulated substantial macrophage recruitment to the peritoneum
that was suppressed by both PI3Ky deletion and IPI-549 treatment
(Fig. 6B).

To determine whether PI3Ky controls inflammation in bacterial
and viral infection, we investigated mouse models of ARDS, in
which acute or chronic poly-inosine:cytosine (poly I:C) or lipopoly-
saccharide (LPS) administration induces sterile lung inflammation,
vascular leak, and local and systemic cytokine elevation (Fig. 6C)
(35). 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 IPI-549-treated mice (Fig. 6, E
and E and fig. S11, A and B). H&E analysis also revealed that PI3Ky
inhibition reduced inflammatory changes in the lung (fig. S11B). In
contrast with clear airway spaces in Pik3cg”'~ and IPI-549-treated
animals, WT and vehicle-treated animal lungs exhibit thickened
septa, congested vessels, and hemorrhage (Fig. 6G and fig. S11B).
PI3Ky inhibition decreased F4/80" macrophage recruitment to
the lungs in all inflammation models because substantially fewer
macrophages were observed in Pik3cg”~ and IPI-549-treated ani-
mals than in WT and vehicle-treated animals (Fig. 6, G and H, and
fig. S11B).

Vascular leak is a major complicating factor in sepsis, ARDS, and
viral pneumonia that is induced by histamine and vascular endothe-
lial growth factor (VEGF) 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. 6, I and J). Both
PI3Ky deletion and IPI-549 treatment suppressed vascular leak in
the lungs and other organs in chronic and acute ARDS models, al-
though with some variability between models and tissues (Fig. 6]
and fig. S12, A to E). PI3Ky inhibition directly suppresses vascular
leak induced by VEGF-A (fig. S12F), suggesting added therapeutic
benefit to PI3Ky inhibition in sepsis and infectious diseases charac-
terized by vascular leak.

To determine the role of PI3Ky on cytokine storm associated with
severe inflammation, we examined the effect of inhibition PI3Ky 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 tumor necrosis factor-o
(TNF-a), IL-1p, and IL-6, which peaked at 24 hours and returned to
normal within 48 hours (fig. S13A). PI3Ky inhibition transiently el-
evated the expression of some inflammatory cytokines upon acute
LPS administration (fig. S13B). In contrast, PI3Ky inhibition sup-
pressed chronic LPS-induced cytokine release, as shown for TNF-a
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in serum, BAL, and peritoneal lavage (Fig. 6K and fig. S13, Cand D).
Chronic LPS stimulated RNA expression of inflammatory cytokines
in lung CD11b* cells but not lung CD11b~ cells; PI3Ky inhibition
substantially reduced expression of inflammatory cytokines in lung
myeloid cells (Fig. 6L and fig. S13E). Together, these data indicate
that PI3Ky inhibition can reduce inflammation and associated in-
flammatory sequalae, such as vascular leak, cytokine storm, and le-
thality in infectious disease models.

PI3Ky inhibition promotes recovery in MHV infection
To evaluate the impact of dampening myeloid cell infiltration in vi-
ral pneumonia, mice that were intranasally inoculated with the be-
tacoronavirus murine hepatitis virus (MHV-A59) were treated with
the PI3Ky inhibitor IPI-549 or vehicle and compared with sham-
infected animals (Fig. 7A). MHV administered intranasally induces
nonlethal pneumonia that lasts approximately 10 days (36). Treat-
ment with IPI-549, but not vehicle, partially attenuated virus-
induced weight loss without affecting viral load from 5 dpi (Fig. 7, B
and C). Treatment with IPI-549 substantially inhibited airway in-
flammation; fewer macrophages were present in BAL collected from
IPI-549-treated versus vehicle-treated animals 5 dpi (Fig. 7D).
PI3Ky blockade also reduced lung septal wall thickening, vascular
congestion, and hemorrhage (Fig. 7E and fig. S14) while substan-
tially reducing macrophage and granulocyte infiltration of lungs at
all time points after viral infection (Fig. 7, E to G, and fig. S14).
Our previous results indicated that PI3Ky inhibition may reduce
virus-induced cytokine storm; therefore, we quantified cytokine
concentrations in serum and mRNA expression of cytokines in lung
tissue from sham-infected and MHV-infected mice treated with ve-
hicle or IPI-549. IPI-549 treatment reduced TNF-a, IFN-y, IL-12,
IL-6, and CXCL10 in serum (Fig. 7H). Viral infection increased ex-
pression of genes encoding proinflammatory cytokines, inflamma-
tory signaling factors, and T cell biomarkers in the lung (Fig. 71). In
contrast, PI3Ky inhibition reduced expression of these factors, par-
ticularly at later time points (Fig. 7I). Because elevated serum cyto-
kines are associated with severe or lethal coronavirus infection (1,
2), these results suggest that PI3Ky 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 in-
flammation leading to ARDS, vascular leak, coagulation, and fatal
organ damage (I, 2). Here, we showed using animal models of dis-
ease that PI3Ky inhibition with the clinical inhibitor IPI-549 (egan-
elisib) can protect against ARDS, 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, profibrotic monocyte/mac-
rophages and granulocytes to the lungs, concomitant with loss of
surfactant C-expressing alveolar cells. Several studies have re-
vealed neutrophilia in blood and extensive neutrophil infiltration of
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Fig. 7. The PI3Ky inhibitor IPI-549 reduces inflammation and promotes recovery in a mouse model of MHV infection. (A) Schematic of MHV A59 pulmonary infec-
tion, treatment, and tissue collection. (B) Time course graph of means + 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 means + SEM MHV nucleocapsid N gene transcripts (Z'ACT) determined by quantitative RT-PCR normalized to L32 ribosomal protein house-
keeping gene in lungs from sham-infected (n = 3) and MHV-infected mice treated with vehicle (n = 5 per time point) or IPI-549 (n = 5 per time point). (D) Images of
Giemsa-stained cells and graphs of macrophages/ml quantification in BAL from MHV-infected animals at 5 dpi after treatment with vehicle or IPI-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 means + SEM F4/80™ macrophages/
mm? (F) and MPO" granulocytes/mm? (G) from (E). (H) Graph of cytokine concentration + SEM in sera of mice treated from (A). (I) Graph of mRNA expression (2°2CT) of
inflammatory factors relative to Gapdh in lung lysates from (A). Statistical significance was determined by t test (B and D) or by one-way ANOVA with Tukey’s multiple
comparisons test [(C) and (F) to (I)].
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airways in patients with COVID-19 (35). Neutrophils can damage
tissues in part through NETosis, the release of intracellular protein-
ases 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 sequenc-
ing studies demonstrated increased macrophages and fibroblasts
in lungs from patients with COVID-19, consistent with our find-
ings (3).

Our studies uniquely compare and contrast inflammation and
transcriptomics in the response to COVID-19 in both BAL speci-
mens and lung tissues from patients with COVID-19. 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 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 ex-
tracellular matrix, features that cannot be revealed in BAL speci-
mens. 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* mac-
rophages and increased expression of PD-L1 on dendritic cells and
granulocytes. Virus-negative patients exhibited much greater fibro-
blast content.

We further showed that PI3Ky is expressed in myeloid cells from
SARS-CoV-2-infected human and animal tissues, suggesting a po-
tential 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 dis-
ease. IPI-549, also called eganelisib, is currently in cancer immune
therapy phase 2 clinical trials. Antagonism of PI3Ky reduced myeloid
cell recruitment to lungs in several models of inflammation and infec-
tion. RNA expression analysis showed that lungs of patients with
COVID-19 and SARS-CoV-2-infected animals exhibited inflamma-
tion as well as a Ty2-like, immune-suppressed, wound-healing pro-
file, which was suppressed prevented in animals by PI3Ky inhibition.
Our studies thus indicated that PI3Ky inhibition can reduce inflam-
matory disease by suppressing organ-damaging sequelae, such as fi-
brosis, vascular leak, and cytokine storm.

Our study has some limitations. Whereas PI3Ky inhibition re-
duces myeloid cell recruitment, weight loss, and lung damage asso-
ciated with SARS-CoV-2 and other infections, our studies did not
show a curative benefit in animal models of SARS-CoV-2 infection.
PI3Ky 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. In addition, our
analyses of biological materials from SARS-CoV-2-infected pa-
tients 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 associ-
ated with them.
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Together, these results indicate that PI3Ky inhibition can reduce
recruitment of inflammatory neutrophils, monocytes, and macro-
phages 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 IPI-549 might provide benefit to patients with
infectious lung diseases including and beyond COVID-19.

MATERIALS AND METHODS

Study design

The objective of this study was to investigate the contributions of
macrophages and granulocytes to the progression of COVID-19 and
other inflammatory lung diseases and to evaluate the therapeutic po-
tential of PI3Ky inhibition to ameliorate inflammation and progres-
sion of disease. Immune cell content and state were investigated in
lungs and BAL specimens from normal donors and in individuals
with COVID-19 or other inflammatory diseases. In this study, im-
mune cell composition and state were investigated in lungs and BAL
specimens from uninfected patients and patients with COVID-19,
using THC, mIHC, RNA sequencing, and spatial transcriptomics.
The effect of PI3Ky inhibition on disease progression was evaluated
in Pik3cg™’~ mice and mice treated with the PI3Ky antagonist, IPI-
549. Animal models included infection with SARS-CoV-2, MHYV,
MRSA, and antibiotic-resistant E. coli as well as ARDS induced by
LPS and Polyl:C administration. Survival, weight loss, inflammation,
and vascular leak were measured as an index of disease progression.
Inflammation in lung tissue was measured by IHC for macrophage,
granulocyte, and alveolar epithelial cell content. Serum and lung cy-
tokines were measured by multiplex enzyme-linked substrate assay,
and gene expression was measured in lung tissue by RNA sequencing.

For studies evaluating the effect of PI3Ky inhibition on inflam-
mation in mice, a sample size of at least 10 mice per group provided
80% power to detect mean difference of 2.25 SD between two groups
(based on a two-sample f test with two-sided 5% significance level).
Mice were randomized after infection before treatment with inhibi-
tors or controls. Where feasible, treatment groups were blinded un-
til study end. All data are from biological replicates. Before statistical
analyses, data were examined for normal distribution and possible
outliers. In these studies, no data points were omitted. Animal stud-
ies were ended when mouse weight loss was greater than 20% of
starting body weight or at predetermined designated end points. All
animal studies and histological analyses were performed with inves-
tigators blinded to study group identity.

IHC and RNA sequencing were performed on lung tissues from
patients with COVID-19 (n = 15) and normal patients (n = 5), as
well as BAL isolates from patients with SARS-CoV-2 (n = 7) and
uninfected patients (n = 3). All animal experiments were performed
two to six times with n = 5 to 15 per group, except the maSARS-
CoV-2 viral infection study in 270-day-old mice, which was per-
formed once, with n = 5 to 20 mice per group. ARDS and vascular
leak studies with LPS and Polyl:C were performed three to five times
each, with #n = 5 to 10 per group.

Human participants

All human tissue analyses were conducted on deidentified tissue un-
der guidelines established by the IRB for human participant research
of the UCSD. Postmortem tissue studies received IRB exemption
from oversight because research on deceased patients is not classi-
fied as human participant research by the US Department of Health
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and Human Services or the US Food and Drug Administration. All
patients in this study were admitted early in the pandemic during
the first 3 to 6 months after the first cases of COVID-19 were re-
ported in the US when no specific therapeutics had been developed.
Deidentified lung tissue was obtained upon rapid autopsy of de-
ceased patients with COVID-19, formalin-fixed for 48 hours, and
processed by the Department of Pathology, UCSD, into paraffin-
embedded tissue blocks by the Moores Cancer Center Histology
Shared Resource, UCSD, San Diego, CA. Normal human lung tissue
was obtained from consenting patients during lung cancer surgery
at the Moores Cancer Center, UCSD and processed into paraffin-
embedded tissue blocks by the UCSD Department of Pathology.
BAL cells from consenting patients infected with SARS-CoV-2 and
from consenting hospitalized patients who were diagnosed with no
infections were pelleted, fixed, paraffin embedded, and sectioned.
All tissue was used for IHC and bioinformatics analysis.

Animals

Eight- to 9-week-old C57BL/6 stock 000664 (RRID: IMSR_JAX:000664)
male and female mice were purchased from the Jackson Laboratories.
Six- to eight-week-old male K18-hACE2 (RRID: IMSR_JAX:034860)
mice were purchased from the Jackson Laboratories. Ten-month-old
female Balb/c animals (RRID: IMSR_CRL:028) were purchased from
Charles River for SARS-CoV-2 infection studies. Six- to 7-week-old
golden Syrian hamsters (Mesocricetus auratus; genotype: HsdHan:
AURA) were from Envigo. Pik3cg”~ mice on the C57BL/6 back-
ground (RRID:MGI:3619226) were maintained in the Varner labora-
tory at the UCSD. All MRSA, MHYV, and ARDS studies were performed
at the UCSD with the approval of the Institutional Animal Care
and Use Committees and Institutional Biosafety Committees of the
UCSD. MRSA and MHYV studies were conducted in animal biosafety
level 1 (ABSL2) facilities at UCSD. ARDS studies were performed in
ABSLI facilities at UCSD. SARS-CoV-2 infection of K18-hACE2 mice
studies were performed at the Scripps Research Institute with the ap-
proval of the Institutional Animal Care and Use Committee of the
Scripps Research Institute. maSARS-CoV-2 models were conducted in
ABSLS3 facilities with support from the National Institutes of Health
(NIH)-Accelerating COVID-19 Therapeutic Interventions and Vac-
cines (ACTIV) program of NIAID, NIH at the Institute for Antiviral
Research, Animal, Dairy and Veterinary Science, Utah State University,
Logan, UT, with the approval of the Institutional Animal Care and Use
Committees and Institutional Biosafety Committees of Utah State Uni-
versity. SARS-CoV-2 hamster studies were performed at the Depart-
ment of Infectious Diseases and Global Health, Tufts University
Cummings School of Veterinary Medicine. All animal experiments
were performed with the approval of the Institutional Animal Care
and Use Committees and Institutional Biosafety Committees of Tufts
University. SARS-CoV-2 hamster experiments were conducted in
ABSL3 facilities on the campus of Tufts University.

Statistical analysis

All data points as well as the means + SEM were graphed using
Graph Pad Prism version 9.1.0. Results were analyzed statistically us-
ing one-way analysis of variance (ANOVA) with Tukey’s or Dunnett’s
post hoc test for multiple-group analyses, Student’s ¢ test for paramet-
ric two-sample analysis, Mann Whitney test for nonparametric
two-sample analysis, and log-rank (Mantel-Cox) test for survival
analysis using Graph Pad Prism version 9.1.0. D’Agostino-Pearson
and Kolmogorov-Smirnov normality testing using Graph Pad Prism
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version 9.1.0 was performed to inform selection of parametric versus
nonparametric significance testing. Data with P < 0.05 were consid-
ered statistically significant. Statistical significance in differential
gene expression analysis was performed by limma-voom method,
where P,g; < 0.05. Raw datasets were deposited to Dryad (https://doi.
org/10.5061/dryad.sf7m0cgbm).
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MATERIALS AND METHODS

Reagents

Murine L929 cells (RRID:CVCL 0462, L cell, L-929, derivative of Strain L) were purchased from American
Type Culture Collection (ATCC) and maintained in completed Dulbecco’s Modified Eagle Medium (DMEM)
media supplemented with 10% heat-inactivated fetal bovine serum (FBS) and antibiotics (100 pg/mL penicillin
and 100 pg/mL streptomycin). Murine hepatitis virus (MHV)-A59 infectious clone in L929 cells (BEI NR-
43000), maSARS-CoV-2 (MA10) infectious clone in Calu-3 cells (BEI NR-55429), and SARS-CoV-
2/human/USA/WA-CDC-WA1/2020 (SARS2-WA) were obtained from BEI Resources, NIAID, NIH. SARS-
CoV-2/human/USA-WA1/2020 (BEI Resources) was propagated on African green monkey Vero E6 cells

as described (39). Formulated IPI-549 and vehicle were provided by Infinity Pharmaceuticals.

Human histopathology

Lung tissue was obtained upon rapid autopsy of recently deceased COVID-19 patients by the Department of
Pathology, UCSD, formalin fixed for 48h, and processed into paraffin embedded tissue blocks by the Moores
Cancer Center histology shared resource, UCSD. Normal human lung tissue was obtained during lung cancer
surgery at the Moores Cancer Center, UCSD and processed into paraffin embedded tissue blocks by the UCSD
Department of Pathology. BAL cells from hospitalized COVID-19 positive and COVID-19 negative patients were
pelleted, fixed, paraffin embedded and sectioned. Glass slides containing 4-5pum thick tissue sections were
deparaftinized and stained with hematoxylin and eosin or Mason’s Trichrome by the Moores Cancer Center
histology shared resource. Alternatively, slides were deparaffinized, rehydrated, and treated for 20 minutes with
Diva Decloaker (901-DV2004X-071017 Biocare Medical) antigen retrieval solution followed by treatment with
endogenous peroxidase blocking and incubation with 5% normal horse serum for 1h. Slides were then incubated
with 1:200 mouse anti-human CD68 (RRID:AB 2074844 clone PG-M1, Dako/Agilent), 1:400 rabbit anti-PI3
Kinase-gamma (RRID:AB 1904087 Cell Signaling Technology, Inc., clone D55D5, #5405), or 1:200 rabbit anti-
Myeloperoxidase (RRID:AB 2864724 ab208670, Abcam). Following primary antibody incubation, slides were
washed in Tris buffered saline containing Tween 20 (TBST) and incubated with InmPRESS HRP horse anti-
mouse IgG Plus kit (MP-7802-15 Vector Labs) or InmPRESS HRP horse anti-rabbit IgG Plus kit (MP-7801-15
Vector Labs) according to manufacturer’s instructions for 30 minutes at room temperature, washed in TBST,
incubated in 3,3’-diaminobenzidine (DAB) substrate for up to 5 minutes, water-washed for 5 minutes and
counterstained for 1 minute with hematoxylin. Slides were mounted with Cytoseal permanent mounting medium
(Richard-Allan Scientific Cat #8310-4). Biomarker quantification was performed using QPath open-source digital
image analysis software.

Multiplex IHC

Sequential IHC was performed on 5 um FFPE sections using an adapted protocol based on methodology
previously described (20). Briefly, slides were deparaffinized and stained with hematoxylin (S3301, Dako),
followed by whole-slide scanning at 20X magnification on an Aperio AT2 (Leica Biosystems). Tissues then
underwent 20 minutes heat-mediated antigen retrieval in pH 6.0 Citra solution (BioGenex), followed by 10
minutes endogenous peroxidase blocking in Dako Dual Endogenous Enzyme Block (S2003, Dako), then 10
minutes protein blocking with 5% normal goat serum and 2.5% bovine serum albumin (BSA) in TBST. Primary
antibody conditions are listed in table S1. Following primary antibody incubation, slides were washed in TBST,
and incubated with either anti-rat, anti-mouse, or anti-rabbit Histofine Simple Stain MAX PO HRP-conjugated
polymer (RRID:AB_ 2811178 Biosciences) for 30 minutes at room temperature, followed by AEC chromogen
(RRID:AB 2336076 Vector Laboratories). Slides were digitally scanned following each chromogen
development, then AEC was removed with 100% EtOH. Between rounds, peroxidase blocking with Dako Dual
Endogenous Enzyme Block was performed for 10 minutes at room temperature to inactivate HRP enzyme still
present on the secondary antibody of the previous round. Another primary produced in a distinct species could
be utilized within the same staining cycle. Between cycles, citrate antigen retrieval was completed as described
above to remove all primary antibodies primary-secondary antibody complexes.



Following iterative staining, computational image processes and analysis was performed. Scanned images were
registered in MATLAB version R2018b using the SURF algorithm in the Computer Vision Toolbox (The
MathWorks, Inc.). Image processing and cell quantification were performed using FIJI (FIJI Is Just ImagelJ)
(40). AEC signal was extracted for quantification and visualization in FIJI. The FIJI plugin
Color_Deconvolution [H AEC] was used to separate hematoxylin, followed by postprocessing steps for signal
cleaning and background elimination as described (dx.doi.org/10.17504/protocols.i0.n921dmmznl5b/v2). AEC
signal was extracted in FIJI using with the NIH plugin RGB to CMYK. Color deconvoluted images were
processed in CellProfiler Version 3.5.1 (47) using custom macro deposited at doi: 10.5281/zenodo.11287476 to
quantify single cell mean intensity signal measurements for every stained marker. FCS Express 6 Image
Cytometry RUO (De Novo Software) was used to perform hierarchical gating and cell classification based on
expression of known markers as shown in fig. S1. For visualization, signal-extracted images were overlaid and
pseudocolored in FIJI.

TempoSeq FFPE tissue RNA Sequencing

Two five-micron FFPE sections from each of twelve postmortem lung specimens from COVID-19 patients,
five normal lung specimens, eight BAL specimens from COVID-19 patients, and five BAL specimens from
normal patients were used to perform TempoSeq (Templated Oligo assay with Sequencing readout) FFPE
human whole transcriptome RNA sequencing at BioSpyder Technologies, Inc, as previously described (27, 28).
Of these, one upper lung and one lower lung specimens from each of two patients were included in initial
analysis. Two 5 FFPE tissue sections per sample were scraped from glass slides, paraffin removed, and at least
two 25-nucleotide long oligonucleotides specific for 19,283 genes (21,111 probes) were used to prepare full-
length (50-nucleotide-long) probes that were amplified prior to sequencing library preparation. Prepared
libraries were sequenced on an Illumina HiSeq2500; mapped reads were generated by TempO-SeqR
alignment of demultiplexed FASTQ files using Bowtie, allowing for up to 2 mismatches in the 50-nucleotide
target sequence.

RNA sequencing analysis

Unnormalized read counts were obtained from BioSpyder TempO-seq. The R BioConductor packages edgeR (30)
and limma (42) were used to implement the limma-voom (43) method for differential expression analysis. We
analyzed normal lung and COVID-19 lung sample groups together. We also analyzed COVID-19 BAL and
normal BAL together. One COVID-19 BAL sample was removed from downstream analysis because it had
<300,000 quantified reads. Lowly expressed genes, those not having counts per million (cpm) > 10 in at least 10
of the samples, were filtered out in the combined analysis and for lung samples only a less stringent filter of (cpm)
> 1 in at least 5 of the samples was applied. Trimmed mean of M-values (TMM) normalization (44) was applied
after filtering. The experimental design was modeled upon condition, called condition (~0 + condition). The voom
method was employed to model the mean-variance relationship, after which ImFit was used to fit per-gene linear
models and empirical Bayes moderation was applied with the eBayes function. Significance was defined by using
an adjusted p-value cut-off of <0.05 after multiple testing correction (45) using a moderated t-statistic in limma.
Functional enrichment of the differentially expressed genes was performed using SPIA (46), gProfiler (47) and
fGSEA (48). R version 4.2.2 was used for plotting.

Cell type deconvolution was performed using the log-normal regression algorithm of Danaher et al. (29) and its
implementation in Bioconductor (30). Inputs were the normalized expression values (cpm), the background
matrix of background values set to a value of 6, and the training matrix containing log2 expression values in the
training set, which is part of the R package and named “Human Cell Landscape”. The training matrix
originally contained 102 human cell types, but we excluded non-specific cell types not expected to be in these
tissues, such as glial cells, kidney cells, etc. A total of 56 cell types for the lung tissue remained. Normalized
gene counts for select genes were graphed in Prism (GraphPad); statistical analysis was performed across all
genes with limma-voom using log fold change (FC) and adjusted p value from the limma-voom analysis.



GeoMx Digital Spatial Profiling (DSP)

nanoString GeoMx digital spatial profiling was applied to COVID-19 and normal lung tissues to acquire spatially
resolved, quantitative measurements of gene expression in human lung macrophages, granulocytes, and
epithelium in FFPE tissue sections. Three cases of post-mortem COVID lung tissues and one case of surgically
resected normal lung tissue were sectioned, deparaftinized, rehydrated and treated with low pH retrieval solution.
nanoString GeoMX Digital Spatial ImmuneOncology and COVID-19 RNA probes were hybridized to sections
overnight. Sections were then stained with a cocktail of immunofluorescent antibodies comprised of Alexa fluor
532-labeled anti-CD68 (RRID: AB 2074852 Clone KP1, 1:100, Novus Biologicals), Alexa fluor 647-labeled
Myeloperoxidase (RRID: AB 964678 Clone 2C7, 1:500, Novus Biologicals), Alexa fluor 594 labelled anti-
PanCytokeratin (AE-1, AE-3, Novus Biologicals, NBP2-33200AF594) and SYTO13 Nuclear stain (S7575
ThermoFisher Scientific). Digital scanning of slides was performed on the GeoMX Digital Profiler (nanoString
Technologies, Inc.). Regions of Interest (ROI) and cell type with a spatial resolution of approximately 10 mm
were selected, exposed to UV light for RNA probe cleavage and oligonucleotide collection. Samples were
sequenced on a NovaSeq6000. Counts from barcodes corresponding to RNA probes were normalized with
internal positive and negative controls and then normalized to ROI area.

DSP RNA sequence analysis

Data were pre-processed in nanoString DSP Software v 2.2.0.123 with Q3 normalization. ROIs were classified
according to predominant cell type (epithelium, granulocyte, macrophage) in one of two conditions (COVID-19
positive and normal). The R BioConductor packages edgeR (30) and limma (42) were used to implement the
limma-voom (43) method for differential expression analysis within and across cell types and condition. Trimmed
mean of M-values (44) normalization was applied. The experimental design was modeled upon cell type and
condition (~0 + cell Type condition). The voom method was employed to model the mean-variance relationship,
after which ImFit was used to fit per-gene linear models and empirical Bayes moderation was applied with the
eBayes function. Significance was defined by using an adjusted p-value cut-off of <0.05 after multiple testing
correction (45) using a moderated t-statistic in limma.

Hamster SARS-CoV-2 model

Hamster viral infection: Six- to seven-week-old Golden (Syrian) Hamsters (Envigo; weight range 90-110g,
equal number of male and females) were inoculated with SARS-CoV-2 intranasally with 1 x 10° TCIDs
(Median Tissue Culture Infectious Dose) in 100ul volume as described (49, 50). The viral
isolate  USA-WA1/2020 (BEI Resources) was propagated on Vero E6 cells and clarified by
centrifugation. Uninfected hamsters were sham inoculated with phosphate buffered saline (PBS)
intranasally. Hamsters were evaluated daily for changes in bodyweight, temperature, and demeanor or
clinical signs of disease. Hamsters were euthanized at 2-, 4-, and 7-days post infection (dpi). Lung tissue
was collected at necropsy and fixed in 10% neutral buffered formalin for 24 hours before being transferred
to 70% ethanol. For PI3Ky inhibition studies, hamsters were administered 30 mg/kg IPI-549 or vehicle alone
(n=4 per group) by orogastric gavage on days 0, 1, 2, and 3 following challenge and body weight monitored
daily. Hamsters were euthanized at 2, 4, 7 and 14 dpi. Lung tissue was collected at necropsy and fixed in 10%
neutral buffered formalin for 24 hours before being transferred to 70% ethanol.

Hamster SARS-CoV-2 model histopathology and immunohistochemistry: At time of fixation, lungs
were suffused with 10% formalin to expand the alveoli. All tissues were fixed in 10% formalin and blocks
sectioned at 5 um. Slides were baked for 30-60 minutes at 65° C then deparaffinized in xylene and rehydrated
through a series of graded ethanol to distilled water. Heat induced epitope retrieval (HIER) was performed using
a pressure cooker on steam setting for 25 minutes in citrate buffer (ThermoFisher Scientific, AP-9003-500)
followed by treatment with 3% hydrogen peroxide. Slides were then rinsed in distilled water and protein
blocked (BioCare, BE965H) for 15 minutes followed by rinses in phosphate buffered saline (PBS). Mouse
anti-SARS-CoV-2 nucleocapsid antibody (RRID:AB 2827977 Sino biological, 40143-MMO0S5) diluted
1:1000, rabbit anti-



myeloperoxidase (RRID:AB 2335676 Dako-Agilent; A0398) diluted 1:1000, or rabbit anti-Iba-1 antibody
(RRID:AB_839504 Dako; 019-19741) diluted 1:4000 followed by rabbit Mach-2 HRP-Polymer (BioCare;
RHRP520L) were incubated for 30 minutes then counterstained with hematoxylin followed by bluing using
0.25% ammonia water. Labeling was performed on a Biocare IntelliPATH autostainer. All antibodies were
incubated for 60 min at room temperature. Tissue pathology was assessed independently by two board-certified
veterinary pathologists blinded as to treatment conditions.

Hamster SARS-CoV-2 RNAscope: RNAscope in situ hybridization as directed with the following modifications
using a custom probe for hamster PI3Ky (ACD Cat. No. 1071581-C1 and DapB (ACD Cat.No 310043) as a
negative control. In brief, after slides were deparaffinized in xylene and rehydrated through a series of graded
ethanol to distilled water, retrieval was performed for 30 min in ACD P2 retrieval buffer (ACD Cat. No.
322000) at 95-98°C, followed by treatment with protease III (ACD Cat. No. 322337) diluted 1:10 in PBS for 20
minutes at 40°C. Slides were then incubated with 3% H2O2 in PBS for 10 minutes at room temperature. All
washes were performed in 0.5x kit provided SSC. Slides were developed using the RNAscope 2.5 HD
Detection Reagents-RED (ACD Cat. No.322360).

Hamster SARS-CoV?2 Quantitative Image Analysis: Quantitative image analysis was performed using HALO
software (v3.0.311.405; Indica Labs) on at least one lung lobe cross-section from each animal as described (49,
50). In cases where more than one cross-section was available, all lung lobes were quantified as an individual
data point. For PI3KYy, the whole slide digital images were deconvoluted using the Indica Labs — Deconvolution
algorithm (v1.1.1). The deconvoluted images were analyzed with Indica Labs — FISH-IF (v2.1.5) algorithm to
determine the PI3Ky copies per mm2 total tissue area. For Iba-1, the Indica Labs - Multiplex IHC algorithm
(v3.1.4) was used for quantitation. In all instances, manual inspection of all images was performed on each
sample to ensure that the annotations were accurate.

Mouse SARS-CoV-2 models

SARS-CoV-2 viral infection in hACE?2 transgenic mice: 8-week-old K18-hACE2 C57Bl/6 male mice (Jackson
Laboratories) were intranasally (i.n.) infected with 5000 Plaque Forming Units (pfu) of SARS-CoV-
2/human/USA/WA-CDC-WA1/2020. At 0- or 2-days post-infection (dpi), mice were treated with either vehicle
or 25mg/kg IPI-549 once daily by oral gavage (n=5 or 10 per study). Weight loss was monitored at 0, 3, 4 and 5
dpi. Lungs were collected at 5 dpi and stored in z-Fix for histological analysis or in Trizol (Thermo Fisher
Scientific, 15596018) for RNA-sequencing. Some lungs were dissociated and processed for flow cytometry and
virus detection by focus-forming assay. SARS-CoV-2 viral infection in hACE2 transgenic mice was performed
6 times.

SARS-CoV-2 Focus-Forming Assay

Viral titer was determined using a focus-forming assay protocol adapted from previous publications (5/,52). In
short, Vero E6 cells were seeded at 2.5x10* cells/well in a flat-bottom 96-well plate in culture media containing
DMEM supplemented with 10% FBS and 1% Pen-Strep. The following day, lungs were collected from the
vehicle and IP-549 treated mice on day 5 post-infection. Lungs were weighted and bead-homogenized in 1 ml
infection media containing DMEM supplemented with 2% FBS and 1% Pen-Strep. In a U-bottom 96-well plate,
lung homogenates were serially 10-fold diluted in infection media. Culture media was aspirated completely
from Vero E6 cells and 100 pl diluted samples were transferred to each well of Vero cells. The plate was
incubated at 37°C for 1 hr before 100 pl of pre-warmed 1.6% methylcellulose was added to each well. Plate was
incubated for another 24hr at 37°C and fixed with 4% PFA for 30min at RT. Fixative was removed and plate
was washed with PBS before staining with 50 pl/well of anti-spike rabbit polyclonal antibody (Sino Biologicals,
40592-T62, 1:1000) in PBS containing 0.2% Triton X-100 and 1% BSA at RT°C for 1 hr. Primary antibody was
discarded and plate was washed 3 times with PBS containing 1%Tween (PBST). 50 pl/well anti-rabbit IgG
goat—horseradish



peroxidase conjugate in PBS containing 0.2% Triton X-100 and 1% BSA was added (Invitrogen, G21234,1:5000)
and plate was incubated at RT for 1 hr. Secondary antibody was discarded, and plate was washed 3 times with
PBST before 50 pl/well TrueBlue substrate was added (SeraCare KPL, 5510-0050). The plate was incubated for
10min at RT and washed once with PBST. Residue liquid was completely removed from the plate and foci were
counted using an ELISPOT reader (CTL-Immunospot S6 Universal analyzer). Viral titer is calculated in focus-
forming units per gram of tissue (FFU/gram of tissue): FFU/g = (foci/well) x (dilution factor) /gram of tissue.

Flow cytometry for SARS-CoV-2-infected hACE?2 transgenic mice: Lungs were collected from vehicle and IP-
549 treated mice on day 5 post-infection. Lungs were minced with scissors and incubated in 10 ml digestion
buffer containing RPMI-1640 supplemented with 10% FBS, 10 mg collagenase (C-5138, Sigma) and 100 pg
DNase I (10104159001, Roache). Cell suspension was placed on a shaker at 37°C for 45 minutes and tissue was
subsequently dissociated through 70 um cell strainer. Red blood cells were lysed with ACK lysing buffer
(118156101, Quality Biological Inc.) for 2 minutes and washed once with PBS. Single-cell suspensions were
incubated with 50 pl/sample PBS containing 1:1000 Ghost Dye Violet 510 (SKU 13-0870-T100, Cytek) and 1:50
TruStain FcX (101320, BioLegend) for 30 minutes at 4°C. Cells were then washed once with 200ul/sample PBS
before surface staining with 50ul/sample antibody cocktail containing anti-CD11b BUV563 (RRID: AB_ 312788,
M1/70, BioLegend), anti-mouse-CDI11lc APC-Cy7 (RRID: AB 313772, N418, BioLegend), anti-mouse
CD170/SiglecF BV421 (RRID: AB 2750234, S17007L, BioLegend), anti-mouse CD206/MMR (RRID:
AB 10918434 C068C2, BioLegend), anti-mouse F4/80 PerCP-Cy5.5 (RRID: AB 893499 BMS, BiolLegend)
anti-mouse CD90.2/Thyl.2 (RRID: AB 313175, 30-H12, BioLegend), anti-mouse Ly-6G BV650 (RRID:
AB 2563207, 1A8, BioLegend), anti-mouse CD64 BV711 (X54-5/7.1, BioLegend), anti-mouse/human CD44
(RRID: AB 2566557, IM7, BD Bioscience) anti-mouse Ly-6C APC-A (RRID: AB 10640820 HKI.4,
BioLegend), anti-mouse NK-1.1 (RRID: AB 493184, PK136, BD Bioscience), anti-mouse CD45 Alexa Fluor
700 (RRID: AB 394611, BD Bioscience, 30-F11), anti-mouse CD19 BUV737 (RRID: AB 2716855, 1D3, BD
Bioscience), anti-mouse CD8a BUV395 (RRID:AB_1080575053-6.7, BD Bioscience), and anti-TCRB PE-Cy7
(RRID: AB 893627, H57-597, BioLegend) at 1:200 for 1 hr at 4°C. Cells were washed with PBS once, followed
by 4% paraformaldehyde fixation for 30 minutes at 4°C. Flow cytometry was performed on a Cytek Aurora with
5 lasers. Data analysis was performed using FlowJo (BD Biosciences).

Mouse-adapted SARS-CoV-2 viral infection: maSARS-CoV-2 (MA10 variant, infectious clone in Calu-3 cells,
BEI NR-55429) (53) was prepared based on a stock titer = 1.97 x 10* pfu/ml. Female BALB/c mice 270 to 300
days old were ear-tagged, randomized to groups, and infected with 1 x 10° pfu/mouse SARS-CoV-2 in 90 pl of
Modified Eagle’s Medium (MEM) or sham-infected by intranasal instillation at the Antiviral Institute of Utah
State University. Within less than an hour at day 0, mice were administered by oral gavage vehicle (n=10) or
15mg/kg IPI1-549 in a volume of 0.1 ml/25 g-mouse from day 0-4 (or until death, n=20). Another cohort was
treated on day 2-4 (or until death, n=20) in the same manner. After morning treatments on day 2, 5 animals treated
with vehicle and 10 animals treated with IPI-549 from 0-2 dpi were necropsied. Individual whole-body weights
and survival were monitored for up to 6 days. Remaining animals were monitored until death or day 6. Serum
samples and lung tissues were collected from mice necropsied on day 2 and on day 6. No tissue was collected
from mice that died between day 2 and 6.

Mouse-adapted SARS-CoV-2 tissue processing: Serum samples and lungs were collected from IPI-549 and
vehicle-treated maSARS-CoV-2 infected groups on days 2 and 6, respectively. Blood samples were collected by
cardiac puncture, clotted, centrifuged to collect serum, heat-inactivated at 65°C for 45 minutes to inactivate virus,
and stored frozen. On day 2 or 6, the left lung lobe was perfused with 10% buffered formalin for H&E staining
and analysis. A 22-g blunt-ended needle was inserted in the trachea to gently fill the lung with fixative. The tissues
were immersed in formalin overnight at refrigeration temperature before removing from the BSL3 lab,
embedding, sectioning and scoring pathology. The right lung was weighed, bead-homogenized in 0.3 ml MEM



and two aliquots of 0.1 ml of homogenate added to 1 ml Trizol prepared and frozen until processing for RNA
extraction. The remaining homogenized lung volume was used for SARS-CoV-2 viral load assay using 50% cell-
culture infectious doses (CCIDso) readout (the terminologies TCIDso and CCIDsg are interchangeable). RNA was
extracted using the standard Trizol method. The pellet was dissolved in 0.1 mL of RNase-free water. Total
extracted RNA was quantified using a Nanodrop spectrophotometer so that 300 ng could be added for each RT-
PCR reaction.

Mouse SARS-CoV2 RT-PCR: Two different primer/probe sets were used for purposes of comparison, one to
detect genomic viral RNA (gRNA), and another to detect subgenomic viral RNA (sgRNA). The sgPCRs measure
any one of viral replication products (S, 3a, E, M, 6, 7a, 7b, 8 and N). Any PCR product amplified from a
subgenomic coding sequences is present in both the genomic and subgenomic sequences. Therefore, the approach
to distinguish sgRNA from gRNA is to amplify a PCR product in both the 5> UTR leader sequence and within
specific subgenomic sequence. Validated primer/probe sets in the leader and E sequences (54,55) were used:
Forward primer (leader sequence): CGATCTCTTGTAGATCTGTTCTC  Reverse primer (E sgRNA):
ATATTGCAGCAGTACGCACACA Probe: (SFAM)/ACACTAGCCATCCTTACTGCGCTTCG/(3'BHQ-2).

Genomic viral RNA does not specifically reflect replicating virus. The primer/probe set was developed at Utah
State University from a prototypic SARS-CoV-2 sequence, SARS-CoV-2/human/USA/WA-CDC-WA1/2020, in
the ORF1ab sequence (accession MN985325.10). This sequence is only present in gRNA, not sgRNA. Forward
primer: CACTAGTGCCACAAGAGCAC Reverse primer: TGCGAGCAGAAGGGTAGTAG Probe:
(5'FAM)/TCCAGGGACCACCTGGTACTGGT/(3'BHQ-2). Each sample was run in duplicate using the Probe
No-ROX One-step kit. The Magnetic Induction Cycler was programmed at 10 minutes at 45°C, 2 minutes at
95°C, then 40 cycles of 5 seconds at 95°C and 20 seconds at 60°C. A standard curve consisted of 1-logio serial
dilutions of a positive sample. The C(t) values of experimental samples were interpolated from the standard curve
to obtain the relative copy number. The values are reported as relative copy number per 300 ng total RNA added
to the RT-PCR reaction.

Mouse SARS-CoV-2 infectious virus assay: A published assay to quantify infectious virus was used with some
modification (39). Confluent or near-confluent Vero E6 monolayers were prepared in 96-well disposable
microplates the day before testing. Cells were maintained in MEM supplemented with FBS as required for each
cell line. For antiviral assays, the same medium was used but with FBS reduced to 2% or less and supplemented
with 50 pg/ml of gentamicin. The lung tissue of each animal lung was homogenized in MEM supplemented with
10% FBS using a bead-homogenizer, and the tissue fragments were allowed to settle. Growth media was removed
from the cells and the tissue homogenate was applied in 0.1 ml volume to wells at 2X concentration. Plates were
incubated at 37°C with 5% CO: until >80% cytopathic effect (CPE) was observed in virus control wells. The
plates were then stained with 0.01% neutral red for approximately two hours at 37°C in a 5% CO3 incubator. The
neutral red medium was removed by complete aspiration, and the cells were rinsed once with PBS to remove
residual dye. The PBS was completely removed, and the incorporated neutral red was eluted with 50% Sorensen’s
citrate buffer/50% ethanol for at least 30 minutes. Neutral red dye penetrates into living cells, thus, the more
intense the red color, the larger the number of viable cells present in the wells. The dye content in each well is
quantified using a spectrophotometer at 540 nm wavelength. The dye content in each set of wells is converted to
a percentage of dye present in untreated control wells using a spreadsheet and normalized based on the virus
control. The data are reported as CCIDso per gram tissue.

Mouse SARS-CoV-2 RNA sequencing and analysis: RNA sequencing libraries were prepared in two batches
from ribodepleted RNA extracted from lung tissue of animals enrolled in the murine SARS-CoV-2 studies
described above. Libraries were sequenced at the University of California San Diego Institute for Genomic
Medicine, Genomics Center utilizing an Illumina NovaSeq 6000. Quality trimming of FASTQ files was
performed using Trimmomatic (v0.36). Paired-end reads were aligned to the mouse reference genome (GRCm39;



annotation file, vM29) using STAR (v2.5.3a), followed by RSEM (v1.3.0) to quantify expression of transcripts.
The R BioConductor package DESeq2 was used to perform differential gene expression analysis from
unnormalized counts. Lowly expressed genes, defined as those genes with mean <10 reads across all samples,
were excluded prior to differential expression analysis. Plots represent the regularized log transformed (rlog) read
counts. Sample clustering is supervised or unsupervised (Pearson correlation) where indicated. Significance was
defined by using an adjusted p-value cut-off of <0.05 after multiple testing correction. Completely differentially
expressed genes or genes differentially expressed in multiple group comparisons were extracted for gene
annotation and functional enrichment analysis using GSEA.

Cell type enrichment scores in mouse RNA sequencing samples were determined from the expression frequency
of cell type markers from PanglaoDB (38), a single cell sequencing resource for gene expression data collected
and integrated from multiple studies. The reference matrix originally contained 178 cell types, but the data were
filtered for cells of lung and immune origin. A total of 32 cell types remained. Only genes specific to mouse were
included in the analysis. Cell type enrichment scores were calculated using the standard formula (nN/kM), where
N is the total number of genes in the library, k is the number of genes in a specific cell type reference list, M is
the number of differentially upregulated or downregulated genes, and n is the number of genes in both k and M.
Significance was calculated using a Fisher's exact test and plotted as minus logio p-value.

Murine hepatitis virus AS9 strain (MHV-AS9) infection

MHV-A59 viral infection: 8-week-old male C57BL/6 mice (n=15 per group) were inoculated intranasally with
7.5%10° pfu MHV-A59 in 24pl of 0.9% sterile saline or sham inoculated with 24ul of 0.9% sterile saline. 15mg/kg
IPI-549 or 0.1 ml of vehicle was administered p.o. Body weight and survival were monitored daily. At 2-, 5-, and
8-days post-infection, 5 mice from each treatment group and 3 mice from the sham infection group were
euthanized, then lungs were excised and rinsed in ice-cold PBS. 100mg of lung tissue was homogenized in cold
DMEM with 10% FBS for measurement of viral load by plaque assays, 100mg was homogenized in Trizol for
RNA extraction, and the remaining tissue was preserved in 5ml of 10% Zinc Formalin for 24-48h, paraffin
embedded and used for histological analysis. Blood was collected in 1.5ml Eppendorf tubes, allowed to clot, and
serum was collected for cytokine and chemokine analysis. MHV infection studies were performed 3 times.

MHYV loads by plaque assay: To quantify MHV viral load in lung tissue, lung homogenates were rapidly frozen
and thawed three times. After centrifugation at 770 x g at 4°C for 10 minutes, supernatants were collected and
used to assay virus content using L.929 fibroblasts monolayer on 6 well plates. 200ul of the lung homogenate was
added to triplicate wells and plates were incubated at 37°C in a 5% COx2 incubator for 1 hr, rocking every 10 mins.
At the end of incubation, 2ml of 0.8% agarose was overlaid onto to each well. The plates were incubated for two
days until the formation of virus plaques and the plaques of each well were manually counted.

MHY model RT-PCR: Total RNA was extracted from 100 mg tissue with TRIzol reagent (Invitrogen), and 1 pg
RNA that was pretreated with 1 U of RQ1 RNase-free DNase (ThermoFisher Scientific) to remove DNA
contamination at 37 °C for 30 minutes, were used for reverse transcription with oligo-dT primer (Bio-Rad).
Quantitative PCR reactions were then performed using primers to detect the MHV-A59 N gene (MHV N gene
Forward CAGATCCTTGATGATGGCGTAGT Reverse AGAGTGTCCTATCCCGACTTTCTC) using the gene
for ribosomal protein 32 as a normalization control. PCR products (123 bp) were also resolved by
electrophoresis in 2% agarose gels and visualized on the iBright FL1000 System machine (Invitrogen). Total
RNA was extracted using Trizol (Invitrogen) from approximately 100mg of lung tissues). Relative expression of
each gene was normalized to those of the housekeeping gene Gapdh. Quantitect primer sets used were: I/1b
Mm_Il1b 2 SG, Tnfa Mm_Tnf 1 _SG, /I6 Mm_116 1 SG, Cxc/10 Mm_Cxcl10 1 SG, 7/10 Mm 1110 _1_SG,
1112 Mm_I112b 1 SG, Ifng Mm Ifng 1 SG, Ifna Mm Ifna2 1 SG, Ifnb Mm Ifnbl 1 SG, Gbp5



Mm_Gbp5 1 SG, Gbp3 Mm _Gbp3 1 SG, Stat/ Mm Statl 1 SG, Cd8 Mm _Cd8a 1 SG, Cd4
Mm _Cd4 1 SG, Ccl2 Mm_Ccl2 1 SG, Gzmb Mm_Gzmb 1 SG, and Gapdh Mm_Gapdh_3 SG (Qiagen).

MHYV Cytokine analysis: Cytokine concentrations in 25ul murine serum and BALF were determined using
ProcartaPlex mouse cytokine panels (EPXR260-26088-901, EPX110-20820-901 and PPX-11-MXCE497)
according to manufacturer’s directions on a Luminex Magpix instrument (ThermoFisher Scientific). Murine
cytokine enzyme-linked immunosorbent assays (ELISAs) were performed using uncoated ELISA kits
(Invitrogen/Thermo Fisher Scientific): TNF-o (RRID:AB 2575076 #88-7324-22), IL-6 (RRID:AB_2574986
#88-7064-22), and IL-1 (RRID:AB_ 2574942 #88-7013-22), all according to manufacturer’s directions.

MRSA and E. coli K1 strain RS218 infection models

Bacterial Strains: Methicillin-resistant Staphylococcus aureus strain USA300/TCH1516 (MRSA) (ATCC BAA-
1717) and E. coli K1 strain RS218 were used in the study. MRSA was propagated in Todd Hewitt broth (THB)
and E. coli grown in Luria-Bertani broth (LB), shaking at 37°C to mid-log phase. Bacteria were collected by
centrifugation at 4000 RPM for 10 min, washed once with PBS, and resuspended in PBS (mouse infections) or
RPMI-1640 (macrophage killing assays).

MRSA animals. Animal studies were conducted under protocols approved by the UC San Diego Institutional
Animal Care and Use Committee (IACUC). For systemic infection, 8- to 12-week-old wild type (WT) and Pik3cg
~ (p110y knockout, KO) mice on the C57BI/6 background were injected with 2x108 colony forming units (CFU)
MRSA or 1x10” CFU E. coli intraperitoneally (i.p). Survival of infected mice was monitored every 8 h for 6 days.
For CFU enumeration experiments, mice were infected with 2.7 x108 CFU MRSA i.p. and euthanized 24 h after
infection, Liver, kidney, and spleen were harvested and dilution plated on THB agar plates. Serum was also
collected at this timepoint for measurement of cytokines IL-6 and IL-1f using ELISA kits M6000B and MLB0OC
(R&D Systems).

L929 conditioning media. To prepare L929 conditioned media, confluent L929 cells were detached, collected,
and passaged 1:10. Cells were then cultured for 7 to 8 days until the media was exhausted. The conditioned media,
which contains macrophage growth factor M-CSF, was filtered (0.22 um) and stored at —20 °C until use.

Murine bone marrow derived macrophages (BMDM) and bacterial killing assay. BMDM were generated by
flushing bone marrow cells from femurs and tibia of wild type (WT) and Pik3cg”- C57B1/6 mice and resuspending
the collected cells in RPMI-1640 supplemented with 20% L929 conditioned media. On day 7 of culture, cells
were washed, detached with 0.025% trypsin-EDTA, and were seeded on 96-well plates for 48 h before used for
bacterial killing assays. Bacteria were added to cultured macrophages in 96-well plates at a multiplicity of
infection (MOI) of 0.1 (10,000 CFU bacteria per 100,000 macrophages). After centrifugation at 1200 rpm for 5
min to initiate contact between macrophages and bacteria, the plates were incubated in 37°C, 5% CO: for 1 h.
Macrophages were then lysed by 0.1% Triton-X and the lysed samples serially diluted and spot-plated onto THB
agar plates for CFU enumeration.

Animal models of inflammation

Peritoneal inflammation: WT and Pik3cg” mice were i.p. injected with 100 pl of a 3% thioglycolate (Sigma)
solution. Peritoneal cells and fluids were collected 96 hours later from the peritoneal cavity into 10 ml of PBS.
Macrophage enrichment was performed by plating cells in RPMI-1640 with 10% FBS and 1%
penicillin/streptomycin for 2 h at 37 °C and 5% COx. After 2 h, non-adherent cells were removed with three PBS
washes, adherent cells were released from plates with trypsin-EDTA and washed and resuspended in 5% BSA in
PBS. 1x10° cells per condition were incubated with 1:1000 Aqua Live Dead fixable stain (L34957 ThermoFisher),



and then with 1:500 Fc-blocking reagent (553141 BD Biosciences) for 10 minutes on ice followed by
incubation with fluorescently labeled antibodies on ice for 0 minutes. Cells were stained with 2.5 pg/ml anti-
CD45 (30-F11, RRID:AB_1210805), 5.0pg/ml anti-CD11b (M1/70, RRID:AB 469901), and 5.0 pg/ml
anti-F4/80 (BMS, RRID:AB 469653) (ThermoFisher) for 1h, washed with PBS and fixed in stabilizing fixative
(3380360 Becton Dickinson) 5 minutes and analyzed on a FACS ARIA II flow cytometer (Becton Dickinson).
All data analysis was performed using the flow cytometry analysis program FlowJo (Becton Dickinson).

ARDS Animal models: Inflammatory acute respiratory distress syndrome (ARDS) was modeled in animals by
systemic or local administration of lipopolysaccharide (LPS) or poly-inosine:cytosine (polyl:C) (56). To model
acute inflammation, n=5-10 WT or Pik3cg”" mice were inoculated by i.p. injection with a single dose of 10 mg/
kg LPS (L4391, Sigma-Aldrich, Inc.) or 12 mg/kg polyl:C (PCL-40-03, Invivogen, Inc.). In studies evaluating
the effect of PI3Ky inhibitor IPI-549, mice were pre-treated once daily for 2 days with 100ul of Vehicle or
IPI-549 (15mg/kg) by oral gavage prior to LPS or polyl:C inoculation. Animals were euthanized 24h later. All
studies were performed three or more times with n= 5-10 mice per group. To model chronic inflammation, WT
or Pik3cg-/- mice were inoculated with doses of 3 mg/kg LPS or 12 mg/kg polyl:C by intraperitoneal
injection on three consecutive days. Some WT animals were pre-treated with 100ul of Vehicle or IPI-549
(15mg/kg) by oral gavage (n=5-10) for 1-2 days prior to LPS or poly I:C inoculation and once daily after
inoculation for 3 days. Animals were euthanized 24hr after the last treatments. All studies were performed three
or more times. In some animals, 5 mg/kg Poly I:C or LPS in 20 pul was administered once daily for three days by
intranasal inoculation and animals were treated as described above. All studies were performed three or more
times with n= 5-10/group.

ARDS Histopathology: To collect lung tissues from mice for histopathology, mice were euthanized, and lungs
were immediately inflated by intratracheal administration of up to Iml 10% zinc formalin, followed by
immersion in 10% zinc formalin for 24-48h. Lungs were paraffin-embedded and sectioned at the UCSD
Moores Cancer Center histology shared resource. Glass slides containing Sum thick tissue sections were
deparaftinized and stained with hematoxylin and eosin or Mason’s Trichrome by the Moores Cancer
Center histology shared resource. Alternatively, slides were deparaffinized, rehydrated, treated with Diva
Decloaker (Biocare Medical) antigen retrieval solution followed by endogenous peroxidase blocking, and then
incubated with 5% normal horse serum for 1 hour. Slides were then incubated with 1:250 anti-F4/80
(RRID:AB 467558 14-4801-82, ThermoFisher Scientific) or 1:200 anti-MPO (RRID:AB 2864724
ab208670, Abcam) at 4°C overnight. Following primary antibody incubation, slides were washed in TBST,
and incubated with goat anti-rat or horse anti-goat HRP-conjugated polymer according to manufacturer’s
instructions (MP-7444-15 ImmPRESS HRP Goat Anti-Rat IgG, Mouse adsorbed Polymer Detection Kit,
Peroxidase or MP-7405 ImmPRESS HRP Horse Anti-Goat IgG Polymer Detection Kit, Peroxidase, Vector
Laboratories) for 30 minutes at room temperature, washed in TBST, incubated in 3,3’-diaminobenzidine
(DAB) substrate for up to 5 minutes, water washed for 5 minutes and counterstained for 1 minute with
hematoxylin. Slides were mounted with Cytoseal permanent mounting medium (Richard-Allan Scientific Cat
#8310-4). Images were taken on a Nikon microscope (Eclipse TE2000-U) using Metamorph image capture
and analysis software (Version 6.3r5, Molecular Devices). Biomarker quantification was performed using
QPath open-source digital image analysis software.

ARDS Cytokine analysis: To collect serum for cytokine analysis, blood was collected from the submandibular
vein in living animals or from the ocular vein immediately after euthanasia of mice. Blood was allowed to clot
for 30-60min at room temperature, then was centrifuged at 2000 x g for 10 minutes at 4°C. Serum was collected
and stored at -80°C until use. Cytokine analysis was performed as described above for MHV cytokine analysis.

ARDS RNA analysis: To collect lung tissue for RNA analysis, animals were perfused with 5-10 ml of PBS to
remove blood prior to excision of intact lungs. RNA was extracted from lungs using Trizol (15596026 Thermo
Fisher). RT-PCR performed as described above for MHV RT-PCR.



ARDS CD11b* cell isolation: Murine lung tissues were minced in a petri dish on ice and then enzymatically
dissociated in Hanks Balanced Salt Solution with Ca2™ and Mg2" containing 0.5 mg/ml Collagenase IV (Sigma),
0.1 mg/ml Hyaluronidase V (Sigma), 0.6 U/ml Dispase II (Roche), 0.005 MU/ml DNAse I(Sigma) and 0.2 mg/ml
soybean trypsin inhibitor (Worthington Biochemical) at 37°C for 15 min. Red blood cells were lysed with red
blood cell lysis solution (Sigma), and the resulting suspension was filtered through a 70 um cell strainer to produce
a single cell suspension. Cells were centrifuged, at 300xg for 10 minutes, washed 2x in 1x PBS with 2mM EDTA
and 0.5% BSA and resuspended in 90 uL of 1x PBS with 2mM EDTA and 0.5% BSA per 107 total cells. CD11b"
cells were isolated by anti-CD11b magnetic bead pull down (130-049-601, Miltenyi Biotec) as follows: 10 pul of
anti-CD11b MicroBeads was added per 107 total cells, mixed well and incubated for 15 minutes in ice. Cells were
then washed with 1-2 ml of 1x PBS with 2mM EDTA and 0.5% BSA per 107 cells and centrifuged at 300xg for
10 minutes. The pellet was then resuspended at a concentration of 108 cells in 500 pl of 1x PBS with 2mM EDTA
and 0.5% BSA, applied to an LS column (Miltenyi Biotec, Cat #130-042-401) on a QuadroMACs magnetic
separator (Miltenyi Biotec, Cat#130-091-051). The flow through containing CD11b" cells was collected for RNA
extraction, and CD11b" cells were eluted using a wash buffer into a separate collection tube for RNA extraction.
RNA was isolated from purified cells and RT-PCR performed as described above for MHV model RT-PCR.

ARDS vascular leak assay: To measure vascular leak in mouse models of acute respiratory distress syndrome,
LPS or Poly I:C treated mice were injected by tail vein injection with 30mg/kg Evan’s blue dye (100pul of 1% w/v
in 0.9% saline) and one hour later, mice were euthanized. Lungs, heart, and kidneys were excised, weighed and
dehydrated overnight at 65°C. Evan’s Blue dye was extracted from dried tissue by incubation with formamide
(221198, Sigma Aldrich) at a ratio of 10ul/mg dry weight overnight. Extracted dye was quantified versus a
standard curve by measuring absorbance at 620nm.

ARDS bronchoalveolar lavage: To collect cells and fluid from the bronchoalveolar spaces of mouse lungs, mice
were euthanized. 1 ml of PBS-EDTA was injected into the lungs by intratracheal cannulation and then aspirated
into a 15 ml conical tube. Two additional lavages were performed; cells from all three lavages were pooled,
centrifuged for 5 min at 300xg at 4°C, resuspended in 1ml and centrifuged again using a Cytospin centrifuge
(ThermoFisher) for morphological analysis by Wright Giemsa staining and counting.

Miles Assay In Vivo Vascular Leakage Assay

8-9 weeks old athymic nude mice (Jackson Laboratories) were treated with 100 ul vehicle or IPI-549 (15 mg/kg)
by intraperitoneal injection. Two hours later, mice were intraperitoneally administered 40 pg pyrilamine maleate
solution (P5514-25@G, Sigma Aldrich) per gram of body weight. Mice were then administered 100 pl Evans Blue
(1% w/v in 0.9% saline) by tail vein injection. Thirty minutes later, mice were injected intradermally with 50 ul
of Tug/ul of VEGF-A (450-32, PeproTech). Twenty minutes later mice were euthanized, and Evans Blue was
extracted overnight from dried tissue by incubation with formamide (221198, Sigma Aldrich) at a ratio of 10
ul/mg dry weight. Extracted dye was quantified versus a standard curve by measuring absorbance at 620nm.

Western blotting to detect PI3Ky: Immortalized murine macrophages were transfected with ribonucleoprotein
(RNP) complexes consisting of a one of two guide RNAs targeting the second exon of the Pik3cg gene (sgRNA
1: GCTGGAAGAACTATGAAC and sgRNA 2: GGAGAACTATGAACAAC) and Cas9 nuclease (spCas9
2NLS Nuclease) from Synthego. Each population was Sanger sequenced to confirm gene knockdown. RIPA
protein lysates from WT, transfected, and mock transfected macrophages were electrophoresed on a 4-12%
gradient gel, transferred to PVDF membrane for sequential incubation in rabbit anti-PI3Kinase gamma (D55D5)
or rabbit anti-GAPDH (14C10) at 1:1000 followed by incubation in anti-rabbit IgG, HRP-linked antibody and
chemiluminescent substrate.
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Figure S1: Immunohistochemistry and flow cytometry gating for BAL and lung specimens from COVID-
19-infected and uninfected patients. (A) Serial images of H&E and anti-CD68 stained fields at 40, 100 and
200X in lung tissue from uninfected (normal) and COVID-19 patients. Scale bars indicate 250, 100 or 50 pm. (B)
Cell type classification by hierarchical gating in lung specimens. (C) Cell type classification by hierarchical gating
in BAL specimens. (D) Image cytometry gating schema; colored arrows indicate movement of a like colored
parent population into a subsequent plot for further gating. Linked gates are gated on all total cells but applied
within the gating schema on various cell populations (where indicated). DS-DNA quantification was included for
reference. Gate axes highlighted with red text were utilized to gate BAL samples, which were stained with only
a subset of antibodies focused on myeloid cell types.
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Figure S2: Characteristics of cell populations in lung specimens from virus-positive and virus-negative
COVID-19 and normal patients. (A) Density of surfactant protein B positive (SPB") cells in virus+ lungs as
compared to normal. (B) Percent of PD-L1'SPB" cells in lung tissue from normal, virus+ and virus- COVID-19
patients. (C) Percent of Ki67 "SPB™ cells in lung tissue from normal, virus+ and virus- COVID-19 patients. (D)
Average immune composition in virus- and virus+ lung tissue. (E) Average abundance of CD163+ macrophages
in virus+ and virus- tissues. (F) PD-L1 expression on immature and mature DCs comparing virus+ compared to
virus-groups. (G) PD-L1 expression on granulocytes in virus+ and virus- patients. (H) Percent Th2, Th17, Th9,
and Tho cells within CD3"CD8 subsets. (I) Percent of PD-1"CD3"CD8" T cell subsets. (J) Percent PD-L1" CD20"
B cells and (K) PD-1" CD20" B cells in virus+ and virus- tissues. For violin plots, dashed lines indicate mean and
interquartile range; for stacked bar graphs, bars indicate mean + SEM. Statistical testing was performed with
Mann Whitney non-parametric T tests.
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Figure S3: RNA sequencing analysis of COVID-19 lung versus normal lung. (A) Differentially upregulated
GO pathways in BAL of recently hospitalized COVID-19 vs normal patients (B to D) Heatmaps depicting
differentially expressed genes in COVID-19 versus normal patient tissue corresponding to GSEA Hallmark
pathways: TNFA signaling through NF«B (B), epithelial to mesenchymal transition (C) and coagulation (D). (E)
Differentially expressed GO pathways in COVID-19 vs normal lungs. (F) Graphs of LOX and collagen isoform
mRNA expression (read counts) in lungs from COVID-19 versus normal patients. Statistical testing was
performed by limma-vroom analysis.
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Figure S4: RNA sequencing analysis of virus-positive versus virus-negative COVID-19 lung. (A) Volcano
plot of differentially expressed genes expressed in virus-positive vs virus-negative COVID-19 patient lung tissue.
(B) Heatmap of differentially expressed genes in lung tissue of COVID-19 patients who were virus-positive
versus virus-negative at the time of death. (C) Top GSEA Hallmark pathways that are up- or down-regulated in
virus-positive COVID-19 patient lung tissue characterized by GSEA normalized expression score (NES) and
False Discovery Rate (FDR). (D) GO pathways significantly upregulated or downregulated in COVID-19 virus
positive lung versus normal lung. Statistical testing was performed by limma-vroom analysis.
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Figure S5: Spatial transcriptomics analysis of COVID-19 lungs. (A to H) Volcano plots (A, D, G) and heat
maps (B, F, H) of differential gene expression within macrophages (A and B), granulocytes (D and E), and
epithelium (G and H) from 4-8 regions of tissue identified by spatial transcriptomics using immune oncology
and COVID-19 RNA probes in anti-CD68, anti-myeloperoxidase, and anti-pan-cytokeratin immunostained
normal (n=1) and COVID-19 (n=2) patient lung tissues. (C, F, I) Tables of GSEA Hallmark pathways that are
up- or down-regulated in macrophages (C), granulocytes (F), and epithelium (I) from COVID-19 versus normal
lung tissue. Statistical testing was performed by limma-vroom analysis.
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Figure S6: Lung inflammation is characterized by PI3Ky expression. (A) Serial images of anti-CD68 and
anti-MPO stained lung tissues from patients with inflammatory lung diseases, including lobular pneumonia,
tuberculosis, pulmonary fibrosis, squamous cell carcinoma and inflammatory pseudotumor. Scale bars indicate
250 um or 50 um. (B) Serial images of anti-CD68 and anti-PI3Ky stained lung tissues from patients with
inflammatory lung diseases, including lung hyperplasia, pulmonary fibrosis, inflammatory pseudotumor,
pulmonary emphysema, and lung collapse. Scale bars indicate 50 pm. (C) Western blot detecting PI3Ky protein

using antibody D55D5 and detecting GAPDH using antibody CST14C10 in lysates from WT, Mock transfected,
and Pik3cg sgRNA transfected murine macrophages.
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Figure S7: PI3Ky inhibition suppresses lung inflammation. (A) Graphs of Individual (black line) and mean
(red line) percent body weight changes over time in SARS-Co-V?2 infected hamsters that were treated with vehicle
or IPI-549. (B) Graphs of survival of hACE2 transgenic mice infected with SARS-CoV-2 and treated with vehicle
or IPI-549 from 2 dpi. (C) Flow cytometry gating scheme for analysis of immune cell infiltrates in SARS-CoV-
2 infected lungs from mice treated with vehicle or IP1549 from d0-4 or d2-4. (D) Representative flow cytometry
plots of Ly6G" granulocytes (CD11b"Ly6G") and Ly6G Ly6C" monocytes and macrophages from SARS-CoV-2
infected lungs from hACE2-TG mice treated with vehicle or IPI549 from d0-4 or d2-4. (E) Graphs of mean +
SEM percent monocytes, granulocytes and macrophages per CD45% cells, and viral load (ffu/gram tissue) in
mice from (C) (n=5). Significance in (E) was determined by one-way ANOVA with Tukey’s post hoc test.
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Figure S8: Heatmap of macrophage gene expression in vehicle- and IPI-549-treated, SARS-CoV-2
infected mouse lungs. Heatmap of canonical macrophage genes differentially expressed in SARS-CoV-2
infected vehicle treated vs IPI-549 treated mouse lung. Statistical testing was performed by limma-vroom
analysis.
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Figure S9: Transcriptomics reveal that PI3Ky inhibition suppresses inflammation and promotes lung tissue
repair during maSARS-CoV-2 infection. (A) Graph of mean + SEM mRNA expression (22T) of Tnfa and
Cxcl10 mRNA in lung tissue from animals from maSARS-CoV-2 infected animals treated with IPI-549 or vehicle.
(B) Graph of mean concentration = SEM CXCLI10 in sera of animals from A. (C) Heatmap of significantly
differentially expressed genes in Sham (control) and SARS-CoV-2 infected mouse lung. Select gene names are
shown. (D) Plot of gene enrichment signatures up and down-regulated in SARS-CoV-2 infected mouse lung. (E)
Heatmap of significantly differentially expressed genes in Sham (Vehicle) and SARS-CoV-2 infected mouse lung
treated with vehicle or with IPI-549 from 0-2 dpi (cohort 1) or 2-4 dpi (cohort 3). (F) Plot of gene enrichment
signatures that are up or down or regulated by IPI-549 treatment versus vehicle in SARS-CoV-2 infected mouse
lung. (G) Heatmap of Gene Ontogeny tissue repair pathway genes that are upregulated in SARS-CoV-2 infected
mouse lungs treated with IPI-549. (H) Cytoscape gene interaction network analysis of upregulated wound healing
genes from A. (I) Heatmap of significantly differentially expressed genes upregulated in IPI-549 treated lungs
versus SARS-CoV-2 infected human and mouse lung tissues. (J) Plot of gene enrichment signatures common to
mouse and human SARS-CoV-2 infected lungs down-regulated in IPI-549 treated lungs. (K) Plot of Disease
Gene Net signatures downregulated in IP1-549-treated lungs. Statistical testing was performed by limma-vroom
analysis.
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Figure S10: PI3Ky function in animal models of bacterial infection. (A) Kaplan-Meier plots of survival over
144 h of WT and Pik3cg” mice (n=8) inoculated with multi-drug resistant Escherichia coli. Significance
determined by Log-rank Mantel-Cox test. (B) Graph of concentration of IL-1B (n=5) and IL-6 (n=5) in serum
from MRSA infected WT and Pik3cg” mice. (C) Graph of survival of bacteria in vivo in WT and Pik3cg-/- mice
at 4h and 24h in liver, spleen and kidney determined by ex vivo colony forming assay. (D) Graph of survival of
bacteria in culture with WT and Pik3cg” bone marrow derived macrophages as a measure of phagocytosis by
macrophages (n=3). Statistical significance was determined by t test for (B to D).
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Figure S11: PI3Ky function in animal models of ARDS. (A) Graph of quantification of macrophage density in
BAL from acute LPS, chronic LPS, and poly I:C stimulated animals treated with vehicle or IPI-549 (n=5)
measured at 24, 48 or 72h post stimulation. Statistical significance determined by one-way ANOV A with Tukey’s
post-hoc test. (B) Representative images of H&E and anti-F4/80-stained lung tissue from naive mice and acute
LPS and chronic poly I:C treated mice. Scale bar indicates 50pm. Arrowheads indicate F4/80" macrophages.
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Figure S12: PI3Ky inhibition suppresses vascular leak in models of inflammation. (A) Graph of
quantification of vascular leak (mean £ SEM) in naive (n=7) mice and in acute LPS, chronic LPS or chronic Poly
I:C stimulated WT (n=5) versus Pik3cg” (n=5) mice. Statistical significance was determined by one-way
ANOVA with Tukey’s post-hoc test. (B and C) Graph of quantification of vascular leak in heart (B) and kidney
(C) of mice exposed to acute systemic LPS, chronic systemic LPS, or chronic systemic Poly I:C stimulated and
treated with vehicle (n=5) or IPI-549 (n=5). Significance testing determined by Student’s t-test. (D) Graph of
quantification of vascular leak in heart, kidney, and lungs of animals treated chronically with intranasal Poly I:C
administration and either vehicle (n=5) or IPI-549 (n=5). Statistical significance determined by t test. (E) Graph
of quantification of CCL2, IL-6, and IL-10 in serum from WT versus Pik3cg”" and vehicle versus IPI-549-treated
mice chronically stimulated with LPS (n=5). Statistical significance determined by Mann Whitney test. (F)
Representative images and graph of quantification of VEGF-A mediated vascular leak (mean + SEM) in WT

(n=5) versus Pik3cg”" (n=5) and in vehicle- (n=5) versus IPI-549-treated mice (n=>5). Statistical significance
determined by t test.
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Figure S13: Effect of PI3Ky inhibition on circulating cytokines in models of ARDS. (A) Graph of
concentration of cytokines and chemokines in serum from naive mice and acute systemic LPS-stimulated WT
mice at Oh (Naive), 24h, 48h and 72h post-stimulation (mean + SEM, n=5). (B) Graph of concentration of IL-6
and IL-1pB in serum from naive mice and acute systemic LPS-stimulated WT or PI3Ky”" mice at Oh (Naive), 24h
and 48h post-stimulation (mean £ SEM, n=5). Statistical significance was determined by t-test. (C) Graph of
concentration of TNF-a in serum from naive mice, from chronic LPS-stimulated WT or PI3Ky-/- mice, and from
chronic LPS-stimulated vehicle or IPI-549-treated mice (mean + SEM, n=5). Statistical significance was
determined by t-test. (D) Graph of concentration of TNF-a in BALF and peritoneal lavage fluid (PLF) from naive
mice, from acute LPS-stimulated WT or PI3Ky-/- mice, and from acute LPS-stimulated vehicle or [PI-549-treated
mice (mean = SEM, n=5). Statistical significance was determined by t-test. (E) Graph of mean £ SEM mRNA
expression (2°2€T) of cytokines in CD11b" and CD11b™ cells isolated from lungs of chronic LPS stimulated
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animals treated with vehicle or IPI-549 (n=3). Statistical significance was determined by t-test.
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Figure S14: PI3KYy inhibition reduces inflammation from MHYV infection. Representative images of H&E,
anti-F4/80 and anti-Myeloperoxidase (MPO)-stained lung tissues from MHYV infected mice 0-, 5-, or 8-days post-
inoculation. Arrowheads indicate F4/80" macrophages and MPO" granulocytes.



Table S1: Patient characteristics. Age, gender, co-morbidity details, and virus positivity when available, of
patients with COVID-19 from whom BAL tissue was collected.

COVID- Age Gend Dags _ftr;)m D:ys_tf:om Acute Co- Cytological Clinical COVID +19
19 BAL | (years) ender acmit to admit to inflammation morbidity diagnosis history BAL
death BAL
Sepsis;
Fungi; ECMO;
C1 53 M 40 28 no Hypertension Candida ventilation
Respiratory
Acute failure;
inflammation; ECMO;
Cc2 55 M 48 27 yes Hypertension Fungi ventilation
Acute
Asthma, inflammation; COVID 19;
C3 53 M Discharged 35 yes Hypertension Fungi ARDS
Acute
inflammation,
C4 47 M 27 18 yes Diabetes MRSA Septic shock
Acute
inflammation;
C5 50 F Discharged 21 yes None Fungi
Acute
inflammation;
Heart failure, Fungi;
Cc6 67 M 12 8 yes Diabetes Candida Yes
Acute Hypertension;
Cc7 49 M 51 18 yes None inflammation Diabetes
Diabetes, Hypertension,
Coronary heart failure;
Artery Acute COVID 19;
C8 48 M Discharged 7 yes Disease inflammation pheumonia Yes




Table S2: Patient characteristics. Age, gender, co-morbidity details, and virus positivity when
available, of normal uninfected patients from whom BAL tissue was collected.

Normal BAL Age (years) Gender Days from admit to death Days from admit to BAL Acute inflammation
NBI1 81 F n/a n/a no
NB2 48 M n/a n/a no
NB3 77 M n/a n/a no
NB4 65 F n/a n/a no
NBS 56 M n/a n/a no




Table S3: Patient characteristics. Age, gender, co-morbidity details, and virus positivity when available,
COVID-19 patients from whom lung tissue was collected.

of

COVID-19 TIME TO CoviD
Lung AGE GENDER DEATH S HEALTH HISTORY ETHNICITY
C1 88 F unknown Pneumonia; ARDS; Respiratory Failure
Virus-
positive
(RNA
C4 90 F 3 days seq) Alzheimer’s/ Parkinson’s; oxygen; vancomycin Japanese
C2 67 M unknown Pleural effusion, Pulmonary edema, diffuse alveolar damage
Virus-
positive
C13 (UL) C14 (RNA Obesity; COVID-19 pneumonia; ARDS, Intubated; ECMO 5 days ; acute
(LL) 44 F 6 days seq) kidney infection, renal failure
Hypertension, COPD and multiple myeloma on Revlimid; COVID-19,
Cc7 65 M 35 days ARDS; Intubated 23 days; renal failure, septic shock, organ failure
Hypertension, deep vein thrombosis; Intubated 15 days; Pneumonia;
Cc8 88 F 17 days ARDS; Remdesivir 2 days Hispanic
C6 65 M 35 days Metastatic multiple myeloma, asthma Caucasian
Diabetes, hypertension; renal failure; ECMO; Respiratory failure, renal
C3 57 M 28 days failure Hispanic
Virus-
positive
C11 (UL),C12 (RNA Multiple myeloma; COVID-19 pneumonia; Oxygen
(LL) 80 F 7 days seq) comfort care
C5 65 M 28 days Diabetes, asthma; ventilation; septic shock, multi-organ failure Hispanic
unkno
Cc9 wn unknown unknown unknown
unkno
C10 wn unknown unknown unknown




Table S4: Patient characteristics. Age, gender, ethnicity, health status, and virus positivity when available, of
normal patients from whom lung tissue was collected.

NES’TQL AGE GENDER T[;'gi:: gg‘tﬁz HEALTH STATUS ETHNICITY
N1 73 F n/a n/a Adjacent normal to adenocarcinoma, micropapillary predominant unknown
N2 59 F n/a n/a Adjacent normal to adenocarcinoma unknown
N3 70 M n/a n/a unknown unknown
N4 72 F n/a n/a Adjacent normal to Invasive adenocarcinoma, acinar predominant unknown
N5 46 F n/a n/a Adjacent normal to adenocarcinoma, enteric type unknown




Table SS: Antibody panels used in multiplex IHC for identification of immune cells in situ. Myeloid cell

biomarkers antibody panel used for BAL specimen analysis.

number

Cycle Cycle 0 Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 Cycle 7 Cycle 8 Cycle 9 Cycle 10 Cycle 11
Round Round 1 Round 1 Round 1 Round 1 Round 1 Round 1 Round 1 Round 1 Round 1 Round 1 Round 1 Round 1
NGS none 10 min @ 10 min @ 10 min @ 10 min @ 10 min @ 10 min @ 10 min @ 10 min @ 10 min @ 10 min @ 10 min @
blocking RT RT RT RT RT RT RT RT RT RT RT
. Hematoxyli Ms oHLA- Ms Rat . Ms aDS-
Primary n Ms aPD-1 DR/DP/DQ Rat oCD3 Ms oCCR2 Ms aCD20 Ms aCD68 «CD66b Ms oCD163 «CD11b Rat aKi67 DNA
Vendor DakoltAgllen Abcam LS bio Thermo Sci Abcam Abcam Abcam BD Pharm Thermo Sci Abcam Abcam Abcam
Clone NA NAT105 WR18 SP7 TA7 L26 PG-M1 G10F5 10D6 EPR1334 SP6 DSD/958
Catalog cs70030-2 | absass7 | SBI0162 | pyigio7.s | ap176390 ab9645 ABT783 555723 MS-1103- | ap133357 275R-14 ab215896
Number 100 S1
Dilution ready to 50 500 150 500 700 50 400 200 1000 500 1000
factor 1: use
Reaction 1 min 30 min @ 30 min @ 30 min @ 30 min @ 30 min @ 20 min RT, 4°C OIN 30 min @ 30 min @ 30 min @ 30 min @
time ! RT RT RT RT RT 4°C O/N RT RT RT RT
Histofine NA Anti-Mouse Anti-Mouse Anti-Rabbit Anti-Mouse Anti-Mouse Anti-Mouse Anti-Mouse Anti-Mouse Anti-Rabbit Anti-Rabbit Anti-Mouse
f"ﬁ:’l‘j‘g NA 414134F 414134F 414144F 414134F 414134F 414134F 414134F 414134F 414144F 414144F 414134F
Reaction NA 30 min @ 30 min @ 30 min @ 30 min @ 30 min @ 30 min @ 30 min @ 30 min @ 30 min @ 30 min @ 30 min @
RT RT RT RT RT RT RT RT RT RT RT
reggﬁ%n NA 70 min 30 min 60 min 34 min 25 min 30 min 32 min 22 min 7 min 14 min 32 min
f:{j?_ggg: NA SK-4200 SK-4200 SK-4200 SK-4200 SK-4200 SK-4200 SK-4200 SK-4200 SK-4200 SK-4200 SK-4200
Dako Dual
Endogenou 10 min @ 10 min @ 10 min @ none
s Enzyme RT RT RT
Block
NGS 10 min @ 10 min @ 10 min @ none
Blocking RT RT RT
Round Round 2 Round 2 Round 2 Round 2
. Rat Hematoxyli
Primary Rat aPD-L1 Ms aCD45 oCD11C n
Cell . Dako/Agilen
Vendor Signaling EBio Abcam t
Clone E1L3N H130 AP1347Y NA
Catalog 1684S 14-0459-82 ab52632 CS70030-2
Number
Dilution ready to
factor 1: 100 100 800 use
Reaction o 30 min @ 30 min @ .
time 4°C O/N RT min 1 min
Histofine Anti-Rabbit Anti-Mouse Anti-Rabbit NA
Product 414144F 414134F 414144F NA
number
. 30 min @ 30 min @ 30 min @
Reaction RT RT RT NA
AEC ) ) .
reaction 65 min 10 min 30 min NA
Product SK-4200 SK-4200 SK-4200 NA
number
Dako Dual
Endogenou none
s Enzyme
Block
NGS none
Blocking
Round Round 3
Primary Hem:-:‘toxyll
Vendor Dako/;Agllen
Clone NA
Catalog
Number CS70030-2
Dilution ready to
factor 1: use
Reaction 1 min
Histofine NA
Product
number NA
Reaction NA
AEC NA
reaction
Product NA




Table S6: Antibody panels used in multiplex IHC for identification of immune cells in situ. Antibody panel
used for lung specimens.

Cycle Cycle 0 Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 Cycle 7 Cycle 8 Cycle 9 Cycle 10 Cycle 11 Cycle 12
Round Round 1 Round 1 Round 1 Round 1 Round 1 Round 1 Round 1 Round 1 Round 1 Round 1 Round 1 Round 1 Round 1
NGS none 10 min @ 10 min @ 10 min @ 10 min @ 10 min @ 10 min @ 10 min @ 10 min @ 10 min @ 10 min @ 10 min @ 10 min @
blocking RT RT RT RT RT RT RT RT RT RT RT RT
" Rat
. Hematoxyli Ms aHLA- Rat aGrzB Ms a.CD66 Ms Rat . Ms aDS-
Primary n Ms oPD-1 DR/DP/DQ Rat aCD3 Ms aCD8 Ab-1 Ms aCD68 b «CD163 aE(:)TzE)S(T «CD11b Rat aKi67 DNA
Dako/Agilen . . Invitrogen/T " Atlas
Vendor t Abcam LS bio Thermo Sci hermo Abcam Abcam BD Pharm Thermo Sci Antibodies Abcam Abcam Abcam
Clone NA NAT105 WR18 SP7 SP16 Polyclonal PG-M1 G10F5 10D6 polyclonal EPR1334 SP6 DSD/958
Catalog cs700302 | absassr | WSBIOZ | pyoror.s | mAs-14548 ab4059 AB783 555723 MS1103- | HPAO2889 | 4133357 275R-14 ab215896
Number 100 S$1 6
Dilution ready to
factor 1: Use 50 500 150 100 200 50 400 200 150 1000 500 1000
Reaction 1 min 30 min @ 30 min @ 30 min @ 30 min @ 30 min @ 20 min RT, 4°C OIN 30 min @ 30 min @ 30 min @ 30 min @ 30 min @
time RT RT RT RT RT 4°C O/N RT RT RT RT RT
Histofine NA Anti-Mouse Anti-Mouse Anti-Rabbit Anti-Rabbit Anti-Rabbit Anti-Mouse Anti-Mouse Anti-Mouse Anti-Rabbit Anti-Rabbit Anti-Rabbit Anti-Mouse
i{“:;’gg} NA 414134F 414134F 414144F 414144F 414144F 414134F 414134F 414134F 414144F 414144F 414144F 414134F
Reaction NA 30 min @ 30 min @ 30 min @ 30 min @ 30 min @ 30 min @ 30 min @ 30 min @ 30 min @ 30 min @ 30 min @ 30 min @
RT RT RT RT RT RT RT RT RT RT RT RT
AEC NA 40 min 11 min 22 min 30 min 9 min 22 min 35 min 21 min 4 min 13 min 10 min 20 min
reaction
:L?T?Es: NA SK-4200 SK-4200 SK-4200 SK-4200 SK-4200 SK-4200 SK-4200 SK-4200 SK-4200 SK-4200 SK-4200 SK-4200
Dako Dual
Endogenou 10 min @ 10 min @ 10 min @ 10 min @ 10 min @ 10 min @ 10 min @ 10 min @ 10 min @ 10 min @ none
s Enzyme RT RT RT RT RT RT RT RT RT RT
Block
NGS 10 min @ 10 min @ 10 min @ 10 min @ 10 min @ 10 min @ 10 min @ 10 min @ 10 min @ 10 min @ none
Blocking RT RT RT RT RT RT RT RT RT RT
Round Round 2 Round 2 Round 2 Round 2 Round 2 Round 2 Round 2 Round 2 Round 2 Round 2 Round 2
: Rat aPD- Rat aDC- Rat Rat Ms Hematoxyli
Primary L1 LAMP Ms a.CD45 Ms a.CCR2 Ms aCD20 Rat aT-bet «CD11C «CD169 Ms aFoxp3 aPanCK n
Cell " . Cell Atlas eBioscienc Cell Dako/Agile
Vendor Signaling Novus Bio EBio Abcam Aboam Signaling Abcam Antibodies e Signaling nt
Clone E1L3N 1010E1.01 H130 TA7 L26 D6N8B AP1347Y Poly 236A/E7 AE1/AE3 NA
Catalog 16845 DDX0191- | 14.0450.82 | ab176390 ab9645 132328 abs2e32 | HPADSSHS | 44477762 5153 8700302
Number 041 7
Dilution 100 100 100 500 700 300 800 200 200 2000 ready to
factor 1: use
Reaction o 30 min @ 30 min @ 30 min @ 30 min @ o 30 min @ 30 min @ 30 min @ 30 min @ .
time 4°CON RT RT RT RT 4°CON RT RT RT RT 1 min
Histofine Anti-Rabbit Anti-Rat Anti-Mouse Anti-Mouse Anti-Mouse Anti-Rabbit Anti-Rabbit Anti-Mouse Anti-Mouse Anti-Mouse NA
E’L‘r’:g':: 414144F 414144F 414134F 414134F 414134F 414144F 414144F 414134F 414134F 414134F NA
Reaction 30 min @ 30 min @ 30 min @ 30 min @ 30 min @ 30 min @ 30 min @ 30 min @ 30 min @ 30 min @ NA
RT RT RT RT RT RT RT RT RT RT
AEC 32min 17 min 12 min 14 min 22 min 30 min 18 min 60 min 7 min 25 min NA
reaction
s;?:t;‘g: SK-4200 SK-4200 SK-4200 SK-4200 SK-4200 SK-4200 SK-4200 SK-4200 SK-4200 SK-4200 NA
Dako Dual
Endogenou
none
s Enzyme
Block
NGS none
Blocking
Round Round 3
Primary Hemantoxyli
Vendor Dako/{kgilen
Clone NA
Catalog
Number CS70030-2
Dilution ready to
factor 1: use
Reaction 1 min
Histofine NA
Product NA
number
Reaction NA
AEC
reaction NA
Product
number NA
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