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Summary

COVID-19 is linked to endotheliopathy and coagulopathy, which can result in multi-organ
failure. The mechanisms causing endothelial damage due to SARS-CoV-2 remain elusive.

Here we developed an infection-competent human vascular organoid from pluripotent stem

cells for modeling endotheliopathy. Longitudinal serum proteome analysis identified aberrant
complement signature in critically ill patients driven by the amplification cycle regulated by
complement factor B and D (CFD). This deviant complement pattern initiates endothelial
damage, neutrophil activation and thrombosis specific to our organoid-derived human blood
vessels, as verified through intravital imaging. We examined a new long-acting, pH-sensitive
(acid-switched) antibody targeting CFD. In both human and macaque COVID-19 models, this
long-acting anti-CFD monoclonal antibody mitigated abnormal complement activation, protected
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endothelial cells, and curtailed the innate immune response post-viral exposure. Collectively,
our findings suggest the complement alternative pathway exacerbates endothelial injury and
inflammation. This underscores the potential of CFD-targeted treatments against severe viral-
induced inflammathrombotic outcomes.

eTOC Blurb

COVID-19 can lead to endotheliopathy and multi-organ failure. We developed an infection
permissive human vascular organoid to delineate key role of complement pathway causing
endothelial damage and inflammathrombosis. In primate model, testing a new CFD targeted
antibody mitigated these effects, suggesting its potential against severe COVID-19 complications.

Graphical Abstract

iPS cell
Directed differentiation into & o
_ infection-competent (/_h i g
-~ endothelial cells R
0
= —= — — ‘-»..G,--‘”A""-..GZI""J""-QEZ-;'/' I'.'\‘-»_‘:’_z/ —=
Wuhan Complement
%o Delta Neutrophill
Ormicron CIassucaf recruitment
Lec[m
induced vascular organoid (iV0) alnre
Coagulation

Spike-ECD

1 treatment 1?}

Fibrinolysis
Endothelial
Damags

)

: e
V. ¥
Modeling endoth;zliopathy ivo ﬁﬁ
= Recycling ant-CFD antibo
Anti-CFD antibody & ¢ st sl
therapy
c3 >
W o
= S S
o e '
Amgplification¥
oo — N
(% )
W

Keywords
SARS-CoV-2; iPSC; organoid; endotheliopathy; complement; CFD; thrombopathy; ASHE

Introduction

The confirmed case count of the global COVID-19 pandemic caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) is now over seven hundred million,
with over six million deaths in Aug, 2023. The typical clinical manifestations of
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COVID-19 involve fever, cough, and shortness of breath that can progress to pneumonia,
which in turn activates immune cells, platelets, and coagulation pathways, leading to a
massive cytokine release (cytokine storm), and ultimately, multiple organ failure (MOF)
and death!. Mounting clinical and preclinical evidence demonstrates that SARS-CoV-2
infection induces widespread endothelial damage and inflammation and local and systemic
coagulopathy2-9. Critically ill COVID-19 patients are prone to both macro- and micro-
thrombotic manifestations at various sites, including pulmonary embolisms (20-30%

of cases), deep vein thrombosis (DVT), arterial thrombaosis as well as microvascular
thrombosis affecting lungs, kidneys, and heart!0. Of note, micro-thrombotic complications
may contribute to acute respiratory distress syndrome (ARDS) and other organ dysfunctions
and in the worst case, fatal MOF1L. Thus, understanding the diverse thrombotic mechanisms
is vital for prioritizing therapeutic pathways in severe COVID-19 cases.

Thrombotic pathophysiology for severe COVID-19 is associated with hypercoagulability
and endotheliopathy1®. Once SARS-CoV-2 enters host cells by binding the angiotensin-
converting enzyme 2 (ACE2), chemokines are released to initiate an inflammatory
responsel?13, The excessive immune response-induced cytokine storm is thus responsible
for hypercoagulability and an endotheliopathy state, leading to macro- and micro-
thrombosis, respectivelyl9. While the excessive thrombin formation and the pro- and anti-
coagulant imbalance account for a hypercoagulable statel4, direct endothelial damage and
apoptosis may be critical drivers for micro-thrombotic episodes accompanied by vascular
wall oedema, hyaline thrombi, and microhemorrhages®16. This has been supported by
clinically confirmed endothelial damage marker elevation and platelet reduction in patients
admitted to the ICU7:18, Interestingly, the pathophysiology for COVID-19-related systemic
micro-thrombosis (ultimately complicated by MOF) may be specific and, in particular,
different from disseminated intravascular coagulation (DIC)10: indeed, in contrast to sepsis-
induced coagulopathy, consumption of platelets, coagulation factors, and fibrinogen, as
well as bleeding complications, are atypical in severe COVID-19 patients®®. The exact
pathophysiological mechanisms leading to severe microvascular dysfunction and thrombosis
have been unclear.

Preclinical investigative tools have advanced exponentially to interrogate the interplay
among COVID-19 severity, endothelial injury, and thrombosis. For instance, animal models
that are competent for SARS-CoV-2 entry have been extensively used for infection, disease
progression, vaccine, and therapy evaluation, including human ACE-2 transgenic mice19.20,
hamsters21-23, ferrets23-25. However, in addition to the fundamental lack of predictive
human-relevant inflammatory factors without rodent orthologues of human cytokines26:27,
animal models generally present limited inflammatory assaults with modest or absence

of significant thrombosis, cytokine storm, and endothelial injury. Given that endothelial
dysfunction is involved in acute and post-acute long COVID-1928, it is essential to

develop human specific endothelial model permissive for the study of infection-dependent
immunothrombosis responses.

Several SARS-CoV-2 permissive /n vitro cellular models have been used for studying
viral infection and replication. Examples include Caco-22°, Calu-330, HEK293T31, Huh732,
and Vero-E633:34, However, these immortalized cell lines are devoid of endothelial
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phenotypes and have been substantially limited in evaluating inflammatory responses. To
circumvent this challenge, several ACE-2 dependent or independent cell models31:35.36

are reported to demonstrate viral infection and replication in primary or pluripotent stem
cell culture. In contrast, the use of several primary endothelial cells (EC) culture studies
suggests that endothelial cells are resistant to SARS-CoV-2 infection36-38 as opposed to
alveolar epithelial cells. Thus, despite increasing clinical evidence of COVID-19-related
endotheliopathy, the infection competence of SARS-CoV-2 on available human ECs remain
inconclusive.

Here, we developed infection-competent venous progenitor-derived vascular organoids
(ivVO) from human induced pluripotent stem cells (iPSC). In contrast to various
commercially available human EC, iVO showed high ACEZand TMPRSSZ levels, and are
efficiently infected by SARS-CoV-2. Human iVO-derived blood vessels can dictate aspects
of patients’ phenotypes involving inflammatory cytokine production, neutrophil recruitment,
and thrombotic events. Furthermore, longitudinal proteome analysis of critically ill patients’
serum, together with the analysis of published single cell transcriptomic dataset, identify
unique complement activation signatures preceded by D-dimer aberration. Differential
proteome analysis pointed a complement factor D (CFD, also known as Adipsin) surge
during the early phase of severe COVID-19, while their downstream product Factor Ba (Ba)
can predict severe and longer-hospitalization outcomes on the initial day of ICU admission.
To probe the potential role of complements in thrombotic complications, we investigated a
long-acting form of a CFD monoclonal antibody and tested its efficacy /n vitro and potency
in vivo for alleviating immunothrombosis using a non-human primate COVID-19 model3®.
Collectively, complement alternative pathways (AP) causes vascular damage, inflammation,
and coagulation phenotypes that warrant future preclinical and clinical development of AP
targeting in viral infection-associated endotheliopathy.

Endotheliopathy and thrombopathy are hallmarks of severe COVID-19.

In a previous cohort study of COVID-19 patient serum obtained from 62 Japanese
individuals (Osaka cohort), inflammatory responses, particularly the release of GDF-15,
have been demonstrated to be associated with the severity of the diseaseC. To further
address the pathogenesis of severe illness, we re-analyzed serum samples obtained from

60 patients who were managed on ventilators immediately after ICU admission in the
Osaka cohort. Serum levels of the endotheliopathy marker, plasminogen activator inhibitor-1
(PAI-1) in COVID-19 patients at the time of ICU entry (day 1) are markedly higher than

65 septic patients collected in other cohorts and 18 healthy controls (Figure 1A). PAI-1 was
significantly decreased in post-recovery serum from non-ICU COVID-19 patients (Figure
S1). To test if the PAI-1 level was associated with a more severe outcome, all the patients
were assigned into two groups, PAI-1 high and low, with the threshold defined by the
maximum value in the control group and compared the number of days required to wean off
the ventilator. The PAI-1 low group had faster recovery with a median of approximately 10
days, while the PAI-1 high group required significantly more days to recover from ventilator
management (Figure 1B). We also found that PAI-1 levels positively correlated with
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inflammatory cytokines (GDF-15 and IL-6) on day 1 but not with fibrinolysis/thrombosis
markers (D-dimer and FDP) (Figure 1C)*142. These results indicate endotheliopathy and
inflammation are early hallmarks of severe COVID-19.

To further study the temporal dynamics of published prognostic markers, we re-analyzed
longitudinally collected serum samples grouped into early or late recovery phases based

on the published reports#0:43. We assessed the temporal dynamics of reported prognostic
markers of fibrinolysis/thrombosis (D-dimer and FDP)#1:42, In the late recovery group,
D-dimer and FDP were significantly higher on day 3-4 and 5-6, respectively, demonstrating
that the thrombotic state became apparent later than the GDF-15 increase observed on

day 1-2 as previously reported*0 (Figure 1D). Our cohort data indicate that the level

of endothelial damage and associated inflammation precedes the manifestation of life-
threatening thrombotic states.

In pulmonary endothelial cells, SARS-CoV-2 RNA is enriched, and gene expression

levels of cytokine, inflammation, and chemotaxis genes are increased in response to the
infection445, To dissect the key molecular signature in the damaged and shed endothelial
cells, we analyzed publicly available single-cell RNA-seq data derived from bronchoalveolar
lavage fluid (BALF)*6 and extracted populations expressing VWF PECAMI, ENG, and
FLT1 (Figure S1B). hierarchical clustering identified a set of genes with altered expression
in endothelial cells from infected patients (Figure S1C). Gene ontology analysis revealed
the significant upregulation of the complement pathway and inflammatory response-related
gene sets (Figure S1D). Notably, molecular alterations in severely inflamed endothelial cells
involve complement alternative pathway (AP) genes such as CFD, CFB, and CFP, which
are highly expressed in severe COVID-19 patients relative to mild COVID-19 or healthy
groups (Figure S1E and S1F). Heatmaps showing the predicted ligand-receptor interactions
between sender (innate immune cells (macrophages (Mg¢), monocyte, and neutrophil) and
receiver (endothelial cells), indicated important cytokines and chemokines crosstalk (Figure
S1G). Consistent with the vast literature, these results suggest that the progression of the
inflammatory process is accompanied by the activation of the innate immunity program in
impaired endothelial cells.

Development of SARS-CoV-2 infection competent vascular organoids using iPSC

To further understand the molecular alterations that interlink endotheliopathy and
hypercoagulability, appropriate /n vitro infection models are essential for deciphering the
causative biological processes leading to vascular injury and thrombosis. However, current
experimental systems using primary ECs3747 or human pluripotent stem cell (PSC)-derived
ECs and organoids38, have demonstrated minimal viral infectivity and amplification even
upon transgene overexpression*8, More importantly, their downstream effects, such as
inflammatory and thrombotic events, could not be modeled.

For the PSC-derived systems, past differentiation protocols require continuous exposure of
relatively high VEGF-A (30-200 ng/mL) for EC induction4®-52, However, this iteration led
to proliferative and angiogenic ECs®3, as opposed to the native and intact vascular state.
Here, we adapted our VEGF-weaning induction protocol to generate infection-competent
naive endothelial cells (Figure 2A). Briefly, the mesodermal lineage cell population was
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formed from iPSC colonies by adding BMP4, VEGF-A, and GSK3 inhibitor, and induced
to angioblast by VEGF-A (80 ng/ml), SCF, bFGF, and TGFb inhibitor (Figure S2A).
Subsequently, CD34* (endothelial marker) CD73* (venous marker) CXCR44M (arterial
marker) venous endothelial cells (iVEC) were gained by stepwise reduction of VEGF-A
concentration from 80ng/ml, 50 ng/ml to 5 ng/ml in the medium containing SCF, Flt-3,
IL-3, and TPO (Figure 2B, S2B, and S2C). Immunostaining confirmed that another venous
endothelial marker, COUP-TFII, was also expressed in CD31* iVEC (Figure 2C).

Given that the surface polarity of endothelial cells is an essential factor to the success of
infection®*°, we induced vascular organoids (iVOs) from iVEC on a gel plug (Figure 2A).
iVEC quickly developed into a branched endothelial structure composed of CD31*COUP-
TF1I* venous endothelial cells (Figure S2D and S2E), surrounded by PDGFRb* pericytes
(Figure S2F). The outer layer of the endothelium produced collagen 1V basement membrane
(Figure S2G). Generated iVO expressed higher levels of viral entry receptor and protease,
ACEZ2and TMPRSS2than the other available primary- or stem cell-derived ECs and
primary pericyte (Figure 2D). iVOs and other available ECs were treated with SARS-CoV-2
at 1x10° TCIDsp/ml for 2 hrs. Higher SARS-CoV-2 RNA copies were observed in iVOs
supernatant at 2 days post-infection (dpi) than other ECs (Figure 2E). Tracking the Kinetics
of viral RNA and titer (TCIDgo/ml) after infection showed approximate 4- and 41-fold
amplification in 4 days, respectively (Figure 2F). Immunostaining confirmed the localization
of SARS-CoV-2-N protein, which was co-localized on iVOs (Figure S2H). Notably, our
infection model induces endotheliopathy-associated phenotypes as confirmed by secreted
protein measurements: e.g., the release of PAI-1 (Figure 2G), coagulation factor VIII (FVIII)
(Figure 2H), and known endothelium-derived inflammatory cytokine (IL-6) (Figure 21) and
chemokine (IL-8, MCP1) production (Figure 2J). Interestingly, in all tested SARS-CoV-2
strains, B.1.1.214, B.1.617.2 (Delta variant), BA.1 (Omicron variant), viral RNA detected at
1 dpi showed evidence of infection with iVO, but for the BA.1 infection, viral replication

up to 4 dpi was modest (Figure S2I). Consistently, B.1.1.214 and B.1.617.2 strains elicit
inflammatory cytokine responses in iVOs, but such inflammatory responses were lower in
BA.1 strain as was observed in primary ECs and infection-competent Vero cells (Figure 2J).
Endothelial damage as measured by PAI-1 increase, was more prominent in B.1.1.214 or
B.1.617.2 -infected iVO as early as 1 dpi (Figure 2K).

We further performed transcriptome analysis at 4 dpi to probe infected endothelial
cell-specific signatures. Pathway enrichment analysis showed that activation of signaling
cascades mediated by inflammatory responses after infection (toll-like receptor signaling
and IFN signaling pathway) increased expression of the complement pathway and immune
cell interaction-related molecules (Figure 2L). In particular, we noted a marked increase in
the expression of an intermediate and final product of the complement pathway that is part
of the membrane attack complex, and molecules that catalyze upstream reactions (classical,
C1QA, C1QB, C1QC, and alternative; CFD) (Figure 2M). Together, we have successfully
established an /n7 vitro endothelial organoid model that can reproduce the vascular injury and
inflammatory phenotype associated with the viral strain dependent response.
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Inflammathrombosis in iVO-derived engineered human blood vessels

We then evaluated virus-induced damages in perfused human blood vessels from iVO. By
taking advantage of the cranial window model®657, iVVOs were transplanted to develop
perfused human blood vessels by anastomosing the recipient mouse circulatory system
(Figure 3A). We infused SARS-CoV-2 spike protein (extracellular domain, ECD) in the
mouse to determine the impact on chimeric human-mouse blood vessels formed under
the cranial window. Intravital immunofluorescence imaging with human-specific CD31
antibody confirmed the development of fully patent vessels from transplanted iVO. At
multiple sites in human CD31" vessels, perfused fluorescent dextran signals were lost
within 24 hrs of ECD administration, whereas mouse blood vessels remain intact (Figure
3B). Quantification of blood flow perfused into the engineered human vessels indicated a
significant decrease at 24 hrs only after ECD administration but not in control peptide or
saline group (Figure 3C). Progressive acquisition of fibrin/fibrinogen was observed in the
obstructed human blood vessels (Figure 3D). These results indicate iVO-derived human
vessels recapitulate thrombotic episodes in response to ECD exposure in mice.

Next, we sought to examine pre-thrombotic innate immune response towards engineered
human blood vessels. Serial intravital imaging analysis showed that Ly6G labeled neutrophil
migration was initiated as early as 6 hrs post ECD infusion, whereas vascular occlusion
occurs within 24 hrs (Video S1). Notably, these neutrophil trapping and subsequent
thrombotic events are highly specific to human-, but not mouse-, derived vasculatures
(Figure S3A and S3B). Tracking analysis of neutrophils across time-lapse observation
revealed that in human vessels, trapped neutrophils emerged 6 hrs post-ECD fusion and most
migrating neutrophils were found on day 1 compared to those observed in mouse vessels
(Figure S3C). In trapped neutrophils after 1 day post ECD infusion, intravital co-staining

of SYTOX blue and Ly6G found neutrophil extracellular traps (NETs)-like DNA release
(Figure 3E). Transcriptome analysis of transplanted iVO grafts at the time of thrombosis
(day 1) revealed that blood clotting pathway genes (e.g., F5and VWF) and chemokines
with direct evidence of association with and COVID-19 pathogenesis (e.g., /L8and MCP-1)
were increased in response to local vascular disturbances involving neutrophil migration
and occlusion (Figure 3F-3H). Thus, /in vitroand jn vivo human blood vessel models are
permissive for modeling different aspects of inflammathrombosis associated with a viral
infection.

Proteome analysis identified early complement activation preceding endotheliopathy and
hypercoagulable states.

Longitudinal proteome analysis was conducted to gain further insights into molecular
mediators that drive vascular complications (Table S1). Differential signatures were
identified by comparing late- and early- recovery groups. In the late recovery group,

there were significant increases in FCGBP (anti-inflammation)®8, SFTPB (lung surfactant
metabolism)®?, coagulation system (A2M and SERPINAL1), and complement proteins (C7,
CFHR5, and CFD) on day 1-2 (Figure 4A and S4A). In particular, CFD, a serine protease
of the AP, remained elevated after day 3-4 (Figure S4B). Ba, a CFD cleavage product,
showed a positive correlation not only with cytokines but also with thrombosis/fibrinolysis
markers (PAI-1, D-dimer and FDP) and tissue damage markers such as creatinine (Cr) and
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LDH4142 which showed a negative correlation with PLT (Figure 4B). The end-product of
the complement pathway (terminal complement complex; TCC) was higher in COVID-19
than in sepsis (Figure 4C). TCC and Ba significantly decreased after recovery of patient
symptoms (Figure S4C). We also compared the chrono-dynamics of C4d (classical pathway;
CP) and Ba, relative to the COVID-19 recovery time. In late recovery, the alternative
pathway Ba was continuously and significantly elevated from the beginning of ICU
admission (Figure 4D and 4E). These are consistent with ScRNAseq and /n vitro RNAseq
analysis models, wherein the complement AP pathway was activated in endothelial cells
after infection, along with inflammation-related signaling pathways. To determine the
involvement of complement amplification in inflammation and thrombosis, we challenged
our /in vivo transplanted human vascular organoid model with LNP023, a factor B inhibitor
(Figure 4F). LNPO023 treatment prevented thrombus formation against engineered human
blood vessels (Figure 4G). Collectively, we posit that in severe COVID-19, the persistent
activation of the complement amplification loop potentially drives vascular damage and clot
formation (Figure 4H).

A long-acting ASHE (Acid Switched Half-Life Extended) anti-CFD antibody.

The AP is part of the innate immune system and is triggered by the cleavage of factor B
into Ba and Bb by CFD. This is followed by C3 degradation via C3 convertase, which forms
the terminal complement complex (TCC) with cell lysis and death activity®C. To efficiently
neutralize CFD, a human CFD antibody (Ab) was engineered with Acid-Switch Half-life
Extension (ASHE) feature. An acid-switched antibody can bind its target at physiological
pH but is released at acidic pH in the lysosome allowing the target free antibody to

recycle into the bloodstream while the target itself is degraded, thereby enhancing the
pharmacodynamic effect of the antibody (Figure 5A). This antibody has enhanced binding
feature to FcRn that increase FcRn mediated recycling and enhance half-life. ASHE-CFD
Ab showed significantly prolonged Ab turnover kinetics compared to conventional CFD
antibodies®? in non-human primate serum (Figure 5B). Subcutaneous ASHE-CFD Ab
injection totally inhibited TCC formation for an extended period compared to intravenous
injection: less than 5 days (data not shown) and more than 8 days, respectively (Figure 5B).
To further determine target engagement in the human model, ASHE-CFD Ab was exposed
to our /in vitro iPSC-endothelial cell simultaneously with ECD exposure. The deposition of
membrane attack complex (MAC) and the high level of Ba was induced by treatment with
SARS-CoV-2 spike-ECD was detected (Figure S4D and S4E). The CFD Ab inhibited MAC
deposition with a lower 1C5q of 2.581 pg/mL than that of Eculizumab (anti-C5), which has
an 1Csq of 9.283 pg/mL (Figure S4F). For Ba levels, CFD inhibition effectively reduced Ba
even at low concentration ranges (Figure S4G). Together, ASHE-CFD Ab is a potent and
durable inhibitor of complement factor D.

CFD inhibition on endothelial injury, cytokine, and coagulation in SARS-CoV-2-infected

macaques.

Human complement factor D has high homology with cynomolgus macaque (96.6%)
when determined by Blastp and has low protein sequence homology with rodents

(66.3% with mice and 69.0% with hamsters) (https://blast.ncbi.nlm.nih.gov/Blast.cgi). To
further explored the mechanistic hypothesis using human CFD Ab on thrombosis-related
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pathology caused by SARS-CoV-2, macaques were utilized as an /7 vivo model due to

a lack of the antibody cross-reactivity to rodents. SARS-CoV-2 JPN/TY/WK-521/2020
(WK-521) was inoculated into the conjunctiva, nasal cavity, oral cavity, and trachea

of cynomolgus macaques following previously published methodology®2. Ground glass
appearance indicating pneumonia in X-ray analysis was observed on day 7 after inoculation
compared to pre-infection (Figure S5A, Left). On day 7, dark red lesions but not fresh red
lesions were macroscopically observed on the surface of lungs, indicating that inflammation
was beginning to improve (Figure S5A, Right). Histological analysis using hematoxylin-
eosin staining revealed that not only were there neutrophil accumulation, but vasculitis

and thrombosis were present in the lungs 3 days post-infection (Figure S5B). To optimize
the timing of antibody administration, we first investigated the dynamics of endothelial
injury, coagulation, immune-related and complement factors up to day 7 after infection.
SICAM-1 and sVCAM-1 were significantly upregulated on day 3, and PAI-1 elevation

and thrombocytopenia were observed on day 1 of infection (Figure S5C). In addition,

VWF and D-dimer were increased on day 3 and 5, whereas ADAMTS13 which cleaves
VWF multimer, was decreased by day7 (Figure S5D). Multiplexed cytokine assays showed
that inflammation markers such as IL-1ra, MCP-1, and CCL4 levels were increased on

day 1 post-infection (Figure S5E). Furthermore, SARS-CoV-2 infection increased plasma
complement D, B, and Ba (components of the alternative pathway). Of the classical and
lectin pathway components, complement C4d was slightly elevated, but C1g was unchanged
(Figure S5F). Immunohistological analyses, furthermore, showed that vWF and C3 were
detected in multiple organs, including lung, liver, and kidney of infected macaque at day

7 (Figure S5G). These are in line with published SARS-CoV-2-infected rhesus monkey
models that show complement activation and signs of thrombosis peaking on the second
day of infection3°. Collectively, complement, coagulation, and endothelial damage markers
increase from day 1 to day 3 in SARS-CoV-2-infected macaques, whereas cytokines and
chemokines transiently increased on day 1.

To investigate the /n7 vivo involvement of CFD in the physiopathology of COVID

infection, 11 macaques were randomly assigned to two arms (Table S2). SARS-CoV-2
WKH521 were inoculated into all macaques, and PBS (n = 5) or CFD antibody (n =

6) were administered subcutaneously at the same time (Figure 5C and Figure S5H).
Complement antibody treatment with anti-CFD Ab significantly reduced the formation

of complement C3a, complement factor Ba, and soluble terminal complement complex
(TCC) in the serum of SARS-CoV-2-infected macaques on day 1 after virus inoculation
(Figure 5D). In addition, the alternative pathway but not the classical and lectin pathways
was specifically inactivated in anti-CFD Ab-treated macaques (Figure 5D). Endotheliopathy
marker PAI-1 was decreased in plasma of CFD Ab treated group on day3 after treatment
(Figure 5E). Anti-CFD Ab treatment also resolved coagulation abnormalities as evidenced
by improvements in thrombocytopenia and significant increase in plasma ADAMTS13
concentration on day3 (Figure 5F and 5G). IFN-gamma, IL-10, IL-6, IL1ra, and MCP-1 are
known to be acutely induced around day 1 62 (Figure S5E), whereas IL-4, IL-8, and 1L-13
are not till day10. Plasma protein quantification revealed the reduction of such acute pro-
inflammatory cytokine and chemokine responses by anti-CFD Ab treatment (Figure 5H).
Together, ASHE-CFD Ab normalized the early complement alternative pathway aberration
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and suppressed inflammathrombotic responses induced by SARS-CoV-2 in non-human
primate model.

DISCUSSION

Endotheliopathy and hypercoagulable states are recognized as key hallmarks of

severe COVID-19 patients. Whether complement activation is driving the features of
hypercoagulability and microthromboses in COVID-19 is currently an area of immense
interest 63, in part because, in stark contrast to DIC, the systemic microangiopathy of
COVID-19 shares clinical presentation with complement-driven thrombotic microvascular
disease (TMA). However, the evolutionary conservation of crosstalk between the
complement and coagulation systems, has complicated delineation and understanding
temporal dynamics and perturbation responses of this crosstalk but is crucial in defining
causative mechanisms where complement exacerbates endothelial injury and thrombosis

in human systems. Here, we establish a traceable and manipulatable human iPSC-derived
vascular organoids (iVO) that are permissive for SARS-CoV-2 infection and subsequent
complement-driven immunothrombatic events. Unlike conventional primary endothelial cell
models or iPSC-derived endothelial cells, iVO expresses both ACE2 and TMPRSS2, and
generates a high titer of viral particles comparable to Vero cells. Importantly, infected iVO
exhibited interferon (IFN) response and endothelial damages that were poorly represented
in immortal cell lines. Newly developed iVO models display arrays of key endotheliopathy-
associated phenotypes ranging from the neutrophil migratory response, endothelial injury,
PAI-1 secretion, complement activation, and inflammation, to fibrin clotting. Interestingly,
evidence of inflammatory inducibility of the SARS-CoV-2 Spike protein in human
endothelial cell models was controversial®4:65, Our iVO transplantation studies indicated that
spike protein could specifically target human endothelial cells, but not murine endothelial
cells, which leads to neutrophil migration by creating a coagulopathic milieu and therein
generating microthrombi, a process which has been impossible to model in animal infection
models . Conventional cell-based assays lacked several complement regulatory proteins
and, as isolated systems, does not represent all cell populations, including immune cell or
tissues, associated with pathogenesis in vivcP>87. The deployment of human tissue model
could inform personalized insight into the risk assessment of post-infection severity by
reflecting environmental factors such as an increased sugar (hyperglycemia)®! and hypoxia
(oxidative stress)%8, and genetic factors using multi-donor iPSC libraries®®. Thus, our human
vascular organoid based infectious disease modeling allows for interrogating viral infection-
related endotheliopathy.

Complement is a crucial player in protective immunity against pathogens, but in excess

or deregulated activation may result in collateral tissue injury, as often seen in severe
COVID-19 cases /0. Of the three complement pathways, the classical pathway, the mannose-
binding lectin pathway, and the alternative pathway, the AP is of central importance as

it directly feeds into the amplification loop which serves to augment activation of all

three complement pathways via factor D (CFD), a rate-limiting component for propagating
amplification signals and producing large amounts of C3b. CFD, also known as Adipsin,

is a 24 kDa serine protease comprising 228 amino acids’?. Unlike most proteins of the
complement system, which are synthesized by the liver and immune cells’2, CFD is
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predominantly produced by adipocytes’3. The normal level of CFD in serum is within

the range of 1-2 pg/mL, which are concentrations lower than those of other complement
proteins. While there are controversies about levels of CFD and other AP components

in patients with severe SARS-CoV-2 infection® 7475, our unbiased proteomic analysis
highlighted prominent CFD increases at the early stage of severe COVID-19 in the late
recovery group, followed by fibrinolysis/thrombosis marker aberration, such as D-dimer and
FDP. Furthermore, our results support the hypothesis that the activation of the amplification
pathway is more significant, as confirmed by increased cleaved product Ba and terminal
sC5b-9 components®74 at the time of ICU entry. Complement contributions in COVID-19
are envisioned as both protective and hostile. The recent “friend and foe” hypothesis 70
proposed that complement intervention could become a “foe” around the second or third
weeks of infection, leading to acute respiratory distress syndrome?. Typically, ICU entry
occurs around this stage; therefore, factor Ba and CFD might be potential prognostic
indicators for severe COVID-19 after ICU entry. Further clinical interrogation on AP factors
and other confounders will provide much-conclusive answers.

The local contribution of elevated CFD, both protein and RNA, is increasingly
accepted**76.77_In line with emerging studies, COVID-19 lungs contain more CFD
transcripts in macrophage, endothelial, and alveolar epithelial cells than control lungs.
Interestingly, recent /n situ transcriptomes analysis of COVID-19 lung samples at the
late-phase pneumonia stage (between 13-17 days post-infection) indicated that certain
complement factors (CFD, CI1QB, C7) and interferon response genes (/F/6, ISG15) are
upregulated in the infected COVID-19 lungs but mainly at the SARS-CoV-2~ sites within
the lungs 7. These results support our hypothesis that subsequent local activation of

the complement AP system, beyond a viral defense mechanism, potentially acts as an
inflammatory mechanism of disease during the pneumonia stage.

Some small-molecule CFD inhibitors (ALXN2040, ALXN2050, and BCX9930) or CFD
antibody (lampalizumab) have been explored as a therapy against complement-associated
diseases, such as PNH®0. However, because of the rapid turnover of complement factors,
small molecules have to be administered at least two to three times daily. ASHE-CFD
antibody has properties with significantly prolonged CFD turnover kinetics and inhibition of
MAC formation due to its ASHE property, /.e., exhibits high affinity in neutral conditions
and dissociates from the antigen in acidic (endosomal) conditions to allow for enhanced
removal of CFD from circulation. The potential of CFD targeting in COVID-19 has

been indicated by the fact that SARS-CoV-2 spike protein-derived complement activation
was inhibited by the CFD inhibitor in the gene-modified human erythroblast cell line,
TF1PIGANull cells®. In this present study, we provide support that the activation of CFD
is accompanied by endothelial damage and its deactivation protects against complement
activation and endothelial damage. The 1Cgq value of CFD inhibition via our antibody

on MAC deposition was about 4 times lower than that of a clinical-stage C5 inhibitor,
Eculizumab. These results suggest that CFD overactivation inflicts endothelial damage,
rationalizing CFD inhibition as a potential target for endotheliopathy induced by SARS-
CoV-2 infection.
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In summary, our combinatorial investigations using human organoids, patients, and the
cynomolgus macaque model illustrates the causative linkage amongst the complement
alternative pathway, endotheliopathy and inflammathrombosis by SARS-CoV-2 infection.
Complement inhibition rectifies inflammation, coagulation markers, and associated
phenotypes. These findings support CFD targeting as a strategy to counter severe
inflammathrombotic complications in COVID-19 and possibly other infections.

Limitations of the study

In our /n vitro model of the SARS-CoV-2 infection-competent induced vascular organoid
(ivVO), we observe a nascent branching architecture characterized by venous endothelial cells
in proximity to pericytes. However, the modest deposition of collagen IV suggests that the
organoid is yet to reach full maturity. Extending the culture period for over 10 days might
promote further maturation, offering richer mechanistic insights into potential changes in
endothelial cell infectivity®L.

Utilizing /n vivo transplantation, vascular organoids can mature into a fully perfused
vascular network, enabling the study of physiological phenomena like immune cell
interactions and thrombus formation in human vessels. While iVECs display venous
markers, the acquisition of organ-specific attributes—ranging from surface markers

and genetic profiles to morphological and functional characteristics—remains uncertain.
The debate over SARS-CoV-2 infectivity across endothelial cells from different organs
necessitates further exploration into organ-specific endothelial cell induction4”:78-81 This
will enhance our understanding of virus tropism and related endotheliopathies. Spike-ECD
injection studies, for now, provide a glimpse into the ACE2-targeted cell damage pathway,
prominently observed in iVO. Comprehensive viral infection experiments are essential for a
deeper understanding of the severe infection pathogenesis.

Our research in non-human primates primarily assessed the efficacy and longevity of the
CFD antibody, aiming to elucidate the role of the amplification pathway. Yet, consistent with
other studies®2, our observations suggest modest clinical outcomes, limiting its implications
for severe COVID-19 cases. Considering CFD’s primary synthesis in adipose tissues, an
ideal approach would involve assessing anti-CFD antibody treatment in CFD-humanized
animals displaying more pronounced SARS-CoV-2 symptoms.

STARXMethods
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to the Lead Contact, Takanori Takebe (takanori.takebe@cchmc.org)

Material Availability—This study did not generate new unique reagents.

Data and Code Availability

. The raw and processed gene expression data of /n vitro iVO with SARS-CoV-2
infection and /n vivo transplanted iVO with spike-ECD infusion have been
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deposited into the NCBI GEO database under accession GSE214694 and GSE
235232, respectively.

. The raw mass spectrometry proteomics data have been deposited into the PRIDE
database with the dataset identifier PXD044386.

. The processed proteomics data in this paper are available in Table S1.

. Any additional information required to reanalyze the data reported in this work
paper is available from the Lead Contact upon request.

EXPERIMENTAL MODELS AND STUDY PARTICIPANT DETAILS

Human subjects—Human specimen study was conducted according to the principles of
the Declaration of Helsinki and was approved by the institutional review board of Osaka
University Hospital [Approval numbers: 885 (Osaka University Critical Care Consortium
Novel Omix Project; Occonomix Project)]. Informed consent was obtained from the patients
or their relatives and the healthy volunteers for the collection of all blood samples, which
was conducted at the Department of Traumatology and Acute Critical Care Medicine, Osaka
University Graduate School of Medicine and Osaka Prefectural Nakakawachi Emergency
and Critical Care Center from August 2020 to December 2020. All patients were diagnosed
as having RT-PCR-confirmed SARS CoV-2 and pneumonia based on computed tomography
(Osaka cohort). To compare with the sepsis pathogenesis, patients with sepsis in a
retrospective cohort managed at the Department of Traumatology and Acute Critical Care
Medicine, Osaka University Graduate School of Medicine between December 2020 to
November 2021 were used. All sepsis patients were >18 years old and fulfilled the Sepsis-3
criteria. The healthy control population comprised outpatients recruited via public poster
advertisements.

The blood samples from the patients were systematically measured by the central laboratory
at each hospital to obtain the laboratory data. Demographic variables [age, sex, body mass
index (BMI)], comorbid conditions (hypertension, diabetes, hyperlipidemia), and clinical
variables [laboratory data, Acute Physiology and Chronic Health Evaluation (APACHE) Il
score, Sequential Organ Failure Assessment (SOFA) score, the day of weaning off ventilator,
and mortality] were extracted from electronic medical records by the investigators. All

blood samples were centrifuged after addition of sodium citrate to separate plasma. Plasma
samples were stored at —30 °C until use.

The serum samples from pre- and post- recovery non-ICU COVID19 patients were
purchased from Reprocell Inc.. All samples are ethically collected according to HIPAA
regulations and IRB approved protocols in Reprocell’s Bioserve Global Repository.

iPSCs—Human iPSC lines, 1383D2, 1383D682 and 625-A483 were established by

Kyoto University and derived from ePBMC® (Cellular Technology Limited, OH; https:/
immunospot.com/). Kusabira orange (KO)-expressing iPSC line was generated by knocking
in the KO reporter into the AAVS1 in 1383D6 iPSC line 82, For the LifeAct reporter,

the sequence of a short F-actin-binding peptide (GVADLIKKFESISKEE) was fused to the
N-terminus of mCherry in the donor construct pAAVS1-P-CAG-mCh (Addgene #80492).
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This reporter was knocked in the AAVSL1 locus by co-electroporating with the AAVS1-
targeting Cas9-gRNA expression plasmid pXAT2 (Addgene #80494). The electroporated
cells was selected with 0.5 mg/ml of puromycin, and single clones were obtained by picking
the isolated colonies with CELL PICKER (Shimazu Corp.) The isolated, homologously
knocked-in clones were validated by PCR genotyping and Southern blotting. All iPSCs were
cultured on laminin 511 E8-fragment-coated (iMatrix-511, Nippi) dishes in StemFit AKO2N
(Ajinomoto).

Animals—Pharmacokinetics study of CFD antibody using cynomolgus macaques was
conducted in accordance with the applicable Covance Laboratories Inc. (Covance) standard
operating procedures (SOPs). All Protocol procedures comply with the Animal Welfare Act
Regulations (9 CFR 3). Potency of CFD Ab using cynomolgus macaques were carried out
in strict accordance with the Guidelines for the Husbandry and Management of Laboratory
Animals of the Research Center for Animal Life Science at Shiga University of Medical
Science and Standards Relating to the Care and Fundamental Guidelines for Proper Conduct
of Animal Experiments and Related Activities in Academic Research Institutions under

the jurisdiction of the Ministry of Education, Culture, Sports, Science and Technology,
Japan. The protocols were approved by the Shiga University of Medical Science Animal
Experiment Committee. Regular veterinary care and monitoring, balanced nutrition and
environmental enrichment were provided by the Research Center for Animal Life Science
at Shiga University of Medical Science. Experiments using the virus were performed in the
biosafety level 3 facility of the Research Center for Animal Life Science, Shiga University
of Medical Science. All treatments within the experimental period were performed under
ketamine and xylazine anesthesia and all individuals were euthanized at the endpoint using
ketamine/xylazine followed by intravenous injection of pentobarbital (200 mg/kg). Macaque
monkeys were monitored every day during the study to be clinically scored as shown

and to undergo veterinary examinations to help alleviate suffering. Animal studies using
mice were bred and maintained following institutional guidelines by Tokyo Medical and
Dental University for the use of laboratory animals (approval numbers: A2022-133 and
A2022-138).

METHOD DETAILS

Clinical outcomes on coagulation—Clinical blood data on coagulation (D-dimer and
FDP) were obtained by CS-5100 (Sysmex) according to the manufacturer’s protocols.

Proteomics for COVID-19 patient plasma and differentially expression analysis
—Mass spectrometry, processing of raw mass spectrometry spectra, peptide identification,
and summarizing peptide search results were conducted as previously described®*. The
summarized results were quantified using the exponentially modified protein abundance
index (emPALI) 85 and exported in the CSV format for further analysis. DECOY proteins and
immunoglobulins were removed, and the top 256 proteins of the total emPAI summation
were used. Differential expression analysis between early and late recovery were performed
by using GraphPad Prism software ver.9 (GraphPad Software, Inc.). The differentially
expressed proteins were partitioned into upregulated and downregulated groups based on
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the log,-fold change criteria between =5 and 4. A cutoff threshold by false discovery rate
(FDR) was provided for the evaluation of significance (FDR<20%).

scRNA-seq data analysis—The public scRNA-seq data of the lung immune
microenvironment in the bronchoalveolar lavage fluid (BALF) from 6 severe and 3 moderate
COVID-19 patients and 3 healthy controls were obtained GSE115469 of Gene Expression
Omnibus?*6. All UMI count matrices were subjected to cell and gene filtering and data
scaling using the Seurat v3 package implemented in R86. Cells which have unique feature
counts less than 500 or mitochondrial counts more than 20% were removed. Genes which
were expressed in fewer than 3 cells were also removed. The data was normalized using
default global-scaling method. Subsequently, cell populations annotated as endothelial cells
were extracted as input into downstream analysis.

Data integration, clustering, visualization and differentially expression analysis were
performed in same environment (Seurat v3). Scaled data of each patient were integrated
through batch correction using mutual nearest neighbor alignment with dimensionally
reduction loaded 50 PCs for UMAP visualization. Pathway enrichment analysis of the
identified gene sets was performed using g:Profiler. Annotations for each cluster were
assigned using automated searches with scCATCH 87 and marker information available
in the Human protein atlas (https://www.proteinatlas.org). Prediction of ligand-receptor
interactions was performed by NicheNet package implemented in R88,

Venous endothelial cells (iVEC)—625-A4 iPSCs expressing GFP-Luciferase83 or
LifeAct-mCherry reporter iPSCs were pre-cultured by seeding 300 cells on laminin 511
E8-fragment-coated 10 cm dish with StemFit AKO2N (Ajinomoto) and changing medium
every other day for 7 days. The medium was changed to Essential 8 medium (Thermo
Fisher Scientific) supplemented with 80 ng/mL BMP4 (R&D Systems), 80 ng/mL VEGF-
A (Invitrogen), and 2 uM CHIR99021 (Cayman) on day 0. 2 days later, cells were
replaced in Essential 6 medium (Thermo Fisher Scientific) with 5 ng/mL bFGF (Wako),
50 ng/mL SCF (R&D Systems), 80 ng/mL VEGF-A, and 2 uM SB431542 (STEMCELL
Technologies). To induce hemangioblasts, the medium was changed to StemPro 34 SFM
(Thermo Fisher Scientific) supplemented with 50 ng/mL VEGF-A, 50 ng/mL SCF, 50
ng/mL Flt-3 (PeproTech), 50 ng/mL IL-3 (R&D Systems), and 5 ng/mL TPO (R&D
Systems) on day 4, and then to day 4 medium with VEGF-A concentration switched to 5
ng/ml on day 6. On day 8, cells were dissociated by TrypLE Select (Invitrogen), and CD34*
endothelium cell fractions were isolated using CD34 immunomagnetic beads (Miltenyi
Biotec) and Quadro MACS Separator with LS Columns (Milteny Biotec) according to the
manufacturer’s protocol.

Flow cytometry—Flow cytometric analyses was performed using the BD LSRFortessaTM
cell analyzer (BD Bioscience). Antibodies and their dilution rates are as follows: anti-

CD34 (BD Biosciences, 562577, 1:50), anti-CD73 (Milteny Biotec, 130-095-183, 1:50),
anti-CXCR4 (BioLegend, 306506, 1:50).

Induced vascular organoid (iVO) generation—For SARS-CoV-2 infection
experiment, the 8-d-differentiated cells for iVEC from 625-A4 iPSCs or LifeAct-mCherry
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reporter iPSC were seeded on growth factor-reduced matrigel (Corning) pre-coated 48-well
culture plates at 8.0 x 10% cells / well and cultured with StemPro 34 SFM supplemented
with 5 ng/mL VEGF-A, 30 ng/mL bFGF, and 10 pM ROCK inhibitor (Y276932). On the
next day, half of the medium was replaced with a same medium minus the ROCK inhibitor.
After capillary-like structures were confirmed (at least 24 hrs later), iVOs were used for
SARS-CoV-2 infection assay.

SARS-CoV-2 infection assay using iVO—The SARS-CoV-2 strain B. 1.1.214
(GISAID accession number: EPI_ISL_2897162), B.1.617.2 (GISAID accession humber:
EPI_ISL_9636792), and BA.1 (GISAID accession number: EP1_ISL_9638489) were
isolated from a nasopharyngeal swab sample of a COVID-19 patient8®. This study has
been approved by the research ethics committee of Kyoto University. The virus was
plaque-purified and propagated in TMPRSS2/Vero cells (JCRB1818, JCRB Cell Bank)%.
SARS-CoV-2 was stored at =80 °C. All experiments including virus infections were done
in biosafety level 3 facilities at Kyoto University strictly following regulations. iVOs
were infected with SARS-CoV-2 at 1x10° TCIDso/mL for 2 hr. Culture supernatants were
collected and media were changed every day. iVO was fixed for immunostaining or lysed for
RNA extraction at the endpoint (4 dpi).

Viral titration of SARS-CoV-2—Viral titers were measured using median tissue culture
infectious dose (TCIDsg) assays. TMPRSS2/Vero cells (JCRB1818, JCRB Cell Bank)%,
which were cultured with Minimum Essential Media (MEM, Sigma-Aldrich) supplemented
with 5% fetal bovine serum (FBS), and 1% penicillin/streptomycin (Invitrogen) were seeded
into 96-well cell-culture plates (Thermo Fisher Scientific). The samples were serially diluted
tenfold from 1071 to 1078 in cell-culture medium. Dilutions were placed onto TMPRSS2/
Vero cells in triplicate and incubated at 37 °C for 96 hr. Cytopathic effects were evaluated
under a microscope. TCIDgg/mL was calculated using the Reed-Muench method.

Intravital imaging of human iPSC-vascular organoids under a cranial window
—~Female non-obese diabetic/severe combined immunodeficient (NOD/SCID) mice were
purchased from CLEA Japan, Inc.. In preparation of the cranial window, NOD/SCID mouse
was anesthetized by an intraperitoneal injection (0.2 ml/20 g body weight) of 20 mg/ml
ketamine and 3 mg/ml xylazine in 0.9% NaCl. After removing the 7-mm diameter circular
hole of the skull, we removed the dura on the right and left sides of the brain and gently
place a circular 8-mm coverslip (Matsunami Glass Inc., Japan) in diameter to cover the open
skull enclosed with a biocompatible glue. After allowing the mice to recover for 7 days, the
coverslip was removed, and the transplantation material was placed on the cortex, followed
by sealing of the glass-covered window with a biocompatible glue®®. 8- to 14-week-old
mice were used for preparing the cranial window. For transplantation, the 8-d-differentiated
cells for iIVEC (from Kusabira orange [KO]-expressing iPSCs) were isolated using CD34
immunomagnetic beads (Miltenyi Biotec) according to the manufacturer’s protocol. 8.75 x
10* CD34-positive cells mixed with 1.25 x 10* CD34-negative cells (7:1) were suspended in
100 pl of a mixture of endothelial cell growth medium (EGM, Lonza) and hepatocyte culture
media (HCM, Lonza) with 5 ng/mL VEGF-A and 10 ng/mL Oncostatin M (PeproTech). The
cell suspension was pipetted into a well (1 x 10° cells per well) of Ultra-Low Attachment
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96-well plates and incubated at 37 °C in a humidified atmosphere containing 5% CO for
4 days. The 4-d-cultured iPSC-vascular organoids were transplanted on the mouse cortex
under a cranial window of 9- to 16-week-old mice®.

For ECD treatment, mice were tail vein injected with recombinant SARS-CoV-2 spike-
ECD protein (1 pg/mouse; GenScript) solution in saline. An equal volume of poly-His

and FLAG control peptide (GenScript) or vehicle (saline) was used for controls. For
treatment with ECD and LNP023, mice were pretreated with LNP023 (25 mg/kg;
MedChemExpress) solution in 1% DMSO diluted in saline by oral administration 1 h
before ECD injection. Intravital imaging was performed using an Olympus FV3000 confocal
laser scanning microscope. The perfused vessels were highlighted by tail vein injection of
Fluorescein isothiocyanate (FITC)-labeled dextran (MW 2 000 000; Sigma-Aldrich). For
immunostaining, Alexa Fluor 647-conjugated anti-human-specific CD31 antibody (human
vascular endothelial cells; WM59; Biolegend) and Brilliant Violet 421-conjugated anti-
mouse Ly6G antibody (mouse neutrophils; 1A8; Biolegend) were tail vein injected. SYTOX
blue (Thermo Fisher Scientific) for extracellular DNA staining was co-injected with Ly6G
antibody. Alexa Fluor 647-fibrinogen (Thermo Fisher Scientific) was co-injected with ECD.
The excitation wavelength or laser power must be adjusted to each fluorescent sample at
every experimental setting.

Intravital imaging Analysis—Detecting blood perfusion area (dextran-positive area) and
transplanted human blood vessel area (human CD31-positive or KO-positive area) were
analyzed using NoviSight software (Evident, Tokyo, Japan). For detecting blood area,

the xyz images of vessels were projected and used for analysis. For tracking analysis

of neutrophils, the neutrophils were extracted from each frame of time lapse movie and
overlayed for heatmap. The Dice coefficient for neutrophil-occupying area between the first
frame and the subsequent 49 frames in representative time-lapse movies.

In vitro MAC deposition on iPSC-derived endothelial cells—iPSC was seeded into
on laminin 511 E8-fragment-coated dish in StemFit AKO2N for 24 hrs (Day 0). On day

1, the medium was changed to DMEM/F-12 (Invitrogen) with 1% Penicillin/Streptomycin,
1% Glutamax (Invitrogen), 1% B27 Supplement (Invitrogen), 25 ng/mL BMP-4 (R&D),

8 UM CHIR99021 to induce mesoderm for 3 days. On day 4, the medium was changed

into StemPro-34 SFM with 1% Penicillin/Streptomycin, 2 uM Forskolin (Cayman) and 200
ng/mL VEGF-A (Invitrogen) to differentiate into endothelial cells at 37 °C in 5% CO,, for

3 days. On day 7, cell aggregates were removed by PBS wash and endothelial cells were
passaged at appropriate cell numbers and maintained with same medium for 72 hrs.

Complement activation via SARS-CoV-2 spike protein stimuli was demonstrated at culture
day 10. SARS-CoV-2 were used to recapitulate complement pathway activation via SARS-
CoV-2 spike-ECD protein (GenScript) infection. First, 40% normal human serum (NHS)
(Biopredic) were pre-incubated with 10 pg/mL SARS-CoV-2 spike-ECD and multiple
concentration of test compounds (anti-CFD Ab and Eculizumab) in StemPro-34 SFM with
1% Penicillin/Streptomycin and 2 pM Forskolin and 200 ng/mL VEGF-A medium at 37 °C
for 1 hr. Then, cell cultured medium was changed to this medium after treatment of final
concentration of 1 mg/ml anti-human CD59 antibody (BIO RAD) at 37 °C for 0.5 hr. 24
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hrs later, culture supernatant was collected for ELISA and fixed by 4% paraformaldehyde
solution for immunocytochemistry.

Virus infection with cynomolgus monkeys—Total 7 individuals were assigned for
phenotypic analysis by SARS-CoV?2 infection. For drug efficacy evaluation, total 11
subjects were randomized into control and drug administration group, based on age, birth
country, body weight. SARS-CoV-2 JP/TY/WK-521/2020 (WK-521) was used as previously
reported®2. All macaques were challenged with the WK-521 virus (2 x 107 TCIDsg)
inoculated into the conjunctiva (0.05 mL x 2), nostrils (0.5 mLx 2), oral cavity (0.9 mL),
and trachea (5 mL) with pipettes and catheters under ketamine/xylazine anesthesia. PBS (-)
or complement factor D antibody (30 mg/kg) were subcutaneously injected simultaneously
with SARS-CoV-2 inoculation. Chest X-ray radiographs were taken using the I1-PACS
system (Konica Minolta Inc.) and PX-20BT mini (Kenko Tokina Corporation). EDTA
plasma and serum were collected on pre-inoculation and on 1, 3, 5, and 7 days after
infection for hematological testing, blood counting (\Vetscan), ELISA and Milliplex assay.
Lung, liver and Kidney tissues were collected at 3 or 7 days after infection. At day 3 or 7,
macaques were anesthetized and dissected after whole blood collection. Their tissues were
immersed and fixed in 10% formaldehyde for histological analysis.

RNA isolation and sequencing.—Total RNA was extracted from cultured cells, using
a PureLink RNA Mini Kit (Thermo Fisher Scientific). For transplanted iVO, graft was
stabilized by immersion in RNAlater and then | to beads pre-filled tube and added lysis
buffer of NucleoSpin RNA Plus XS (MACHEREY-NAGEL). Tissue homogenization was
performed by SHAKE MASTER tissue disrupter (BMS Japan) for 2.5 min and total

RNA was extracted by NucleoSpin RNA Plus XS. A cDNA library was generated from

10 ng of total RNA, using a Superscript VILO cDNA Synthesis Kit (Thermo Fisher
Scientific). Amplification, primer digestion, and adapter ligation were performed using an
lon AmpliSeq Transcriptome Human Gene Expression Kit (Thermo Fisher Scientific). The
cDNA library was purified using Agencourt AMPure XP Reagent (Beckman Coulter) and
quantified using lon Library TagMan Quantitation Kit (Thermo Fisher Scientific), followed
by dilution to 75 pM with water and pooled equally. Eight samples per pool were sequenced
using an lon 540 Chip Kit (Thermo Fisher Scientific) simultaneously, using lonS5 XL
(Life technologies) and lon Chef instrument systems (Life technologies) with lon 540 Kit-
Chef (Life technologies). All procedures were performed according to the manufacturers’
protocols.

Bulk RNA sequencing data analyses.—From the sequencing output, quality control,
alignment reads on hg19 (hg19_AmpliSeq_Transcriptome_21K_v1.bed), read counts and
the normalization (reads per million, RPM) for each gene were obtained using the Torrent
ampliSegRNA plugin (hg19 AmpliSeq Transcriptome ERCC v1) in Torrent Suite Software
v5.2.1. For transplanted iVO, to exclude mouse tissue-derived reads, mapping and alignment
was performed using a custom reference sequence with mouse Refseq. Data scaling

of AmpliSeq count data were performed by converting into log,(RPM+1) or z-score.
Logy(RPM+1) scaled dataset were first subjected to gene functional classification and
pathway enrichment analysis by GSEA ver.4.3.1. Gene set for each pathway derived from
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the Molecular Signatures Database (MsigDB) ver.7. Network map of connections among
pathways were generated by Enrichment Map implemented in Cytoscape ver.3.9.1 using
significantly enriched geneset with a nominal p value <0.05 and FDR <25%. Unsupervised
clustering using Euclidean distance and average linkage method and visualization of
heatmap and dendrogram were performed by heatmap.2 in ggplot2 package implemented
in R using a z-score scaled data set.

Quantification of SARS-CoV-2 viral RNA copy number in vitro—The cell culture
supernatant was mixed with an equal volume of 2xRNA lysis buffer (distilled water
containing 0.4 U/uL SUPERase«In Rnase Inhibitor (Thermo Fisher Scientific), 2% Triton
X-100, 50 mM KCI, 100mM Tris-HCI (pH 7.4), and 40% glycerol) and incubated at room
temperature for 10 min. The mixture was diluted 10 times with distilled water. Viral RNA
was quantified using a One Step TB Green Prime Script PLUS RT-PCR Kit (Perfect Real
Time) (Takara Bio) on a QuantStudio 1 Real-Time PCR System (Thermo Fisher Scientific).
The PCR primer sequences are shown in Key resources table.

Quantitative PCR for ACE2 and TMPRSS2—Total RNA was isolated using ISOGENE
I1 (NIPPON GENE). cDNA was synthesized using 500 ng of total RNA with a Superscript
VILO cDNA synthesis kit (Thermo Fisher Scientific). Real-time RT-PCR was performed
with the SYBR Green PCR Master Mix (Thermo Fisher Scientific) using a QuantStudio

1 Real-Time PCR System (Thermo Fisher Scientific). The relative quantitation of target
MRNA levels was performed using the 2-AACT method. The values were normalized by
those of the housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The
PCR primer sequences are shown in Key resources table.

Immunocytochemistry—Fixed cells were blocked by protein block serum free blocking
solution (DAKO, X909) or donkey serum (Millipore) and the primary antibody was added
and incubated at 4 °C overnight. Next day, wells were washed by PBS and species-specific
secondary antibody conjugated with Alexa Flour 488, 555 or 647 (Life Technologies) and
DAPI (DOJINDO) with 1% blocking solution was incubated at RT for 1 hr. Then, wells
were washed by PBS and the stained images were observed with BZ-X710 (Keyence). The
primary antibodies and their dilution rates were used as below; anti-terminal complement
complex MAC (HCB Hycult Biotech, 1/200), CD31 (Abcam, 1/50), and COUPTF-11 (R&D,
1/100). MAC deposition was observed and counted by IN Cell Analyzer 6500HS and

IN Cell Developer Toolbox (GE healthcare). Data was calculated and standardized by
fluorescence of DAPI value.

Whole mount clearing and immunocytochemistry.—Organoids were fixed in 4%
paraformaldehyde in PBS for 2 hours at 4 °C. Clearing and immunofluorescent staining
were performed by using SCALEVIEW-S (Wako) according to AbScale protocol supplied
from manufacturer. Primary antibodies and their dilution rates are as follows: CD31
(Abcam, 1/50), SARS-CoV-2-NP (Sino Biological, 1/100), Collagen IV (Abcam, 1/100),
and PDGFRb (R&D, 1/100). Species-specific secondary antibodies conjugated with Alexa
Fluor 555 or 647 (Life Technologies) were used at 1:500 dilution. DAPI (Sigma) for nuclear
staining was diluted 1:1000. z-stack images were acquired using LSM 880 with Airy scan
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(Zeiss). 3-D image processing and volume rendering were managed by Imaris software
(Oxford Instruments).

Enzyme-linked immunosorbent assay (ELISA)—Human serum, culture supernatant,
animal EDTA plasma and animal serum were used for protein qualification. Complement
factor-related proteins were quantified using alternative pathway ELISA kit (Svar Life
Science), classical pathway ELISA kit (Svar Life Science), lectin pathway ELISA kit (Svar
Life Science), human Ba ELISA kit (QUIDEL), human C3a ELISA kit (BD biosciences),
human TCC ELISA kit (Svar Life Science) and human C4d ELISA kit (Svar Life Science).
Coagulopathy and endotheliopathy related proteins were measured by human FVIII ELISA
kit (Abcam), human vVWF ELISA kit (Abcam), human D-dimer ELISA kit (Abcam), human
PAI-1 ELISA kit (Abcam). All assays were conducted according to the manufacturer’s
protocols.

Human IgG quantification—For pharmacokinetics of complement factor D antibody

in macaque, human 1gG was measured by electrochemiluminescence immunoassay. High
bind MSD plates (Meso Scale Discovery) were coated with 2 pg/ml mouse anti-human IgG
(Abcam) in 50mM sodium bicarbonate solution at pH 9.6, shaking at room temperature.
After one hr, the plates were washed three times with PBS/0.05% Tween 20 buffer. Plates
were blocked for 1 hr with 5% MSD Blocker A (Meso Scale Discovery) shaking at ambient
temperature. Blocked plates were washed three times with 1X PBS/0.05% Tween 20 buffer.
Immediately after the wash, the standards, samples, and controls with the drug of interest
diluted in 5% MSD Block A solution were dispensed on the plate and incubated at room
temperature, shaking for 1 hr. Plates with captured drug were washed as specified in the
previous wash steps. A solution of Sulfo-tagged goat anti-Human IgG antibody (1 pg/ml;
Meso Scale Discovery) in 5% MSD Block A was pipetted into the plate. After one hr of
incubation at room temperature, any unbound antibody was washed off. 1X MSD Read
Buffer T (Meso Scale Discovery) was dispensed in each well and plates were immediately
read on the SECTOR Imager 2400 plate reader (Meso Scale Discovery).

Multiplex assay—The cytokine and chemokine concentrations were measured by the
Non-human Primate Cytokine Magnetic Bead Panel (Millipore) in macaque EDTA plasma
and by LEGENDplex human inflammation panel 1 (13-plex; BioLegend) in human cell
culture supernatants. Complement factors in macaque EDTA plasma were qualified by
human Complement Magnetic Bead Panel 1 and 2 (Millipore). Coagulation, endothelial
activation, and thrombosis associated factors in macaque EDTA plasma were analyzed by
Human Cardiovascular Disease (CVD) Panel 2 (Millipore). All assays were performed in
accordance with the manufacturer’s instruction, followed by plate reading on Luminex 200
(Thermo Fisher Scientific) for macaque EDTA plasma, and by the BD LSRFortessaTM cell
analyzer (BD Bioscience) for human cell culture supernatants.

Immunohistochemistry—~For histopathological analysis, tissues obtained at autopsy
were immersed in 10% neutral buffered formalin for fixation, embedded in paraffin, and

cut to 3-um-thick sections on glass slides. Sections were stained with hematoxylin and eosin
(H&E) or Carstairs’ stain using standard protocols.
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For immunohistochemistry, antigen retrieval was performed with pH6.0 or pH9.0 Target
Retrieval Solution (DAKO) in the slide chamber, at 115 °C for 15 min. The slides were
cooled, washed, and endogenous peroxidases were blocked with POD blocking solution
(DAKO) for 10 minutes. And then samples were blocked by 10% donkey serum (Millipore)
in TBS (DAKO) for 30 minutes at room temperature and incubated at 4 °C overnight with
antibodies against VWF (Abcam) and C3 (Sigma). After washing, slides were then incubated
with anti-rabbit labelled with HRP (The Jackson Laboratory). Signals were detected using
DAB substrate buffer (DAKO), counterstained with hematoxylin. After washing, slides were
mounted in mount quick. All procedures were required wash step with TBST. Images were
scanned and stored on a NanoZoomer (NIKON).

Quantification and Statistical Analysis—In all patient serum data, the dots refer
single patient specimens at each time point and does not include technical replication. In

all /n vitro and mouse iVO transplantation experimental data are representative or pooled

of values from at least three or more, different differentiation batches. In cynomolgus
macaque experiment, due to the death of one control macaque from unexpected causes

2 hours after virus inoculation, the control group (n=5) and the FD Ab group (n=6)

were finalized as the data set. Statistical analysis was performed using GraphPad Prism

9. Data were statistically evaluated from biological independent replicates. The details of
statistics and exact number of replicate (/1) are shown in Figure panel or legend. Briefly,

for two-samples comparison, unpaired two-tailed Welch’s t-test, Student’s t-test at equal
variances assumed, Mann-Whitney’s U-test, Wilcoxon’s rank-sum test was used. If repeated
tests were performed, p-values were adjusted by Holm-Sidak method or cutoff by the false
discovery rate (FDR) < 20%. For comparisons between more than two samples, one-way

or two-way analysis of variance (ANOVA) with Dunnett’s or Tukey’s multiple comparisons
test, p-values or adjusted p-values < 0.05 were considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Endotheliopathy and inflammathrombosis is a hallmark for severe COVID-19.

(A) Quantification of PAI-1 in healthy control, sepsis patient and COVID-19 patient plasma
(mean * SE; Kruskal-Wallis test with Dunn’s post-hoc test; *p < 0.05; ***p < 0.001; ns: not

significant). The number of samples is as indicated.

(B) Kaplan-Meier survival curves for time to weaning from ventilator in COVID-19 patients

separated into PAI-1 low and high groups (Log-rank test; **p<0.01).

(C) Correlation plots of PAI-1 with IL-6, GDF-15, D-dimer and FDP with linear regression.

r means Pearson correlation coefficient (***p < 0.001).

(D) Time-series comparison of plasma D-dimer and FDP levels between the early recovery
(blue dot) and late recovery (red dot) groups. The mean + SE are shown together in each dot
plot with a black line (Welch’s t-test; *p< 0.05; ns: not significant). The number of samples

is as indicated.
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Figure 2. Human vascular organoids are permissive for SARS-CoV-2 infection to induce
inflammation.

(A) The schema of SARS-CoV-2 infection and phenotypic analysis for induced vascular
organoid (iVO).

(B) Scatter dot-plots of the flow cytometry analysis of CD34 and CD73 expression at day 8
in CD34" purified iVEC cultured with 5 ng/ml VEGF-A at days 6 to 8.

(C) Immunofluorescent staining of iVEC for CD31/COUP-TFII/DAPI on day 10 after
CD34" purification.
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(D) qRT-PCR analysis of ACEZ (left) and TMPRSSZ (right) (n=3-8; mean + SE; One-

Way ANOVA with Tukey’s post-hoc test; **p<0.01; ****p<0.0001). HMVEC, human
microvascular endothelial cell; HUVEC, human umbilical vein endothelial cell; iEC, iPSC-
derived endothelial cell.

(E) qRT-PCR analysis of SARS-CoV-2 viral copy number in cell culture supernatant at 2 dpi
(n=3; mean * SE; One-Way ANOVA with Tukey’s post-hoc test; *p < 0.05; ***p < 0.001).
(F) Time-series fold change in SARS-CoV-2 viral RNA copy number (red curve) and titer
(blue bars) in cell culture supernatant expression of iVOs (n=4, RNA copy number; n=3,
titer; mean + SE; Two-Way ANOVA; ***p < 0.001, RNA copy number; ##p < 0.001, titer).
(G) Quantification of PAI-1 in culture supernatant at 1 dpi. Each value was normalized

by the quantitative value in the mock control of the same cell type (n=3-8; mean % SE;
One-Way ANOVA with Dunnet’s post-hoc test compared to iVO; ****p < 0.0001).

(H) Quantification of Factor VIII in culture supernatant at 1 dpi. (n=3-8; mean * SE;
One-Way ANOVA with Dunnet’s post-hoc test compared to iVO; *p < 0.05; **p < 0.01).
(1) Quantification of IL-6 in culture supernatant of iVO infected with different strains and
primary endothelial cells infected with B. 1.1.214 strain at 1 dpi and 4 dpi. Each value was
normalized by the quantitative value in the mock control of the same cell type (n=4-8; mean
+ SE; One-Way ANOVA Kruskal-Wallis test with Dunn’s post-hoc test; *p < 0.05; **p <
0.01; ***p < 0.001).

(J) The heatmap showing inflammatory cytokines and chemokines at 1 dpi and 4 dpi. Each
value was log2 transformed fold change of infection / mock.

(K) Quantification of PAI-1 in culture supernatant of iVO infected with different strains at
1 dpi and 4 dpi. Each value was normalized by the quantitative value in the mock control

of the same cell type (n=8; mean = SE; One-Way ANOVA with Dunnet’s post-hoc test
compared to B. 1.1.214 infected iVO; ****p < 0.0001).

(L) Network map of connections among significantly enriched pathways by GSEA of
SARS-CoV-2 infected and mock (FDR<20%, p<0.05). Each circle indicates the size of the
gene set, and the color scale indicates the normalized enrichment score (NES).

(M) The heatmap showing genes in the complement activation pathway. Each value was
standardized to z-score.
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Figure 3. Modeling inflammathrombosis specific to engineered human blood vessels.
(A) Top, schematic representation of our transplantation strategy. Bottom, macroscopic

image of transplanted human iPSC-vascular organoid under cranial window. Dotted area
indicates the transplanted human iPSC-vascular organoid.

(B) Intravital fluorescence microscopy imaging of the organoid-transplanted mice treated
with spike-ECD via tail vein. The organoid-derived human vascular and blood flow

are visualized using a human-specific anti-CD31 antibody (hCD31) and FITC-dextran,
respectively.
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(C) Quantification of relative blood perfusion area in human and mouse vessels after spike-
ECD infusion and in human vessels after control peptide or saline infusion to Ohr (mean

+ SD; n = 3; *p < 0.05; ns: not significant; compared to Ohr [-] by ANOVA followed by
Dunnett’s test.).

(D) Intravital fluorescence microscopy thrombus imaging of transplanted human iPSC-
vascular organoid (Kusabira orange (KO)) injected with FITC-dextran, anti-mouse Ly6G
antibody (neutrophil), and fluorescence-conjugated fibrinogen 6 hrs after spike-ECD or
control peptide infusion.

(E) Intravital fluorescence microscopy NETSs imaging of transplanted human iPSC-vascular
organoid (Kusabira orange (KO)) injected with FITC-dextran, anti-mouse Ly6G antibody
(neutrophil), and SYTOX blue (extracellular DNA) 24 hrs after spike-ECD or control
peptide infusion.

(F) Network map of connections among significantly enriched pathways by GSEA of
spike-ECD infusion (FDR<20%, p<0.05). Each circle indicates the size of the gene set, and
the color scale indicates the normalized enrichment score (NES).

(G) Enrichment plots of selected significantly enriched pathways.

(H) The heatmap showing core enrichment genes in pathways highlighted in green in Figure
3F. Each value was standardized to z-score.
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Figure 4. Complement amplification precedes inflammathrombosis.

(A) Volcano plots showing differentially expressed protein profile between late recovery and

early recovery at 1-2 day post ICU admission. Red dots indicate proteins that satisfied FDR
cut off (20%). The blue dashed line marks a threshold of p=0.05.
(B) Pairwise correlation matrix of complement (Ba, C4d, TCC), PAI-1, cytokines (IL-6,
GDF-15) and clinical laboratory parameters in patients with COVID-19. Each value

represents a Pearson correlation coefficient (*p < 0.05; **p < 0.01; ***p < 0.001).
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(C) Quantification of TCC in healthy control, sepsis patient and COVID-19 patient plasmas
(mean * SE; Kruskal-Wallis test with Dunn’s post-hoc test; *p < 0.05; ****p < 0.0001). The
number of samples is given under the group name.

(D-E) Time-series comparison of plasma C4d and Ba levels between the early recovery
(blue dot) and late recovery (red dot) groups. The mean + SE are shown together in each dot
plot with a black line (Welch’s t-test; *p < 0.05, ns: not significant).

(F) Intravital imaging of the organoid-transplanted mice treated with complement factor B
inhibitor LNP023 and spike-ECD. LNP023 was orally administrated 1 hr before spike-ECD
treatment. The organoid-derived human vascular and blood flow are visualized using a
hCD31 and FITC-dextran, respectively.

(G) Relative quantification of blood perfusion area in human vessels after LNP023 and
spike-ECD or sham (ECD+DMSOQ) treatment to before treatment (mean + SE; n = 3;
Welch’s t-test; **p < 0.01).

(H) Aberrant activation of complement amplification loop in endotheliopathy.
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Figure 5. Factor D monoclonal antibody alleviates inflammation and coagulation responses in
SARS-CoV-2 infected non-human primates.

(A) Schematic diagram for ASHE concept for CFD monoclonal antibody.

(B) Time-series MAC inhibition activity and CFD Ab concentration in cynomolgus
macaques (CMs) serum after subcutaneous injection.
(C) Schematic diagram for potency of CFD Ab; CMs were injected vehicle (n = 5) and
anti-Factor D (n = 6) treated simultaneously with SARS-CoV-2 infection.

(D) Complement factor Ba, complement C3a, TCC, alternative pathway activity, classical
pathway activity and lectin pathway activity in serum of experimental CMs (mean £ SD;
n=5 or 6 per group; Welch’s t-test; *p< 0.05).
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(E) The concentration of PAI-1 in plasma (mean = SD; n=5 or 6 per group).

(F) The count of platelet in peripheral blood cells (mean £ SD; n=5 or 6 per group; Welch’s
t-test; *p<0.01).

(G) The concentration of ADAMTS13 in plasma (mean + SD; n=5 or 6 per group; Welch’s
t-test; *p< 0.05).

(H) The level of the inflammatory cytokines and chemokines in day 1 plasma by CFD

Ab. Each value was normalized by those of the same individual on dayO and then the
percentage of suppression to vehicle was calculated. (mean + SE; n=6). Statistical evaluation
was performed by Student’s #test (p=0.24, 0.09, 0.23, 0.53, 0.20, 0.75, 0.78, 0.56).

Cell Stem Cell. Author manuscript; available in PMC 2024 October 05.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Kawakami et al.

Key resources table

Page 39

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

CD34 MicroBead Kit, human

Miltenyi Biotec

Cat# 130-046-702;
RRID:AB_2848167

anti-human CD59 antibody

Bio-Rad Laboratories, Inc

Cat# MCA715G; RRID:AB_566852

Alexa Fluor 647-conjugated anti-human-specific CD31 BioLegend Cat# 303111; RRID:AB_493077
antibody (Clone; WM59) for intravital imaging

Brilliant Violet 421-conjugated anti-mouse Ly6G antibody BioLegend Cat# 127627, RRID:AB_10897944
(Clone; 1A8)

Anti-CD31 for immunocytochemistry Abcam Cat# ab28364; RRID:AB_726362

Anti-human terminal complement complex MAC

Hycult Biotech

Cat# HM2167; RRID:AB_533189

Anti-SARS-CoV-2-NP Sino Biological Cat# 40588-T62
Anti-COUPTF-II R&D systems Cat# PP-H7147-00;
RRID:AB_2155627
Anti-Collagen IV Abcam Cat# ab6586 RRID:AB_305584
Anti-PDGFRb R&D systems Cat# AF385 RRID:AB_355339

CD73 Antibody, anti-human, APC

Milteny Biotec

Cat# 130-095-183;
RRID:AB_10828447

BD Horizon™ BV421 Mouse Anti-Human CD34

BD Biosciences

Cat# 562577; RRID:AB_2687922

PE anti-human CD184 (CXCR4) Antibody

BioLegend

Cat# 306506; RRID:AB_314612

Sulfo-tagged goat anti-Human IgG antibody

Meso Scale Discovery

Cat# R32AJ; RRID:AB_2905663

Anti-human vVWF Abcam Cat# ab179451; RRID:AB_2890242

Anti-human C3 Sigma-Aldrich Cat# HPA020432;
RRID:AB_1847118

Anti-human IgG Abcam Cat# ab124055; RRID:AB_10949474

Donkey anti-Rabbit 1gG (H+L) Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor™ 488

Thermo Fisher Scientific

Cat# A21206; AB_2535792

Donkey anti-Rabbit 1gG (H+L) Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor™ 555

Thermo Fisher Scientific

Cat# A-31572; RRID:AB_162543

Donkey anti-Rabbit 1gG (H+L) Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor™ 594

Thermo Fisher Scientific

Cat# A-21207, RRID:AB_141637

Donkey anti-Mouse 1gG (H+L) Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor™ 555

Thermo Fisher Scientific

Cat# A-31570, RRID:AB_2536180

Donkey anti-Mouse 1gG (H+L) Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor™ 647

Thermo Fisher Scientific

Cat# A-31571; RRID:AB_162542

Donkey anti-Goat 1gG (H+L) Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor™ 647

Thermo Fisher Scientific

Cat# A-21447, RRID:AB_141844

Goat anti-Mouse 1gG2a Cross-Adsorbed Secondary Antibody,
Alexa Fluor™ 555

Thermo Fisher Scientific

Cat# A21137; AB_2535776

Peroxidase-AffiniPure F(ab’)2 Fragment Donkey Anti-Rabbit
1gG (H+L)

Jackson ImmunoResearch Labs

Cat# 711-036-152;
RRID:AB_2340590

-Cellstain®- DAPI solution DOJINDO 340-07971
Bacterial and virus strains
SARS-CoV-2 JP/TY/WK-521/2020 National Institute of Infectious N/A

Disease, Japan
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

SARS-CoV-2 strain B.1.1.214

Hashimoto et al., 20238°

GISAID: EPI_ISL_2897162

SARS-CoV-2 strain B.1.617.2 Delta

Hashimoto et al., 20238°

GISAID: EPI_ISL_9636792

SARS-CoV-2 B.1.1.529 BA.1 Omicron

Hashimoto et al., 20238°

GISAID: EPI_ISL_9638489

Biological samples

COVID-19 patient serums collected in Osaka cohort Ebihara et al., 202140 N/A

Sepsis patient serums collected in Osaka cohort This study N/A

Healthy control serums collected Osaka cohort Ebihara et al., 202140 N/A

Pre- and Post- recovery COVID-19 patient serums Reprocell Inc. N/A
Chemicals, peptides, and recombinant proteins

StemFit AKO2N Ajinomoto Cat# AJ100
Essential 8 medium Thermo Fisher Scientific Cat# A1517001
Essential 6 medium Thermo Fisher Scientific Cat# A1516401
StemPro 34 SFM Thermo Fisher Scientific Cat# 10639011

Hepatocyte Culture Medium Lonza Cat# CC-3198
Endothelial Growth Medium Lonza Cat# CC-3162
DMEM/F-12 Invitrogen Corp. Cat# 11330057
Minimum Essential Media (MEM, Sigma-Aldrich) Sigma-Aldrich Cat# M4655

Recombinant Human BMP-4

R&D Systems

Cat# 314-BP-01M

Recombinant Human VEGF Invitrogen Corp. Cat# PHC9393
CHIR99021 Cayman Cat# 13122
SB431542 Wako Cat# 033-24631
Recombinant Human bFGF Wako Cat# 060-04543

Recombinant Human SCF

R&D Systems

Cat# 255-SC-001MG/CF

Recombinant Human FIt3-Ligand

PeproTech Inc.

Cat# 30019250UG

Recombinant Human IL-3

R&D Systems

Cat# 203-GMP-050

Recombinant Human Thrombopoietin

R&D Systems

Cat# 288-TPN-100/CF

Forskolin

Cayman Chemical Co.

Cat# 11018

ROCK inhibitor (Y276932)

CultureSure

Cat# 034-24024

Oncostatin M PeproTech Inc. Cat# 300-10
GlutaMAX Supplement Invitrogen Corp. Cat# 35050061
B27 Supplement Invitrogen Corp. Cat# 17504001
TrypLE Select Invitrogen Corp. Cat# 12563029
Penicillin/Streptomycin Invitrogen Corp. Cat# 15140163
Laminin 511E8-fragment Nippi Cat# 892011
Matrigel® Basement Membrane Matrix Corning Cat# 356237
Complement factor D antibody ‘Ll'?ldeda Pharmaceutical Company, N/A

LNP023 MedChemExpress Cat# HY-127105
Eculizmab Absolute Antibody Ltd. Cat# Ab00296-1.1
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REAGENT or RESOURCE SOURCE IDENTIFIER
Recombinant SARS-CoV-2 Spike-ECD protein GenScript Cat# 203481

poly-His and FLAG control peptide GenScript N/A

Normal human serum (NHS) Biopredic Cat# SER018050
Dextran, Fluorescein isothiocyanate (FITC), 2,000,000 MW Sigma-Aldrich Cat# FD2000S

Alexa Fluor 647-fibrinogen Thermo Fisher Scientific Cat# F35200

SYTOX blue Thermo Fisher Scientific Cat# S11348

Critical commercial assays

Alternative pathway ELISA kit Svar Life Science Cat# COMPLAP330
Classical pathway ELISA kit Svar Life Science Cat# COMPLCP310
Lectin pathway ELISA kit Svar Life Science Cat# COMPLMP320
human Ba ELISA kit QUIDEL Cat# A033

human C3a ELISA BD biosciences Cat# 550499

human TCC ELISA kit Svar Life Science Cat# COMPLTCCRUO
human C4d ELISA kit Svar Life Science Cat# COMPLC4DRUO
human FVIII ELISA kit Biomatik Corporation Cat# EKU03270

human vVWF ELISA kit Abcam Cat# ab223864

human PAI-1 ELISA kit Abcam Cat# ab269373
LEGENDplex™ Human Inflammation Panel 1 (13-plex) BioLegend Cat# 740809
Non-human Primate Cytokine Magnetic Bead Panel Millipore Cat# PRCYTOMAG-40K
(Millipore)

Human Cardiovascular Disease (CVD) Panel 2 Millipore Cat#t HCVD2MAG-67K
human Complement Magnetic Bead Panel 1 Millipore Cat# HCMP1MAG-19K
human Complement Magnetic Bead Panel 2 Millipore Cat# HCMP2MAG-19K

Deposited data

scRNA sequence data of the lung immune microenvironment Liao et al., 202046 GSE115469
in the bronchoalveolar lavage fluid (BALF)

RAW bulk RNA sequence data (/7 vitro iVO with SARS- This study GSE214694
CoV-2 infection)

RAW bulk RNA sequence data (/7 vivo transplanted iVO with This study GSE235232
spike-ECD infusion)

Raw mass spectrometry proteomics data This study PXD044386
Processed proteomics data This study Table S1
Experimental models: Cell lines

human iPSC line, 1383D2 Nakagawa et al., 201482 N/A

human iPSC line, 1383D6 Nakagawa et al., 201482 N/A

human iPSC line, 625-A4 Oceguera et al., 20158 N/A
Kusabira orange [KO]-expressing iPSC line This study N/A

TMPRSS2/Vero cells

JCRB Cell Bank

Cat# JCRB1818; RRID:CVCL_YQ48

LifeAct reporter iPSC line

This study

N/A

Experimental models: Organisms/strains
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

non-obese diabetic/severe combined immunodeficient (NOD/
SCID) mice

CLEA Japan, Inc.

NOD/Shidic-scidJcl

Cynomolgus macaques for SARS-CoV-2 infection experiment Research Center for Animal Life N/A
Science at Shiga University of
Medical Science
Cynomolgus macaques for pharmacokinetics study of CFD Covance Research Products Inc., N/A
antibody Alice, Texas
Oligonucleotides
SARS-CoV-2 viral RNA forward primer (/n vitro): This study N/A
AGCCTCTTCTCGTTCCTCATCAC
SARS-CoV-2 viral RNA reverse primer (/n vitro): This study N/A
CCGCCATTGCCAGCCATTC
Human ACE2 forward primer: This study N/A
ACAGTCCACACTTGCCCAAAT
Human ACEZ2 reverse primer: This study N/A
TGAGAGCACTGAAGACCCATT
Human TMPRSS2 forward primer: This study N/A
GTCCCCACTGTCTACGAGGT
Human TMPRSS2 reverse primer: This study N/A
CAGACGACGGGGTTGGAAG
Human GAPDH forward primer: This study N/A
GGAGCGAGATCCCTCCAAAAT
Human GAPDH reverse primer: This study N/A
GGCTGTTGTCATACTTCTCATGG
Chlorocebus sabaeus ACE2 forward primer for Vero cells: This study N/A
GTGCACAAAGGTGACAATGG
Chlorocebus sabaeus ACE?2 reverse primer for Vero cells: This study N/A
GGCTGCAGAAAGTGACATGA
Chlorocebus sabaeus TMPRSS2 forward primer for Vero cells: | This study N/A
GTGCTCCGACTCTGGGATAG
Chlorocebus sabaeus TMPRSS2 reverse primer for Vero cells: This study N/A
CATACAGGGTGCCAGGACTT
Chlorocebus sabaeus GAPDH forward primer: This study N/A
CGAGATCCCTCCAAAATCAA
Chlorocebus sabaeus GAPDH reverse primer: This study N/A
TGACGATCTTGAGGCTGTTG
Software and algorithms
R CRAN \fersion 4.0.5; https://cran.r-
project.org/
RStudio RStudio \ersion 1.3.1073;
https://www.rstudio.com;
RRID:SCR_000432
Seurat R package Satija Lab \ersion 4.1.1; http://satijalab.org/

seurat/; RRID:SCR_016341

ScCATCH Shao et al., 2020 &7 Version 3.2; https://github.com/
ZJUFanLab/scCATCH

NicheNet Browaeys et al., 2020 88 Version 1.0.0; https://github.com/
saeyslab/nichenetr

g:Profiler University of Tartu https://biit.cs.ut.ee/gprofiler/gost;

RRID:SCR_006809
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Torrent Suite Software

Thermo Fisher Scientific

Version.5.2.1;
https://tools.thermofisher.com/
content/sfs/manuals/
TorrentSuite_v521_ReleaseNotes.pdf

GSEA Broad Institute, Inc. \ersion 4.2.3; http://
www.gsea-msigdb.org/gsea/index.jsp;
RRID:SCR_016863

Cytoscape cytoscape.org Version 3.9.1; https://cytoscape.org;
RRID:SCR_003032

NoviSight Evident Version 1.2.3.9; https://

www.olympus-lifescience.com/en/
software/novisight/

INCell Developer Toolbox

GE healthcare

version 1.9.2; https://
download.cytivalifesciences.com/
cellanalysis/
download_data/incell/6500/
incell_6500_download_page.htm;
RRID:SCR_015790

Prism GraphPad Software Version 9.3.1;
https://www.graphpad.com;
RRID:SCR_002798

Image J NIH Version 2.9.0; https://

imagej.nih.gov/ij/
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