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Notch4 signaling limits regulatory T-cell-mediated
tissue repair and promotes severe lung inflammation
in viral infections
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In brief

Harb, Benamar, et al. find that interleukin-
6 increases Notch4 expression on lung
regulatory T cells, which, in turn, restrains
production of the tissue repair cytokine
amphiregulin and promotes severe lung
inflammation. Their findings have
implications for treatment of COVID-19
and other respiratory viral infections.

¢ CellP’ress


mailto:talal.chatila@childrens.harvard.�edu
https://doi.org/10.1016/j.immuni.2021.04.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.immuni.2021.04.002&domain=pdf

@ CelPress Immunity

Notch4 signaling limits regulatory T-cell-mediated
tissue repair and promotes severe lung
inflammation in viral infections

Hani Harb,"-217 Mehdi Benamar,’-27 Peggy S. Lai,**'7 Paola Contini,>¢ Jason W. Griffith,* Elena Crestani, -2

Klaus Schmitz-Abe,’-? Qian Chen,"-2 Jason Fong,-? Luca Marri,® Gilberto Filaci,” Genny Del Zotto,® Novalia Pishesha,?°
Stephen Kolifrath,2-° Achille Broggi,'-2 Sreya Ghosh,-2 Metin Yusuf Gelmez,'° Fatma Betul Oktelik,'° Esin Aktas Cetin,'°
Ayca Kiykim,''" Murat Kose,'? Ziwei Wang,-? Ye Cui,’-? Xu G. Yu,'2 Jonathan Z. Li,"* Lorenzo Berra,'>

Emmanuel Stephen-Victor,’-2 Louis-Marie Charbonnier,’-? lvan Zanoni,"-?> Hidde Ploegh,%° Gunnur Deniz,'°

Raffaele De Palma,>:5:16:18 and Talal A. Chatila®:2:18:19.*

1Division of Immunology, Boston Children’s Hospital, Boston, MA, USA

2Department of Pediatrics, Harvard Medical School, Boston, MA, USA

SDivision of Pulmonary and Critical Care, Massachusetts General Hospital, Boston, MA, USA

4Department of Medicine, Harvard Medical School, Boston, MA, USA

5Deptartment of Internal Medicine, University of Genoa, Genoa, Italy

6Unit of Clinical Immunology and Translational Medicine, IRCCS Ospedale Policlinico San Martino, Genoa, Italy

“Biotherapy Unit, IRCCS Ospedale Policlinico San Martino, Genoa, ltaly

8Department of Research and Diagnostics, IRCCS Istituto Giannina Gaslini, Genoa, Italy

9Program in Cellular and Molecular Medicine, Boston Children’s Hospital, Boston, Massachusetts, USA

10Department of Immunology, Aziz Sancar Institute of Experimental Medicine (Aziz Sancar DETAE), Istanbul University, Istanbul, Turkey
11Division of Pediatric Allergy and Immunology, Faculty of Medicine, Istanbul University-Cerrahpasa, Istanbul, Turkey

12Department of Internal Medicine, Faculty of Medicine, Istanbul University, Istanbul, Turkey

13Ragon Institute of Massachusetts General Hospital, Massachusetts Institute of Technology and Harvard Medical School, Boston, MA, USA
14Division of Infectious Diseases, Brigham and Women’s Hospital, Harvard Medical School, Boston, MA, USA

15Department of Anesthesia, Critical Care and Pain Medicine, Massachusetts General Hospital, Harvard Medical School, Boston, MA, USA
16CNR-Institute of Biomolecular Chemistry (IBC), Via Campi Flegrei 34, 80078 Pozzuoli, Napoli, Italy

17These authors contributed equally

18These authors contributed equally

19 ead contact

*Correspondence: talal.chatila@childrens.harvard.edu

https://doi.org/10.1016/j.immuni.2021.04.002

SUMMARY

A cardinal feature of COVID-19 is lung inflammation and respiratory failure. In a prospective multi-country
cohort of COVID-19 patients, we found that increased Notch4 expression on circulating regulatory T (Treg)
cells was associated with disease severity, predicted mortality, and declined upon recovery. Deletion of
Notch4 in Treg cells or therapy with anti-Notch4 antibodies in conventional and humanized mice normalized
the dysregulated innate immunity and rescued disease morbidity and mortality induced by a synthetic analog
of viral RNA or by influenza H1N1 virus. Mechanistically, Notch4 suppressed the induction by interleukin-18 of
amphiregulin, a cytokine necessary for tissue repair. Protection by Notch4 inhibition was recapitulated by
therapy with Amphiregulin and, reciprocally, abrogated by its antagonism. Amphiregulin declined in
COVID-19 subjects as a function of disease severity and Notch4 expression. Thus, Notch4 expression on
Treg cells dynamically restrains amphiregulin-dependent tissue repair to promote severe lung inflammation,
with therapeutic implications for COVID-19 and related infections.

INTRODUCTION hypoxia, leading to acute respiratory distress syndrome (Berlin

et al., 2020; Richardson et al., 2020; Zhou et al., 2020a). In

The current pandemic caused by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) virus has resulted in
massive morbidity and mortality in the United States and globally
(Cucinotta and Vanelli, 2020). Although many infected subjects
are asymptomatic or have a mild form of the disease, a subset
suffers from more severe disease with pneumonia and marked
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many of those individuals, the disease proves fatal despite inten-
sive respiratory support. Uncontrolled activation of the immune
response, leading to a cytokine storm, is a key risk factor for mor-
tality (Henderson et al., 2020; Lucas et al., 2020; Vabret et al.,
2020). The molecular mechanisms governing lung disease
severity are not yet well understood. Notably, innate immune

Gheck for
Updaies


mailto:talal.chatila@childrens.harvard.edu
https://doi.org/10.1016/j.immuni.2021.04.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.immuni.2021.04.002&domain=pdf

Immunity

cell hyperactivation plays a critical role in the pathogenesis of se-
vere coronavirus disease 2019 (COVID-19) (Del Valle et al., 2020;
Vabret et al., 2020; Zhou et al., 2020b), a finding also recapitu-
lated in emerging mouse models (Winkler et al., 2020). Among
the innate immune cytokines, interleukin-6 (IL-6) has been pro-
posed to play a pathogenic role because of its increased serum
concentrations in subjects with severe COVID-19 and reports of
favorable clinical responses to anti-IL-6 receptor (IL-6R) mono-
clonal antibody (mAb) therapy (Copaescu et al., 2020; The
REMAP-CAP Investigators, 2021; Salama et al., 2021; Toniati
et al., 2020; Xu et al., 2020). Other studies, however, have failed
to confirm such a benefit (Hermine et al., 2021; Rosas et al,,
2021; Salvarani et al., 2021; Veiga et al., 2021).

An IL-6-dependent pathway subverts lung regulatory T (Treg)
cells to promote tissue inflammation in severe asthma by
increasing Treg cell expression of the receptor Notch4 (Harb
et al., 2020; Xia et al., 2015, 2018). In this setting, Notch4 acts
via downstream pathways, including Hippo and Wnt, to disrupt
Treg cell regulation of the T helper type 2 (Th2) and Th17 adaptive
immune responses. In case studies, treatment of individuals with
severe asthma with the anti-IL-6R mADb tocilizumab decreased
Notch4 expression on circulating Treg cells and improved dis-
ease outcomes (Esty et al., 2019).

The NOTCH4 locus is associated with critical iliness in COVID-
19 (Pairo-Castineira et al., 2021). Given this and the evidence
supporting a pathogenic role for high levels of IL-6 in COVID-
19, we examined the effect of inducible Notch4 expression on
Treg cells in lung viral infection, including COVID-19. We found
increased Notch4 expression in subjects with COVID-19 as a
function of disease severity. In mouse models of respiratory viral
infections, Notch4 enabled virus-induced tissue inflammation by
mechanisms distinct from those involved in its regulation of adap-
tive immunity in allergic airway inflammation. Rather, Notch4
expression inhibited Treg-cell-mediated regulation of innate im-
mune responses and promotion of tissue repair. The protective
function of Notch4 inhibition involved increased production by
Treg cells of the epidermal growth factor-like cytokine amphire-
gulin, which plays a critical role in in mediating tissue repair by
Treg cells in lung viral infections (Arpaia et al., 2015). These find-
ings identify Notch4 as an effector of COVID-19 disease severity
and point to interventions along the Notch4-amphiregulin axis as
a viable therapeutic strategy to restore immune regulation in se-
vere viral respiratory infections, including COVID-19.

RESULTS

Treg cell Notch4 expression is independently predictive
of mortality from COVID-19

To determine the association between Notch4 and disease
severity in individuals with COVID-19, we recruited three cohorts
of people with COVID-19 as well as healthy control individuals
from Boston, Massachusetts (n = 38 and n = 10, respectively);
Genoa, ltaly (n = 44 and n = 10); and Istanbul, Turkey (n = 36
and n = 20) (Table S1). The subjects were segregated into three
disease severity groups (mild, moderate, and severe) based on
the need for hospitalization and advanced respiratory support
as well as a convalescent group, following criteria detailed in
the STAR Methods. Older male individuals with a history of malig-
nancy, cardiac disease, or endocrine disease had more severe
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disease (Table S1). Frequencies, absolute numbers, and mean
fluorescence intensity (MFI) of Notch4 expression on peripheral
blood CD4*CD25*Foxp3* Treg cells of COVID-19 subjects in
the different cohorts increased progressively as a function of dis-
ease severity and declined precipitously in the convalescent sub-
jects (Figures 1A and 1B; Table S1). In contrast, there was a
modest increase in Notch4 expression on CD4*CD25 Foxp3™ T
effector (Teff) cells of subjects with moderate and severe disease
and otherwise minimal expression in the other subject groups
(Figures 1C and 1D). Also, there was no difference in expression
of the other Notch receptors, including Notch1, Notch2, and
Notch3, on circulating Treg cells among subjects in the different
study groups (Figure S1). In multivariate logistic regression ad-
justing for age, gender, comorbidities, glucocorticoid treatment,
and serum IL-6 levels, each 1% increase in Notch4 expression in
Treg cells was independently associated with 1.046 higher odds
of mortality (univariate odds ratio 1.052 [95% confidence interval
(Cl)1.020-1.088], p = 0.002; multivariate odds ratio 1.046 [95% Cl
1.008-1.090], p = 0.023) (Table S1). For example, an increase in
Treg cells expressing Notch4 by 10% in a 65-year-old male indi-
vidual with a history of malignancy treated with steroids would
lead to arise in predicted mortality from 28.4% to 38.3%. Overall,
serum IL-6 concentrations were correlated positively with Treg
cell Notch4 expression (Figure 1E). Moreover, the serum concen-
trations of interferon alpha (IFN«), IFNB, and IFNy were
decreased in individuals with moderate and severe disease
compared with those with mild disease (Figure 1F; Blanco-Melo
et al., 2020; Hadjadj et al., 2020). In contrast, the serum concen-
trations of other cytokines, including IL-18, tumor necrosis factor
(TNF), IL-8,1L-10, and IL-12p70, were unchanged, whereas those
of CXCL10 were slightly increased in subjects with severe dis-
ease (Figure 1G).

Treg cell Notch4 promotes lung tissue inflammation

induced by polyinosinic:polycytidylic acid (poly(l:C))

To investigate the mechanism by which Notch4 licenses lung tis-
sue inflammation in viral respiratory infections, we first examined
its role in poly(l:C)-induced airway inflammation. Poly(1:C) stimu-
lates Toll-like receptor 3 and the downstream viral RNA sensors
cytoplasmic retinoic acid-inducible gene | (RIG-I) and melanoma
differentiation-associated protein 5 (MDAS), providing a proxy
model of RNA viralinfection (Broggi et al., 2020; lwasaki and Pillai,
2014; Kato et al., 2006). Daily intratracheal instillation of poly(l:C)
in mice for 6 consecutive days resulted in sharp progressive in-
creases in the frequencies and absolute numbers of Notch4-ex-
pressing lung tissue Treg cells as well as in the MFI of Notch4 on
those cells (Figures 2A-2C). In contrast, minimal expression of
Notch4 was noted on CD4" Teff cells. Treg cell-specific deletion
of Notch4 using a Foxp3-driven Cre recombinase (Foxp3Y )
and floxed Notch4 allele (Foxp3YFPC"®Notch4/%) or treatment
with an anti-Notch4 neutralizing mAb, but not an isotype control
mADb, protected mice from weight loss induced by poly(l:C) treat-
ment (Figures 2D and 2E). Histopathological analysis revealed
intense inflammation in the lungs of poly(l:C)-treated mice that
was suppressed by Notch4 antagonism (Figures 2F and 2G).
Similarly, airway hyperresponsiveness (AHR), which was
increased in poly(l:C)-treated mice, was also normalized (Fig-
ure 2H). Analysis of bronchoalveolar lavage (BAL) fluid revealed
increased IL-6 concentrations in poly(l:C)-treated mice that
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Figure 1. Increased expression of Notch4 on circulating Treg cells of subjects with COVID-19

(A-D) Flow cytometry analysis, cell frequencies, absolute numbers, and MFI of Notch4 expression in Treg cells (A and B) and Teff cells (C and D) of control
subjects and subjects with mild, moderate, severe, or resolved COVID-19 (healthy control subjects, n = 37; mild disease, n = 20; moderate disease, n = 54; severe
disease, n = 36; convalescent subjects, n = 6).

(E) Serum concentrations of IL-6 in the different subject groups (healthy control subjects, n = 37; mild disease, n = 18; moderate disease, n = 45; severe disease,
n=21).

(F) Correlation analysis of Notch4 expression on Treg cells of affected and control subjects as a function of serum IL-6 concentrations (n = 121).

(G) Serum concentrations of IFNe, IFNB, IFNy IFNA, CXCL10, IL-1, IL-8, IL-10, IL-12, and TNF in control and affected subjects (healthy control subjects, n = 37;
mild disease, n = 18; moderate disease, n = 45; severe disease, n = 21).

Each symbol represents one subject. Numbers in flow plots indicate percentages. Error bars indicate SEM. Statistical tests: *p < 0.05, **p < 0.01, ***p < 0.0001 by
one-way ANOVA with Dunnett’s post hoc analysis (A-E and G) and Pearson correlation analysis (D). Data represent a pool of two or three independent ex-

periments.

were suppressed upon Notch4 inhibition, consistent with
decreased inflammation (Figure 2I). A similar increase was also
noted for a number of other cytokines, including IFNYy, IL-1¢, IL-
1B, TNF-a, IFNB, MCP1, GM-CSF, IL-17, oncostatin M, leukemia
inhibitory factor, and CXCL5, most of which were also sup-
pressed by Notch4 antagonism (Figure S3A). Further analysis re-
vealed that Notch4 inhibition suppressed lung tissue neutrophil
infiltration induced by poly(l:C) treatment and reversed the in-
crease in lung M1 macrophages while increasing M2 macro-
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phages (Figure 2J). In vitro co-cultures of poly(l:C)-treated
macrophages with lung Treg cells derived from poly(l:C)-treated
mice revealed that Foxp3Y P Notch4*/2 but not Foxp3YFrere
Treg cells reversed the M1 skewing and promoted M2 macro-
phage differentiation (Figure 2K). These results confirmed a crit-
ical role of Treg cell Notch4 expression in the evolution of lung
inflammation induced by poly(l:C).

Different Notch receptors control Treg cell function (Charbon-
nier et al., 2015; Ostroukhova et al., 2006; Perumalsamy et al.,
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Figure 2. Protective effect of Notch4 inhibition in poly(l:C)-induced lung injury

(A and B) Flow cytometry analysis (A) and cell frequencies, absolute numbers, and MFI (B) of Notch4 expression in lung, mediastinal lymph node (medLN), and
spleen Treg and Teff cells of Foxp3YTFC™ mice treated with PBS or poly(l:C) once daily for 6 days.

(C) Notch4 expression on lung, medLN, and spleen Treg cells of Foxp3YFPCre mice.

(D and E) Weight index (D) and peak weight loss (E) of Foxp3Y " and Foxp3Y " rNotch4*’* mice treated with PBS or poly(l:C) together with an isotype control
or anti-Notch4 mAb.

(F) Hematoxylin and eosin-stained sections of lung tissues (200x magnification).

(G) Inflammation scores.

(H) AHR in response to methacholine. RI, responsiveness index (a measure of airway resistance).

(I and J) BAL fluid IL-6 concentrations (I) and graphical representation of lung tissue neutrophils and M1 and M2 macrophages.

(K) M1 and M2 macrophage frequencies in cultures of poly(l:C)-treated lung macrophages incubated with Treg cells from the indicated poly(l:C)-treated mice.
(L) Flow cytometry analysis of IL-6Ra expression in lung Notch4* or Nottch4™ Treg cells of Foxp3YTF°™ mice treated with poly(l:C).

(M) In vitro induction of Notch4 expression in Treg cells from the lungs or spleens of poly(l:C) or PBS-treated Foxp3Y™F°™ mice. Each symbol represents one
mouse (n = 5-15 per group).

Numbers in flow plots indicate percentages. Error bars indicate SEM. Statistical tests: Student’s t test (B), one-way ANOVA with Dunnett’s post hoc analysis (E, G,
and I-K), and two-way ANOVA with Sidak’s post hoc analysis (C, D, H, and L). **p < 0.001, ***p < 0.0001. Data were pooled from two or three independent
experiments.
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2012). However, the role of Notch4 in licensing lung tissue
inflammation by poly(l:C) was highly specific in that Treg cell-
specific deletion of the other Notch genes, including Notch1,
Notch2, and Notch3, failed to protect against tissue inflamma-
tion. In contrast, Treg cell-specific deletion of Rbpj, encoding
the Notch canonical pathway transcription factor RBPJ, largely
reproduced the protective effect of Notch4 deletion (Figures
S2A-S2F). Downstream of Notch4, our previous studies have
implicated the Hippo and Wnt pathways in Treg cell regulation
of Th17 and Th2 responses in allergic airway inflammation,
respectively (Harb et al., 2020). Poly(l:C) treatment potently
induced expression of the Hippo pathway effector Yap in lung
tissue Treg cells, whereas expression of the Wnt pathway
effector B-catenin was unchanged (Figures S2G and S2H).
Treg cell-specific deletion of Yap1 and Wwtr1, encoding the Hip-
po pathway effectors Yap and Taz; Ctnnb1, encoding the Wnt
pathway effector B-catenin; or all three genes failed to protect
against poly(l:C)-induced inflammation. These findings indicate
that Notch4 regulation of the acute inflammatory responses to
viral infection proceeds by distinct mechanisms (Figures
S21-S2N).

We have previously identified a key role of IL-6 in upregulat-
ing Notch4 expression on Treg cells in asthmatic inflammation
(Harb et al., 2020). Consistent with these results, Notch4* lung
Treg cells from poly(l:C)-treated mice expressed higher levels
of IL-6 receptor alpha chain (IL-6Ra) compared with their
Notch4™ counterparts (Figure 2L). To further elucidate the
mechanisms of Notch4 induction in Treg cells, we conducted
in vitro studies to examine the capacity of poly(l:C) and cyto-
kine treatment to upregulate Notch4 expression in Treg cells
isolated from PBS or poly(l:C)-treated mice. The results
showed that poly(l:C) treatment of lung but not splenic Treg
cells increased Notch4 expression in synergy with IL-6 but
not IL-33 (Figure 2M). In vivo, Treg cell-specific deletion of
ll6ra attenuated poly(l:C)-induced Notch4 expression on lung
Treg cells and the attendant tissue inflammatory response,
including the decline in body weight, increase in AHR, influx
of neutrophils, and alteration in macrophage populations (Fig-
ures S3B-S3G). These results indicate that IL-6 and additional
signals contribute to Notch4 upregulation on lung Treg cells in
poly(l:C)-treated mice.

Notch4 promotes lung inflammation induced by H1N1
influenza A virus

To extend these findings to an RNA virus model, we analyzed the
role of Notch4 expression on Treg cells in licensing lung tissue
inflammation in a mouse model of H1N1 influenza A virus infec-
tion (Woodham et al., 2020). In studies where mice were infected
with H1N1 virus at 4 x 10* plaque-forming units (PFUs)/mouse,
the weight loss induced by the infection was abrogated by prior
treatment with a neutralizing anti-Notch4 mAb or upon Treg cell-
specific deletion of Notch4 (Figures 3A and 3B). Notch4 antago-
nism suppressed the virus-induced increase in BAL fluid IL-6
concentration (Figure 3C). It also suppressed induction by viral
infection of a number of other inflammatory cytokines, similar
to what was noted for with poly(l:C) treatment (Figure S4A). It
also reversed the lung tissue inflammatory response in infected
mice (Figure 3D). Antagonism of Notch4 expression did not
result in increased viral loads, as measured on days 7 and 12 af-
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ter infection (Figure 3E). Analysis of Notch4 expression on lung
Treg cells in the respective mouse groups revealed that H1N1
infection increased Notch4 expression, an effect abrogated by
treatment with an anti-Notch4 mAb or by Treg cell-specific
Notch4 deletion (Figure 3F). Both interventions greatly attenu-
ated lung tissue neutrophil influx, restored the alveolar macro-
phage population, and reversed skewing of tissue macrophages
away from the pro-inflammatory M1 phenotype toward an anti-
inflammatory M2 phenotype (Figures S4B-S4D). Notch4 inhibi-
tion did not affect the frequencies of IFNy*CD4" or IFNy*CD8*
T cells or IFNy* macrophages infiltrating the lungs of infected
mice, whereas those of IFNy* innate lymphoid cells 1 (ILC1s)
were decreased. Nevertheless, the absolute numbers of all
four populations were decreased sharply, consistent with the
markedly attenuated inflammatory response (Figures S5A-
S5F). Notch4 inhibition also decreased the frequencies and
absolute numbers of lung tissue IL-17" CD4 and CD8 T cells (Fig-
ures S5G and S5H).

To determine the capacity of Notch4 antagonism to rescue
active disease, mice were infected with the same dose of
H1N1 virus and were treated with an isotype control mAb or
with an anti-Notch4 mAb following onset of infection. The results
revealed that treatment of mice with the anti-Notch4 mAb on day
4 or on days 4 and 7 after infection rescued mice from death,
whereas only day 4 and 7 treatment suppressed the weight
loss and innate immune activation associated with infection (Fig-
ures 3G and 3H). Both anti-Notch4 mAb treatment regimens
suppressed the increase in BAL fluid IL-6 and IFNy concentra-
tions induced by the viral infection (Figure 3l). We further
compared different anti-Notch4 mAb treatment regimens for
their capacity to rescue mice from a lethal dose 75% (LD75) of
H1N1 virus (at 7 x 10* PFU/mouse). Treatment with the anti-
Notch4 mAb on days 2, 6, and 10 was associated with
decreased mortality (22%). In contrast, treatment with an isotype
control mAb or with an anti-IL-6Ra mAb failed to protect the mice
from exacerbated mortality (62% and 72% mortality, respec-
tively) (Figure 3J). These results indicate that therapy with an
anti-Notch4 mAb protects mice from active influenza virus
infection.

To extend the above results to the setting of a humanized im-
mune system mouse model, we analyzed the capacity of neutral-
izing anti-human Notch4 mAbs to rescue disease in non-obese
diabetic (NOD)-Prkdcs®I12rg™"/Sz (NSG) mice reconstituted
with human peripheral blood mononuclear cells (PBMCs) and in-
fected with the H1N1 virus (Verma et al., 2017). Neutralizing
mAbs specific for Notch4, but not other Notch proteins, were
derived by immunizing mice with a recombinant N-terminal hu-
man Notch4 protein fragment (amino acids 1-637) (Figures
S6A and S6B). Treatment of mice with one neutralizing anti-hu-
man Notch4 mAb (clone 4H1), but not an isotype control mAb,
protected against H1N1 virus infection-induced weight loss
and tissue inflammation (Figures 4A-4D). Another neutralizing
antibody (clone 3B11) was partially protective. Both antibodies
inhibited Notch4 expression on lung Treg cells (Figure 4E) and in-
hibited macrophage skewing, neutrophil infiltration, and produc-
tion of the cytokines IL-6 and IFNy (Figures 4F—4l). The antibody
treatment did not affect virus clearance, as measured by virus
copy numbers in lung tissue (Figure 4J). These results confirm
that Notch4 regulates the magnitude of the human inflammatory
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Figure 3. Protective effect of Notch4 inhibition in influenza A H1N1 virus infection
(A and B) Weight index (A) and peak weight loss (B) of Foxp3"7°™ and Foxp3YF"Cr®Notch4*/* mice that were sham treated or infected with a 40,000-PFU dose of
H1N1 virus alone or together with an anti-Notch4 mAb, as indicated. Arrows indicate the time of antibody treatment.

(C) BAL fluid IL-6 concentrations in the indicated groups.

(D) Hematoxylin and eosin-stained sections and inflammation score of lung tissue isolated from the indicated mouse groups (200x magnification).
(E) Viral load (viral copies per gram of tissue) in the respective mouse groups (n = 5 per group).
(F) Flow cytometry analysis and graphical representation of Notch4 expression in lung tissue Treg cells of the respective Foxp3Y™"C and Foxp3Y "C®Notch4®/A

mouse groups.

(G and H) Weight index and peak weight loss (G) and survival (H) of Foxp3Y7°°™ mice that were sham treated or infected with a 40,000-PFU dose of HIN1 virus
alone or together with an anti-Notch4 mAb, as indicated. Arrows indicate the time of antibody treatment.

(I) BAL fluid IL-6 and IFNy concentrations.

(J) Survival curve of Foxp3" P mice that were sham treated or infected with a lethal dose of H1N1 virus alone or together with an anti-Notch4 or anti-IL-6Ra

mADb, as indicated.

Each symbol represents one mouse (n = 5-23). Numbers in flow plots indicate percentages. Error bars indicate SEM. Statistical tests: one-way ANOVA with
Dunnett’s post hoc analysis (B, C, F, |, and J) and two-way ANOVA with Sidak’s post hoc analysis (A, D, E, G, and K). *p < 0.05, ***p < 0.001, ****p < 0.0001. Data

were pooled from two or three independent experiments.

response to H1N1 infection and that it can be targeted success-
fully for therapeutic intervention.

Protection by Notch4 antagonism is amphiregulin
dependent

To better understand the mechanisms by which Notch4
deficiency protected against lung inflammation, we analyzed
the transcriptomes of lung Treg cells of Foxp3YF°® and
Foxp3YFFC®Notch4* mice treated with poly(I:C) for 6 days.
The results revealed that lung Treg cells of poly(l:C)treated
Foxp3YFPCr mice exhibited an activated effector Treg cell signa-
ture, with upregulation of many canonical Treg cell transcripts,
including Ctla4, Ikzf2, 1110, and Tigit and the TNF receptor super-
family members Tnfrsf4, Tnfrsf9, and Tnfrsf18 (Arpaia et al.,
2015; Figures 5A and 5B). Poly(l:C) treatment also imparted an
exhausted T cell-like signature with increased Pdcd1, Icos,
Lag3, and other related transcripts that may impair their sup-
pressive function (Lowther et al., 2016). In contrast, Treg cells
of poly(l:C)-treated Foxp3 " ®Notch4*’* mice increased
several type | IFN genes. More broadly, key pathways enriched

in Foxp3Y™PC versus Foxp3"™CNotch4®® lung Treg cells

included those involved in innate virus sensing and response,
type | IFN signaling, Ty cell differentiation, and ubiquitin-medi-
ated proteolysis (Figure 5C). Although the RNA and protein
expression of several key canonical markers was increased
concordantly in Foxp3"7°™ lung Treg cells, exceptions included
the transcription factor Helios, encoded by /kzf2, whose expres-
sion was decreased despite increased transcript levels (Fig-
ure 5D). Further analysis localized the loss of Helios expression
to the Notch4™* fraction of Foxp3Y"°™ |ung Treg cells, suggest-
ing an expansion of Helios'®" Notch4*-induced Treg cells, similar
to our observation in the asthma model (Harb et al., 2020), or
loss of Helios expression leading to an increased potential for
destabilization (Thornton et al., 2019; Figure 5E). The latter
results suggest that Notch4 initiated a program of post-transla-
tional regulation by pathways such as ubiquitination and
proteolysis, both of which were increased in Treg cells of
poly(I:C)-treated Foxp3Y™C™ mice.

The function of Treg cells in lung tissue repair in H1N1
virus infection involves production of the epidermal growth
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(A) Schematic of humanized mouse infection with H1N1 influenza virus and treatment with neutralizing anti-human Notch4 mAbs.
(B) Weight index of mice that were infected with a sublethal dose of HIN1 virus and treated with an isotype control mAb or anti-Notch4 mAb 3B11 or 4H1, as

indicated.

(C and D) Hematoxylin and eosin-stained sections and inflammation score of lung tissue isolated from the indicated mouse groups (200x magnification).
(E) Flow cytometry analysis and frequencies of Notch4 expression in lung Treg cells of the respective groups.
(F and G) Flow cytometry analysis and graphical representation of lung tissue M1 (F) and M2 macrophages (G).

(H) Neutrophil infiltration in the lungs of the respective mouse groups.
(I) BAL fluid IL-6 and IFNvy concentrations.

(J) Viral load in the respective mouse groups, measured as viral copies per 100 ng lung tissue RNA.
Each symbol represents one mouse (n = 4-5 per group). Numbers in flow plots indicate percentages. Error bars indicate SEM. Statistical tests: two-way ANOVA
with Sidak’s post hoc analysis (B) and one-way ANOVA with Dunnett’s post hoc analysis (D-J). *p < 0.05, **p < 0.01, ***p < 0.0001.

factor-like cytokine amphiregulin (Arpaia et al., 2015). Treg cells
are the main source of amphiregulin in the lungs, whereas Treg
cell-specific deletion of Areg, the gene encoding amphiregulin,
worsens disease outcome (Arpaia et al., 2015). Analysis of lung
Treg cells revealed that, despite markedly increased Areg tran-
scripts in Foxp3" " compared with Foxp3Y P "®Notch4/*
Treg cells following poly(l:C) treatment (Figure 6A), amphiregulin
protein expression failed to increase in Treg cells and BAL fluid of
Foxp3YFPC™ mice. However, it was increased markedly in lung
Treg cells and BAL fluid of Foxp3YF"C®Notch4®’* mice and in
Foxp3"FPC™® mice treated with an anti-Notch4 mAb (Figures
6A-6C). In contrast, amphiregulin expression in lung tissue Teff
cells was unaffected by Notch4 antagonism (Figure 6B). Similar
results were also found in the H1N1 infection model (Figures 6D
and 6E). Consistent with these results, amphiregulin expression
was found to be differentially enriched in Notch4™ versus
Notch4™ lung Treg cell in poly(l:C)-treated mice (Figure 6F).
Similar results were also found in lung Treg cells of influenza
H1N1 virus-infected mice (data not shown).

Induction of amphiregulin expression in lung Treg cells is medi-
ated primarily by the action of IL-18 with an ancillary effect by IL-
33 (Arpaia et al., 2015). We examined the expression of IL-18Ra,
IL-6Ra, and IL-33R on lung Treg cells in sham-infected versus

1192 Immunity 54, 1186-1199, June 8, 2021

H1N1-infected mice, the latter without or with anti-Notch4 mAb
therapy. The results showed that expression of IL-18Ra on Treg
cells declined upon H1N1 infection but recovered upon anti-
Notch4 mAb treatment. In contrast, IL-18Ra expression on lung
tissue Teff cells was unaffected by anti-Notch4 mAb treatment
(Figure 6G). Expression of IL-33R on lung Treg cells was un-
changed by anti-Notch4 mAb treatment, whereas that of IL-6Ra.
was increased by poly(l:C) treatment (Figure 6G). Further analysis
revealed that most of the amphiregulin-expressing Treg cells
strongly expressed IL-18Ro and, to a lesser extent, IL-33R but
virtually no IL-6Ra (Figure 6H). The role of Notch4 in modulating
IL-18-induced amphiregulin was analyzed in in vitro experiments
employing lung Treg cells isolated from poly(l:C)-treated mice.
Although amphiregulin expressionin these Treg cells was induced
minimally by IL-18 treatment, it was increased upon co-treatment
with the anti-Notch4 mAb (Figure 6l). These results suggest that
Notch4 inhibits amphiregulin expression in Treg cells at least in
part by antagonizing its upregulation by IL-18.

To establish the role of amphiregulin in protection against lung
inflammation induced by Notch4 antagonism, and in light of pre-
vious studies demonstrating a protective effect of amphiregulin
treatment in respiratory infections (Jamieson et al., 2013), we
examined the capacity of recombinant amphiregulin therapy to
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Figure 5. Notch4 deficiency reprograms the lung Treg cell transcriptome of poly(l:C)-treated mice
(A-C) Volcano plot (A), heatmap (B), and pathway analysis (C) of gene transcripts of lung Treg cells isolated from Foxp3Y7C™ and Foxp3YF"CreNotch4*/> mice

treated with poly(I:C) (n = 4 and n = 5, respectively).

(D) Flow cytometry histograms and graphical representation of lung tissue Treg cell expression of CD25, Helios, CTLA4, ICOS, and OX40 in Foxp

3YFPCre and

Foxp3Y P Notch4®/2 mice sampled on day 7 after poly(l:C) treatment (n = 5 for each time point).
(E-H) Flow cytometry analysis (E and G) and graphical representation (F and H) of Helios expression in Foxp3*Notch4* and Foxp3*Notch4™ lung tissue Treg cells

in Foxp3YFPC® mice sampled at the indicated dates after poly(I:C) treatment (n

=5 for each time point).

Each symbol represents one mouse. Numbers in flow plots indicate percentages. Error bars indicate SEM. Statistical tests: pairwise comparisons of differential
gene expression were computed using DESeq2 (A-C); Student’s unpaired two-tailed t test (D) and two-way ANOVA with Sidak’s post hoc analysis (F and H). *p <

0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

rescue poly(l:C)-induced lung inflammation. Treatment of
Foxp3YFFC™® mice with recombinant amphiregulin largely abro-
gated the weight loss and the inflammatory responses induced
by poly(l:C) treatment in association with restoration of intact
epithelial barrier function (Figures 7A-7D). Recombinant amphir-
egulin also reversed skewing of lung macrophages toward an M1
phenotype upon their in vitro treatment with poly(l:C) (Fig-
ure S6H), mirroring the same effect of Foxp3" " CNotch4®/A
Treg cells (Figure 2J).

Reciprocally, we analyzed the effect of co-treatment with an
amphiregulin peptide spanning the amino-terminal heparin
binding domain, which is necessary for amphiregulin activa-
tion of the epidermal growth factor receptor (EGFR) (Johnson
and Wong, 1994), on the protective effects of Notch4 antago-
nism. The peptide was validated to competitively inhibit am-
phiregulin activation of EGFR, as measured by the latter’s
tyrosine autophosphorylation (Figure S6C). The results
showed that the amphiregulin-blocking peptide abrogated

the protective effects of anti-Notch4 mAb treatment or Treg
cell-specific Notch4 deletion in poly(l:C)-induced lung injury,
resulting in exacerbated weight loss, tissue inflammation,
neutrophil infiltration, and M1 macrophage skewing (Figures
7E-TI). These results were reproduced in experiments utilizing
a similarly validated neutralizing anti-amphiregulin mAb (Fig-
ure S6D), which also abrogated the protection imparted by
Treg cell-specific Notch4 deficiency against poly(l:C)-induced
weight loss, lung tissue neutrophil infiltration, and increased
M1 versus M2 macrophage skewing (Figure SEE). The anti-
amphiregulin mAb co-treatment also reversed restoration by
Notch4 deficiency of airway epithelial barrier integrity, as
measured by increased leakage of high-molecular-weight
dextran instilled in the airways into the blood stream
(Figure S6F).

Consistent with the above results, analysis of the sera of
subjects with COVID-19 revealed increased amphiregulin
concentrations in subjects with mild disease compared with
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Figure 6. Notch4 inhibition promotes an amphiregulin-dependent immunoregulatory program
(A) Flow cytometry analysis of amphiregulin expression in Treg cells from the lungs of Foxp3Y"°™ and Foxp3Y T °"*Notch4*/* mice sham treated or treated with

poly(I:C) alone or together with an anti-Notch4 mAb, as indicated.

(B) Graphical representation of amphiregulin expression in lung tissue Treg and Teff cells.

(C) BAL fluid amphiregulin concentrations.

(D) Amphiregulin expression in lung tissue Treg and Teff cells of Foxp3Y™°" and Foxp3Y "C"*Notch4*’> mice sham treated or infected with H1N1 influenza virus

alone or together with an anti-Notch4 mAb, as indicated.
(E) BAL fluid amphiregulin concentrations.

Ow cytometric analysis and graphical representation or amphniregulin expression in NOtC! or Notch4™ reg cells Trom the lungs ot FFoxp. mice treate
Fl tometri lysis and hical tation of hireguli ion in Notch4* or Notch4™ T lIs from the | f Foxp3YFPCr® mice treated

with PBS or poly(l:C) at the indicated time points.

(G and H) Flow cytometry analysis and graphical representation of IL18Ra, IL6Ra, and ST2 expression in total (G) or amphiregulin® (H) Treg cells from the lungs of

PBS- or poly(l:C)-treated Foxp3Y PCre

mice with an isotype control or an anti-Notch4 mAb, as indicated.

(1) In vitro induction of amphiregulin expression in Treg cell from the lungs or spleens of poly(l:C)- or PBS-treated Foxp3YF°™ mice.
Each symbol represents one mouse (n = 5-8 per group). Numbers in flow plots indicate percentages. Error bars indicate SEM. Statistical tests: one-way ANOVA
with Dunnett’s post hoc analysis (B-D, F, and G) and two-way ANOVA with Sidak’s post hoc analysis (E and H). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

those of healthy controls, which declined in the sera of
individuals with moderate and severe disease in a manner
inversely proportional to Notch4 expression (Figure 7J).
This inverse correlation between amphiregulin and Notch4
was particularly pronounced when comparing Notch4 and
amphiregulin expression specifically in circulating Treg cells
(Figure 7K). In contrast, there was no correlation between
Notch4 and amphiregulin expression on circulating Teff
cells (Figure 7K). Overall, these results are consistent with
suppression of amphiregulin production by Treg cells as
a key mechanism of Notch4 inhibitory function in viral
infections.
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DISCUSSION

In this study, we addressed the role of a tissue-specific immuno-
regulatory mechanism involving inducible Notch4 expression on
Treg cells in mediating severe lung tissue inflammation in
COVID-19 and related viral infections. We found that Notch4
was increased on circulating Treg cells of individuals with
COVID-19 as a function of disease severity and associated
with heightened mortality, indicating that this mechanism is
operative in SARS-CoV-2 infection and may be critically involved
in the pathogenesis of acute respiratory failure in this disorder.
Furthermore, by employing conventional and humanized
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Figure 7. Lung protection by Notch4 antagonism is amphiregulin dependent

(A) Weight index and peak weight loss of Foxp3"TF°™ mice sham treated or treated with poly(l:C) alone or together with recombinant amphiregulin.

(B) Hematoxylin and eosin-stained sections and inflammation score of lung tissue isolated from the indicated mouse groups (200x magpnification.

(C) Serum TRITC dextran in poly(l:C) + recombinant amphiregulin-treated Foxp3YFPC™ mice 1 h after intratracheal instillation.

(D) BAL fluid concentration of IL-6.

(E) Weight index and peak weight loss of Foxp3""°™ and Foxp3 ™" "®Notch4*/* mice sham treated or treated with poly(l:C), anti-Notch4 mAb, and/or am-
phiregulin-blocking peptide (bp), as indicated.

(F) Hematoxylin and eosin-stained lung sections (200x magnification).

(G) Inflammation scores (n = 5 per group).

(H and 1) Lung neutrophils (H) and M1 and M2 macrophages (|).

(J) Left panel: serum amphiregulin concentrations in healthy control subjects and COVID-19 subject groups (control subjects, n = 17; mild disease, n = 20;
moderate disease, n = 49; severe disease, n = 32). Right panel: Pearson correlation of Treg cell Notch4 expression and serum amphiregulin concentration in
affected and control subjects (n = 99).

(K) Pearson correlation of Notch4 and amphiregulin expression in Treg cells (right panel) and Teff cells (left panel) of individuals with COVID-19 (n = 39).

Each symbol represents one mouse (n = 5-10 per group). Numbers in flow plots indicate percentages. Error bars indicate SEM. Statistical tests: one-way ANOVA
with Dunnett’s post hoc analysis (B-E and G-J) and two-way ANOVA with Sidak’s post hoc analysis (A and E). **p < 0.01, **p < 0.001, ***p < 0.0001.

immune system mouse models of respiratory viral infections, we
found that the evolution of severe viral lung inflammation was
contingent on induction of Notch4 on lung Treg cells, which
acted as a molecular switch to alter their regulatory and tissue

repair activities. Thus, Notch4 emerges as a critical regulator of
disease severity in different respiratory viral infections.

Notch4 was increased on tissue Treg cells very early in lung
inflammation and acted to promote the innate immune response
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at a time when adaptive immunity had not yet been mobilized
effectively. In particular, the downstream mechanisms by which
Notch4 promoted innate immune cell activation in viral infection
were different from those involved in promoting the Th2 and T417
cell-adaptive immune responses in asthma: the Wnt and Hippo
pathways, respectively (Geng et al., 2017; Harb et al., 2020).
Thus, Treg cell-specific deletion of Yap7 and Wwtir1, encoding
the Hippo pathway mediators Yap and Taz, or Ctnnb1, encoding
the Wnt pathway effector protein B-catenin, showed little effect
on disease induced by poly(l:C) treatment. This bifurcation in
the mechanisms by which Notch4 promotes innate versus adap-
tive immunity points to distinct functions served by this pathway
in the respective immune responses. In the context of an acute
virus-mediated injury, Notch4 allows evolution of an innate im-
mune response instigated by lung epithelium-derived danger
signals that is unencumbered by tonic Treg cell suppression
(Whitsett and Alenghat, 2015), consistent with the previously
noted role of Treg cells in coordinating early protective immunity
to viral infection (Lund et al., 2008). This physiological function of
Notch4 becomes detrimental in the context of severe respiratory
viral infections, resulting in uncontrolled pathological activation
of innate immunity, leading to damaging lung tissue injury.

Analysis of Notch4 expression on Treg cells in the context of
respiratory viral infection revealed its restriction to lung tissue
Treg cells, suggesting a lung tissue origin of circulating Notch4*
Treg cells in individuals with COVID-19. Induction of Notch4 on
lung Treg cells was in part IL-6 dependent, as evidenced by
in vitro studies showing that co-treatment of lung but not splenic
Treg cells with IL-6 and poly(l:C) increased Notch4 expression.
These results are consistent with partial suppression of
poly(l:C)-induced Notch4 expression and tissue inflammation
upon Treg cell-specific deletion of ll6ra. They are also consistent
with the positive correlation of increased Notch4 expression in
individuals with COVID-19 with serum IL-6 concentrations.
Notwithstanding these findings, Notch4 but not IL-6 predicted
mortality in the affected population. Direct comparison of ge-
netic and functional interventions that target Notch4 versus IL-
6R pathways revealed the superiority of the former approach in
mediating protection against poly(l:C) and influenza H1N1 vi-
rus-induced lung injury. This difference may reflect previously
noted additional positive functions of IL-6 in protecting against
severe respiratory viral infections, separate from its role in
Notch4 induction (Dienz et al., 2012; Pyle et al., 2017; Yang
et al., 2017).

A key mechanism by which Notch4 impairs lung tissue Treg
cell function involved amphiregulin, whose expression is en-
riched in tissue-resident Treg cells, especially under conditions
of active tissue repair (Arpaia et al., 2015; Burzyn et al., 2013;
Schiering etal., 2014; Zaiss et al., 2013, 2015). Amphiregulin pro-
tein expression was increased markedly in poly(l:C)-treated and
H1N1 influenza virus-infected mice upon Treg cell-specific
Notch4 deletion or treatment with an anti-Notch4 mAb. The pro-
tective function of Notch4 antagonism in viral lung injury was re-
produced by treatment with recombinant amphiregulin and
abrogated by co-treatment with an amphiregulin-blocking pep-
tide or neutralizing antibody. Amphiregulin may thus serve as a
key effector mechanism by which lung tissue Treg cells suppress
danger signals emanating from the epithelium and other innate
immune cells, including macrophages. A previous study by
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Arpaia et al. (2015) has shown that Treg cells are the predomi-
nant source of amphiregulin in the course of H1N1 infection in
the lungs. Furthermore, amphiregulin expression specifically in
Treg cells is critical for lung tissue repair in the context of
H1N1 infection, highlighting the privileged role of Treg cell-
derived amphiregulin in this process (Arpaia et al., 2015). Am-
phiregulin expression in Treg cells is induced primarily by IL-18
and secondarily by IL-33 (Arpaia et al., 2015). Our study demon-
strated that Notch4 inhibits the capacity of IL-18 to upregulate
amphiregulin expression in lung Treg cells, providing a mecha-
nism for suppression of amphiregulin protein expression by
Notch4. Amphiregulin mobilization upon Notch4 antagonism
would then allow recovery from virus-induced lung injury.

Our results identify the Notch4-amphiregulin nexus as a puta-
tive target of therapy in viral respiratory infections, including
SAR-CoV-2 and influenza. The remarkable capacity of anti-
Notch4 mAb therapy to abrogate poly(l:C) and H1N1 influenza vi-
rus-induced disease morbidity and mortality in conventional and
humanized mice makes Notch4 an attractive candidate for inter-
vention in severe respiratory viral infections. That Notch4 also
plays an essential role in promoting tissue inflammation in
asthma further denotes it as a hub common to different inflam-
matory responses in the lungs that may serve as a target of ther-
apy. Furthermore, the essential role of amphiregulin in mediating
the therapeutic outcome of Notch4 inhibition in viral lung injury
points to the amphiregulin-EGFR pathway as an additional locus
of intervention. The full spectrum of Notch4-licensed diseases
and the role of different downstream pathways in such disorders
will require further intensive investigation.

Limitations of study

There are limitations to this study that should be noted. The indi-
viduals with COVID-19 were part of an observational cohort of
adults who were predominantly of European and Turkic ethnic-
ities. The study was not specifically designed or powered to
examine differences in Notch4 expression among affected indi-
viduals of different racial and ethnic backgrounds, nor did it
extend to pediatric subjects with COVID-19 or people with other
lower respiratory viral infections. The mouse studies employed
proxies of SARS-CoV2 infection, including poly(l:C) treatment
and influenza virus infection. They were relatively short in dura-
tion and thus do not explore additional immune-regulatory
mechanisms that may be operative in long-term sequalae of
COVID-19. These limitations highlight the urgent task of eluci-
dating the full range of tissue-inflammatory licensing mecha-
nisms operative in COVID-19 and related viral infections as a
requisite step for designing precision therapies to restore im-
mune tolerance and effective tissue repair in these disorders.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

eBioscience Fixable Viability Dye eFluor 506 and
eFluor 780

APC-Cy7 and FITC anti-mouse CD3 Antibody

Brilliant Violet 605 anti-mouse CD4 Antibody
Brilliant Violet 605 anti-mouse CD86 Antibody
PE anti-mouse IL-4 Antibody

FOXP3 Monoclonal Antibody (FJK-16 s), eFluor
450, eBioscience

PE/Cyanine? anti-mouse IFN-y Antibody

IL-13 Monoclonal Antibody (eBio13A), APC-eFluor
780, eBioscience

PE/Cyanine7 anti-mouse IL-17A Antibody
APC anti-mouse IFN-y Antibody
PE Anti-Mouse TNF

HELIOS Monoclonal Antibody (22F6), APC-eFluor
780, eBioscience

PE/Cyanine7 anti-mouse CD11c Antibody
FITC anti-mouse I-Ad Antibody

Brilliant Violet 605 anti-mouse CD45 Antibody
PE anti-mouse CD152 (CTLA-4) Antibody

Alexa Fluor® 647 anti-mouse CD279 (PD-1)
Antibody

PerCP/Cyanine5.5 anti-mouse/human CD11b
Antibody

Brilliant Violet 605 anti-mouse CD4 Antibody
PE/Cyanine7 anti-mouse CD206 (MMR) Antibody
APC anti-mouse CD163 Antibody

APC/Cyanine7 anti-mouse CD68 Antibody
eFluor 450 anti-mouse CD44 Antibody

APC anti-mouse CD62L Antibody

PE/Cyanine5 anti-mouse CD80 Antibody

F4/80 Monoclonal Antibody (BM8), eFluor 450,
eBioscience

PerCP/Cyanine5.5 anti-mouse IL-33Ra (IL1RL1,
ST2) Antibody

FITC anti-mouse Lineage Cocktail
PE/Cyanine7 anti-mouse CD25 Antibody
APC-eFluor 780 anti-mouse HELIOS Antibody
PE/Cyanine7 anti-mouse IL-17A Antibody

PE anti-mouse Ki-67 Antibody

FITC anti-mouse Ly-6G/Ly-6C (Gr-1) Antibody
Brilliant Violet 605 anti-mouse CD45 Antibody
PE anti-mouse Notch 4 Antibody

CD134 (OX40) Monoclonal Antibody (OX-86), APC,
eBioscience
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Biolegend
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Cat# 48-4801-82; RRID AB_1548747

Cat# 145311; RRID AB_2565635

Cat# 133301

Cat# 25-0251-82; RRID AB_469608
Cat# 47-9883-42; RRID AB_2573998
Cat# 506921; RRID AB_2125011

Cat# 12-5698-82; RRID AB_11150954
Cat# 108405; RRID AB_313370

Cat# 103139; RRID AB_2562341

Cat# 128407; RRID AB_1133997

Cat# 17-1341-82; RRID AB_10717260
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Immunity ¢ CelPress
Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

APC anti-mouse CD152 Antibody Biolegend Cat# 106309; RRID AB_2230158

CD223 (LAG-3) Monoclonal Antibody (eBioC9B7W
(C9B7W)), PE, eBioscience

CD279 (PD-1) Monoclonal Antibody (J43), PE,
eBioscience

InVivomAb anti-mouse IL-6R
PE anti-mouse CD339 (Jagged 1) Antibody
AREG antibody

PE/Cyanine7 anti-mouse CD126 (IL-6Ra chain)
Antibody

Phospho-EGF Receptor (Tyr1068) (D7A5) XP®
Rabbit mAb #3777

TruStain FcX (anti-mouse CD16/32) Antibody
PerCP/Cyanine5.5 anti-human CD4 Antibody

FOXP3 Monoclonal Antibody (PCH101), eFluor
450, eBioscience

HELIOS Monoclonal Antibody (22F6), APC-eFluor
780, eBioscience

BB515 Mouse Anti-Human Notch1
BV605 Mouse Anti-Human Notch2
BV421 Mouse Anti-Human Notch3
PE Mouse Anti-Human Notch4

YAP (D8H1X) XP® Rabbit mAb (Alexa Fluor® 488
Conjugate)

Human/Mouse/Rat beta-Catenin Alexa Fluor®
405-conjugated Antibody

PE/Cyanine? anti-human CD127 (IL-7Ra) Antibody

CD25 Monoclonal Antibody (BC96), Alexa-Fluor
647, eBioscience

Thermo Fischer

Thermo Fischer

BioxCell
Biolegend
BiorByt
Biolegend

CST

Biolegend
Biolegend
Thermo Fischer

Thermo Fischer

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
CST

R&D

Biolegend
Thermo Fischer

Cat# 12-2231-83; RRID AB_494214

Cat# 12-9985-82; RRID AB_466295

Cat# BE0047; RRID AB_1107588
Cat# 130907; RRID AB_2561302
orb676838

Cat# 115813; RRID AB_2565574

Cat# 3777T

Cat# 101319; RRID AB_1574973
Cat# 300529; RRID AB_893328

Cati# 48-4776-42; RRID AB_1834364
Cat# 56-4716-41

Cat# 47-9883-42; RRID AB_2573998

Cat# 566023
Cat# 742291
Cat# 744828
Cat# 563269
Cat# 14729S

Cat# IC13292V

Cat# 351320; RRID AB_10897098
Cat# 51025941

APC/Cyanine? anti-human CD3 Antibody Biolegend Cat# 300317; RRID AB_314053
Brilliant Violet 605 anti-human IL-4 Antibody Biolegend Cat# 500827; RRID AB_2562311
PerCP-Cyanine5.5 anti-human CD4 Antibody Thermo Fischer Cat# 45-0049-42; RRID AB_1518744
PerCP/Cyanine5.5 anti-human IL-13 Antibody Biolegend Cat# 501912; RRID AB_2124283
Brilliant Violet 605 anti-human CD194 (CCR4) Biolegend Cat# 359417; RRID AB_2562482
Antibody

APC anti-human CD183 (CXCR3) Antibody Biolegend Cat# 353707; RRID AB_10962949
FITC anti-human CD294 (CRTH2) Antibody Biolegend Cat# 350107; RRID AB_11204250
PE-Cy7 Mouse Anti-Human IFN-y BD Biosciences Cat# 560741

Brilliant Violet 510 anti-human CD196 (CCR6) Biolegend Cat# 353423; RRID AB_2561936
Antibody

InVivoMADb anti-mouse Notch4 BioxCell Cat# BE0129; RRID AB_10948996
Critical commercial assays

recombinant Amphiregulin R&D Cat# 989-AR-100/CF

Dynabeads Mouse T-Activator CD3/CD28 Thermo Fischer Cat# 11452D

Poly(l:C) HMW Invivogen Catt# tlrl-pic-5

recombinant IL-6 Peprotech Cat# 500-P56

recombinant IL-33 Peprotech Cat# 210-33

recombinant IL-18 R&D Cat# 9139-IL-010/CF

Notch4-His protein
complete Freund’s adjuvant
Mouse IL-6 Quantikine ELISA Kit

Sino-Biologicals
Sigma Chemical
R&D

Cat# 11869-H08B
Cat# F5881-10ML
Cat# M6000B

(Continued on next page)
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Human IL-6 Quantikine ELISA Kit R&D Cat# D6050
Human Amphiregulin Quantikine ELISA Kit R&D Cat# DAROO
Mouse Amphiregulin Quantikine ELISA Kit R&D Cat# DY989
LEGENDplex Human Anti-Virus Response Panel Biolegend Cat# 740349
LEGENDplex Mouse Inflammation Panel Biolegend Cat# 740150
Mouse Oncostatin M (OSM) Quantikine ELISA Kit R&D Cat# MSMO00
Mouse LIF Quantikine ELISA Kit R&D Cat# MLFOO
Mouse LIX Quantikine ELISA Kit R&D Cat# MX000
Mouse Amphiregulin Antibody R&D Cat# AF989
Normal Goat IgG Control R&D Cat# AB-108-C
AREG blocking peptide Mybiosource Cat# MBS3224924
RNAeasy mini kit QIAGEN Cat# 74104

SuperScript lll First-Strand Synthesis System
TRITC-Dextran

Thermo Fischer
Sigma Chemical

Cat# 18080051
Cati# 42874-1G

Experimental models: Organisms/strains

li6rfl/fl (B6;SJL-lI6ratm1.1Drew/J) Jax Laboratory Stock No: 012944
Notch1fl/fl (B6.129X1-Notch1tm2Rko/Grid/J) Jax Laboratory Stock No: 007181
Notch2fl/fl (B6.129S-Notch2tm3Grid/J) Jax Laboratory Stock No: 010525
Notch3fi/fl In this paper N/A

Wwir1fl/fl (B6.129(Cg)-Wwtr1tm1Hmc/J) Jax Laboratory Stock No: 032669
Yap 11l/fl (B6.129P2(Cg)-Yap1tm1.1DupalJ) Jax Laboratory Stock No: 032192
NOD-Prkdcs9/2rg™"i/Sz (NSG) Jax Laboratory Stock No: 005557
(Ctnnb1™") (B6(Cg)-Ctnnb1tm 1KMW/ ) Jax Laboratory Stock No: 022775
Notch4tm1c(NCOM)Mfgc Canadian mutant mouse repository

Rbpj1fl/fl (B6.129P2-Rbpjtm1Hon/HonRbrc) Pamela Stanley and Tasuku Honjo,

Foxp3"FFere Jax Stock No: 016959
Influenza A/PR/8/34 (H1N1) Charles River

Deposited data

GEO GSE159584: A Regulatory T Cell Notch4 Switch Governs Lung Inflammation

in Viral Infections

Software and algorithms

GraphPad Prism 8
FlowJo 10.4.2

GraphPad Software
Tree Star

N/A

https://www.flowjo.com/solutions/
flowjo/downloads

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Talal A.

Chatila (talal.chatila@childrens.harvard.edu)

Materials availability

All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer

Agreement.

Data and code availability

The data presented in the manuscript, including de-identified patient results, will be made available to investigators following request
to the corresponding author. Any data and materials to be shared will be released via a material transfer agreement. RNA sequencing
datasets have been deposited in the Gene Expression Omnibus, GSE159584: A Regulatory T Cell Notch4 Switch Governs Lung

Inflammation in Viral Infections.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects
We recruited three prospective cohorts of patients with COVID-19 from the following institutions: (1) Massachusetts General Hospital
in Boston, Massachusetts, USA; (2) San Martino Hospital in Genoa, Italy; (3) Istanbul Medical Faculty Hospitals in Istanbul, Turkey.
The patient demographics are shown in Table S1. Inclusion criterion included a clinical syndrome consistent with COVID-19 disease
and a positive SARS-CoV-2 test from a nasal swab based on RT-PCR. Severity of illness was defined as follows: (1) Mild for patients
who did not require inpatient hospitalization; (2) Moderate for patients requiring inpatient hospitalization and who did not require ther-
apies for acute respiratory failure such as high flow oxygen (defined as a flow rate of more than 15 | per minute), non-invasive positive
pressure ventilation, mechanical ventilation, and who did not require therapies for other types of organ failure such as renal replace-
ment therapy or shock; (3) Severe for patients with organ failure requiring supportive therapies typically administered in the intensive
care unit such as high flow oxygen, non-invasive positive pressure ventilation, mechanical ventilation, vasopressors, renal replace-
ment therapy; (4) Convalescent for patients who have recovered from their acute illness and discharged from the hospital. A cohort of
country-matched healthy controls were also recruited (Table S1).

Clinical data including patient characteristics, therapies received, and clinical outcomes was abstracted from the medical record
into a password-protected REDCap (Research Electronic Data Capture) database. A peripheral blood draw was obtained at the time
of enroliment and weekly thereafter (if available) for flow cytometry and cytokine analysis.

Study approval

Recruitment of Boston study participants was approved by the Institutional Review Board at Massachusetts General Hospital and
Boston Children’s Hospital. Recruitment of Genoa study participants was approved by the Institutional Review Board at Genoa Uni-
versity. Recruitment of Istanbul study participants was approved by the Institutional Review Board at Istanbul University. All animal
studies were reviewed and approved by the Boston Children’s Hospital office of Animal Care Resources and Massachusetts General
Hospital office of Animal Care Resources.

Mice

The following mouse strains were obtained from the JAX Laboratories: Foxp3" e (B6.129(Cg)-Foxp3m(YFP/icrelyr/ )y (Rubtsov
et al., 2008), II6r"" (B6;SJL-II6ra™!-1P®¥/)) (McFarland-Mancini et al., 2010), Notch1"® (B6.129X1-Notch1™2Rke/Gridyj) (yang
et al., 2004), Notch2™" (B6.129S-Notch2!™3Cr9/g) (McCright et al., 2006), Notch3™" Wwtr1™ (B6.129(Cg)-Wwtr1™Hme/J) and
Yap1"™ (B6.129P2(Cg)-Yap1™™'-1PUP3/)) (Reginensi et al., 2013; Zhang et al., 2010), NOD-Prkdc®i2rg™"/Sz (NSG) (Verma
etal., 2017). and (Ctnnb 1" (B6(Cg)-Ctnnb 11 "5™/J) (Messerschmidt et al., 2016) mice. Notch4™! (Notch4tm1eNCOMMIGe) \yerg op-
tained from the Canadian mutant mouse repository. Rbpj1™! (B6.129P2-Rbpjt™'H°"/HonRbrc) were kind gifts of Pamela Stanley and
Tasuku Honjo, respectively (Han et al., 2002; Shi and Stanley, 2003). Notch3 floxed allele mice (Notch3™™" were derived by Crispr/Cas
9 targeting with LoxP sequences inserted in introns 4 and 9 to target exons 5-9 by Cre-mediated excision.

METHOD DETAILS

Regulatory T cell co-cultures with macrophages

Macrophages cells were isolated from lungs of Poly I:C-treated mice. Macrophages were isolated based on CD45* F4/80" MHCII™.
Macrophages were then co-cultured (at 1:1 concentration) with lungs Treg cells from Foxp3YF°™ or Foxp3" " C®Notch4*/~ mice Poly
I:C-treated mice. Cells were treated with Poly I:C at a concentration of 10ug/ml for three days. After 72h, M1 (F4/80" MHCII* CD68*
CD80*CD86") and M2 (F4/80* MHCII* CD163* CD206") polarization was measured by flow cytometric analysis.

In vitro Macrophages-Amphiregulin co-cultures

Macrophages cells were isolated from the lungs of Poly I:C treated Foxp. mice. These cells were incubated with recombinant
Amphiregulin (R&D) (10 png/ml). 72 hours later, the expression of different M1 and M2 markers were measured by flow cytometry.
In vitro Notch4 induction

Lung and spleen Treg cells from Poly |:C or PBS-treated Foxp mice were isolated by cell sorting (Sony Sorter, MA900). Treg
cells were seeded at 1 x 10* cells in 96-well plates then stimulated with CD3/CD28 Dynabeads (ThermoFisher) in presence of Poly
I:C (10 ng/ml) alone or in combination with recombinant IL-6 and IL-33 (10 pg /ml; Peprotech) for 72h. Notch4 expression on Foxp3*
Treg cells was then assessed by Flow cytometry.

In vitro amphiregulin induction

Lung Treg cells from Poly I:C or PBS-treated Foxp3"F°™ mice were seeded at 1 x 10* cells then stimulated with CD3/CD28 Dyna-
beads with Poly I:C (10 pg/ml) either alone or in combination with recombinant IL-18 and IL-33 (R&D systems, Peprotech, respec-
tively, 10 pg/ml) for 72h. Amphiregulin expression was then assessed by Flow cytometry.

3YFPCre

3YFPCre

Mouse anti-human Notch4 monoclonal antibody generation
Notch4-deficient mice were immunized with 50 ng of recombinant Notch4-His protein (Sino-Biologicals, Wayne, PA) suspended in Dul-
becco’s phosphate buffered saline (PBS; GIBCO, Grand Island, NY) and emulsified with an equal volume of complete Freund’s adjuvant
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(Sigma Chemical Co., St. Louis, MO). Fourteen days after the initial immunization, the mice were given a booster immunization i.p. with
25 ng of recombinant Notch4-His protein suspended in PBS and emulsified with an equal volume of incomplete Freund’s adjuvant. A
second booster of 25 pg of recombinant Notch-His protein in PBS was given after another 14 days. The mice were re-boosted 2X
with 25 nug of recombinant Notch4-His protein to raise their antibody titers, then the mouse with the best titer was rested for 3 weeks
from the last immunization, then boosted by intraperitoneal and subcutaneous injection of 25 ug recombinant Notch4-His protein in
PBS. Three days later the mouse was euthanized, and the spleen and lymph nodes were collected and made into a cell suspension,
then washed with DMEM. The spleen/lymph node cells were counted and mixed with SP 2/0 myeloma cells (ATCC No. CRL8-006, Rock-
ville, MD) that are incapable of secreting either heavy or light chain immunoglobulin chains (Kearney et al., 1979) using a spleen:myeloma
ratio of 2:1. Cells were fused with polyethylene glycol 1450 (ATCC) in eight 96-well tissue culture plates in HAT selection medium accord-
ing to standard procedures (Kohler and Milstein, 1975). Between 10 and 21 days after the fusions, hybridoma colonies became visible and
culture supernatants were harvested then screened by ELISA for Notch4. Potential positive wells were expanded and re-screened
against Notch1-His, Notch2-His, Notch3-His/Gst, Notch4-His and an irrelevant protein by ELISA. Hybridomas showing specificity for
Notch4 alone were identified and subcloned twice by limiting dilution to obtain stable, clonal hybridomas.

Isolation of Human peripheral blood mononuclear cells (PBMCs)

Human PBMCs were isolated from whole blood from either healthy control, mild COVID-19, moderate COVID-19 or severe COVID-19
probands via density gradient using Ficoll (GE Healthcare). PBMCs were then stored frozen in Fetal Calf Serum (FCS) (Sigma Aldrich)
and 15% Dimethyl sulfoxide (DMSO) (Sigma Aldrich). The cells were later thawed for analysis of their Notch, Yap1, p-Catenin or
different chemokine and cytokine expression by flow cytometry.

IL-6 and Amphiregulin ELISA
Genoa patients IL-6 concentrations were measured using ELISA (R&D, USA) per manufacturer’s protocol. As for Amphiregulin, Am-
phiregulin concentrations for the whole cohort were measured using Amphiregulin ELISA kit (R&D, USA).

Cytokine measurements

IL-1B, IL-6 (For Boston and Istanbul cohorts), IL-8, IFNa., IFN, IFNy, IFNX, CXCL10 and TNF were measured using Legendplex (Bio-
legend) per manufacturer’s protocol. Mouse cytokine were assessed using Legendplex (Biolegend) per manufacturer’s protocol on
BAL samples from Poly I:C treated mice (Day 7) or on BAL samples from H1N1-infected mice (Day 12). OSM, LIF and CXCL5 were
also measured on the same samples using Quantikine Elisa kits (R&D systems).

Polyinosinic-polycytidylic acid (Poly I:C) mouse model

Mice were treated intratracheally with 2.5 mg/kg of Poly I:C HMW (InvivoGen) daily for six consecutive days. The weight of the mice
was recorded daily upon application of the Poly I:C. The mice were subjected to airway hyperresponsiveness at day 7, then eutha-
nized and analyzed. For blockading amphiregulin, mice were treated with a peptide spanning amino acids 91-140 of the middle re-
gion of the human amphiregulin preproprotein (amphireguling;.149 peptide; Mybiosource). The peptide was given intratracheally at
10 pg/ml in PBS in a final volume of 100 pl. For the amphiregulin neutralizing antibody tests, the mice were given intraperitoneally
20ug of goat anti-mouse amphiregulin mAb (clone AF989; R&D systems) or isotype control mAb (clone AB-108-C; R&D systems)
daily for the duration of the experiment.

H1N1 influenza A virus preparation

Mouse-adapted H1N1 Influenza A virus (PR/8/34) was obtained from Charles River (Catalogue no. 10100374). Viral stocks were
calculated to contain 40,000 infectious units (IU) per mouse and were diluted to a volume of 20 pl/mouse in PBS. For lethal dose
(LD75), the viral stocks were calculated to contain 60,000 IU per mouse and diluted to a volume of 20 pl/mouse in PBS as well.

H1N1 Influenza A viral infection model

Mice were treated intranasally on day 0 of the experiments with either a 40,000 pfu dose of the H1N1 virus or 70,000pfu dose, equiv-
alent to a lethal dose 75 (LD75), as indicated. The mice were monitored on a daily basis to see signs of infection. The weights of the
mice were recorded and once a mouse weight loss exceeded 20%-25%, the mouse was euthanized. The endpoint of the experi-
ments was set at day 12, to capture the peak of inflammation. For antibody treatment experiments, mice received anti-Notch4
mADb (10 pg/ml) (clone HMN-4-14; Bio-X-Cell), anti-IL-6Ra mAb (10 png/ml) (clone 15A7, Bio-X-Cell) or their respective isotype control
antibodies, as indicated.

Humanized mice H1N1 viral infection

NOD-Prkdc°¥i2rg™"i/Sz (NSG) humanized mice were reconstituted with PBMCs from healthy control. Then, mice were treated
with a sublethal dose of the virus as indicated intranasally on day 0. The mice were monitored on a daily basis to see signs of infection.
The weights of the mice were recorded and once a mouse weight loss exceeded 20%-25%, the mouse was euthanized. For sub-
lethal experiments, the endpoint of the experiment was set at day 12, to capture the peak of inflammation.
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Viral Load

Viral titers were determined by quantification of viral transcripts using reverse transcription (RT)-quantitative (g) PCR as previously
described (Cho et al., 2012; Glenn et al., 2017; Moltedo et al., 2011). The collected lung tissue was weighed, and total RNA was iso-
lated using RNAeasy mini kit (QIAGEN). Purified RNA was converted into cDNA using the SuperScript lll First-Strand Synthesis Sys-
tem (Invitrogen) following the manufacturer’s recommended procedures. Quantification of viral load was performed in 96-well plates
and run on a QuantStudio 3 Real-Time PCR instrument (Applied Biosystems). The amplification was carried out using H1N1 nucle-
oprotein region specific primers: forward primer, 5-GGGGGAAGCTCTCCACTAGA-3’ and reverse primer, 5-GTTGTGT
GCTGATTTGGCCC-3' in the presence of the Power SYBR Green Master Mix (Applied Biosystems). The PCR amplification cycle
was set as 95°C for 5 min for initial denaturation, followed by 50 cycles of 95°C for 15 s, 60°C for 1min. The standard curve was gener-
ated using 10-fold serial dilutions of constructed plasmid pcDNA3-NP (Addgene) by plotting each cycle threshold (CT) value against
the log quantity of each standard plasmid copy number. Viral RNA copies were extrapolated from the standard curve using the sam-
ple CT value and represented as viral RNA copies per gram of tissue.

For determination of the viral load in the humanized mouse model, viral transcripts were quantitated using reverse transcription
(RT)-quantitative (q) PCR as previously described (Cho et al., 2012; Glenn et al., 2017; Moltedo et al., 2011). Briefly, RNA was isolated
from right upper lung lobe homogenates prepared in TRIzol (Sigma-Aldrich) and 1 ung RNA as determined by a Nanodrop 2000 spec-
trophotometer (ThermoFisher) was converted to cDNA by reverse transcription using the protocol provided by the manufacturer
(TagMan Reverse Transcription Reagents, ThermoFisher). gPCR reactions in the presence of SYBR Green (FastStart Essential
DNA Green Master Mix, Roche) were performed on a Light-Cycler 96 Instrument (Roche). Primers: Polymerase gene (PA), 5'-
CGGTCCAAATTCCTGCTGA-3' (forward) and 5'-CATTGGGTTCCTTCCATCCA-3'(reverse).

Measurement of airway functional responses

Poly I:C-induced airway hyperreactivity (AHR) was measured, as previously described (Xia et al., 2018). Anesthetized mice were exposed
to doubling concentrations of aerosolized acetyl-B-methacholine (Sigma-Aldrich) by using a Buxco small-animal ventilator (Data Sci-
ences International). The relative peak airway resistance for each methacholine dose, normalized to the saline baseline, was calculated.

Lung histopathology staining

Paraffin-embedded lung sections were stained with hematoxylin and eosin (H&E) or Paraffin-acid-Schiff staining (PAS). The lung pa-
thology was scored by blinded operators. Inflammation was scored separately for cellular infiltration around blood vessels and air-
ways: 0, noinfiltrates; 1, few inflammatory cells; 2, a ring of inflammatory cells 1 cell layer deep; 3, a ring of inflammatory cells 2—-4 cells
deep; 4, aring of inflammatory cells of > 4 cells deep (Tachdjian et al., 2009). A composite score was determined by the adding the
inflammatory scores for both vessels and airways.

Dextran Leakage Assay

25 ng of TRITC-Dextran (MW 40,000; Sigma) in 80 ul saline was instilled intratracheally in each mouse. After one hour of dextran instil-
lation, blood from the mice were collected retro-orbitally in sodium citrate solution, and the plasma was separated by centrifugation
(2000 rpm, 15 minutes at 4C). Leakage of dextran in the bloodstream is calculated as TRITC fluorescence in the plasma compared to
plasma from mock-treated mice.

Flow cytometric analysis of mouse and human cells

Antibodies against the following murine antigens were used for flow cytometric analyses: IL-4 (clone 11B11, catalog no: 504104
1:300 dilution, Biolegend), Foxp3 (FJK-16S, catalog no: 48-5773-82 1:300, Thermofisher), IFNy (XMG1.2, catalog no: 505825
1:300, Biolegend), IL-13 (eBio13a, catalog no.: 47-7133-82 1:300, Thermofisher), TNF (MP6-XT22, Catalogue no: 554419, 1:200,
BD Biosciences), Helios (22F6, catalog no: 47-9883-42 1:200, Thermofisher, CD11c (N418, catalog no: 117318 1:500, Biolegend),
CD11b (M1/70, catalog no: 101228 1:500, Biolegend), CD4 (GK1.5, catalog no: 100451, 1:500, Biolegend), CD206 (C068C2, Cata-
logue no: 141719, 1:300, Biolegend), CD163 (S15049I, Catalogue no: 155305 1:200, Biolegend), CD68 (FA-11, Catalogue no: 137023
1:200, Biolegend), CD80 (16-10A1, Catalogue no: 104711 1:200, Biolegend), F4/80 (BM8, Catalogue no: 48-4801-82 1:300,
Thermofisher), MHCII (39-10-8, Catalogue no: 115006, 1:300, Biolegend), IL-33Ralpha (DIH9, Catalogue no: 145312 1:300, Bio-
legend), Lineage (anti-CD3/GR-1/CD11B/CD45-B220/TER 119) (Biolegend, 1:300 catalog no: 78022), CD3 (17A2, catalog no:
100203, 1:500, Biolegend), IL-17 (TC11-18H10.1, catalog no: 506922, 1:200, Biolegend), GR-1 (RB6-8C5, catalog no: 108406,
1:500, Biolegend), CD45 (30-F11, catalog no: 103140, 1:300, Biolegend), Notch4 (HMN4-14, catalog no: 128407 1:400, Biolegend),
CD134 (DX-86, catalog no:17-1341-82, 1:400 Thermofisher), CTLA-4 (CD152) (UC10-4B9, catalog no: 106310, 1:400 Biolegend),
CD223 (Ebio-C9B7W, catalog no:12-2231-83, 1:400 Therrmofisher), CD279 (J43, catalog no:12-9985-82, 1:400 Thermofisher), IL-
6Ra. (15A7, catalog no: BE0O047, 1:200 Bio-X-Cell), Jagged1 (CD339) (HMJ1-29, catalog no:130908, 1:400 Biolegend), Amphiregulin
polyclonal antibody (orb7378, 1:200, Biorbyt), IL-6Ra. (D7715A7, catalog 115813, 1:400 Biolegend), IL-18Ra (BG/IL18RA, catalog
1329083, 1:400 Biolegend), P-EGFR(D7AS5, catalog no:D7A5, 1:200 Cell Signaling Technology), Anti-CD16/CD32 (93, catalog no:
101319, 1:1000 Biolegend). Antibodies against the following human antigens were used: CD3 (HIT3a, catalog no: 300318, 1:200,Bio-
legend), CD4 (RPA-T4, catalog no: 300530, 1:200,Biolegend), Foxp3 (PCH-101,catalog no: 48-4776-42,56-4716-41, 1:100 Thermo-
fisher), Helios (22F6, catalog no: 47-9883-42 1:100, Thermofisher), Notch1 (HMN1-519, catalog no: 566023, 1:300, BD PharMingen),
Notch2 (HMN2-25, catalog no: 742291, 1:300, BD PharMingen), Notch3 (HMN3-21, catalog no: 744828, 1:300, BD PharMingen),
Notch4 (HMN4-2, Catalogue no: 563269, 1:300, BD PharMingen), Yap1 (D8H1X, Catalogue no: 14729S, 1:100, Cell Signaling
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Technology), beta-Catenin (196624, Catalogue no: IC13292V, 1:200, R&D system), CD25 (BC96, Catalogue no: 51-025-941 1:300,
Thermofisher), IL-4 (MP4-25D2, Catalogue no: 500828 1:200, Biolegend), IL-13 (JES10-5A2, Catalogue no: 501912, 1:200, Bio-
legend), CCR4 (L291H4, Catalogue no: 359417 1:300, Biolegend), CXCR3 (G025H7, Catalogue no: 353708, 1:300 Biolegend),
CRTH2 (BM16, Catalogue no: 350108 1:300, Biolegend), CD127 (A019D5, Catalogue no: 351320 1:300, Biolegend), IFNy (4S.B3,
Catalogue no: 560741 1:200, BD Biosciences) and Amphiregulin polyclonal antibody (orb7378 1:200, Biorbyt), CD196 (GO34E3,
Catalogue no: 353423, 1:300 Biolegend) . The specificity and optimal dilution of each antibody was validated by testing on appro-
priate negative and positive controls or otherwise provided on the manufacturer’s website. Intracellular cytokine staining was per-
formed as previously described (Charbonnier et al., 2015). Dead cells were routinely excluded from the analysis based on the staining
of eFluor 780 Fixable Viability Dye (1:1000 dilution) (Thermofisher). Stained cells were analyzed on a BD LSR Fortessa cell analyzer
(BD Biosciences) and data were processed using Flowjo (Tree Star Inc.).

M1 and M2 gating strategy
M1 was defined as follows: CD45"CD4~ F4/80" MHCII* CD68* CD80"CD86" while M2 macrophages were defined as follows:
CD45*CD47F4/80* MHCII"CD163"CD206™.

Transcriptome Profiling
Treg cells were isolated from either Foxp3YTF°" or Foxp3'FC" Notch4** mice that were treated with Poly I:C as shown above.
mRNA was isolated using QIAGEN RNeasy mini kit (QIAGEN). RNA was then converted into double-stranded DNA (dsDNA), using
SMART-Seq v4 Ultra Low Input RNA kit (Clontech). dsDNA was then fragmented to 200-300 bp size, using M220 Focused-ultraso-
nicator (Covaris), and utilized for construction of libraries for lllumina sequencing using KAPA Hyper Prep Kit (Kapa Biosystems). Li-
braries were then quantified using Qubit dsDNA HS (High Sensitivity) Assay Kit on Agilent High Sensitivity DNA Bioanalyzer.
Gene-level read counts were quantified using feature Counts and the latest Ensambl mouse annotation (GRCm38.R101). Raw data
were trimmed using Trimmomatic (version 0.39, default parameters), tool for lllumina NGS data. To identify differentially expressed
genes, we used 3 algorithms: DESeq2 (version 1.26.0), edgeR (version 3.28.1) and Lima (3.42.2) Bioconductor packages with default
parameters. Count tables were normalized to TPM (Transcripts per Million) for visualizations and QC. Sample clustering, path ana-
lyses and integration of the results were performed using a custom-made pipeline available upon request (Variant Explorer RNaseq).
Transcripts were called as differentially expressed when the adjusted p values were below 0.05, fold-changes over + 1.5 and false
discovery rate (FDR) were below 0.05. For our path analyses, we tested 10,715 biological pathways from KEGG and GO annotations.
We filtered the results using an adjusted p value below 0.01.

QUANTIFICATION AND STATISTICAL ANALYSIS

Student’s two-tailed t test, one- and two-way ANOVA and repeat measures two-way ANOVA with post-test analysis and log-rank test
of groups were used to compare test groups, as indicated. Linear Regression was used for correlation analysis. For analysis of the
human data, summary statistics were calculated using number (percentage) for binary and categorical data and mean (standard de-
viation) or median (interquartile range) for continuous data depending on the normality of the distribution. Logistic regression was
performed to determine the association between Notch4 expression and mortality. Covariates including age, gender, and study
site were selected based on a priori knowledge. In the case of highly correlated covariates, we chose the predictor that had the stron-
gest univariate association between the potential predictor and outcome. In the final model, the outcome was death at any time after
study enrollment, the predictors of interest were Notch4 expression and serum interleukin-6 levels, and covariates included
age, gender, history of malignancy, and corticosteroid treatment. Analyses were performed in R version 3.6.1. Two-sided p values
of < 0.05 were considered statistically significant.
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Supplementary Figure Legends.

Fig. S1. Expression of Notch1, Notch2 and Notch3 on circulating Treg cells of
control and COVID-19 subjects. Related to Figure 1. A-C Flow cytometric analysis and
graphical representation of Notch1 (A), Notch2 (B) and Notch3 (C) expression in Treg
cells of control and COVID-19 subject groups. Each symbol represents one subject.
Numbers in flow plots indicate percentages. Error bars indicate SEM. Statistical tests:

One-way ANOVA with Dunnett’s post hoc analysis.
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Fig. S2. Impact of Treg cell-specific deletion of different Notch, Hippo and Wnt
pathway components on poly l:C-induced lung injury. Related to Figure 2. A, B,
Weight index (A) and peak weight loss (B) of Foxp3YFPCre, Foxp3YFPCreRppjra,
Foxp3YFPCeNotch 142 Foxp3YFPCeNotch2* and Foxp3YFPCNotch3** mice either sham-
treated or treated with poly I:C, as indicated. C, AHR in the respective mouse groups in
response to methacholine. D-F, Graphical representation of lung tissue neutrophils (D)
and M1 (E) and M2 macrophages (F). G, H, Flow cytometric analysis (G) and graphical
representation (H) of Yap and B-Catenin in lung tissue Treg cells of Foxp3YFPC¢re mice that
were either sham-treated or treated with poly I:C. I, J, Weight index (I) and peak weight
loss (J) of Foxp3YFPCre Foxp3YFPCreyYap1¥AWwtr1v»,  Foxp3YFPCreCtnnb1~ and
Foxp3YFPCreYap 142 Wwtr1~* Ctnnb1** mice either sham-treated or treated with Poly I:C,
as indicated. K, AHR in the respective mouse groups in response to methacholine. L-N,
Graphical representation of lung tissue neutrophils (L) and M1 (M) and M2 (N)
macrophages. Each symbol represents one mouse (n=5 per group). Numbers in flow
plots indicate percentages. Error bars indicate SEM. Statistical tests: Two-way ANOVA
with Sidak’s post hoc analysis (A,C,l,K); One-way ANOVA with Dunnett’'s post hoc

analysis (B,D,E,F,J,L,M,N);. **P<0.01, ***P<0.001, ****P<0.0001.
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Fig. S3. Treg cell-specific deletion of ll6ra partially protects against Poly I:C-
induced lung injury. Related to Figure 2. A, BAL concentrations of IFNy, TNFa., IL-
12p70, IL-1B, IFNB, IL-10, IL-1a, MCP-1, IL-27, GM-CSF, IL-17, OSM, LIF and CXCL5 in
PBS or Poly I:C-treated Foxp3YFPC® and Foxp3YFPCeNotch4 ~» mice, the former also co-
treated with either isotype control or anti-Notch4 mAb. B, Weight index (A) and peak
weight loss of Foxp3YFPCe and Foxp3YFPCrell6ra ~/» mice either sham-treated or treated
with Poly I:C, as indicated. C, AHR in response to methacholine. D, E, Flow cytometric
analysis (D) and graphical representation (E) of Notch4 expression in lung tissue Treg
cells of Foxp3YFPCre and Foxp3YFPCrell6ra™'» mice that were either sham-treated or treated
with Poly I:C. F-H, Flow cytometric analysis and graphical representation of lung tissue
neutrophils (F) and M1 (G) and M2 macrophages (H). Each symbol represents one
mouse (n=5 per group). Numbers in flow plots indicate percentages. Error bars indicate
SEM. Statistical tests: Two-way ANOVA with Sidak’s post hoc analysis (A,C); One-way

ANOVA with Dunnett’s post hoc analysis (B,E,F,G,H); **P<0.01, ****P<0.0001.
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Fig. S4. Protective effect of Notch4 inhibition in influenza A H1N1 virus infection.
Related to Figure 3. A, Flow cytometric analysis (A) and graphical representation of lung
neutrophils in the indicated mouse groups. B, Flow cytometric analysis and graphical
representation of lung M2 macrophages in the indicated mouse groups . C, Flow
cytometric analysis and graphical representation and graphical representation of lung M1
macrophages in the indicated mouse groups. D, BAL concentrations of IFNy, TNFa., IL-
12p70, IL-1B, IFNB, IL-10, IL-1a, MCP-1, IL-27, GM-CSF, IL-17, OSM, LIF and CXCL5 in
PBS or H1N1-infected Foxp3YFPC® and Foxp3YFPCreNotch4 ~ mice, the former also co-
treated with either isotype control or anti-Notch4 mAb. Each symbol represents one
mouse (n=5 per group). Numbers in flow plots indicate percentages. Error bars indicate
SEM. Statistical tests: One-way ANOVA with Dunnett’s post hoc analysis (A-D).**P<0.01,

***P<0.001, ***P<0.0001.
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Fig. S5. Characterization of lung T cell infiltrates in H1N1 infected mice. Related to
Figure 3. A,B, Graphical representation of CD8" T cell frequencies (A) and IFNy*CD8* T
cell frequencies and numbers (B) in the lungs of Foxp3YFPCre and Foxp3YFPCeNotch4~/A
mice that were either sham-treated or infected with H1N1 virus, in the case of the
Foxp3YFPC mice either alone or together with an anti-Notch4 mAb, as indicated. C,D,
Graphical representation of CD4" T cell frequencies (C) and IFNy*CD4" Teff cell
frequencies and numbers (D) in the lungs. E, Graphical representation of IFNy*
Macrophage frequencies and numbers. F, Graphical representation of IFNy*ILCA1
frequencies and numbers. G, Graphical representation of IL-17*CD8" T cell frequencies
and numbers in the lungs. H, Graphical representation of IL-17*CD4* T cell frequencies
and numbers in the lungs. Each symbol represents one mouse (n=5 per group). Error
bars indicate SEM. Statistical tests: One-way ANOVA with Dunnett’'s post hoc analysis

(A-H). *P<0.05, ***P<0.001, ****P<0.0001.
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Fig. S6. Validation of neutralizing anti-human Notch4 mAbs and amphiregulingi.140
blocking peptide. Related to Figures 4 and 7. A. Reactivity of different Notch4 mAbs to
Notch1, Notch2, Notch3 and Notch4 as measured by ELISA. B, Left, Flow cytometric
analysis Jagged1-Notch4CFP interaction in Jurkat cells that were either sham transfected
(control) or transfected with a construct encoding Notch4©FP then incubated with Jagged1
in the absence or presence of the indicated mAb. B right, Flow cytometric analysis and
graphical representation of Jagged1-PE staining of Jurkat cells that were transfected with
a construct encoding Notch4®FP in the absence of presence of the indicated mAb. C, Flow
cytometric analysis and graphical representation of EGFR phosphorylation at tyrosine
1068 (pEGFR) in HEK293 cells treated with mouse amphiregulin in the presence
increased concentrations of amphiregulings-140 blocking peptide (bp) or a neutralizing anti-
amphiregulin mAb, as indicated. D, Weight index and peak weight loss of Foxp3YFPC¢re and
Foxp3FPCeNotch4* mice treated with Poly I:C, either alone or together with anti-
amphiregulin neutralizing mAb. E, Frequencies of neutrophils and M1 and M2
macrophages in lung tissues. F, Serum tetramethylrhodamine isothiocyanate (TRITC)
dextran, measured as relative fluorescent units (RFU), in Poly I:C + anti-Amphiregulin
mAb-treated Foxp3Y P or Foxp3YFPCreNotch4** mice at 1-hour post intra-tracheal
instillation. G, Frequencies of neutrophils and M1 and M2 macrophages in lung tissues
from Foxp3YFPCre mice either sham treated or treated with Poly I:C, either alone or
together with amphiregulin bp. H, frequencies of M1 and M2 macrophages in co-cultures
of Poly I:C-treated lung macrophages incubated either alone, with amphiregulin, Treg
cells from Poly I:C-treated Foxp3YFPC mice or the combination thereof. Each symbol

represents one mouse (n=5-10 per group). Numbers in flow plots indicate percentages.



Error bars indicate SEM. Statistical tests: One-way ANOVA with Dunnett’'s post hoc
analysis (D-F); two-way ANOVA with Sidak’s post hoc analysis (D) ; Student’s two tailed

t-test (G). **P<0.01, ****P<0.0001).
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Table S1. Demographics of COVID-19 patients stratified by disease severity and
predictors of mortality. Related to Figure 1



Table S1. Demographics of COVID-19 patients stratified by disease severity and predictors
of mortality.

Overall Mild Moderate Severe p-value
n 118 20 57 41
Site, n (%) <0.001
Boston 38(32.2) 2 (10.0) 17 (29.8) 19 (46.3)
Genoa 44 (37.3) 0(0.0) 28 (49.1) 16 (39.0)
Istanbul 36 (30.5) 18 (90.0) 12 (21.1) 6 (14.6)
Age, mean (SD) 63.12 (18.97) 42.60 (15.22) 65.21 (17.39) 70.22 (15.83) <0.001
Male, n (%) 63 (53.4) 9 (45.0) 25 (43.9) 29 (70.7) 0.022
White, n (%) 108 (91.5) 18 (90.0) 53(93.0) 37 (90.2) 0.859
BMI, mean (SD) 28.57 (6.88) 26.94 (3.94) 27.98 (6.05) 30.18 (8.69) 0.151
Any medical problems, n (%) 95 (81.2) 8 (40.0) 49 (86.0) 38 (95.0) <0.001
Immunosuppression 16 (13.6) 1(5.0) 6 (10.5) 9 (22.0) 0.125
Malignancy 22 (18.6) 1(5.0) 10 (17.5) 11 (26.8) 0.116
Pulmonary disease 33(28.0) 2 (10.0) 17 (29.8) 14 (34.1) 0.13
Cardiac disease 70 (59.3) 4 (20.0) 32 (56.1) 34 (82.9) <0.001
Hypertension 55 (46.6) 4 (20.0) 24 (42.1) 27 (65.9) 0.002
Hyperlipidemia 12 (10.2) 0(0.0) 6(10.5) 6(14.6) 0.205
Endocrine disease 38(32.5) 2 (10.0) 19 (33.3) 17 (42.5) 0.04
Diabetes 26 (22.0) 1(5.0) 14 (24.6) 11 (26.8) 0.126
COVID-19 treatments
Remdesivir 26 (22.0) 0(0.0) 8 (14.0) 18 (43.9) <0.001
Hydroxychloroquine 54 (45.8) 15 (75.0) 24 (42.1) 15 (36.6) 0.014
Glucocorticoids 67 (56.8) 0(0.0) 35(61.4) 32 (78.0) <0.001
Anti-IL-6 9(7.6) 0(0.0) 2(3.5) 7(17.1) 0.016
Supportive care
Supplemental oxygen 89 (75.4) 9 (45.0) 50 (87.7) 30(73.2) 0.001
High flow oxygen 23 (19.5) 0(0.0) 0(0.0) 23 (56.1) <0.001
Noninvasive ventilation 8(6.8) 0(0.0) 0(0.0) 8(19.5) <0.001
Mechanical ventilation 20 (16.9) 0(0.0) 0(0.0) 20 (48.8) <0.001
ECMO 2(L.7) 0(0.0) 0(0.0) 2(4.9) 0.148
Dead 19 (16.1) 0(0.0) 5(8.8) 14 (34.1) <0.001
30-day, n (%) 8 (6.8) 0(0.0) 0(0.0) 8(19.5) <0.001
90-day, n (%) 18 (15.3) 0(0.0) 4 (7.0) 14 (34.1) <0.001

Biomarkers, mean (SD)
Notch4, % 15.00 (14.48) 4.67 (5.57) 10.82 (10.93) 25.84 (15.24) <0.001
1L-6, pg/mL 89.10 (209.25) 124.22 (172.49) 43.15 (38.47) 137.70 (326.22) 0.071




Adjusted

Crude OR 95% CI p-value OR 95% CI P=value
Age, years 1.086 (1.044, 1.140) <0.001 1.094 (1.036, 1.177) 0.005
Male gender 1.613 (0.598, 4.654) 0.354 3.713 (0.942, 17.922) 0.076
History malignancy 5.954 (2.028, 17.718) 0.001 3.717 (0.950, 15.565) 0.062
Steroid treatment 5.020 (1.552, 22.55) 0.015 5.730 (1.177, 45.520) 0.053
Notch4, % 1.052 (1.020, 1.088) 0.002 1.046 (1.008, 1.090) 0.023
Interleukin-6, pg/mL 0.999 (0.992, 1.001) 0.553 1.000 (0.993, 1.004) 0.883

Disease severity classification. Mild = did not require hospitalization. Moderate = hospitalized but required only supplemental

oxygen. Severe = hospitalized and required high flow oxygen, non-invasive ventilation, or mechanical ventilation.

Abbreviations: BMI = body mass index; ICU = intensive care unit; Anti-IL-6 = anti-interleukin-6 monoclonal antibody therapy;

ECMO = extracorporeal membrane oxygenation; IL-6 = interleukin-6, OR = Odds Ratio. 95% CI = 95% confidence interval.
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