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SUMMARY
Human transmission of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), causative pathogen
of the COVID-19 pandemic, exerts a massive health and socioeconomic crisis. The virus infects alveolar
epithelial type 2 cells (AT2s), leading to lung injury and impaired gas exchange, but the mechanisms driving
infection and pathology are unclear. We performed a quantitative phosphoproteomic survey of induced
pluripotent stem cell-derived AT2s (iAT2s) infected with SARS-CoV-2 at air-liquid interface (ALI). Time course
analysis revealed rapid remodeling of diverse host systems, including signaling, RNA processing, translation,
metabolism, nuclear integrity, protein trafficking, and cytoskeletal-microtubule organization, leading to cell
cycle arrest, genotoxic stress, and innate immunity. Comparison to analogous data from transformed cell
lines revealed respiratory-specific processes hijacked by SARS-CoV-2, highlighting potential novel thera-
peutic avenues that were validated by a high hit rate in a targeted small molecule screen in our iAT2 ALI
system.
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INTRODUCTION

SARS-CoV-2 is a highly infectious virus responsible for the

ongoing coronavirus disease 2019 (COVID-19) pandemic (Zhu

et al., 2020a). The viral genome encodes at least 27 proteins

(Zhu et al., 2020a), including 4 structural (spike [S], envelope

[E], membrane [M], nucleocapsid [N]), 15 nonstructural, and 8

auxiliary proteins. These proteins interact with host factors to

modulate host responses (Gordon et al., 2020; Stukalov et al.,

2020). The main receptor of SARS-CoV-2 is angioten-

sin-converting enzyme 2 (ACE2), which is expressed on the sur-

face of target cells, including lung airway and alveolar epithelia.

Other host factors, such as transmembrane serine protease 2

(TMPRSS2), prime viral entry (Hoffmann et al., 2020).

In the distal lung, SARS-CoV-2 appears to preferentially infect

alveolar epithelial type 2 cells (AT2s), which express ACE2 and

TMPRSS2 (Hou et al., 2020; Sungnak et al., 2020). AT2s are

facultative progenitors of lung alveoli, where they regenerate

the epithelium following injury and secrete pulmonary surfactant,

stored in lamellar bodies, reducing surface tension. While other

cell types and organs are targeted by SARS-CoV-2 (Wichmann

et al., 2020), morbidity and mortality in COVID-19 largely result

from alveolar injury (Carsana et al., 2020), manifested as acute

respiratory distress syndrome (ARDS) in severe disease. As

AT2 injury is central to COVID-19 pathogenesis, there is an ur-

gent need to delineate the mechanisms of SARS-CoV-2-driven

lung pathology.

Primary AT2s are difficult to maintain in culture, but human

induced pluripotent stem cell-derived alveolar epithelial type 2

cells (iAT2s) have been developed and extensively characterized

(Hurley et al., 2020; Jacob et al., 2017, 2019). iAT2s are capable

of robust self-renewal while faithfully maintaining an AT2-like

transcriptional program when cultured at air-liquid interface

(ALI) (Abo et al., 2020). Identification of host functions impacted

in AT2s can reveal the mechanisms SARS-CoV-2 utilizes for

propagation, providing targets to counter lung injury.

Comparison of the SARS-CoV-2 andSARS-CoV replication ki-

netics in Vero E6 cells showed that progeny virus production of

both viruses plateaued by about 14 h post-infection (hpi)

(Ogando et al., 2020). The earliest stages of infection include viral

entry and release of the viral genome into the cytoplasm (1 hpi),

followed by initiation of viral RNA translation and processing of

the viral replicase polyproteins (1 to 3 hpi) and formation of dou-

ble membrane vesicles harboring viral replication-transcription

complexes (RTCs) (around 3 to 6 hpi) (Fehr and Perlman, 2015;

Paul and Bartenschlager, 2013). RTCs are the sites of viral

genome amplification and synthesis of subgenomic transcripts

(Snijder et al., 2020). Viral RNA and proteins accumulate

throughout the replication cycle, which is completed by viral

egress via the ER-Golgi intermediate compartment, followed

by transport of viral particles to the plasma membrane and

release (8 hpi and later) (Fehr and Perlman, 2015). SARS-CoV vi-

rions can form as early as 3 hpi and are released from infected

cells for days (Stertz et al., 2007).

Molecular profiling of SARS-CoV-2-infected cell lines such as

Vero E6 (immortalized African green monkey kidney cells) (Bou-

haddou et al., 2020), tumor-derived human Caco-2 (Bojkova

et al., 2020; Klann et al., 2020), and lung basal carcinoma A549
2 Molecular Cell 80, 1–19, December 17, 2020
(Stukalov et al., 2020) has revealed pathways co-opted by the vi-

rus, but relevance to human lung pathobiology is limited. To pro-

vide a more pertinent understanding, we performed a deep

quantitative temporal phospho/proteomic analysis to quantify

cytopathologic changes induced by SARS-CoV-2 infection in

iAT2s at four time points (1, 3, 6, and 24 hpi), with a focus on early

events following viral entry. Specifically, we cultured iAT2s at

ALI, a model that accurately reflects key aspects of pulmonary

biology (Abo et al., 2020). We have shown that the iAT2 ALI cul-

tures are permissive to SARS-CoV-2 infection and release infec-

tious viral particles preferentially from the apical surface (Huang

et al., 2020).

Our systematic analysis established a rapid and multi-faceted

response of iAT2s to SARS-CoV-2, including disruption of

potentially druggable pathways. Comparisons to analogous

studies of SARS-CoV-2 infection of Vero E6 (Bouhaddou et al.,

2020), Caco-2 (Bojkova et al., 2020), and A549 (Stukalov et al.,

2020) cancer cells revealed differences contributing to the

unique respiratory pathology in COVID-19. Using an integrative

framework, we predicted and validated novel targets to intercept

COVID-19 pathogenesis and offer these results as a community

resource (http://www.bu.edu/dbin/cnsb/covid/).

RESULTS

Pathophysiological Model of Lung Infection
We generated iAT2s from the human iPSC line SPC2-ST-B2

(Hurley et al., 2020) via our previously published lung directed

differentiation protocol, followed by sorting cells that express a

tdTomato fluorescent reporter targeted to one allele of the

AT2-specific surfactant protein-C (SFTPC) locus (Figure 1A,

top; Hurley et al., 2020; Jacob et al., 2017). This reporter allowed

isolation of >95% purity AT2-like cells with no loss of phenotype

(Jacob et al., 2017).

iAT2swere initially cultured as 3D alveolospheres (Jacob et al.,

2017) before seeding on transwell inserts to generate ALI cul-

tures (Abo et al., 2020) to allow for infection of the cells from

the apical surface. Bulk and single-cell RNA sequencing (Abo

et al., 2020; Huang et al., 2020) confirmed expression of the

AT2 program (SFTPA1/2, SFTPC/D, PGC) and ACE2 and

TMPRSS2 at frequencies commensurate with primary AT2s

(Abo et al., 2020). To elucidate the host systems impacted by

SARS-CoV-2, we infected iAT2 ALI cultures with a multiplicity

of infection (MOI) of 5 (STARMethods). To synchronize infection,

virions were bound to the apical surface for 1 h at 16�C before

transfer to 37�C to initiate internalization (Saeed et al., 2010).

An infectivity rate of �20% by 24 hpi was evident by immunoflu-

orescence analysis (IFA) (Figure 1A, bottom), consistent with

previous findings (Huang et al., 2020).

Quantitative Temporal Mass Spectrometry Analysis of
Infected iAT2s
Total protein from replicate ALI culture wells (�5 million cells/

time point) was extracted, trypsinized, and analyzed by precision

mass spectrometry (MS) to quantify changes in the proteome

and phosphoproteome relative to respective mock-infected

controls. To enhance signal and minimize sampling bias, the

early (1–6 hpi) samples (low amounts of viral replication) were

http://www.bu.edu/dbin/cnsb/covid/
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Figure 1. Phospho/Proteomic Profiling of Human iAT2s after SARS-CoV-2 Infection

(A) (Top) Schematic of 3D alveolospheres and iAT2 ALI cultures. Apical media was removed for 7 days before infection with SARS-CoV-2; DE, definitive

endoderm; AFE, anterior foregut endoderm. Representative confocal IFA images (103) of iAT2s expressing tdTomato from endogenous SFTPC locus. (Bottom)

iAT2 ALI cultures were infected with SARS-CoV-2 (MOI = 5) for indicated times with parallel mock-treated controls. Representative staining (203) of DNA

(Hoechst, blue) and viral N (green) indicating infection.

(B) Total protein from replicate SARS-CoV-2-infected and mock-treated iAT2s was analyzed by quantitative LC-MS/MS.

(C) Replicatemeasurementswere normalized and filtered (<1%FDR), resulting in high reproducibility (r = PCC). Venn diagram shows number of identified cellular/

viral proteins/phosphosites subject to downstream analysis.
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processed separately from the later 24 hpi time point (abundant

viral replication) (Figure 1B; STAR Methods). In total, we quanti-

fied 8,471 proteins (Figure 1C; Table S1), including eight viral

proteins and 14,289 phosphosites (>0.7 localization likelihood)

on 2 SARS-CoV-2 and 2,703 host phosphoproteins.

Despite TMT measurement compression (Karp et al., 2010),

following normalization and correction (STAR Methods), repro-

ducible and significant (|log2-fold change| > 0.25, FDR < 0.05)

changes were seen in 2,872 proteins (Table S1), including AT2

markers crucial to surfactant function, such as SFTPA2. In paral-

lel, we identified 4,688 differential (|log2 FC| > 0.25, FDR < 0.05)

phosphosites mapping onto 1,166 unique lung proteins across

all time points (Table S1), reflecting distinct sample clusters (Fig-

ure S1). Many correspond to regulators of pulmonary cell func-

tion, including protein kinases, phosphatases, adapters, and
transcription factors (Table S1). These results permitted in-depth

differential pathway analysis and functionalmodeling (Figure 1C).

Coherent patterns emerged from the infection time course (Fig-

ure 2A), reflecting significant functional enrichments (Figure 2B).

By 24 hpi, eight distinct viral proteins (S, M, N, Orf3a/7a/8/9b,

and multiple components mapping to polyprotein Rep1a) were

detected (Figure 2C). The same viral proteins (and Nsp6) were

seen in SARS-CoV-2-infected Caco-2 cells (Bojkova et al.,

2020), indicating abundant expression of the structural proteins

and preferential protein production via proteolytic processing of

Rep1a (Zhang et al., 2020).

Host Proteome Impacted by Viral Infection
To characterize the initial iAT2 host responses to infection, we

applied supervised clustering to the early time points (1–6 hpi),
Molecular Cell 80, 1–19, December 17, 2020 3
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revealing four distinct groupings corresponding to immediate

(�1 hpi), early (�3 hpi), and intermediate/late (3–6 hpi) waves

of host protein expression (Figure 2A). Cluster 1, associated

with a prompt response to viral entry (peak �1 hpi), was en-

riched with factors previously tied to viral infection (e.g., influ-

enza life cycle, adj. FDR = 4.49E�32) and immunity, including

markers of TRAF6-mediated cytokine induction, activation of

NF-kB, and C-type lectin receptors (e.g., ITCH, ATF2, IKBKB)

(Figure 2B; Table S2). MAVS, an adaptor activated by RIG I-

like receptors, was downregulated, consistent with a previous

report of SARS-CoV Orf9b-mediated degradation (Shi et al.,

2014), suggesting that this function is retained in SARS-

CoV-2. In addition, the serine-threonine kinase LATS1, WRN,

and insulin-like growth factor binding protein 4 (IGFBP4),

which negatively regulate cell proliferation, were upregulated

(Figure 2C).

Regulation of translation initiation by mammalian target of

rapamycin (mTOR) was altered immediately following viral en-

try, leading to a striking change in host protein abundance by

3–6 hpi (Figures 2A and 2B). Remodeling of host protein syn-

thesis was evident in altered levels of 40S (e.g., RPS6/11/26)

and 60S (e.g., RPL6/12/19) ribosomal subunits, and other

multi-protein complexes linked to growth (Table S1). In

contrast, expression of multiple components of the mitochon-

drial 28S ribosome increased markedly at 3–6 hpi (Figure 2B),

presumably to accommodate energetic demands for viral

replication.

Clusters 2 to 4 (3–6 hpi) were enriched for proteins linked to

regulation of cell proliferation, such as cell cycle control (e.g.,

mitosis), including dysregulation of the checkpoint kinase regu-

lator ATR and cell death effectors CASP7/8 (Figure 2A) and the

mitotic checkpoint regulator BUB1B (Table S1), suggesting cell

cycle arrest. In line with this observation, IFA revealed markedly

decreased PCNA expression in SARS-CoV-2-infected iAT2s

(Figures 2D and S2), indicative of virus-induced interphase

arrest.

Transcriptome and Proteome Responses
Since viruses co-opt host cell transcriptional and translational

machinery, we compared the iAT2 protein profiles of viral

infection to complementary RNA-seq-based mRNA expres-

sion at 24 hpi (Huang et al., 2020) (Figure S2). While some

processes showed high correlation, including elevated

MAPK and IFN signaling and downregulated N-linked glyco-

sylation and fatty acid metabolism, discordant functional

terms predominated the comparison, including uncoupled

cell cycle control, vesicle-mediated transport, and chromo-

somal organization (Figure S2; Table S2), suggesting differen-

tial mechanisms by which the virus mediates differential

control of host systems.
Figure 2. Host Protein Alterations in Infected iAT2s

(A) Clusters depicting protein abundance at 1, 3, and 6 hpi.

(B) Dysregulated (FDR < 0.05) functional modules, including (bottom) U7 snRNA

(C) Volcano plot showing differential protein abundance at 24 hpi.

(D) IFA of mock-treated and SARS-CoV-2-infected iAT2s probed for PCNA (pos

(E) Overlay of differential host proteins (clusters from A) onto a SARS-CoV-2 viral-h

effectors (hexagons); hues reflect cluster assignment.
Molecular Scaffold to Interpret Lung Cell Responses
SARS-CoV-2 encodes proteases, polymerases, and other effec-

tors that interact with host factors. Though not validated in

infected cells, putative cellular binding partners of individual,

ectopically expressed viral proteins in transformed cells were

recently reported (Gordon et al., 2020; Stukalov et al., 2020).

Such static measurements may not accurately recapitulate

viral-host interactome dynamics in an alveolar cell infection

setting. To characterize which putative viral-host protein-protein

interactions (PPI) likely occur in iAT2s during infection, we over-

laid our iAT2 proteomic time course data onto a molecular asso-

ciation network recently reported for SARS-CoV-2 (Gordon

et al., 2020) (Table S1), allowing us to deduce the kinetics of

these associations.

Striking differences in the time course profiles of many puta-

tive host targets of different viral effectors were observed in in-

fected iAT2s (Figure 2E). For example, a significant fraction of

the interacting lung proteins was impacted by the virus at

3–6 hpi (Figure S3), as viral replication ramps up, implying that

some of these changes result from viral effector binding. Exam-

ples include reductions in the levels of chromatin remodeling fac-

tors bound by viral E (e.g., BRD2/4), host ion transport factors

(ATP6AP1/13A3) that associate with Nsp6, centrosomal proteins

(NINL, CEP135/350) bound by Nsp13, and host acetyltransfer-

ase HDAC2 targeted by the viral protease Nsp5. Viral-mediated

destabilization may disrupt centrosome-microtubule network

reorganization, contributing to the cell cycle arrest seen

by 24 hpi.

Conversely, host proteins upregulated in response to SARS-

CoV-2 infection are more likely to form stable functional units

with viral effectors (Figure 2E). For instance, several interactors

(GGH, NPC2, OS9, FKBP7/10) of viral Orf8 upregulated in in-

fected iAT2s are implicated in protein maturation in the ER, sug-

gesting roles in viral particle formation. Likewise, upregulated

interactors of viral Nsp13 (GCC2, GOLGA2/B1) map to Golgi

components relevant to virion assembly, maturation, and egress

(Schoeman and Fielding, 2019).

SARS-CoV-2 Proteins Phosphorylated by Host Enzymes
We identified phosphosites on viral membrane (M) and nucleo-

capsid (N) by 24 hpi (Table S1). N was heavily modified on nine

unique phosphosites (Figure 3B), clustered in a linker region be-

tween the RNA-binding (RBD) and dimerization domains, while

phosphosites on M included S213/S214 in the C-terminal cyto-

plasmic domain. Previous reports showed that N phosphoryla-

tion by GSK3B on serine-arginine (S-R)-rich motifs is important

for coronavirus replication (Wu et al., 2009) and suggested that

SARS-CoV-2 N is a putative target of casein kinase 2 (CK2)

(Gordon et al., 2020). CK2 substrate motifs comprise acidophilic

(+1/�1 position) or proline residues (+1 position) (Goel et al.,
and HDAC-associated complexes.

itive cells highlighted with arrows).

ost PPI network (Gordon et al., 2020) highlighting iAT2 targets (squares) of viral
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Figure 3. Phosphoproteomic Profiling Reveals Dysregulated Pathways

(A) Bar-plot of differential phosphosites (1–6 hpi).

(B) Domain structure of SARS-CoV-2 N (top) and M (bottom) showing identified phosphosites.

(C) Structural models of phospho-CNSKA2 (S197) complexed with viral N (S79).

(D) Clustering of phosphosite abundance changes.

(E) Enriched pathways and processes.

(F) Up- or downregulated kinases (KSEA).

(G) IFA of phosphogamma-H2AX (green) and viral N (red) in infected versusmock-treated iAT2 (DAPI counterstain). Greyscale images show exclusively phospho-

g-H2AX localization in iAT2s (number foci per nucleus shown at right, p value < 0.05, Wilcoxon rank-sum test).

(legend continued on next page)
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2018). Consistently, we found two canonical proline-directed

motifs (S79/S206) and one acidophilic motif (S23) on N as likely

direct substrates.

To verify this, we performed in vitro kinase assays with purified

N, CK2, andGSK3B (see STARMethods) and analyzed the prod-

ucts via MS, confirming N phosphorylation by GSK3B on three

sites (S176, S180, T391) (Table S1), two of which (S176, S180)

match the expected S-R-rich consensus, suggesting a role for

GSK3B in SARS-CoV-2 replication. We also confirmed CK2

phosphorylates N on S23 and S410.

We generated simulation-based 3D structures to visualize

phosphorylation of N. Our model shows that S79 maps to the

interface of the RNA binding domain in the N-terminal region

of N proposed to tetramerize (Figure 3C), suggesting a role in

multimerization. Since both SARS-CoV and SARS-CoV-2 N

have been shown to undergo liquid-liquid phase separation

(LLPS) to facilitate viral assembly (Perdikari et al., 2020), with

RNA sequestering influenced by N phosphorylation (Chang

et al., 2013), we explored whether phosphorylation of SARS-

CoV-2 N by GSK3B or CK2 modulated LLPS using an in vitro

phase separation assay (STAR Methods). Phosphorylation by

CK2 elicited a strong increase in droplet formation at concen-

trations of N < 1 mM. In contrast, phosphorylation by GSK3B

greatly reduced LLPS by N, increasing the concentration at

which LLPS occurs by 20-fold (400 nM to 10 mM) (Figure S4).

These data suggest that SARS-CoV-2 N phosphorylation by

host kinases modulates phase separation, impacting RNA as-

sembly and packaging.

Global Alterations in iAT2 Cell Signaling
Supervised clustering of differential host phosphoproteins (Fig-

ure 3A) at early times revealed four temporally regulated group-

ings: immediate (cluster 1; 1 hpi), early (cluster 2; 3 hpi), and

intermediate/late (clusters 3 and 4; 3–6 hpi) responses of iAT2s

to SARS-CoV-2 infection (Figure 3D).

Pathway analysis (Figure 3E) revealed enriched (FDR < 0.05)

processes linked to infection, such as viral RNA synthesis and

export of ribonucleoproteins, as an immediate response to

SARS-CoV-2 entry, along with eukaryotic translation initiation

factor eIF4G1 and other regulators of host protein synthesis.

Other prominent responses peaking at 1 hpi suggested

disruption of the nuclear envelope, nuclear export, and chro-

matin remodeling (e.g., NCOR2, p300-CBP, HDAC1/2 com-

plexes), suggesting that viral effectors interfere with host

gene expression and post-transcriptional processing by tar-

geting nuclear functions surprisingly early in the replica-

tion cycle.

Intermediate pathways associated with clusters 3 and 4 (Fig-

ure 3D; Table S2) centered on RNA processing (e.g., splicing,

30 end processing), cell proliferation/survival (e.g., apoptosis),

and protein synthesis (e.g., mTOR signaling), indicating remodel-

ing of host post-transcriptional programs by 6 hpi, coincident

with viral replication.
(H) 3D models of phosphorylated RPS6KB1 (S441/T444/S447), CAMKD (T287

with DDX21.

(I) Major classes of proteins/domain interactions impacted by phosphorylation.

(J) Phospho-dependent interactors excluding kinases.
SARS-CoV-2 Targets Ser/Thr/Tyr Kinases in iAT2s
A motif-based assessment identified host kinases potentially

mediating differential phosphorylation in the SARS-CoV-2 repli-

cation cycle. Kinases with activities predicted (FDR < 0.05) to be

highly responsive to infection included CSNK1E, CDK2, and

EEF2K in the immediate (1 hpi) response to viral entry and acti-

vation of RPS6KA3, CDK1/2, and MAPK14 by 3–6 hpi

(Figure 3F).

While elevated CDK1/2 activity is characteristic of actively

proliferating cells (Satyanarayana and Kaldis, 2009), it is impli-

cated in homologous recombination-mediated DNA repair

(Hentges et al., 2014), pointing to DNA damage signaling in in-

fected iAT2s consistent with ATR upregulation (Figure 2A). To

assess this, we performed IFA and observedmarkedly increased

phosphorylation of foci formed by the DNA repair marker

g-H2AX in infected iAT2s compared to controls (p < 0.05, Wil-

coxon rank-sum test) (Figure 3G). Such observations corrobo-

rate previous reports that coronaviruses activate ATR to induce

cell cycle arrest (Xu et al., 2011).

In late infection (24 hpi), we predicted significant activation of

CAMK2G, RPS6KB2, CSNK1E, PNCK, and to a lesser extent

mTOR (p < 0.06) (Figure S2; Table S1), and downregulation of

CDK2/5, MAP2K1, AURKA, ROCK2, ERBB2, and SRC (Table

S1). Collectively, these kinases are essential signaling hubs con-

trolling host cell growth, proliferation, and metabolism.

We identified conserved phosphosites, such as in kinase

activation loops, that directly reflect catalytic status or other

well-characterized functionsmissed by enrichment criteria. Spe-

cifically, we found RPS6KB1 (S441/T444/S447), CAMK2D

(T287), PAK2 (PAK2 T197/209), and CDK1 (hypophosphorylation

of inhibitory T14/Y15) as potentially hyperactivated in infected

iAT2s (Figure 3H; Table S1). Notably, CAMK2D interacts with

SARS-CoV Nsp3 (Ma-Lauer et al., 2016) and is implicated in

deregulation of innate antiviral immunity. Conversely, epidermal

growth factor receptor (EGFR) was hypophosphorylated on

S991/T993, which is linked to receptor internalization and down-

regulation (Figure 3H).

To investigate the impact of phosphorylation, we modeled

PPIs in the vicinity of differential phosphosites. The most

frequently occurring interactions are dominated by kinase asso-

ciations (e.g., GSK3,MAPL, CK1)mediating phosphorylation of a

motif (e.g., DDX21-CK1 association, wherein CK1 phosphory-

lates DDX21 on Ser171) (Figure 3I). A diverse set of motif-domain

associations were also predicted to be regulated by virus-

induced changes in phosphorylation (Figure 3J). These include

14-3-3 domains that bind to specific phosphoserine/threonine-

containing motifs on proteins involved in nuclear transport.

Remodeling of Cell Growth by SARS-CoV-2
Since our phospho/proteomic data indicated SARS-CoV-2-

induced disruption of RPSK6B1 (Figures 3E and 3H), a keymedi-

ator of mTOR-dependent translation (Roux et al., 2007), we

performed immunoblotting to confirm pathway activation
/S319), PAK2 (S197/S209), EGFR (S991/T993), and CK1 (S171) complexed
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Figure 4. Validation Analyses

(A) Immunoblotting of lysates from mock and SARS-CoV-2-infected iAT2 ALI at 24 hpi. Probes indicated (beta-actin loading control).

(B) (Left) Hyperphosphorylation of SRSF proteins 24 hpi. (Right) Position and relative change in phosphosites.

(C) 3D model of hyperphosphorylated sites (S199/S197/S204/S211) on SRSF9 in infected iAT2s relative to controls.

(D) Schematic of splicing events impacted by infection.

(E) Analyses of RNA-seq data (Huang et al., 2020) showing virus-induced splicing alterations.

(F) Functional annotations of differential spliced gene products.

(G) Ratio of spliced to unspliced transcripts for select mRNAs inmock or infected iAT2s. For CLK1, ratio of splicing with/without exon 4 (E4) inclusion shown. Bars

represent mean (±SD) from 3 biological replicates; *p < 0.1; **p < 0.01; ***p < 0.001, t test.

(H) EM images of nuclear envelope (white arrows), ER (red; double-points indicate extended ER), ribosomes (yellow), and nucleus (N) in mock and infected iAT2s

(scale bar = 500 nm; insets magnified 43).

(I) IFA (403) and quantification (±SD) of g-tubulin (594 nm) and viral N (488 nm) in control and infected iAT2s (counterstained with DAPI). Scale bar = 10 mm.
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(Figure 4A). We probed for RPS6 S240/S244, targets of RPS6K

(Roux et al., 2007), and PI3-AKT T308, which integrates with

mTOR to control translational initiation (Saxton and Saba-

tini, 2017).

Our immunoblotting data confirmed an increase in RPS6 and

AKT phosphorylation in infected iAT2s (Figure 4A). Consistent

with AKT signaling impinging on the host translational machinery

(Ruggero and Sonenberg, 2005), we observed a marked in-

crease in phosphorylation of AKT S129, a phosphosite reported

to enhance AKT signaling (Di Maira et al., 2005), and of the AKT

substrate YBX1 (Figure 4A), on a site (S102) known to attenuate

its translational repressor function (Evdokimova et al., 2006).

To further substantiate our findings,weprobedphosphorylation

of translational repressor 4E-BP1,which negatively regulates cap-

dependentmRNA translation by binding to eIF4E and dissociating

the eIF4G-eIF4E complex (Wang et al., 2019). Notably, we

observed reduced levels of non-phosphorylated 4E-BP1 T46 in

SARS-CoV-2-infected cells, implying repression of 4EBP1 (Lek-

mine et al., 2004) and in turn increased translation (Figure 4A).

Clusters 3/4 were enriched for kinases such as PAK2, PRKCD,

STK3, CAMK2D, EGFR, and MAPK1 connected to growth regu-

lation (Figure 3D). MAPK activates RPS6KB1 and 4E-BP1 by

phosphorylating and inactivating the TSC2 complex to relieve in-

hibition on mTOR (Ma et al., 2005). In line with this, we detected

activating phosphorylation on MAPK1 at T185 (Goetz et al.,

2014) by 6 hpi (Table S1), reflecting increased catalytic activity,

which we confirmed by immunoblotting (Figure 4A). Additionally,

we observed hyperphosphorylation of CAMK2D at T287 (Fig-

ure 3F), implicated in apoptotic signaling (Toko et al., 2010),

coincident with hyperphosphorylation and upregulated kinase

activity of PAK2 (Figure 3H), another apoptotic target (Chan

et al., 1999). In turn, EGFR was hyperphosphorylated on S991

(Table S1), which is linked to downregulated pro-survival

signaling (Tong et al., 2009).

Hyperphosphorylation of eIF2S2 at Ser2, a target of CK2 that

putatively regulates initiation complex formation (Welsh et al.,

1994), persisted 24 hpi (Table S1). Likewise, infected iAT2s

showed increased phosphorylation of PDCD4, which blocks

pre-initiation complex assembly and disrupts eIF4A helicase ac-

tivity (Dorrello et al., 2006). RPS6KB1-mediated hyperphosphor-

ylation of S71 promotes binding to BTRC ubiquitin ligase,

causing PDCD4 degradation and translational activation (Dor-

rello et al., 2006). Our phosphoproteomic data therefore highlight

degradation of PDCD4 as another potential mTOR-dependent

mechanism by which SARS-CoV-2 redirects host translation.

We likewise observed hyperphosphorylation of S44/S101/

S102/S105 of HMGA2 by 3–6 hpi (Figure 3D), an architectural

DNA-binding factor implicated in cell proliferation (Yu et al.,

2013), DNA damage signaling (Hentges et al., 2014), and antiviral

defenses (Du et al., 1993). HMGA2 S44 is a known target of

CDK1, which regulates its DNA binding activity (Schwanbeck

et al., 2000). Phosphorylation of C-terminal HMGA2 sites

(S101/S102/S105) may alter DNA binding to regulate host gene

expression (Sgarra et al., 2009).

SARS-CoV-2 Infection Rewires Host mRNA Splicing
We detected increased MAPK1 and SRPK1 activity and CLK1

levels by 3-6 hpi (Table S1), suggesting SARS-CoV-2-induced
changes in splicing. SR-protein kinases (SRPK) family members

(DYRKs, MAPKs, and Cdc2-like kinases/CLKs) phosphorylate

Ser/Arg (SR)-repeat domain-containing proteins to enhance

RNA binding and recruitment of cofactors to alternative splice

sites (Blaustein et al., 2005; Gui et al., 1994; Nayler et al.,

1997). We captured (Table S1) virus-induced hyperphosphoryla-

tion of S51 in SRPK1 and S494/S497 in SRPK2 that stimulate ki-

nase activity toward SR proteins (Mylonis and Giannakouros,

2003). S497 is a target of RPS6KB1 (Mylonis and Giannakouros,

2003), which is activated in infected iAT2s (Figure 4A). Coinci-

dent with virus-induced dysregulation, we detected hyperphos-

phorylation of multiple SR-proteins (Figure 4B). For instance,

SRSF9 was hyperphosphorylated at four N-terminal sites (Fig-

ure 4C) linked to alternative splicing (Naro and Sette, 2013).

To assess the impact on host splicing, we screened RNA-seq

datasets of control and SARS-CoV-2-infected iAT2 samples

(STAR Methods) for alternative splicing events triggered by SR

phosphorylation (Figure 4D). Large effects were observed on

exon cassette (EC) inclusion 24 hpi (Figures 4D and 4E), with

�200 exons displaying decreasing inclusion or intron retention

(IR) (Figure 4F; Table S2), potentially impacting diverse host

functions.

We performed RT-PCR to directly evaluate processing of

FERMT3,CCNL1,DOCK4,RBM5, FMR1,NPR2, andCLK1 tran-

scripts displaying IR defects, and observed differential splicing

of retained introns in infected cells (Figure 4G). Besides reduced

IR in CLK1, increased inclusion of EC 4 of CLK1 was seen , a

stress signal that activates CLK1 (Ninomiya et al., 2011). These

data are consistent with the SR hyperphosphorylation we de-

tected in infected iAT2s (Table S1). Collectively, these results

imply that SARS-CoV-2 primes viral replication via altered RNA

processing, which disrupts AT2 gene expression.

SARS-CoV-2 Disrupts Nuclear Integrity
While viral replication occurs in the cytoplasm, the observed

RNA splicing defects imply that host nuclear functions are

impacted by SARS-CoV-2 infection. Consistent with this, we de-

tected extensive phosphorylation of lamins (LMNA/B1/B2) sug-

gestive of nuclear lamina disruption (de Castro et al., 2017),

which we confirmed by transmission electron microscopy (Fig-

ure 4G). While the nuclear envelope of the mock-infected cells

was intact, we observed considerable changes in SARS-CoV-

2-infected iAT2s 24 hpi, in which nuclear envelopes appeared

distended, while the quantity of ER in close proximity was greatly

increased and studded with ribosomes.

We also observed increased phosphorylation of major centro-

somal proteins, such as CEP170 (S135/S138) at 6 hpi and

CEP131 (S414/S416/S417) at 24 hpi (Table S1). The phosphory-

lation of these proteins, the fact that their phosphorylation by

Polo-like kinases PLK1/4 is tightly controlled during mitosis

(Denu et al., 2019), and the lack of other markers of mitosis point

to aberrant regulation and suggest that SARS-CoV-2 remodels

the centrosome-microtubule system. To test this, we analyzed

the intracellular distribution of the centrosomal marker g-tubulin

by IFA. While a distinct single centrosomal focus was observed

in mock-infected cells, SARS-CoV-2-infected iAT2s exhibited

dispersed cytoplasmic g-tubulin foci (Figure 4H), suggestive of

centrosome fragmentation that would disrupt mitotic programs.
Molecular Cell 80, 1–19, December 17, 2020 9
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Additionally, consistent with the elevated expression of CEP152

detected at 3–6 hpi (Table S1), IFA revealed multiple foci of

CEP152 in SARS-CoV-2-infected iAT2s (Figure S5), pointing to

virus-induced centrosomal amplification and disruption of

microtubule organization.

We found evidence of dysregulation of receptor-mediated

signaling at 1–3 hpi (Ackermann et al., 2020), including VEGF

and PDGFR, and alterations in factors linked to cell junction as-

sembly and tight junction organization. The latter are mediated

by lung-specific proteins such as Claudin 7/18, LAMB3, PAK2,

and PARD3 crucial to the integrity of the alveolar epithelium

(Zhou et al., 2018). Likewise, we observed hyperphosphorylation

of pS316 of STK3 (Table S1) in the infected cells, another key

target of PLK1 in the Hippo signaling cascade linked to centroso-

mal function and cell cycle control, as well as epithelial cell polar-

ity and cell-cell junctions (Chen et al., 2019).

Functional Networks Associated with SARS-CoV-2
Infection
To explore alveolar pathways and processes altered by SARS-

CoV-2 infection, we performed enrichment analyses on our dif-

ferential protein and phosphoprotein profiles. We merged signif-

icant results (FDR < 0.1; Table S2) into higher-level modules

based on shared components (Merico et al., 2010) (Figure 5A).

Metabolic pathways were prominently impacted, including alter-

ations in fatty acid metabolism, mitochondrial respiration, and

pyrimidine nucleotide biosynthesis (Table S1 and S2). For

instance, we observed upregulation of the rate-limiting pyrimi-

dine biosynthesis enzyme DHODH in infected iAT2s, whereas

enzymes linked to fatty acid (ACSL1/3/4, HADHA) and oxidative

respiration (ETC I/IV) were downregulated. These results sug-

gest major reprogramming of host metabolism to favor energy

and biomass synthesis to support viral replication (Munger

et al., 2008).

Several phospho/proteomic studies of SARS-CoV-2-infected

immortalized cell lines were reported recently, including Vero

E6 (Bouhaddou et al., 2020), Caco-2 (Bojkova et al., 2020), and

A549 cells (Stukalov et al., 2020). These cell types are fundamen-

tally distinct from differentiated alveolar epithelial cells. By

considering only factors with a consistently significant (FDR <

0.05, |log2 FC| > 0.25) response to infection, notably few host

proteins were differentially regulated by SARS-CoV-2 across

all four cell lines (Table S2; Figure S5). Thesemap to TNF produc-

tion (HSPB1, MIF), cellular RNA polymerase regulation (ITGA3,

PRKDC, SUB1, AKR1B1), and response to dsRNA (MAVS,

CAV1), suggesting that cellular context dominates the host

response. One example unique to iAT2s is Claudin-18a, amarker

of alveolar epithelial cells, which decreased significantly by 3–

6 hpi (Table S1), as did desmoplakin, critical for desmosomal

integrity. Changes to key junctional proteins in infected iAT2s

suggest disruption of apical tight junctions, which is relevant to

the loss of alveolar epithelial barrier function and pulmonary

edema observed in COVID-19 ARDS (Teuwen et al., 2020).

Strikingly, after merging all phospho/proteomic enrichments

prior to matching (Table S2), only 71 pathways were altered

across all four studies (Figure 5B). These included disrupted

cell cycle, nucleic acid metabolism, and immune signaling (Fig-

ure 5C). Unepectedly, A549 cells showed predominant downre-
10 Molecular Cell 80, 1–19, December 17, 2020
gulation, whereas Vero E6 showed upregulation of these compo-

nents. Dozens of pathways were preferentially impacted in

infected iAT2s (Figure 5A), including dysregulation of tight junc-

tion organization and lipid metabolism, providing a contextual

viral signature in distal lung epithelial cells.

Functional Network Inference of Antivirals
To explore the therapeutic potential of our data, we examined

the network of differential iAT2 host phospho/proteins to identify

potential points of vulnerability. In particular, we solved a Steiner

tree problem (STAR Methods), connecting the largest number of

differential features (leaves) to upstream regulators (connectors)

(Figure 6A). We then inferred druggable linchpins (Tuncbag et al.,

2016) with available compounds within virally responsive associ-

ation subnetworks for each time point (Table S2), as illustrated

by a subnetwork centered on the recently purported antiviral

target PRKCA (Figure 6B).

Random sampling showed linchpins were significantly (p <

0.0001) more actionable (Figure 6C). Strikingly, these network

hubs were enriched for interaction partners of SARS-CoV-2

effector proteins (Gordon et al., 2020) (Figure 6D) and for highly

connected viral targets (Figure 6E), reinforcing their relevance

to viral replication. As a corollary, we ranked iAT2 linchpins

based on frequency of links to host proteins (Figure 6F). Intrigu-

ingly, most of these nodes were non-differential in other infected

cell lines such as Caco-2.

To check their functional relevance, we cross-referenced

linchpins against �150 antiviral compounds with reported effi-

cacy against SARS-CoV-2 (Bouhaddou et al., 2020; Stukalov

et al., 2020) versus 101 control compounds. Most iAT2 candi-

date targets were indicated as promising re-purposing leads

(Table S2), whereas few were essential for host survival (Wang

et al., 2015).

Different Antiviral Responses of iAT2 and Vero E6 Cells
We leveraged our data-driven targets to select candidate small

molecule inhibitors to test for anti-SARS-CoV-2 activity in

iAT2s. We chose compounds from �7,000 approved drugs

and leads in various stages of preclinical and clinical trials in

the Drug Repurposing Hub as well as other compounds that

mapped to linchpins in our inferred network (p < 10�19, Fisher’s)

in vicinity of known SARS-CoV-2 PPI (p < 0.005) in the iAT2 infec-

tion platform. Giving preference for medications targeting ki-

nases and other actionable enzymes further along in clinical

testing, we prioritized 31 small molecule inhibitors for testing

(Key Resources Table). Drug testing was initially performed in

Vero E6 cells, a cell line frequently used for anti-SARS-CoV-2

drug screening (Figure S6). The resulting efficacy and cytotox-

icity data informed a smaller-scale, secondary screening proto-

col for iAT2s.

Of the inhibitors tested, only KN-93 (selective inhibitor of cal-

cium/calmodulin-dependent protein kinase II/CAMK2) and tu-

bercidin potently inhibited SARS-CoV-2 replication in both

Vero E6 and iAT2s (Figures 6G and 6H). Although the role of

CAMK2 in infection is not well characterized, multiple coronavi-

rus proteins have been shown to interact with CAMK2 (Ma-Lauer

et al., 2016; V’kovski et al., 2019), highlighting it as a novel SARS-

CoV-2 target. The efficacy of tubercidin may reflect its structural
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Figure 5. Time-Resolved Host Cell Responses to SARS-CoV-2 Infection

(A) Enrichment map of iAT2 processes and pathways (nodes) altered by infection (red: upregulated/positive; blue: downregulated/negative), grouped and scaled

according to shared (edges) and number (size) of components. Quadrants delineate the four-infection time points (1 to 24 hpi); iAT2-specific pathways are

outlined in red, while black indicates conserved/generic responses.

(B) Comparative analyses of SARS-CoV-2-infected iAT2s (this study), Caco-2 (Bojkova et al., 2020), A549 (Stukalov et al., 2020), and Vero E6 cells (Bouhaddou

et al., 2020); positive and negative enrichment of functional annotations based on normalized enrichment scores (NES).

(C) Heatmap of differential host pathways/processes common to all four infection studies.
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similarity to remdesivir, a known antiviral targeting the SARS-

CoV-2 replication complex (Wang and Yang, 2020).

Robust inhibitors of SARS-CoV-2 replication in Vero E6

showing reduced efficacy in iAT2s include dorsomorphin

(RPS6KA1), SB-415286 (GSK3B/RPS6KB1), vandetanib

(EGFR/VEGFA), and VE-822 (ATM/ATR/MTOR) (Figure 6H; Table

S2). Dorsomorphin (Gordon et al., 2020) and VE-822 (Garcia

et al., 2020) were recently reported as inhibitors of SARS-CoV-

2 replication, but neither was tested in primary-like lung epithelial

cells. Conversely, brequinar (DHODH) and axitinib (PLK4), which

weremodest antivirals in Vero E6 cells, showed respectable anti-

viral activity in iAT2s.

Strikingly, other inhibitors which failed to inhibit SARS-CoV-2

replication in Vero E6 cells were potent in iAT2s (Table S2). Four

(levofloxacin, FRAX486, losmapimod, AZ20) exhibiting <10%

viral reduction in Vero E6 displayed more than a log reduction

in iAT2s (Figures 6G and 6H). Levofloxacin, a quinolone anti-

biotic used to treat pneumonia, inhibits topoisomerase

TOP2A. FRAX486, a PAK2 inhibitor, was recently reported to

inhibit SARS-CoV-2 in human Huh7.5 cells, but not in Calu-3

adenocarcinoma cells (Dittmar et al., 2020). Losmapimod, a

MAP kinase inhibitor not previously identified as a SARS-

CoV-2 antiviral, is currently in a phase 3 clinical trial as an

anti-inflammatory therapeutic (Grimes and Grimes, 2020).

Finally, AZ20, a selective ATR inhibitor, highlights a novel target

for SARS-CoV-2 inhibition directly relevant to human pulmo-

nary cells.

To gain insight into the molecular mechanisms underlying cell-

type/species-specific differences in drug activity, we structurally

modeled the compounds bound to active sites of their respective

targets in Vero E6 cells (Chlorocebus sabaeus) and iAT2s (Homo

sapiens). In line with our results that KN-93 efficiently blocked

SARS-CoV-2 replication in both cell lines, we did not observe

any structural differences in the predicted KN-93 binding

pockets of human and C. sabaeus CAMK2A (Figure 6I). In

contrast, we identified amino acid differences in the predicted

levofloxacin binding site of TOP2A (490 isoleucine in human

substituted for methionine in the C. sabaeus protein). Since

methionine is bulkier than isoleucine, steric differences could ac-

count for species-specific differences in compound activity.

While we did not find major structural differences in the

MAPK14 pocket for losmapimod, differences around the pocket

might cause an allosteric hindrance to compound engagement

(Figure S6).
Figure 6. Network-Based Inference and Drug Testing

(A) iAT2 response subnetworks connecting differential AT2 proteins at 24 hpi.

(B) Drug candidate PRKCA connects differential host proteins, pointing to conne

(C) Compared to randomized data, connectors (Steiners) are enriched for drugg

(D) Connectors also enriched for host proteins targeted by SARS-CoV-2 (Gordon

(E) Overrepresentation of connectors as drug target candidates.

(F) Top-ranked candidates (based on number of SARS-CoV-2 targets) enriched fo

host cell viability.

(G) Quantitative IFA of viral N (green) in infected versus control Vero E6 cells and iA

DAPI) prior to imaging at 103 and 303mag); scale bars represent 200mm in Vero

shown below.

(H) Heatmap depicting antiviral efficacy in Vero E6 and iAT2s of compounds tha

(I) Structural models showing validated antivirals docked to iAT2 targets.
DISCUSSION

SARS-CoV-2 infection disrupts molecular processes required

for normal lung homeostasis leading to impaired pulmonary

function. Elucidating which cellular pathways the virus hijacks

in a native alveolar context is paramount for understanding path-

ogenesis and devising treatments. To this end, we combined hu-

man primary-like AT2 cells with phospho/proteomic time course

analysis that demonstrate diverse host responses to infection of

alveolar epithelial cells. Our approach mapped iAT2 responses

during early infection, before viral particle formation, and later

stages characterized by dominant viral replication. Our data sug-

gest a dynamic disease signature that evolves as the virus dis-

rupts host programs and rewires modules (Figure 7).

Our study is an advance over recent work (Bouhaddou et al.,

2020; Stukalov et al., 2020) as our iAT2 ALI model captures the

unique biology of alveolar type 2 cells implicated in SARS-

CoV-2 infection and acute respiratory failure in COVID-19 (Brad-

ley et al., 2020). These cells produce surfactants essential to lung

homeostasis and gas exchange, which are severely impaired in

ARDS. Notably, we uncovered 2,109 dysregulated proteins not

reported in surveys of infected Caco-2 (Bojkova et al., 2020),

Vero E6 (Bouhaddou et al., 2020), or A549 adenocarcinoma cells

(Stukalov et al., 2020) (Table S2). Differences in overall proteome

architecture and responses of iAT2s compared to undifferenti-

ated, immortalized cell lines reflects their highly specialized func-

tion and biochemical properties, highlighting AT2-specific signa-

tures of cytopathogenesis (Figure 7). While infection rates of

iAT2s (�20% ± 5%) are lower compared to highly permissive

cell lines like Caco-2 (Bojkova et al., 2020), our ALI cultures

establish apical-basal cell polarity as occurs during infection

in vivo (Abo et al., 2020; Huang et al., 2020), providing insights

into the early, cell-intrinsic responses of a pathophysiologically

pertinent cell type.

SARS-CoV-2-infected iAT2s had increased eIF2S1 S49/S52

phosphorylation (Figure S5), linked to reduced translation of 50-
capped mRNA. This is consistent with our previous observation

of eIF2S1 phosphorylation in SARS-CoV-infected cells which did

not affect viral mRNA translation (Kr€ahling et al., 2009). SARS-

CoV Nsp1 engages the host machinery and antagonizes

mRNA translation to favor viral protein synthesis (Thoms et al.,

2020). Consistent with this, we identified inhibitors of mTOR

and MAPK as potent antivirals in iAT2s (Figures 6H and 6I). We

also noted hyperphosphorylation of MST kinase and
ctor nodes (linchpins) as prime antiviral targets.

ability (p < 10�4, empirical random sampling).

et al., 2020).

r antiviral drug targets (DT), including some (mTOR) reported as essential (E) to

T2s treated with indicated compounds or vehicle (DMSO) (counterstained with

E6, 100mm in iAT2s. Percentage (±SD) of N-positive cells normalized to DMSO

t are not cytotoxic (>50% cell loss) at indicated concentrations (gray bars).
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Figure 7. Depiction of Viral Perturbations to Alveolar Type 2 Cells by SARS-CoV-2

Top: Lung pathobiology caused by SARS-CoV-2, with histologic sections of COVID-19 patient lung biopsies stained with H&E and cytokeratin AE1/AE3 showing

diffuse alveolar damage, sloughed pneumocytes, and focal hyalin membrane material (2003 mag). Bottom: Viral-dysregulated iAT2 pathways, processes,

proteins, phosphosites, and validated drugs/targets.
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upregulation of LATS1 and MOB1A by 24 hpi, implicating Hippo

pathway signaling (Figure 7).

Several lines of evidence point to growth arrest and apoptosis

in infected iAT2s. First, we found hyperphosphorylation of EGFR

at S991 (Figure 3F), a site linked to internalization. Second, we
14 Molecular Cell 80, 1–19, December 17, 2020
observed a DNA damage response in infected iAT2s, character-

ized by increased ATR kinase by 6 hpi, hypoactive cell cycle ki-

nases, and direct phosphoproteomic evidence of activated pro-

apoptotic kinase CAMK2D, suggesting that SARS-CoV-2 dis-

rupts multiple signaling modules to cause AT2 growth arrest
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and apoptosis, potentially contributing to pulmonary necrosis

(Carsana et al., 2020).

The increase in nuclear envelope-associated ER and

attached ribosomes indicate a site not only for viral protein syn-

thesis and replication, but also for virus-induced damage. Elec-

tron microscopy studies showed distinct membrane alterations

(Ogando et al., 2020), but why the nuclear envelope is compro-

mised is unclear. Reflecting a loss in nuclear integrity, we

observed splicing defects in infected iAT2s. Influenza virus de-

localizes host spliceosomal components, impacting mRNA

maturation (Dubois et al., 2014), while other studies noted

disruption of splicing of transcripts encoding antiviral proteins

(Ashraf et al., 2019). Given our findings, it is possible that hyper-

phosphorylation of splicing factors by 3–6 hpi is aimed at sup-

pressing this antiviral response.

We noted aberrant expression and phosphorylation of key

centrosomal proteins, such as CEP131/152/170, primary

PLK1/4 targets, and observed destabilized centrosome-micro-

tubule assembly in SARS-CoV-2-infected iAT2s. Volasertib and

axitinib, inhibitors of PLK1 and 4, respectively, showed viral

inhibition in iAT2s, confirming a role in SARS-CoV-2 replication.

Exploring the mechanism by which SARS-CoV-2 promotes cen-

trosomal abnormalities and the impact of PLK-inhibition in atten-

uating this process is warranted.

We leveraged our dataset to discover antiviral drug targets by

identifying signaling linchpins. In addition to tubercidin, which

targets SARS-CoV-2 replicase, we identified 5 drugs inhibiting

viral replication by >90% in iAT2s, of which 4 showed no or

weak efficacy (<10% inhibition) in Vero E6 cells (Figures 6G

and 6I). Since we performed our screen, a phase 3 clinical trial

for treatment of COVID-19 was initiated with losmapimod, a

MAP kinase inhibitor and potent antiviral in iAT2s that did not

show antiviral activity in Vero E6 (Figure S6). Structural modeling

suggested a potential molecular mechanism underlying the spe-

cies specificity, highlighting the need for disease-relevant

models. Potentially potent inhibitors of viral replication may be

overlooked if antiviral screens continue to be performed in phys-

iologically irrelevant cell lines.

Limitations
Our use of a simplified, single-cell-type system (iAT2s) does not

capture the functional heterogeneity of the distal lung.

Our model represents a mixed population of infected and un-

infected cells. Whether the responses we detected are cell

intrinsic and concordant between infected versus adjacent

iAT2s is unclear. Despite repeated attempts, we were unable

to sort viable ACE2+ iAT2s before infection for analysis. Never-

theless, ample evidence indicates that host responses occur pri-

marily in infected cells. First, disruption of the nuclear lamina was

seen only in infected cells with detectable viral particles. Second,

IFA showed that SARS-CoV-2-induced changes in markers of

the mitotic/cell cycle, translation, and DNA damage responses

occurred predominantly (pH2AX, PCNA, pS6) or exclusively

(gTub) in infected cells (Figures 3G, 4I, and S7). Together, these

results demonstrate that most, if not all, changes identified by

our MS reflect infected cell phenotypes.

Initial injury of infected iAT2s leads to cytokine secretion,

inducing secondary effects in neighboring cells. Since cells
communicate during the course of infection, understanding the

contribution of uninfected cells is crucial to achieving a compre-

hensive view of pathogenic changes induced by SARS-CoV-2.

The changes we discovered in apical tight junctions (e.g., Clau-

din-18) likely perturb epithelial cell-cell tethering in infected

alveoli (LaFemina et al., 2014). Regarding the iAT2 drug screens,

we are aware of limitations stemming from testing only a few

compound concentrations. While we cannot exclude the remote

possibility of an effect of the SFTPC reporter used to ensure pu-

rity and minimize iAT2 heterogeneity, this screen was meant to

show the utility of our data for identifying antivirals.
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WAY-600 mTOR inhibitor MedChemExpress HY-15272

WYE-125132 mTOR inhibitor MedChemExpress HY-10044
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sequences
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Experimental Models: Cell Lines

iAT2 Type 2 Pneumocytes CReM, Boston University SPC2-ST-B2
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CLK1_F_1 IDT TGAACCTGGACATCGCCA

CLK1_int_R_3 IDT GGTTGGCTCCTAATTGACATTCCA

CLK1_R_2 IDT GGAAAAGTTGTGGAGTGCATCG

Software and Algorithms

MaxQuant (1.6.7.0) Max Planck Institute https://

maxquant.org/

1.6.7.0

Cytoscape (3.8.0) Cytoscape Consortium https://

cytoscape.org/

3.8.0

CellProfiler Analyst Broad Institute https://

cellprofiler.org/cp-analyst

2.2.1

CellProfiler Broad Institute https://

cellprofiler.org/

3.1.9

QuPath Centre for Cancer Research &

Cell Biology

https://qupath.github.io/

v0.2.0

Other

Orbitrap Exploris 480 Mass Spectrometer Thermo Exploris 480

Q-Exactive HF-X Mass Spectrometer Thermo HF-X

Agilent 1100 Series HPLC Agilent 1100 HPLC

Electron Microscope with TVIPS F216 CMOS camera Philips CM12

Cytation 1 Cell Imaging Multi-Mode Reader BioTek BTCYT1V

Nikon Ti2 Eclipse and Photometrics Prime BSI camera Nikon Nikon Ti2
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Andrew

Emili (aemili@bu.edu).

Materials Availability
Reagents or materials used in this work may be requested from the Lead Contact by signing a completed material transfer agree-

ment. Pluripotent stem cell lines described in this study are available from the CReM repository at the Boston University School

of Medicine. More information regarding these lines can be found at http://www.bu.edu/dbin/stemcells/.

Data Code and Availability
The mass spectrometry proteomics data (including the files for viewing the annotated spectra) have been deposited to the Proteo-

meXchange Consortium (Deutsch et al., 2020) via the PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset PRIDE:

PXD020183.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Propagation of SARS-CoV-2
Vero E6 (ATCC CRL-1586) were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum

(FBS), penicillin (50 U/mL), and streptomycin (50 mg/mL). For infection studies, the cell culture media was supplemented with 2%

FBS. SARS-CoV-2 stocks (isolate USA_WA1/2020, GenBank Accession number MN985325; kindly provided by CDC’s Principal

Investigator Natalie Thornburg and theWorld Reference Center for Emerging Viruses and Arboviruses (WRCEVA)) were used to infect

Vero E6 cells and propagate the virus. To remove confounding cytokines and other factors, viral stocks were purified by ultracentri-

fugation through a 20% sucrose cushion at 80,000xg for 2 h at 4�C (Olejnik et al., 2017). Pelleted virions were suspended in PBS.

SARS-CoV-2 titers were determined in Vero E6 cells by 50% tissue culture infectious dose (TCID50) assay. All work with infectious

SARS-CoV-2 was performed in the Biosafety Level 3 and 4 facilities of the National Emerging Infectious Diseases Laboratories, Bos-

ton University following approved SOPs.
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iAT2 air-liquid interface (ALI) culture
The human induced pluripotent stem cell (iPSC) line, SPC2-ST-B2, engineered to carry a tdTomato reporter targeted to the endog-

enous SFTPC locus (Hurley et al., 2020), underwent directed differentiation to generate iPSC-derived alveolar epithelial type 2 cells

(iAT2s) in 3D Matrigel cultures using methods we have previously published (Jacob et al., 2017; Jacob et al., 2019). Briefly, to estab-

lish pure cultures of iAT2s, cells were sorted by flow cytometry to isolate SFTPCtdTomato+ cells on day 41 of differentiation, and

subsequently maintained through serial passaging as self-renewing monolayered epithelial spheres by plating in Matrigel (Corning)

droplets at a density of 400 cells/ml. The cultures were fed every other day with a defined serum-free distal lung maintenance media

composed of basemedia (cSFDM) supplemented with 3 uMCHIR99021, 10 ng/mL KGF, 50 nM dexamethasone, 0.1 mM cAMP, and

0.1 mM IBMX, referred to as ‘‘CK+DCI’’ media and as described previously (Jacob et al., 2019). iAT2 culture quality and purity were

monitored at each passage by flow cytometry, where > 80% of cells expressing SFTPCtdTomato was observed over time, as shown

previously (Hurley et al., 2020; Jacob et al., 2019).

To establish air-liquid interface (ALI) cultures, single cell suspensions of iAT2s were prepared as described recently (Abo et al.,

2020). Briefly, iAT2s were plated on Transwell inserts at a density of 520,000 live cells/cm2. Two days after plating, apical media

was aspirated to initiate ALI culture, and basolateral CK+DCI media was replenished 3 times per week thereafter.

SARS-CoV-2 infection of iAT2 ALI cultures
SARS-CoV-2 infections of iAT2s were performed as previously described (Huang et al., 2020). Briefly, iAT2s plated in ALI culture for

7-21 days were infected with SARS-CoV-2 at the indicated MOIs or mock-infected by adding 100 ml inoculum to the apical chamber.

Inoculum was removed after 1 h at 37�C. For proteomic analyses the cells were infected with SARS-CoV-2 at an MOI of 5 and incu-

bated at 16�C for one h before being returned to 37�C (0 h time point post-infection) to allow for attachment of the viral particles and to

synchronize infection. At the indicated times post-infection, cells were processed for various analyses described below.

METHOD DETAILS

Immunofluorescence analysis
For immunofluorescence staining, iAT2s cultured on Transwell inserts were fixed in 10% formalin for 30 min to 12 h and stained,

mounted, and imaged as previously described (Huang et al., 2020). Primary antibodies used include SARS-CoV nucleocapsid (N)

protein (rabbit polyclonal, 1:2500, Rockland Immunochemicals, 200-401-A50) which cross-reacts with SARS-CoV-2 N (Thi Nhu

Thao et al., 2020), anti-g-tubulin (mouse monoclonal, 1:10,000, Sigma, T5326), anti-pro-SFTPC (mouse monoclonal, 1:500, Santa

Cruz, sc-518029), and anti-dsRNA antibodies (mouse monoclonal, 1:2, Millipore, 3361) and anti-phospho-g-H2AX (mouse mono-

clonal, 1:1000, Sigma-Aldrich, 05-636). PCNA antibodies were a generous gift from Dr. Yoshinari Takasaki (Juntendo University

School of Medicine, Japan) and used for immunostaining as described before (Xiao et al., 2007). Secondary antibodies used include

(Alexa Fluor 488 AffiniPure donkey anti-rabbit IgG (H+L), (1:500, Jackson ImmunoResearch, 711-545-252), anti-rabbit IgG

AlexaFluor 488 (1:500, Jackson ImmunoResearch, 711-545-152), Alexa Fluor 647 AffiniPure donkey anti-rabbit IgG (H+L) (Jackson

ImmunoResearch, 711-605-152), and anti-mouse IgG AlexaFluor647, (1:500, Invitrogen, A32787). Following secondary antibody in-

cubation, cells were washed again and DNA counterstained using the Hoechst dye (1:500, Life Technologies) or DAPI.

Slides were imaged either on the Zeiss LSM 800 confocal microscope (Zeiss) using the Zen 2012 SP1 (64-bit, black edition) soft-

ware (Carl Zeiss, USA) or on the Olympus BX61 microscope equipped with a charge-coupled device camera (ORCA, Hamamatsu)

and a spinning disc confocal attachment (Olympus DSU). Images were acquired on the Olympus BX61 microscope using a

60X1.42NA or 100X1.4NA objective lens. Images were deconvolved using the Autoquant constrained iterative deconvolution soft-

ware in Metamorph. Signal intensity and numbers were quantified using ImageJ.

Human COVID-19 autopsy specimens, lung tissue sections, and IHC analysis
Autopsied lung tissue (FFPE) was freshly cut into 5 mm sections, protease 3 (Ventana, 760-2020) treated, heated to induce epitope

retrieval with alkaline CC1 buffer (Ventana, 950-124), and stained on a Ventana Benchmark Ultra (VentanaMedical Systems, Tucson,

AZ, USA) with AE1/AE3 (Ventana, 760-2135). Parallel sections were stained with H&E and AE1/AE3 to distinguish sloughed pneumo-

cytes from immune cells. Visualization with DAB was performed via Optiview detection (Ventana, 760-700). All tissues from patients

with COVID-19 were collected post-mortem at the time of autopsy at Boston Medical Center with consent from next-of-kin, and the

IRB of Boston University determined that this study did not constitute human subject research. Control samples without infection

were collected from healthy tissue adjacent to a lung tumor, with IRB approval under protocol H-37859.

Transmission electron microscopy
Transmission electron microscopy (TEM) was performed according to methods detailed in (Huang et al., 2020). Briefly, iAT2 ALI cul-

tures seeded on Transwell inserts were infected with SARS-CoV-2 at a MOI of 5 or mock-infected. At 24 hpi, cells were fixed in 10%

formalin for 6 h, post-fixed in 1.5% osmium tetroxide (Polysciences), stained in 1.5% uranyl acetate (Electron Microscopy Sciences,

EMS) and embedded samples were thin sectioned (70 nm). Grids were stained in 4% aqueous uranyl acetate followed by lead citrate

and imaged on a Philips CM12 Electron Microscope operated at 100kV. Images were recorded on a TVIPS F216 CMOS camera with

a pixel size of 0.85-3.80 nm per pixel.
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In vitro kinase and phase-separation assays
The pET28a vector expressing recombinant 6xHis tagged SARS-CoV-2 nucleocapsid (N) was transformed in SoluBL21 competent

cells (Genlantis). Bacteria from four 1L cultures (grown at 37�C for�3 h to A600�0.5 then switched to 16�C, inducedwith 0.5mM IPTG

and grown overnight) were pelleted. The bacteria were resuspended in RBP buffer A (10mM HEPES pH7.4, 300mM NaCl, 10mM

Imidazole) containing 2mM MgCl2, 32mg/mL Lysozyme (Sigma), 4mg/mL DNaseI, 200mM PMSF and a tablet of protease inhibitor

cocktail (Pierce), then lysed 6 times in liquid N2 and a tepid water bath. The lysate was clarified by centrifugation at 10,000rcf for

10 min, diluted to �250ml in lysis Buffer A then loaded by circulating pump to a cobalt chloride-charged, Buffer A equilibrated

5ml HiTrap HP Chelating column (GE). The column was then washed and eluted using an AKTApure FPLC (GE) using a gradient

of Buffer A and RBP Buffer B (10mM HEPES pH7.4, 1M NaCl, 300mM Imidazole). Eluted His-tagged N protein was further purified

by HiPrep 26/60 S-200 size exclusion column (GE) (in 10mM HEPES pH7.4, 150mM NaCl) then concentrated by Amicon Ultra 15ml

30kDa MWCO centrifugal filters (Sigma). Concentration of N was determined by nanodrop A280, then aliquoted, snap frozen and

stored at �80�C until use. Purified His-N (200mg) was phosphorylated with 1000 units of CSNK2A2 (Thermo; PV3993) or GSK3

(NEB; P6040) for 4 h at 30�C (in 10mM HEPES, pH7.4, 150mM NaCl, 1mM MgCl2, 1mM DTT, 0.01% Tween 20, and 200mM ATP

(NEB; P0756S). Unphosphorylated N was incubated 4 h at 30�C in the same buffer but no kinase. His-N was then re-purified using

His60 Ni Superflow beads (Takada) in spin columns (Pierce). Reactions andwasheswere performed in 10mMHEPES, pH7.4, 150mM

NaCl, 0.01% Tween 20, then eluted in the same buffer supplemented with 1M Imidazole. The eluted protein was concentrated and

buffer exchanged into 10mM HEPES, pH7.4, 150mM NaCl, 0.01% Tween 20 using Amicon Ultra 0.5ml 30kDa MWCO centrifugal

filters (Sigma).

Phase separation reactions were performed using indicated concentrations of naive recombinant viral N protein or in vitro phos-

phorylated (p.N) N in 10mM HEPES pH7.4, 100mM NaCl, 5% PEG (polyethylene glycol-8000), and 200ng/ml total murine brain RNA.

Total murine brain RNA was collected from snap frozen whole hemispheres dissected from isofluorane euthanized, PBS perfused

C57Bl6 mice. RNA was extracted by tissue lysis in QIAzol reagent followed the Lipid tissue RNeasy minikit protocol (QIAGEN). Re-

actions were mixed in PCR tubes, then pipetted to wells on microscope slides made by SecureSeal Imaging Spacers (SS10X6.35;

Grace Bio-labs), coverslipped then inverted (allowing forming droplets to settle by gravity onto coverslips) and incubated at 24�C for 2

h. Droplets in imaging spacers were imaged at 63x on a Zeiss AxioObserver A1 microscope using differential interference

contrast (DIC).

Sample preparation for proteomics and phosphoproteomics analysis
At the indicated times post-infection, SARS-CoV-2- and mock-infected iAT2s were dissociated using Accutase (STEMCELL Tech-

nologies) and briefly centrifuged to obtain the cell pellets. The cells were lysed and the virus inactivated by re-suspending the cell

pellets in roughly 5 packed cell volumes (p.c.v) of GuHCl lysis buffer (6 M GuHCL, 100 mM Tris pH 8.0, 40 mM chloroacetamide,

10 mM TCEP) supplemented with phosphatase inhibitor cocktail (Roche) followed by heating to 100�C for 10 min. Lysates were son-

icated with a Branson probe sonicator and were then quantified via Bradford assay. The samples were diluted with 100 mM Tris, pH

8.5 buffer to lower the GuHCl concentration to 0.75 M. Lysate proteins were then digested by adding trypsin (Pierce) at a 1:50 ratio

(enzyme: protein, w/w) and incubating the samples overnight at 37�Cwith shaking. Trypsinization was terminated with the addition of

TFA to below pH 3 and the peptide digests were desalted via reversed-phase C18 columns (Sep-Pak, Waters) with a wash buffer of

0.1% TFA and elution buffer of 60% acetonitrile. The desalted peptides were then quantified with a Quantitative Colorimetric Peptide

Assay (Pierce). Each sample comprising one hundred micrograms peptides was TMT-labeled with TMTPro 16plex reagents

(ThermoFisher, cat. # A44520) as per the manufacturer’s protocol. Because there were more samples than could be multiplexed

in one TMT set, balanced batches were produced, and a common pool of all samples was also labeled and added to each batch.

Each batch of labeled peptides was again desalted on C18 columns prior to basic reversed-phase fractionation.

TMT-labeled peptides were fractionated via basic reversed-phase chromatography on the Agilent 1200 series HPLC instrument

equipped with the XBridge Peptide BEH C18 column (130Å, 3.5 mm, 4.6 mm X 250 mm, Waters Corporation). Prior to loading pep-

tides, the C18 column was washed with 100%methanol and equilibrated with Buffer A (0.1% ammonium hydroxide and 2% aceto-

nitrile). Peptides were injected via the autosampler and eluted from the column using a gradient of mobile phase A (2% ACN, 0.1%

NH4OH) to mobile phase B (98% ACN, 0.1% NH4OH) over 48 min at a flow-rate of 0.4 mL/minute. The 96 fractions collected were

orthogonally concatenated into either 8 (early time points) or 16 (24 hpi) pooled fractions. Five percent of each fraction was aliquoted

and saved for global proteomic profiling and the remaining 95%of peptides were used for phosphopeptide enrichment using Fe-NTA

magnetic beads (CubeBiotech) (Leutert et al., 2019). Briefly, the fractionated peptides were dried and resuspended in binding buffer

(80% Acetonitrile and 01% TFA). Before being added to the peptides, the Fe-NTA beads were washed three times with binding

buffer. Peptides were then incubated with the Fe-NTA bead slurry for 30 min on a gyrotator at 4�C. Bound phosphopeptides were

washed three times with binding buffer, after which phosphopeptides were serially eluted twice by adding 200 mL of elution buffer

(50% acetonitrile and 2.5% ammonium hydroxide) to the beads. Both phosphopeptide eluates corresponding to an orthogonal frac-

tion were combined prior to drying in a speedvac.

For sequencing in vitro kinase assay proteins, 10 mg of N or N plus kinase in 2.5ul kinase buffer was reduced and alkylated (40 mM

chloroacetamide, 10 mM TCEP), and the samples diluted in 20 ml 100 mM TEAB pH 8.5 buffer prior to digestion with 1 mg Trypsin

(Pierce) overnight at 37�C on a thermoxier. Trypsinization was terminated with the addition of FA to 1% final concentration and

the peptide digests were desalted via Ziptip C18 (Millipore) prior to LC/MS/MS analysis.
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Mass spectrometry analysis
Multiplexed phosphopeptide fractions from each time point were resuspended in mobile phase A solvent (2% acetonitrile and 0.1%

formic acid) to be analyzed on the Q-Exactive HF-X mass spectrometer (ThermoFisher Scientific). Every two neighboring fractions of

the 16 24 h fractions were pooled to optimize the use of instrument time. The mass spectrometer was interfaced to the Easy

nanoLC1200 HPLC system (ThermoFisher Scientific). Briefly, the phosphopeptides were first loaded onto a reverse-phase nano-

trap column in mobile phase A, (75 mm i.d. 3 2 cm, Acclaim PepMap100 C18 3 mm, 100 Å, ThermoScientific) and separated

over an EASY-Spray column, (ES803A, Thermo Scientific) using a gradient (6% to 19% over 58 min, then 19% to 36% over

34 min) of mobile phase B (0.1% formic acid, 80% acetonitrile) at a flow rate of 250 nL/min. The mass spectrometer was operated

in positive ion mode with a capillary temperature of 275�C and a spray voltage of 2100 V. All data was acquired with the mass spec-

trometer operating in data dependent acquisition (DDA) mode. Precursor scans were acquired at a resolution of 120,000 FWHMwith

a maximum injection time of 120 ms in the Orbitrap analyzer. The six most abundant ions, with charge states 32, were selected for

fragmentation by HCD (NCE 29%) and analyzed at a resolution of 45,000 FWHMwith a maximum injection time of 250 ms. Peptides

for protein abundance measurements were analyzed the same way save for a few exceptions: The Orbitrap Exploris 480 equipped

with FAIMS (alternating cv = �50, cv =�70) was used (except for the 24 h fractions, which went with the HF-X), the LC gradient was

longer (6% to 17% over 77 min, then 17% to 36% over 45 min), and the DDA method chose the 12 most abundant ions for fragmen-

tation (Exploris 480 NCE 33%) at a maximum inject time of 60ms.

For the kinase assay, a targeted m/z list for phosphopeptides from Nwas produced by ProteinProspector 6.2.1. Briefly, the Nucle-

oprotein primary sequence (SwissProt, P0DTC9) was digested in-silico to produce putative tryptic peptides with S, T, and Y phos-

phorylation variable modifications, up to 1 missed cleavage, and charge states 2-6. The final list was composed of 410 possible m/z

features from phospho-N. Samples were injected onto a nano-trap column and resolved over an EasySpray column as described

above. Data was acquired on an Exploris 480 (Thermo Fisher Scientific) mass spectrometer equipped with FAIMS running dual

compensation voltages at�50V and�70V. Every duty cycle was split between untargeted fast scans at 15,000 resolution (max inject

60ms) analyzing the 6 most abundant ions with a fragmentation trigger at 4e5, and phospho-N targeted scans at 60,000 resolution

(max inject 400ms) targeting only the two most abundant ions that also were represented the inclusion list but with a much lower

trigger for HCD at 3e5.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of raw mass spectrometry data
All acquired MS/MS spectra were searched against the Uniprot human complete proteome FASTA database downloaded on 2020-

02-10, and the SARS-CoV-2 proteome downloaded from SwissProt on 2020-05-03 using the MaxQuant software (Version 1.6.7.0)

that integrates the Andromeda search engine. TMT reporter ion quantification was performed using MaxQuant with default settings.

Briefly, enzyme specificity was set to trypsin and up to two missed cleavages were allowed. Cysteine carbamidomethylation was

specified as fixed modification whereas oxidation of methionine and N-terminal protein acetylation were set as variable modifica-

tions. For phosphopeptides serine, threonine and tyrosine phosphorylation were specified as variable modifications. Precursor

ions were searched with a maximummass deviation of 4.5 ppm and fragment ions with a maximummass deviation of 20 ppm. Pep-

tide and protein identifications were filtered at 1% FDR using the target-decoy database search strategy (Elias and Gygi, 2007). Pro-

teins that could not be differentiated based on MS/MS spectra alone were grouped to protein groups (default MaxQuant settings). A

threshold Andromeda score of 40 and a threshold delta score of 8 was applied to phosphopeptides. The MaxQuant output files

designated ‘‘Phospho(STY)sites’’ and ‘‘proteinGroups’’ were used for data normalization and other statistical analysis using in-house

generated scripts in the R environment.

Raw files acquired from LC-MS runs of the kinase assays were analyzed with MaxQuant (v 1.6.14.0) by searching against the hu-

man and SARS-CoV-2 proteomes with the settings designated above. Annotated mass spectra for identified phosphopeptides were

produced with PDV 1.6.2 (Wang et al., 2018).

Data Analysis and Pathway Enrichment
Bioinformatic analysis was performed using R: A language and environment for Statistical Computing (R Foundation for Statistical

Computing, Vienna, Austria) (http://www.R-project.org), version 3.6.1. TheMaxQuant tables of stringently identified (FDR < 1%) pro-

tein groups and phosphosite feature intensities were log transformed. For the 24 hpi time point, the data were normalized by loess,

while for the 1, 3, and 6 hpi time points, quantile normalization and a batch correction were applied across the two TMT sets using the

ComBat algorithm from the sva R package; post batch correction data was used for all analysis. Quantified features at 1, 3, and 6 hpi

(proteins for proteomics, phosphosites for phosphoproteomics) were standardized (Kumar and Futschik, 2007) and grouped into

clusters using an unsupervised k-means clustering approach (Gu et al., 2016). The groups were split to aid visualization. For func-

tional enrichment of proteins and phosphosites based on clustering at the 1, 3, and 6 hpi time points, Enrichr was used with the Re-

actome database of pathways. For differential analysis, the LIMMA (Ritchie et al., 2015) R package was used to fit a linear model

accounting for the infection versus mock condition at each time point. Moderated t tests were corrected with the Benjamini-Hoch-

berg method for false discovery rate (FDR). Gene set enrichment analysis was performed using the fgsea R package (Sergushichev,

2016) using curated gene libraries (Merico et al., 2010) using a ranked list where the gene rank is defined as -log(p value)*sign(log2
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fold change) (Reimand et al., 2019). In the case of duplicate proteins or phosphosites mapping to a common gene symbol, the one

with the highest absolute value rank was retained. Kinase enrichment analysis was performed with KEA2 (Lachmann and Ma’ayan,

2009) where regulated phosphosites (p value £ 0.05, |logFC|30.25) were split into 2 categories, Upregulated (logFC 3 0.25) or Down-

regulated (logFC £ –0.25), and with the KSEAapp R package (Casado et al., 2013) where phosphosites were ranked as for the GSEA

analysis. Publicly available data were downloaded from the referenced publications as processed feature matrixes for enrichment

analysis as described for the GSEA analysis above.

Study comparisons were made at the pathway level from the common gene set library, as well as at the protein level by collapsing

to Gene Symbols. To find pathways pronounced in iAT2s relative to other studies, enriched pathways were ranked by difference be-

tween minimum time point FDR in iAT2s compared to the other 3 cell lines. Statistical significance of 4,704 pathways that are en-

riched in at least one time point in iAT2s were compared across the 4 cell-lines: iAT2 (this study), A549 (Stukalov et al.; 2020),

Caco-2 (Bojkova et al.; 2020), Vero E6 (Bouhaddou et al.; 2020). For each pathway, the minimum FDR within any time point in the

3 external cell lines (A549, Caco-2, Vero E6) was subtracted from the correspondingminimumFDR in the iAT2s. The larger themagni-

tude of the resultant value, the greater the difference in statistical significance of observed pathway regulation between the iAT2s and

the other cells. Negative magnitudes are suggestive of iAT2-specific enrichments and vice versa for positive magnitudes. Pathways

that were significantly enriched in all studies were defined as the set of 71 pathways that were significantly enriched (FDR < 0.1) in at

least one time point in all four cell lines.

Western blotting
Briefly, the iAT2s were lysed and the virus inactivated by re-suspending the cell pellets in 100 mL of urea lysis buffer (9 M urea, 20 mM

HEPES pH8.0) followed by heating to 100�C for 10min. Twenty fivemicrograms of protein lysate was run on a 12%SDS-PAGEStain-

Free gel (Bio-Rad). Stain-free gels were imaged using a ChemiDoc (BioRad) to ensure equal loading before transferring to Nitrocel-

lulose using Turbo TransBlot. Membranes were blocked in 5% milk, 0.02% sodium azide in TBST at room temperature for 1 h.

Primary antibodies were incubated overnight at 4�C while rocking in 5% normal horse serum in TBS. Blots were washed 3 times

in TBST at room temperature. Secondary antibodies (Immun-Star HRP, BioRad) were incubated with membranes for 1 h at room

temperature in 5% normal horse serum in TBS before washing 3 times in TBST. Chemiluminescent detection was performed using

Pierce PicoPlus ECL detection reagent and imaged using BioRad ChemiDoc.

Alternative Splicing Analysis
Alternative splicing was analyzed using vast-tools v2.2.2 (Tapial et al., 2017) in combination with VastDB version VDB2_20.12.19 us-

ing option–IR_version 1. Changes were deemed significant if they were greater than 10 dPSI/dPIR and the expected minimum

changes was different from zero at with p > 0.95 according to vast-tools’ diff module. Events were filtered requiring a minimum of

10 reads per event and a balance score (quality score 4) of ‘OK’ or ‘B1’ for alternative exons or > 0.05 for intron retention events

in at least 2 of 3 replicates. Gene ontology enrichment analysis was conducted with FuncAssociate (Berriz et al., 2003) using back-

grounds of all genes in the dataset that contained splicing events of the same type that survived filtering.

To perform experimental validation of splicing events, cDNA was prepared from total RNA (0.6 mg) of Mock-treated or SARS-

CoV-2 infected iAT2s by reverse transcription using the SuperScript IV Reverse Transcription kit (Thermo Fisher) and random

hexamer primers. Next, cDNA was used as template in a 25 mL PCR reaction with Q5 High-Fidelity DNA Polymerase (New England

Biolabs) along with the oligonucleotides listed in the Key resources table. PCR reactions were resolved in 2.5% agarose gels. Inten-

sity of the bands were quantified using the ImageJ software. Background signal was subtracted from the peak signal. Efficiency of

splicing was quantified as a ratio of spliced to unspliced PCR products.

Drug targets
Utilizing DrugBank version 5.1.6 (Wishart et al., 2006), we collected annotated drugs that target proteins that were differentially ex-

pressed or phosphorylated (FDR < 0.05) in response to viral infection at each time point. Given that differential proteins in each time

point translate to differing sets of drugs, we focused on a final set of 62 drugs that hit targets in every time point, translating to a set of

1,622 candidate drug targets.

We also collected a set of 87 drugs that were screened for SARS-CoV-2 viral inhibition from (Bouhaddou et al., 2020). In particular,

46 drugs with a ratio of CC50 (cell viability) to IC50 (viral inhibition) ofR2 were deemed promising, while the remaining 41 drugs were

considered non-promising. Furthermore, we added 11 effective and 5 ineffective drugs to these drug sets (Stukalov et al., 2020)

based on their shared values for cell viability and virus growth. In total, such drug sets translate into 173 promising and 124 non-prom-

ising drug targets.

Steiner Forest Problem to define network connectors as candidate drug targets
In a directed weighted molecular interaction network, we considered a set of ‘prized genes’ (e.g., differentially expressed or phos-

phorylated genes) with a non-zero score in a network of weighted molecular interactions. To solve the Steiner Forest problem we

prune away proteins and interactions until a forest of trees remains that simultaneously maximizes the sum of the gene prizes and

the sum of the edge weights, creating a forest of trees that connects as many prized host proteins that are connected through as

few non-prized nodes as possible. The prizes on a protein reflect its importance, indicating its chance to be selected in the optimal
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forest. As a consequence, all leafs (i.e., terminal nodes) in the optimal forest are prized proteins. Edge weights take values between

0 and 1, indicating that edges with higher weights are more likely to be selected in the optimal forest. More formally, given a weighted

graph G(V, E) with node set V, edge set E, a function p(v) that assigns a prize to each node v˛ V, a function w(e) that assigns a weight

to each edge e ˛ E, we seek to find a forest F(VF, EF) that minimizes the objective function

fðFÞ =
X

v;VF

b$pðvÞ � m$degreeðvÞ+
X

e˛EF

cðeÞ+u$kcðeÞ+u$k

where kv is the number of interactions gene v is involved in, c(e) = 1-w(e) and b is a scaling factor, that affects the number of prized

nodes included in the optimal forest. Furthermore, m is a parameter that penalizes hub nodes with high number of interactions while k

is the number of trees in the forest, and w is a parameter that controls the number of trees (Tuncbag et al., 2013). Prior to computing

the optimal forest, a dummy node is attached to a subset of the nodes in graph G. Once the optimization is complete, the dummy

node and all of its artificial edges are removed to reveal a forest where each tree root was connected to the dummy node. To solve

the Steiner tree problem, we utilized the Omics Integrator software package using a message-passing algorithm (Tuncbag

et al., 2016).

As the Steiner forest algorithm requires an input network, we assembled a directed molecular network of 57,179 edges between

11,642 host protein nodes. In particular, we accounted for 43,364 transcription factor-target interactions as of ENCODE (Gerstein

et al., 2012), 19,287 kinase-substrate interactions as of PhosphoSitePlus (Hornbeck et al., 2015), 2,961 phosphatase-substrate as

of the HuPho database (Liberti et al., 2013) and 5,979 signaling interactions as of the Signor database (Licata et al., 2020). For

each interaction e in the input network, the Steiner forest problem requires the assignment of a weight or probability w(e), suggesting

that edges with low cost c(e) = 1 – w(e) are more likely to be selected in the optimal forest. Given a directed edge e = (x, y), where the

node x is the tail or the source of the interaction and node y is the head, we defined that the weighting function is the reciprocal of the

outdegree of x as wðeÞ = k�1
out. Consequently, edges that involve tail genes with high outdegree will be more likely to be removed

during the Steiner forest optimization. Such a step allowed us to more effectively penalize hub nodes, indicating higher confidence

that edges selected in the optimal forest are more specific to a viral response instead.

As for a set of priced genes, we considered genes that were significantly differentially expressed or phosphorylated in each time

step after infection if their corresponding FDR < 0.05. To generate four networks that show how interactions evolve in a cohesive

manner, we assigned uniform prizes to host proteins that were differentially expressed or phosphorylated (FDR < 0.05) in iAT2s

up to the given time point post infection, allowing us to treat all proteins in the same way as their differential expression or phosphor-

ylation states varies in each time point.

Structural modeling of proteins and protein-drug interactions
Wherever possible, X-ray structures of the proteins in question were used for modeling. Short fragments of missing residues were

rebuilt and phosphosites were added using CHARMM-GUI (Jo et al., 2008). Long missing regions were rebuilt using MODELER (Es-

war et al., 2007). The complex of SARS-COV-2 nucleocapsid and casein kinase II subunit alpha’ (CSNK2A2) was constructed based

on superposition of several structural templates (PDB Ids 6VYO, 6WZO, 2WEL). Sequence alignments between target and template

sequences were done with HHsuite (Steinegger et al., 2019), andMODELERwas used to build the final homology model. All unstruc-

tured highly phosphorylated sites were mapped to functional sites based on the Eukaryotic Linear Motif resource for Functional Sites

in Proteins (ELM) (Kumar et al., 2020). For all classes of functional sites that were affected by the phosphorylation, the total number of

affected site instances belonging to that class was computed, and the interacting protein/protein family for the class was determined

based on known binding partners of that ELM site family. The three-state (alpha helix, beta sheet, extended conformation) secondary

structure prediction for the highly phosphorylated sites was done using PSIPRED (Jones, 1999). Mapping to Pfam (El-Gebali et al.,

2019) entries was done using the Pfam annotation available for Uniprot sequences.

The models of ligand interactions with their protein targets for KN-93, levofloxacin, AZ20, FRAX486 and losmapimod were built

using LigTBM - a high accuracy template-based docking approach (Alekseenko et al., 2020; Kotelnikov et al., 2020).

Small molecule inhibitor testing
1x104 Vero E6 cells were seeded perwell of 96-well plates in DMEMgrowthmedium (DMEMsupplementedwith 2%FBS, 50 units/mL

penicillin and 50mg/mL streptomycin). The following day, cells were pretreated with the compounds solubilized in DMSO and diluted

in DMEM growth medium to the indicated concentrations and incubated for 1 h at 37�C and 5% CO2. Cells were subsequently in-

fected with SARS-CoV-2 at a MOI of 0.1 in the presence of inhibitors by adding 10 ml of diluted virus to each well. Two days post

infection, cells were fixed in 10% neutral buffered formalin for 6 h at 4�C, then removed from the BSL-4 laboratory. The cells were

washed in PBS, permeabilized with 1:1 (vol:vol) acetone-methanol solution for 5 min at �20�C, incubated in 0.1 M glycine for

10 min at room temperature, and subsequently incubated in blocking reagent (2% bovine serum albumin, 0.2% Tween 20, 3% glyc-

erin, and 0.05% NaN3 in PBS) for 15 min at room temperature. After each step, the cells were washed three times in PBS. The cells

were incubated for 1 h at room temperature with a SARS-CoV-2 nucleoprotein-specific antibody (rabbit polyclonal, 1:2000, Rockland

Immunochemicals, 200-401-A50), washed four times in PBS, and incubated with a goat anti-rabbit antibody conjugated with

AlexaFluor488 (1:200, Invitrogen) for 1 h at room temperature. 4’,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich) was used at

200 ng/mL for nuclei staining. Cells were stored at 4�C in PBS prior to imaging.
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iAT2s were seeded on 96-well Transwells or 6.5 mm Transwells (Corning) in CK+DCI media. At 7 days post-seeding, the basolat-

eral media was replaced with dilutions of each drug at the indicated concentrations in CK+DCI media, and drug dilutions in CK+DCI

media were added to the apical side of membranes at the same time. After one h, SARS-CoV-2 (MOI 0.04) was added to the apical

media and allowed to attach for one h at 37�C and 5% CO2 prior to complete replacement of the apical media containing virus and

drug with apical media containing only drug dilutions. At two days post infection, cells were fixed in 10% neutral buffered formalin for

6 h at 4�C and removed from the BSL-4 laboratory. Cells were stained from the apical side as described in the paragraph above.

Membranes were then excised from the transwell plate insert using a scalpel and mounted on slides using FluorSafe mounting re-

agent. Images for both Vero E6 and iAT2 cells were acquired using aNikon Eclipse Ti2microscopewith Photometrics PrimeBSI cam-

era and NIS Elements AR software. Images taken at 4x and 10x magnification, for Vero E6 and iAT2 cells respectively, were used for

analysis with the positive cell detection feature of QuPath software (Bankhead et al., 2017). Infection rates were determined by quan-

tifying nuclei and N-positive cells. Staining intensity thresholds were established based on mock-infected and untreated infected

samples. Cytotoxicity threshold was set to 50% cell loss compared to DMSO control.
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