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SUMMARY
The human immunological mechanisms defining the clinical outcome of SARS-CoV-2 infection remain
elusive. This knowledge gap is mostly driven by the lack of appropriate experimental platforms recapitulating
human immune responses in a controlled human lung environment. Here, we report a mouse model (i.e.,
HNFL mice) co-engrafted with human fetal lung xenografts (fLX) and a myeloid-enhanced human immune
system to identify cellular and molecular correlates of lung protection during SARS-CoV-2 infection. Unlike
mice solely engrafted with human fLX, HNFL mice are protected against infection, severe inflammation,
and histopathological phenotypes. Lung tissue protection from infection and severe histopathology associ-
ates with macrophage infiltration and differentiation and the upregulation of a macrophage-enriched signa-
ture composed of 11 specific genes mainly associated with the type I interferon signaling pathway. Our work
highlights the HNFL model as a transformative platform to investigate, in controlled experimental settings,
human myeloid immune mechanisms governing lung tissue protection during SARS-CoV-2 infection.
INTRODUCTION

The immunological mechanisms driving susceptibility to corona-

virus disease 2019 (COVID-19), a recent viral respiratory disease

caused by severe acute respiratory syndrome coronavirus 2
This is an open access article und
(SARS-CoV-2) (Zhu et al., 2020), remain elusive. While human

patient studies have been instrumental in uncovering immune

correlates of severe disease (Bastard et al., 2020; Combes

et al., 2021; Delorey et al., 2021; Hadjadj et al., 2020; Rendeiro

et al., 2021; Wauters et al., 2021; Ziegler et al., 2021), these
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studies are fraught with considerable limitations. While studies

focusing on patients with mild/moderate infections are limited

to immunological sampling of the peripheral blood, bronchioal-

veolar fluid (BALF), and nasopharynx, postmortem studies pro-

vide only a snapshot of diseased lung tissues. Interpretation of

human studies is also compounded by several factors, including

non-synchronized collection of tissues post-infection, interindi-

vidual variability, and co-morbidities.

Animal models provide increased control of experimental set-

tings, allowing us to go beyond the descriptive nature of human

studies. Non-human primates (NHPs), hamsters, and ferrets are

naturally susceptible to SARS-CoV-2 infection and have been

instrumental in evaluating the therapeutic potential and prophy-

lactic efficacy of many antiviral countermeasures against this

virus (Kim et al., 2020; Sia et al., 2020; Singh et al., 2021; Tosta-

noski et al., 2020; Vogel et al., 2021). However, in-depth under-

standing of SARS-CoV-2 pathogenesis and immunity in these

models has been hindered by several limitations, including the

limited reagent availability and restrictive costs associated with

NHP studies and the large evolutionary divergence between hu-

mans and hamsters or ferrets, which manifests in vastly different

immune responses and lung environments. In contrast to ham-

sters or ferrets, mice are poorly susceptible to several human

coronaviruses, including SARS-CoV andmost SARS-CoV-2 var-

iants. While mice can be rendered permissive by transgenic ap-

proaches (McCray et al., 2007; Winkler et al., 2020) or via viral

adaptation, the evolutionary divergence betweenmouse and hu-

man, reflected by significant differences in their immune system

(Mestas andHughes, 2004), also represents amajor limitation for

the use of this species in understanding human immune re-

sponses to viral infection.

Mice harboring human tissue xenografts have been used to

investigate a variety of infectious diseases over the past three

decades (Douam and Ploss, 2018). Recently, mice engrafted

with human fetal lung xenografts (fLX) were successfully infected

with several viruses, including coronaviruses (Wahl et al., 2019,

2021). Importantly, fLX were also engrafted into mice co-en-

grafted with human fetal liver, thymus, and hematopoietic stem

cells (HSCs) (BLT mice, then yielding BLT-Lung/L mice),

enabling the study of lymphoid responses to a wide range of vi-

ruses, including respiratory viruses. However, while the BLT plat-

form remains a powerful system to explore cellular and humoral

responses to viral infection (Dudek et al., 2012; Frias-Staheli

et al., 2014; Wang et al., 2014), the myeloid compartment

remains limited, preventing thismodel from recapitulating impor-

tant early immunological events at the front line of a viral infec-

tion. The differential myeloid responses reported between pa-

tients with mild/moderate and severe COVID-19 (Rendeiro

et al., 2021; Wauters et al., 2021) are a prominent demonstration

of the importance of modeling myeloid responses to accurately

capture molecular mechanisms defining the clinical outcome of

an infection.

In this study,weaimed todevelopandcharacterizeahumanized

mousemodel recapitulating protective humanmyeloid responses

to SARS-CoV-2 within a human lung environment. We previously

reported that immunodeficient NOD-Rag1�/�IL2RgNULL (NRG)

mice defective for fetal liver kinase 2 expression (NRG-Flk2�/� or

NRGF) display a selective expansion of the human myeloid and
2 Cell Reports 39, 110714, April 19, 2022
natural killer (NK) cell compartments over conventional humanized

mouse models upon expression of human FMS-related receptor

tyrosine kinase 3 ligand (hFlt3LG), the ligand of Flk2 (Douam

et al., 2018). Here, we co-engrafted NRGF mice with a pair of fLX

prior to injection of allogeneichumanHSCsandadeno-associated

virus expressing hFlt3LG (AAV-Flt3LG), yielding HIS-NRGF/

Flt3LG-L (referred to as HNFL) mice. While SARS-CoV-2 inocula-

tion of fLX engrafted into immunodeficient NRG or NRGF mice

(NRG/F-L) resulted in persistent infection and severe histopathol-

ogy, HNFL mice were effectively protected against SARS-CoV-2

infection without exhibiting any signs of severe tissue damage.

Protection in HNFL mice was associated with significant macro-

phage infiltration and differentiation and was defined by the upre-

gulation of a macrophage-enriched signature composed of 11

specific genes/proteins (protection-defining genes), which

included USP18, a negative regulator of type I interferon (IFN) re-

sponses and ISGylation (Basters et al., 2018).

Altogether, we demonstrate that HNFL mice represent a

powerful, amenable, and cost-effective platform to uncover

myeloid-mediated mechanisms defining the clinical and histo-

pathological outcomes of SARS-CoV-2 infection in a human

lung environment.

RESULTS

Generation of the HNFL model
Ten- to fifteen-week-old male and female NRG mice were surgi-

cally implanted subcutaneously with two pieces of fetal lung

tissue, one on each side of the animal’s thoracic body wall (Fig-

ure 1A). Following engraftment, all animals were healthy and dis-

played macroscopically detectable fLX on both sides of their

body (Figures 1A and S1A). Macroscopic and histological anal-

ysis illustrated interstitial infiltration of fLX by murine blood ves-

sels with retention of human vasculature (Figures S1B–S1D).

Cells appeared histologically normal without any evidence of

degeneration and/or necrosis (Figures S1E–S1N). Different

stages of fetal lung maturation were associated with differential

expression of ACE2, pro-surfactant protein C (SFTPC) (an alve-

olar type 2 [AT2] pneumocyte differentiation marker), and hu-

man-specific CD31 (blood vessel marker) (Figures S1E–S1N).

For HNFL mouse generation, 10- to 15-week-old NRGF mice

were engrafted with pairs of fLX 3 to 5 weeks prior to injection

of allogeneic human HSCs (Figure 1B) and AAV-hFlt3LG. From

here on, fLX of NRGL and HNFL mice will be referred to as

NRGL-LX or HNFL-LX, respectively. Flow cytometric analysis

showed a significant increase in the frequency of human

CD45+cells in HNFL-LX compared with NRGL-LX (Figures 1C

and S2A). Single-cell RNA sequencing (scRNA-seq) confirmed

an increased frequency of human cells in HNFL-LX (84.25%

versus 67.14% in NRGL) (Figures 1D–1G; Table S1), which was

predominantly hematopoietically mediated (48.41% human he-

matopoietic cells versus 51.59% non-hematopoietic; 13.26%

versus 86.74% in NRGL) (Figures 1E and 1G). The lung epithelial

compartment looked similar in composition between NRGL-LX

and HNFL-LX, with an AT2 subcompartment encompassing

47.7%of total epithelial subsets versus 50.2%, respectively (Fig-

ure S2B). Consistently, differential human ACE2 expression was

not observed between NRGL-LX and HNFL-LX mice



Figure 1. Generation of HNFL mice

(A) An NRGL mouse engrafted with pairs of human fLX (red ellipse).

(B) Procedure to generate HNFL mice. Image created with BioRender.com.

(C) Frequency of human CD45+ cells within total CD45+ cells (mouse + human) in naive NRGL-LX and HNFL-LX (flow cytometry analysis). n = 3–5; mean ± SEM;

Welch’s t test; **p % 0.01.

(D–K) t-distributed stochastic neighbor embedding (t-SNE) plots of the human (D, three fLX, 9,968 cells; F, two fLX, 5,160 cells) and mouse (H, three fLX, 5,091

cells; J, two fLX, 407 cells) compartments in NRGL-LX (D and H) and HNFL-LX (F and J). Relative representation of each species compartment within the fLX is

indicated between the two t-SNE plots. Cell subset frequencies (E and G, human; I and K, mouse) are shown below the respective t-SNE plots.

See also Figures S1 and S2; Tables S1 and S2; Video S1.
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Figure 2. HNFL mice are effectively protected from SARS-CoV-2 infection

(A–I) Representative SARS-CoV-2 N IHC (A, D, G) and five-color IHC (B, C, E, F, H, I; yellow, SARS-CoV-2 Spike; magenta, human CD31; cyan, murine CD61; red,

humanCD68; gray, DAPI) on naive (A–C) or inoculated NRGL-LX (D–F, 2 DPI; G, H, I, 7 DPI; 106 PFU). (C, F, and I) 23magnification of the inset located in (B, E, and

H), respectively. (B, E, and H) 1003; scale bar, 200 mm; (A, D, and G) 2003; scale bar, 100 mm; (C, F, and I) 4003; scale bar, 50 mm.

(J and K) SARS-CoV-2 viral RNA quantification in inoculated (blue) and contralateral NRGL-LX (red), and in NRGL lung (gray), following infection with 104 (J) or 106

(K) PFU (n = 4–12). Limit of detection (LOD; dotted line) is equivalent to RNA copies/mg tissues in naive fLX (n = 7). Mean ± SEM, Kruskal-Wallis test; *p% 0.05,

***p % 0.001.

(L) Quantification of infectious SARS-CoV-2 particles in contralateral (CL, 7 DPI) or inoculatedNRGL-LX (2 and 7DPI; 106 PFU). n = 3–5 fLX.Mean±SEM, Kruskal-

Wallis test; ns, non-significant.

(M) Non-linear regression between viral RNA copies and PFU per milligram of tissue in inoculated (n = 10; 2 and 7 DPI; 106 PFU), contralateral (n = 3), and naive

(n = 2) NRGL-LX. Yellow area represents productive infection. Productive infection threshold (PIT) equal to 107 RNA copies/mg (n = 15).

(N) Representative three-dimensional dorsal and profile views of a single NRGL mouse following inoculation of the right fLX with a SARS-CoV-2 NanoLuc virus

(106 PFU). NanoLuc signal was quantified over 12 days of infection.

(O and P) Regionalized quantification of NanoLuc expression in inoculated (O; n = 4, right fLX; 106 PFU) and contralateral (P; n = 4, left fLX) NRGL-LX over a 12-day

course of infection. Mean signal from naive fLX (n = 3) was used to determine assay baseline (mock). Red line represents the mean signal over time.

(legend continued on next page)
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(Figure S2C). Human T cells and NK cells represented the largest

cellular subsets in HNFL-LX (46.65% of all lineages/subsets)

(Figure 1G). Strikingly, we detected a fraction of human hemato-

poietically derived cells in NRGL-LX (13.26%), which was

composed of a myeloblast progenitor cluster (c-kit+ SRGN+

CD14+ HPGD+; 3.13%) and a lymphoid cluster with cytotoxic

functions (CD8+ T cells and/or NK cells; 10.13%) (Figures 1D

and 1E).

The presence of macrophages in HNFL-LX (1.76%; Figures 1F,

1G, and S2D) was a defining characteristic of HNFL mice. Back-

to-back proteomic analyses of naive NRGL-LX and HNFL-LX

showed significant upregulation of many macrophage markers,

such as HCK, SLC9A9, and CD163 (Figure S2E; Table S2) in

HNFL-LX. Consistently, quantitative image analysis confirmed a

significantly higher engraftment of CD68+ cells in HNFL-LX (Fig-

ure S2F). Importantly, the mouse myeloid compartment in

HNFL-LX mice was also reduced (15.75%) over NRGL-LX mice

(32.86%) (Figures 1H–1K). Altogether, our data show that

HNFL-LX are reconstituted with human lymphoid andmyeloid lin-

eages and contain a diverse epithelial compartment.

HNFL mice, but not NRGL mice, are able to effectively
control SARS-CoV-2 infection
To examine the susceptibility of NRGL mice to SARS-CoV-2

infection, mice were inoculated with SARS-CoV-2 (USA-WA1/

2020 isolate) 10 to 15 weeks post-engraftment via direct intra-

fLX inoculation at a viral dose of either 104 or 106 plaque-forming

units (PFU). To evaluate the possibility of fLX-to-fLX viral transfer

through the peripheral blood, some animals were inoculated only

in a single fLX. Non-inoculated fLX from uninfected and infected

animals are hereafter referred to as ‘‘naive’’ and ‘‘contralateral,’’

respectively. While NRGL mice did not display any signs of clin-

ical disease over the course of infection (Figures S3A–S3C),

inoculated fLX displayed gross abnormalities (Figure S3D),

which contrasted with a white homogeneous appearance of

naive and contralateral fLX.

A dose-dependent immunoreactivity to SARS-CoV-2 nucleo-

capsid (N) in inoculated fLX was observed (Figures 2A, 2D, 2G,

and S3E–S3K). When challenged with 106 PFU, viral antigen

was concentrated in pneumocytes and bronchiole epithelium at

2 days post inoculation (DPI) (Figures 2D, S3I, S3J, and S3L),

while at 7 DPI antigen was mainly detected in necrotic debris

within air spaces (Figures 2G and S3K). Infection appeared to

be cleared at 7 DPI for the 104 PFU dose (Figures S2K and

S2L). Therefore, we elected to pursue all subsequent experi-

ments using a 106 PFU viral dose. Our findings using a 106 PFU

viral dose were supported by five-color fluorescence imaging

(DAPI, SARS-CoV-2 Spike, CD31, CD61, CD68) (Figures 2B,
(Q) SARS-CoV-2 viral RNA quantification in inoculated HNFL-LX (106 PFU) at 2 a

tissues in naive fLX (n = 5). Significance between 2 and 7 DPI viral load values and

line and asterisks) Mean ± SEM; *p % 0.05, ****p % 0.001. PIT, productive infec

(R–W) Representative SARS-CoV-2 Spike (R, S, T) and six-color IHC (U, V, W;

hCD68; gray, DAPI) on naive (R, U) or inoculated (106 PFU) tissue section (S, V, 2 DP

scale bar, 200 mm.

(X) Quantification of tissue area immunoreactive for SARS-CoV-2 Spike (percenta

Mean ± SD, Kolmogorov-Smirnov t test; *p % 0.05.

See also Figure S3.
2C, 2E, 2F, 2H, and 2I), which also showed an increase in

platelet-rich thrombi in inoculated fLX at 7 DPI, a feature consis-

tent with previous studies in humans and NHPs (Aid et al., 2020;

Mackman et al., 2020).

qRT-PCR quantification of viral RNA (E gene) was consistent

with immunohistochemistry (IHC) findings (Figures 2J and 2K).

Although qRT-PCR suggested that low levels of viral RNA were

present in contralateral fLX, SARS-CoV-2 N immunoreactivity

was never observed in contralateral fLX (Figure S3M). Infectious

viral particles were detected in fLX at both 2 and 7 DPI, support-

ing evidence of productive infection. No infectious viral particles

were recovered from contralateral fLX (Figure 2L), suggesting

that a limited amount of viral RNA, but not infectious viral parti-

cles, may transfer between fLX through the blood. However,

no viral RNA was detected in the peripheral blood at any time

point (Figure S3N), suggesting that very low levels of free viral

RNA may circulate between fLX. We found a positive non-linear

regression between viral load and PFU in inoculated fLX (R2 =

0.675) (Figure 2M) and identified that viral loads in excess of a

threshold of 107 RNA copies/mg tissue (i.e., productive infection

threshold [PIT]) were indicative of productive infection. Finally,

using bioluminescence imaging and a recombinant SARS-

CoV-2 expressing NanoLuc luciferase (Xie et al., 2020), we

revealed that SARS-CoV-2 replication persisted within single

animals for up to 12 DPI (Figures 2N, 2O, and S3O; Video S1)

while remaining undetectable in contralateral grafts (Figures 2P

and S3O).

In contrast to NRGL mice, intra-fLX inoculation of HNFL mice

with SARS-CoV-2 (106 PFU) resulted in viral RNA copies per

milligram of tissues significantly below the PIT (RNA copies/

mg < 1 3 107; Figure 2Q) at both 2 and 7 DPI. Consistently,

low to no SARS-CoV-2 Spike immunoreactivity was observed

as early as 2 DPI in HNFL-LX in comparison with NRGL-LX

(Figures 2R–2W). Of note, fLX derived from the same donor

were highly susceptible to infection when engrafted in NRG

mice (2 DPI, mean = 8.49 3 108 ± 1.29 3 108 RNA copies/mg,

n = 3; 7 DPI, mean = 5.50 3 108 ± 1.14 3 108 RNA copies/mg,

n = 3). Whole slide quantification of Spike immunoreactivity at

2 DPI confirmed significantly decreased susceptibility of

HNFL-LX for SARS-CoV-2 infection (Figure 2X). Notably, we

observed the formation of CD20+ B cell lymphoid aggregates

in HNFL-LX upon infection (Figures 2V and 2W), suggesting a

link between effective control of viral replication and hematopoi-

etic infiltration in HNFL-LX. Of note, fLX engrafted in NRGFLmice

(i.e., NRGFL-LX) were equally susceptible to SARS-CoV-2 infec-

tion compared with NRGL-LX (Figure S3P), highlighting that the

lack of Flk2 expression or a reduced mouse myeloid compart-

ment did not mediate the protective phenotype observed in
nd 7 DPI (n = 3–5 fLX). LOD (dotted line) represents the mean RNA copies/mg

area of productive infection was calculated by running a Kruskal-Wallis test (red

tion threshold.

yellow, SARS-CoV-2 Spike; cyan, hCD3e; green, hCD20; orange, hCD8; red,

I; T,W, 7DPI) fromHNFL-LX. (R, S, T) 2003; scale bar, 100 mm; (U, V,W) 1003;

ge of analyzed tissue) in inoculated (106 PFU) HNFL-LX and NRGL-LX (n = 4–5).
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Figure 3. HNFL mice are protected from severe histopathology

(A) Cumulative histopathologic score of inoculated NRGL-LX (104 or 106 PFU) at 2 and 7 DPI (n = 5–10). Mean ± SEM, two-way ANOVA; *p % 0.05, **p % 0.01.

(B) Cumulative histopathologic score of inoculated (106 PFU; 2 and 7 DPI) and naive/contralateral (CL) NRGL-LX (n = 8–12). Mean ± SEM, Kruskal-Wallis test;

**p % 0.01, ***p % 0.001.

(C–K) Representative histopathologic phenotypes of inoculated NRGL-LX (106 PFU). (C) Neutrophil accumulation within air spaces (within black dashed lines).

(D) Syncytial epithelial cells (black arrows) and interstitial edema (asterisks). (E) Fibrin thrombi occluding intermediate-sized blood vessels (black arrows), with

interstitial edema (asterisks). (F) Denuded epithelium (black arrows). (G) Coagulative necrosis (left of dashed line), adjacent to viable fLX (right of dashed line).

(legend continued on next page)
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HNFL mice. Altogether, our data suggest that human hemato-

poietic engraftment in HNFLmice protects fLX against persistent

SARS-CoV-2 infection.

HNFL mice are protected from histopathological
manifestations observed in patients with severe COVID-
19
Next, we aimed to probe whether NRGL mice recapitulate histo-

logic phenotypes observed in patients with severe COVID-19

and if HNFL mice are protected against these phenotypes. We

developed a semi-quantitative ordinal scoring system based

on phenotypes of severe COVID-19 (see STAR Methods). In

NRGL-LX, the mean cumulative histologic score in animals inoc-

ulated with 106 PFU was 1.76-fold higher at 2 DPI and 2.22-fold

higher at 7 DPI compared with those inoculated with 104 PFU,

indicating a positive correlation with viral load and SARS-CoV-

2 N positivity (Figures 3A and S4A). Of note, tissue integrity

and architecture between naive and contralateral fLX were

similar, and for this reason both were pooled together to define

the histopathological baseline (Figures 3B and S4B). Compared

with naive/contralateral fLX, 106 PFU viral inoculation resulted in

an increasing histopathological score over time (Figures 3B and

S4B). Notably, neutrophil influx, intra-air-space necrosis, capil-

lary fibrin thrombi, and presence of syncytial cells were the

most significant independent observations that contributed to

the increased cumulative score (Figure S4B). There were no his-

topathological differences between NRGL-LX and NRGFL-LX at

2 DPI, emphasizing that loss of Flk2 expression does not have an

impact on histopathological outcome (Figure S4C).

Histopathologic findings were observed in all SARS-CoV-2-

inoculatedNRGL-LX, ranging frommild focal toseveregeneralized

disease (Figures 3C–3K), and histologic lesions predominated in

areaswithSARS-CoV-2N immunoreactivity.At2DPI, affected ter-

minal air spaces were infiltrated by neutrophils (Figure 3C), with

variableamountsofedema (Figures3Dand3E),denudedepithelial

cells (Figure3F), coagulativenecrosis (Figure3G), andhemorrhage

(Figure3H). Inareasof severeneutrophilic inflammation, increased

numbers of mitotic figures were observed in pneumocytes, sup-

portive of active regeneration (Figure 3C), with concurrent pneu-

mocyte degeneration represented by cytoplasmic swelling and

vacuolation. Capillaries and intermediate-sized arterioles and ar-

teries were multifocally occluded by fibrin thrombi (Figures 3E

and 3I). Similar features were observed at 7 DPI, but air spaces

were more frequently filled with abundant necrotic cellular debris

(Figure 3J), and in one fLX, a distinctive hyaline membrane lining

pneumocytes could also be observed (Figure 3K). Altogether,
(H) Intra-air-space hemorrhage. (I) Fibrin thrombi occluding interstitial capillaries (

(K) Hyaline membrane (black arrows). Hematoxylin and eosin (H&E) staining, 400

(L–Q) Ultrastructural analysis of inoculated NRGL-L (106 PFU). (L) SARS-CoV-2 vir

cytes (lamellar body, LB) at 2 DPI. Top right corner is a magnification of the top

peripheral extracellular area (left of dashed line) at 2 DPI. (N) Magnification (3.753)

filledwith necrotic cellular debris, including lamellar bodies and denuded AT2 pneu

maturation within the cytoplasm of AT2 cells at 7 DPI (lamellar bodies, LB). Free a

(asterisk). (Q) Cluster of mature virus particles with radiating spikes and aggrega

(R–T) Representative H&E staining on naive (R) or inoculated (S, 2 DPI; T, 7 DPI;

(U) Cumulative histopathologic score of inoculated HNFL-LX (106 PFU) at 2 and

mulative histopathologic score of NRGL-LX (B) at the same time point are indica

See also Figure S4.
these data demonstrate that SARS-CoV-2 infection of NRGL

mice is associatedwith the development of cellular and histopath-

ological features that resemble those observed in the lungs of pa-

tients with severe COVID-19.

Ultrastructural analysis of NRGL-LX inoculated with 106 PFU

supported our virological and histopathological findings. Virus

particles were observed within AT2 pneumocytes at various

stages of maturation and were often confined to double-mem-

brane-bound vesicles (DMVs), with morphology and particle

size consistent with previously described coronaviruses (range

80–130 nm in diameter) (Laue et al., 2021) (Figures 3L–3N). Po-

tential single-particle budding events (Figure S4D) were also

observed. At 7 DPI, air spaces were filled with abundant necrotic

cellular debris, including lamellar bodies, erythrocytes, neutro-

phils, and denuded viral-particle-containing AT2 pneumocytes

(Figures 3O and S4E–S4G), which were occasionally undergoing

apoptosis as indicated by the presence of pyknotic nuclei (Fig-

ure S4E). DMV-containing viral particles and electron-dense viral

replication centers were still observed at 7 DPI, suggesting the

persistence of active viral replication (Figures 3P and S4H). Faint

Spike protein coronal surface projections were sometimes

visible within DMVs (Figure 3Q). Blood vessels also contained

aggregates of platelets (Figure S4I) with several small- to inter-

mediate-sized arteries occasionally occluded by fibrin thrombi

(Figure S4J).

Consistent with decreased viral loads, cumulative histology

scores were significantly decreased in HNFL-LX mice at 2 (p =

0.01) and 7 DPI (p = 0.0002) compared with NRGL-LX

(Figures 3R–3U and S4K). HNFL-LX showed decreased syncytial

cells and intra-airway necrosis at 2 and 7 DPI, respectively,

compared with NRGL-LX. Hemorrhage and influx of neutrophils

were also significantly decreased at both 2 and 7DPI in HNFL-LX

but not NRGL-LX (Figure S4K). Taken together, these findings

suggest that HNFL mice mount an effective host response in

fLX that not only prevents persistent SARS-CoV-2 infection,

but also protects from severe histopathological manifestations

observed in patients with severe COVID-19.

Lung tissue protection associates with B cell and
macrophage infiltration
We next sought to demonstrate the potential of the HNFL model

to capture cellular correlates of protection against SARS-CoV-2.

Human CD45+ frequency (Figure 4A) and human lymphoid line-

age counts (T cell, B cell, and CD56+ cell; normalized cell counts)

significantly increased in HNFL-LX following infection

(Figures 4B–4F and S5A). scRNA-seq analysis confirmed
black arrows). (J) Accumulation of necrotic debris within air spaces (asterisks).

3, scale bar, 50 mm.

al particles in double-membrane-bound vesicle (DMV, asterisk) in AT2 pneumo-

left inset (dotted box). (M) Infected pneumocyte with viral particles around the

of the inset from (M) with event of viral particle maturation in DMV. (O) Air space

mocytes undergoing apoptosis at 7 DPI. (P) Virus particles at variable stages of

nd DMV-associated virus particles and electron-dense viral replication centers

tes of nucleocapsid protein contained within a DMV at 7 DPI.

106 PFU) HNFL-LX tissue section; 2003, scale bar, 100 mm.

7 DPI. Mean ± SEM (n = 4). Statistically significant differences with mean cu-

ted with asterisks (two-way ANOVA; *p % 0.05, ***p % 0.001).
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Figure 4. Infiltration of human hematopoietic lineages in HNFL-LX upon SARS-CoV-2 inoculation

(A) Frequencies of humanCD45+ cells within total CD45+ cells (mouse + human) in HNFL-LX at 2 and 7DPI (flow cytometric analysis). Dotted line representsmean

frequency of CD45+ cells in naive HNFL-LX (Figure 1C) (n = 3–7). Mean ± SEM, one-way ANOVA; ***p % 0.001, ****p % 0.0001 over naive HNFL-LX.

(B–F) Normalized cell count (number of cells analyzed in subset3 [total fLX cell count/total cells analyzed]) of hCD3+ T cells (B), hCD3+ hCD4+ T cells (C), hCD3+

hCD8+ T cells (D), hCD20+ cells (E), and hCD3� hCD20� hCD33� hCD56+ cells (F) in naive or inoculated HNFL-LX (2 and 7 DPI) (n = 3–7). Mean ± SEM, one-way

ANOVA; *p % 0.05, **p % 0.01, ***p % 0.001.

(legend continued on next page)
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significant human hematopoietic infiltration in HNFL-LX at 2 DPI

(78.89% versus 48.41% in naive fLX) and progressive resorption

by 7 DPI (68.52%) (Figures 4G–4L; Table S1). The major subsets

mediating hematopoietic expansion were macrophages (naive,

1.76%; 2 DPI, 18.39%; 7 DPI, 20.49%) and B cells (naive, 0%;

2 DPI, 7.24%; 7 DPI, 3.31%) (Figure 4L). B cell infiltration was

consistent with flow cytometry (Figure 4E) and six-color imaging

data (Figures 2V and 2W). Notably, the frequency of AT2 cells

within the epithelial compartment was reduced at 2 DPI

(12.7%) but restored at 7 DPI (45.5% versus naive, 50.2%) (Fig-

ure 4M), supporting evidence for the successful resolution of

infection and progressive restoration of tissue homeostasis.

Focusing on the myeloid compartment, we identified two

differentially polarized CD14+ CD68+ activated macrophage

subsets at 2 DPI; one had a pro-inflammatory phenotype (herein

referred to as activated inflammatory macrophages [AIM])

defined as CD14+ CD68+ IL-1b+ and which displayed moderate

interferon-stimulated gene (ISG) expression and low IL-10

expression. The other had a regulatory phenotype (subsequently

referred to as activated regulatory macrophages [ARM]) defined

as CD14+ CD68+ IL-1b+ C1QA+ and which displayed high ISG

and moderate IL-10 expression (Figures 4N and 4O). Similar

macrophage subsets were observed at 7 DPI (Figure S5B). Acti-

vated macrophage clusters were significantly associated with

moderate expression of several chemokines at 2 DPI, including

CCL2–4, CCL8, and CXCL10, which was consistent with mono-

cyte recruitment andmacrophage infiltration into fLX upon infec-

tion (Table S1). Expression of CCL13 and CCL18, considered to

be pro- and anti-inflammatory chemokines, respectively (Men-

dez-Enriquez and Garcia-Zepeda, 2013; Schraufstatter et al.,

2012), was significantly associated with the ARM cluster only,

emphasizing the role of ARM as a major regulatory subset.

Protection from SARS-CoV-2 infection is defined by the
upregulation of a subset of 11 genes
We then aimed to capture molecular signatures defining lung tis-

sue protection using a proteomic approach. By analyzing top

differentially expressed proteins (33 proteins, log odds R �1)

between inoculated and naive HNFL-LX, we found that HNFL-

LX infection was mainly characterized by the induction of a sig-

nificant type I IFN response and by the upregulation of ISG15,

USP18, IFIT1-3, OAS1–3, and MX1–2 at 2 DPI (Figure 5A;

Table S2). Through a side-by-side mass spectrometry run and

proteomic analysis of both NRGL-LX and HNFL-LX (naive and
(G–J) t-SNE plots of the human compartment in HNFL-LX at 2 (G, three fLX, 6,736

DPI) are shown below the respective t-SNE plots.

(K) Frequencies of the human hematopoietic fraction (immune) within the human

fLX, 6,736 cells; 7 DPI, three fLX, 11,269 cells) HNFL-LX.

(L) Frequencies of different human hematopoietic lineages within the human cellu

6,736 cells; 7 DPI, three fLX, 11,269 cells) HNFL-LX.

(M) Frequencies of AT1 (green), AT2 (purple), ciliated cells (blue), and club cells (

inoculated (2 DPI, three fLX, 937 cells; 7 DPI, three fLX, 1,825 cells) HNFL-LX. A

infection.

(N, O) t-SNE plots displaying clustered and scaled expression of several transc

compartment of HNFL-LX at 2 DPI. Clusters of interest (dotted circles) are label

activated regulatory macrophages; SSM, steady-state macrophages; DC, dendri

are indicated near the corresponding cluster(s). n = 3 fLX, 6,736 cells.

See also Figure S5 and Table S1.
2 DPI), we identified 13 proteins among the initial 33 proteins

that were upregulated in inoculated HNFL-LX but not in inocu-

lated NRGL-LX at 2 DPI (Figures 5B and S6A; Table S2). This

included USP18, OAS1–3, ISG20, IFIH1, IFIT2–3, DDX58,

IFIT5, IFI44L, HLA-B, and PDLIM1.

Interestingly, the proteomic signature in HNFL-LX was domi-

nated by the upregulation of the USP18-ISG15 axis, unlike

NRGL-LX, which did not display any significant USP18 upregu-

lation (Figures 5C and 5D). In line with the function of USP18

as a negative regulator of type I IFN responses, STAT1 was

significantly phosphorylated in NRGL-LX, but not in HNFL-LX

(Figures 5E and 5F; Table S3). These findings were consistent

with recent evidence of enhanced STAT1 phosphorylation in se-

vere COVID-19 cases (Rincon-Arevalo et al., 2021).

To further validate our set of 13 proteins, we also sought to

confirm their upregulation at the transcriptomic level in inoculated

HNFL-LX. Using scRNA-seq, we pooled all cell clusters together

for each HNFL-LX sample and performed a differential gene

expression analysis. This analysis supported the induction of a

strong ISG response consistent with proteomic data, with ISG15

being the most upregulated transcript at 2 DPI (Figures 5G and

5H).Of the 13proteins differentially expressed, 11 (�84%overlap)

were also significantly upregulated (log2_FC MAST R 0.2) at the

transcriptomic level in inoculated HNFL-LX (2 DPI) in comparison

with naive HNFL-LX (Figures 5G–5I). These genes included

USP18, OAS1–3, IFIT2–3, DDX58, ISG20, IFI44L, and IFIH1 and

were further defined as protection-defining genes (PDGs).

As a side note, SFTPC was the most downregulated transcript

at 2 DPI (�0.9 log2FC; false discovery rate [FDR] =

4.42 3 10�232; Figure 5G), consistent with the reduction in the

AT2 compartment we noted above (Figure 4M) andwith previous

studies reporting a loss of AT2 program/compartment upon

SARS-CoV-2 infection (Delorey et al., 2021). At 7 DPI, SFTPC

(�0.5 log2FC; FDR = 1 3 10�109) and many ISGs were found

to be returning to naive fLX expression levels (Figure 5H).

Collectively, our findings highlight that viral clearance and tis-

sue protection from SARS-CoV-2 in HNFL mice are associated

with the upregulation of a defined genetic signature composed

of 11 specific genes.

PDG upregulation and lung tissue protection associate
with limited pro-inflammatory cytokine expression
To better correlate PDG expression with inflammation and se-

vere histopathology, we employed bulk transcriptomic analysis
cells) and 7 DPI (I, three fLX, 11,269 cells). Cell subset frequencies (H, 2 DPI; J, 7

cellular compartment in naive (two fLX, 5,160 cells) or inoculated (2 DPI, three

lar compartment (two fLX, 5,160 cells) in naive or inoculated (2 DPI, three fLX,

red) within the human epithelial compartment in naive (two fLX, 2,159 cells) or

dotted line symbolizes the variation in the size of the AT2 compartment upon

ripts coding for myeloid, inflammatory, and regulatory markers in the human

ed in the top left plot of (N) (AIM, activated inflammatory macrophages; ARM,

tic cells). Cluster-defining genes are marked by an asterisk, and log2FC values
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Figure 5. HNFL mice recapitulate a potent and balanced human antiviral response against SARS-CoV-2 infection
(A) Cluster heatmap representing the top 33 proteins significantly (p % 0.05) up- (Z > 0) and downregulated (Z < 0) in HNFL-LX at 2 DPI (106 PFU, n = 4) in

comparison with naive (n = 4) HNFL-LX.

(B) Relative differential expression of the set of 33 selected proteins in HNFL-LX (n = 4) and NRGL-LX (n = 4) at 2 DPI (106 PFU) represented through a semi-cluster

heatmap. Proteins significantly (p % 0.05) up- (Z > 0) and downregulated (Z < 0) are labeled in red.

(C and D) Differentially expressed proteins in HNFL-LX (C) or NRGL-LX (D) at 2 DPI. Proteins with p% 0.05 (horizontal dashed line) and with logFCR 1 or% �1

(vertical dashed lines) are considered significantly up- or downregulated, respectively. Naive n = 4; 2 DPI n = 4.

(E and F) Differentially phosphorylated proteins at 2 DPI in HNFL-LX (E) and NRGL-LX (F). Proteins with p % 0.05 (horizontal dashed line) and with logFC R 1 or

% �1 (vertical dashed lines) are considered significantly up- or downregulated, respectively. Naive n = 4; 2 DPI n = 4.

(G and H) Significantly (p% 0.05) differentially expressed genes (upregulated, red; downregulated, blue) in HNFL-LX at 2 (G) and 7 DPI (H) following infection (106

PFU) in comparison with naive HNFL-LX. Fold changes were computed using MAST (Model-based Analysis of Single-Cell Transcriptomics) from pooled scRNA-

seq clusters. Transcripts with p% 10�200 (horizontal dotted line) and with log2 fold changeR 0.2 or% �0.2 (vertical dotted lines) are highlighted. Naive n = 2; 2

DPI n = 3.

(I) List of PDGs found to be upregulated by both proteomics and transcriptomic approaches in inoculated HNFL-LX (YES) or solely via the proteomic approach

(NO). Only PDGs found to be upregulated through both approaches were considered as definitive PDGs.

(legend continued on next page)
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on naive and inoculated NRGL-LX, as mass spectrometry is

known to be suboptimal for quantifying cytokine and chemokine

expression. Bulk RNA-seq analysis revealed that while NRGL

mice mounted a robust type I IFN response at 2 DPI

(Figures 5J–5M and S6B–S6F; Table S4), chemokines previously

reported to be upregulated in patients with severe COVID-19

(Callahan et al., 2021; Liao et al., 2020; Ren et al., 2021; Wauters

et al., 2021), namely, CXCL9, CXCL10, and CXCL11, were

among the top 10 upregulated transcripts (Figure 5J). Although

IFN responses in inoculated fLX had subsided by 7 DPI

(Figures 5K, 5M, S6D, S6E, and S6F), chemokine upregulation

remained evident, with CXCL9 ranking as the top most upregu-

lated transcript. Interestingly, evidence of an IFN systemic

response was seen in the contralateral graft at 7 DPI

(Figures 5L and S6D) despite no evidence of viral replication (Fig-

ure 2L). No chemokine mRNAs were upregulated in contralateral

grafts (Figure 5L), highlighting a link between viral replication,

high chemokine expression, persistent inflammation, and histo-

pathology. A QIAGEN Ingenuity Pathway Analysis (IPA) sup-

ported evidence of prolonged inflammation in inoculated but

not in contralateral NRGL-LX (Figure S6G), as many processes

involving pro-inflammatory cytokines and mediators (IL-2, IL-7,

IL-17, chemokine signaling, T cell signaling pathways, etc.)

were observed only in inoculated fLX. Notably, IPA suggested

a key role for the human resident hematopoietic compartment

in these inflammatory processes. No significant transcriptomic

signal was detected in the mouse compartment of inoculated

NRGL-LX.

In sharp contrast, pooled scRNA-seq transcriptomic analysis

of HNFL-LX did not reveal any upregulation of CXCL9-11 at

any time points (Figures 5G and 5H), strengthening a potential

association between chemokine expression and severe histopa-

thology. No chemokines were among the top upregulated hits

(log2FC R 0.2 and FDR % 1 3 10�200) at either 2 or 7 DPI.

Altogether, our data suggest a unique association between

PDG upregulation, limited inflammation, and reduced histopa-

thology during SARS-CoV-2 infection of human lung tissues.

The PDG signature is macrophage enriched
Finally, we aimed to identify the cellular compartment(s) driving

PDG upregulation. Using scRNA-seq, we found that our PDG

signature was significantly enriched in activated macrophages

in comparison with all other cellular compartments at 2 DPI

(Figures 6A and 6B; Table S1). Three PDGs (IFIT2, IFIT3, and

IFIH1) were also categorized as activated macrophage-defining

genes (Figure 6A). Notably, even though it was not identified as a

PDG, ISG15 expression was statistically restricted to activated

macrophage clusters (Figure 6C), highlighting these clusters as

the dominant source of USP18-ISG15 co-expression (Figure 6D).

In addition, we found that activated macrophage clusters were

the major carriers of viral RNA (p = 0.001), suggesting a potential
(J–L) Differentially expressed transcripts in inoculated (J, 2 DPI; K, 7 DPI; 106 PFU

NRGL-LX. Transcripts with padj% 0.05 and with log2 fold changeR 2 are conside

n = 6; CL/contralateral n = 3.

(M) Number of differentially up- (red) or downregulated (blue) genes per time point

DPI n = 4; 7 DP n = 6; CL/contralateral n = 3.

See also Figure S6; Tables S2, S3, and S4.
association between a dominantmacrophage-mediated antiviral

response (Figure 6E) and macrophage infection.

Altogether, our findings highlight infiltrating macrophages as a

central mediator of the antiviral and anti-inflammatory response

at play in HNFL-LX. These data also provide a definitive proof of

concept of the potential of HNFL mice to increase our under-

standing of myeloid immunoregulation defining effective lung tis-

sue protection during SARS-CoV-2 infection.

DISCUSSION

The pulmonary immunological mechanisms governing protec-

tion against SARS-CoV-2 infection remain elusive. To enhance

our understanding of these mechanisms, investigations need

to go beyond human patient studies due to their inherent

limitations.

Here, we report a humanized mouse model, HNFL mice, as an

in vivo platform enabling the investigation of human myeloid re-

sponses in a human lung environment during coronavirus infec-

tion. We show that, following SARS-CoV-2 infection, NRGLmice

solely engraftedwith fLXwere highly susceptible to SARS-CoV-2

infection and were prone to severe histopathological manifesta-

tions of disease that resemble those observed in patients with

severe cases of COVID-19. In sharp contrast, co-engraftment

of fLX and human HSCs in HNFL mice resulted in protection

against infection, as well as limited histopathology. Infection in

HNFL mice was associated with significant hematopoietic infil-

tration in fLX, as well as with a loss and recovery of the AT2

compartment, demonstrating the ability of the HNFL mice to

effectively control infection rather than being resistant to it. Of

note, we did not observe any significant signs of human-to-hu-

man graft-versus-host disease (GvHD) in fLX, either histological-

ly or by omics analyses. The restoration of the AT2 compartment

and the resolution of inflammatory responses toward baseline

level at 7 DPI support the notion that the immune signatures

observed in fLX were mediated by SARS-CoV-2 infection and

not by GvHD.

Protection in HNFL mice was characterized by the upregula-

tion of a macrophage-enriched gene signature composed of

11 genes (USP18, OAS1–3, IFIT2–3, IFIH1, DDX58, HLA-B,

IFI44L, and ISG20). The enhanced type I IFN response observed

in HNFL-LXwas consistent withmany patient studies suggesting

the importance of a robust type I IFN response to protect from

severe COVID-19 (Zhang et al., 2020; Ziegler et al., 2021). An

interesting feature of that signature was the HNFL-specific upre-

gulation of USP18 and the enrichment of the USP18-ISG15 axis

in activatedmacrophages, suggesting a potential role of this axis

in dampening tissue inflammation during SARS-CoV-2 infection.

Our study proposes a working model (Figure 7) in which lung-

resident macrophages in HNFL mice would become locally acti-

vated upon detection of SARS-CoV-2 RNA and would promote
) and contralateral non-inoculated NRGL-LX (L, 7 DPI) in comparison with naive

red significantly up- (red) or downregulated (blue). Naive n = 3; 2 DPI n = 4; 7 DPI

(2 and 7 DPI) and infection settings (inoculated/CL) in NRGL-LX. Naive n = 3; 2
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Figure 6. Macrophages are the dominant mediators of the antiviral and anti-inflammatory response in HNFL mice

(A) t-SNE plots displaying clustered and scaled expression of PDG transcripts (OAS1–3, DDX58, IFI44L, IFIT2–3, HLA-B, IFH1, USP18, and ISG20) in the human

compartment of HNFL-LX at 2 DPI. Clusters of interest (dotted circles) are labeled in the top left plot. Cluster-defining genes are marked by an asterisk, and

log2FC values are indicated near the corresponding cluster; n = 3 fLX, 6,736 cells.

(B) Scaled mean expression of all PDGs in each cluster of the human compartment of HNFL-LX at 2 DPI. For each cluster, the median of the scaled mean

expression of all PDGs is shown (red line). Statistically significant differences between combined PDG expression across clusters are reported as a heatmap at

the right (RM one-way ANOVA with Geisser-Greenhouse correction). Non-significant differences (p R �log10[0.05]) are shown in gray.

(legend continued on next page)
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monocyte infiltration via regulated secretion of specific inflam-

matory chemokines (CCL2/4/8, CXCL10). Monocyte infiltration

would be followed by macrophage differentiation, activation,

and polarization toward inflammatory and regulatory pheno-

types. These two subsets of macrophages would then promote

a systemic antiviral state across the epithelial compartment in a

coordinated fashion, enabling rapid suppression of viral spread

and replication. USP18 upregulation, and its increased stabiliza-

tion through ISG15 interaction, would prevent an excessive in-

flammatory response by macrophages and protect the tissues

from severe histopathological damages.

In contrast, the pro-inflammatory response mediated by tis-

sue-resident human macrophages in NRGL mice following

detection of viral RNA would remain a ‘‘call in the dark,’’ as the

absence of human hematopoietic engraftment in NRGL mice

precludes the possibility of any human monocyte recruitment

into the fLX. This would therefore prevent the induction of a

stronger, systemic antiviral response that could rapidly and

effectively clear infection. In addition, the absence of infiltrating

macrophages would allow the initial inflammatory response to

go unhindered between the resident human lymphoid and

myeloid compartments of the fLX, promoting diffuse alveolar

damage while further dampening effective antiviral responses.

This model is supported by our observation that virus-free

contralateral NRGL-LX did not display any histopathological

manifestations of disease or prolonged inflammation while

mounting a robust type I IFN response. As excessive macro-

phage-mediated pro-inflammatory responses have been

hypothesized to be an important driver of COVID-19 disease

progression (Grant et al., 2021; Merad andMartin, 2020; Munnur

et al., 2021; Rendeiro et al., 2021; Wauters et al., 2021), it is

conceivable that the human macrophage-mediated prolonged

inflammation, and/or the absence of effective regulation of

inflammation by infiltrating macrophages in NRGL mice, acts

as a surrogate of the immunological dysregulations observed

in patients with severe COVID-19.

USP18 is the main ISG15 isopeptidase and can repress the

establishment of an antiviral state via inhibition of ISG15-mediated

ISGylation (Honke et al., 2016; Ketscher et al., 2015). However,

USP18 can also directly inhibit type I IFN signaling by binding to

STAT2 (Arimoto et al., 2017) and IFNAR2 (Malakhova et al.,

2006). Most importantly, ISG15 is a crucial partner to USP18 in

this process (Zhang et al., 2015) through its ability to stabilize

USP18 and prevent its proteasomal degradation. SARS-CoV-2

infection of macrophages was recently reported to induce

papain-like protease protein (PLpro)-mediated de-ISGylation and

excessive release of free ISG15 (Munnur et al., 2021). While

SARS-CoV-2 infection remains abortive in macrophages
(C) t-SNE plot displaying clustered and scaled expression of ISG15 in the huma

labeled in the top left plot of (A). Asterisk indicates that ISG15 is an activatedmacro

cluster; n = 3 fLX, 6,736 cells.

(D) Differential co-expression of the USP18-ISG15 axis across human lineages in

calculated for all human clusters regrouped as specific lineages in HNFL-LX at 2

expression, respectively. Four categories of co-expression were identified and a

(E) Viral gene count per cluster, segregated between activated macrophage clu

clusters). Mean ± SD, Mann-Whitney t test, ***p % 0.001. AIM, activated inflamm

cells; Endo, endothelial cells; SSM, steady-state macrophages; DC, dendritic ce
(Boumaza et al., 2021; Yang et al., 2020a; Zheng et al., 2021),

such mechanism has been proposed to exacerbate the pro-in-

flammatory response and ‘‘cytokine storm’’ observed in patients

with severe COVID-19. Upregulation of USP18 in infected HNFL-

LX could therefore contribute to the maintenance of a positive in-

flammatory feedback loop through enhanced sequestration of

free ISG15and increasedUSP18stabilization.More investigations

will be needed to comprehensively delineate the association be-

tween limited USP18 expression in macrophages and severe

lung inflammation during SARS-CoV-2 infection. The human-spe-

cific nature of the USP18-ISG15 interaction positions the HNFL

model as a unique resource for such an endeavor.

In summary, our work highlights the remarkable potential of

the humanized HNFLmouse model to investigate myeloid corre-

lates of protection from SARS-CoV-2 infection in vivo and in a

human context. This mouse model, and its future refinements,

opens avenues for a better understanding of the immunological

mechanisms driving susceptibility to COVID-19 and other viral

respiratory diseases and provides a path toward the identifica-

tion of innovative treatment strategies against these infections.

Limitations of the study
One limitation of our study involves the lack of evidence that hu-

man patients protected from severe COVID-19 also display an

upregulated PDG signature in their lung macrophages in

contrast to severe COVID-19 cases. However, even though the

comparison remains imperfect, combined PDG expression in

lung monocytes and macrophages derived from lung autopsy

samples of patients with severe COVID-19 (using previously re-

ported datasets; Delorey et al., 2021) was significantly lower

than in activated macrophages from infected HNFL-LX (Fig-

ure S7), supporting PDG upregulation inmacrophages asmarker

of lung tissue protection.

Another weakness of our study relates to the limited number of

human donors used. As this is a clear limitation in comparison

with human studies, future humanized mouse studies will have

to make every effort to increase intraindividual diversity within

cohorts. Finally, direct SARS-CoV-2 inoculation into subcutane-

ous fetal lung tissues, which do not recapitulate neither the func-

tion nor the level of maturation of the human adult lung, also

constitutes a limitation of our work. While direct injection within

subcutaneous xenografts is a required trade-off for working

with human lung tissue in vivo, the well-defined compartmental-

ization of the fLX from the rest of the mouse, their easy access

from live animals, and their connection to the vascular system

highlight how amenable the NRGL and HNFL models are to

investigating host-pathogen interactions during viral respiratory

infection. That being said, it is likely that engraftment of human
n compartment of HNFL-LX at 2 DPI. Clusters of interest (dotted circles) are

phage-defining gene, and log2FC values are indicated near the corresponding

inoculated HNFL-LX. Cumulative scaled expression of USP18 and ISG15 was

DPI and plotted on a x/y axis with x and y corresponding to ISG15 and USP18

re delineated by dashed lines.

sters (AM) and all others (Others) in inoculated HNFL-LX (2 and 7 DPI) (n = 29

atory macrophages; ARM, activated regulatory macrophages; Epi, epithelial

lls; Fib/Fibro, fibroblasts.
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Figure 7. The HNFL mouse model to uncover myeloid-mediated mechanisms of lung tissue protection during SARS-CoV-2 infection

(A and B) Working model depicting the cellular and molecular mechanisms that may drive pathology and protection in inoculated HNFL-LX and NRGL-LX,

respectively. Image created with BioRender.com.
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adult lung tissues over fetal tissues could enhance the potential

and biological significance of the HNFL mouse model.
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Antibodies

mouse monoclonal anti-human HLA-DR [L243] BV510 BioLegend 307646; RRID:AB_2561948

mouse monoclonal anti-human CD3 [UCHT1] BV605 BioLegend 300460; RRID:AB_2564380

mouse monoclonal anti-human CD20 [2H7] BV650 BioLegend 302336; RRID:AB_2563806

mouse monoclonal anti-human CD16 (FCgRIII) [B73.1] BV711 BioLegend 360732; RRID:AB_2800992

mouse monoclonal anti-human CD45 [H130] BV785 BioLegend 304048; RRID:AB_2563129

mouse monoclonal anti-human CD8a [RPA-T8] FITC BioLegend 301006; RRID:AB_314124)

mouse monoclonal anti-human CD33 [WM53] PE BioLegend 303404; RRID:AB_314348

rat monoclonal anti-mouse CD45 [30-F11] PE-Dazzle5 BioLegend 103146; RRID:AB_2564003

mouse monoclonal anti-human CD14 [HCD14] PerCp-Cy5.5 BioLegend 325622; RRID:AB_893250

mouse monoclonal anti-human CD45RA [HI100] PE-Cy7 BioLegend 304126; RRID:AB_10708879

mouse monoclonal anti-human CD56 [QA17A16] APC BioLegend 392406; RRID:AB_2728402

mouse monoclonal anti-human CD4 [SK3] AF700 BioLegend 344622; RRID:AB_2563150

FcX BioLegend 422302; RRID:AB_2818986

LIVE/DEAD Viability NearIR ThermoFisher L10119

mouse monoclonal anti-human CD34 [581] FITC BD Biosciences 555821; RRID:AB_396150

mouse monoclonal anti-human CD45 [H130] V500 BD Biosciences 560777; RRID:AB_1937324

rat monoclonal anti-mouse CD45 [30-F11] PE-Cy7 BioLegend 103114; RRID:AB_312979

mouse monoclonal anti-human CD3 [SK7] FITC eBioscience 11-0036-42; RRID:AB_1272072

mouse monoclonal anti-human CD19 [HIB19] APC eBioscience 17-0199-42; RRID:AB_10804519

mouse monoclonal anti-human CD8 [G42-8] FITC BD Biosciences 551347; RRID:AB_394159

mouse monoclonal anti-human CD56 [HCD56] APC BioLegend 318310; RRID:AB_604106

mouse monoclonal anti-human CD33 [WM53] PerCp-Cy5.5 BioLegend 983906; RRID:AB_2890878

mouse monoclonal anti-human CD11c [B-LY6] APC BD Biosciences 559877; RRID:AB_398680

mouse monoclonal anti-human CD11c [3.9] AF700 BioLegend 301648; RRID:AB_2819923

mouse monoclonal anti-human CD123 [6H6] eFluor450 eBioscience 48-1239-42; RRID:AB_1548710

mouse monoclonal anti-human CD14 [61D3] PE-eFluor610 eBioscience 61-0149-42; RRID:AB_2574534

mouse monoclonal anti-human CD14 [Tuk4] Alexa Fluor 700 Invitrogen MHCD1429; RRID:AB_1464887

mouse monoclonal anti-human CD3 [7D6] PE-Cy5.5 Invitrogen MHCD0318; RRID:AB_10376001

mouse monoclonal anti-human CD4 [RPA-T4] PE eBioscience 12-0049-80; RRID:AB_657745

mouse monoclonal anti-human CD19 [SJ25C1] eFluor450 eBioscience 48-0198-42; RRID:AB_11220071

mouse monoclonal anti-human CD16 [3G8] PE-TexasRed Invitrogen MHCD1617; RRID:AB_1464937

rabbit polyclonal anti-SARS-CoV Nucleoprotein Novus Biologicals 100–56576; RRID:AB_838838

mouse monoclonal anti-SARS-CoV-2 Spike [E7U6O/2B3E5] Cell Signaling 52342S

rabbit monoclonal anti-human CD31 [JC/70A] Biocare Medical CM347A

rabbit monoclonal anti-mouse CD31 [D8V9E] Cell signaling 77699; RRID:AB_2722705

rabbit monoclonal anti-human ACE2 [EPR34435] Abcam ab108252; RRID:AB_10864415

rabbit polyclonal anti-human SFTSPC Seven Hills Bioreagents WRAP-9337

mouse monoclonal anti-human CD68 [KP1] Agilent M081401-2; RRID:AB_2750584

rabbit monoclonal anti-mouse CD61 [ARC0460] Invitrogen MA5-35245; RRID:AB_2849148

rabbit polyclonal anti-human CD3 Dako A045201-2

rabbit monoclonal anti-human CD8 [SP57] Roche 790–4460; RRID:AB_2335985

mouse monoclonal anti-human CD20 [L26] Dako 74332

Opal 480 Akoya Bioscences FP1500001KT
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Opal 520 Akoya Bioscences FP1487001KT

Opal 570 Akoya Bioscences FP1488001KT

Opal 620 Akoya Bioscences FP1495001KT

Opal 690 Akoya Bioscences FP1497001KT

DAB chromogen Roche 760–159

Purple chromogen Roche 760–229

Bacterial and virus strains

Recombinant Severe Acute Respiratory

Syndrome Coronavirus 2 – Nano

Luciferase (SARS-CoV-2-NL)

Pei-Yong Shei Laboratory Xie et al., 2020

Severe Acute Respiratory Syndrome

Coronavirus 2 (2019-nCoV/USA-WA1/2020)

BEI MN985325

Biological samples

Fetal lung tissues (18–22 weeks) Advanced Biosciences

Resources (ABR)

Alameda, CA

Chemicals, peptides, and recombinant proteins

Penicillin-Streptomycin GIBCO 15140122

Dimethyl Sulfoxide (DMSO) Fisher D1284

Hank’s Balanced Salt Solution (HBSS) Gibco 14025134

RNA Later Sigma-Aldrich R0901500ML

Furimazine, 98% MedChemExpress HY-111497

Sucrose Sigma Aldrich S0389

Ethylenediaminetetraacetic acid (EDTA) Disodium salt Fisher BP120 1

Tris-Base Fisher BP152 5

Soduim Chloride (NaCl) Fisher S271 3

Avicel PH-591 Dupont Chemical N/A

Formaldehyde, Buffered, Certified, 10% (v/v) Fisher LC146705

Tween-20 10% solution Teknova T0710

PacI New England BioLabs (NEB) R0547L

MluI-HF New England BioLabs (NEB) R3198L

PEG8000 Sigma 81268

Spermine Sigma S3256

Benzonase Sigma E1014

Iodixanol Sigma D1556

Pluronic F-68 Gibco 24040032

Glycerol VWR chemicals BDH BDH1172-4LP

Xylene Leica 3803665

Hematoxylin Leica 3801575

Eosin Leica 3801616

25% Glutaraldehyde Electron Microscopy Sciences 16220

Sodium cacodylate buffer (pH 7.4) Electron Microscopy Sciences 15949

Osmium Tetroxide Electron Microscopy Sciences 19110

16% Paraformaldehyde Electron Microscopy Sciences 15710

Maleic Acid (pH 5.5) Electron Microscopy Sciences 18150

Uranyl Acetate Electron Microscopy Sciences 22400

Proplene Oxide Electron Microscopy Sciences 20412

TAAB Epon TAAB T022

Liberase TM Roche 5401127001

DNase I grade II Sigma 10104159001
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Critical commercial assays

Quick-RNA Viral Kit Zymo Research Corporation R1035

RNeasy Plus Mini Kit Qiagen 74134

On-Column DNase Qiagen 79256

Chromium Next GEM Single Cell 30 GEM, library & Gel Bead Kit v3.1 10X Genomics PN-1000121

Chromium Next GEM Chip G Single Cell Kit 10X Genomics PN-1000127

Quanta qScriptTM XLT One-Step RT-qPCR ToughMix� VWR 76047–082

TMTPro 16plex ThermoFisher A44520

AbC Anti-Mouse Bead Kit ThermoFisher A-10334

In-Fusion Takara 638943

CD34 + HSC isolation kit Stem Cell Technologies 17856

Luna� Universal One-Step RT-qPCR Lot New England BioLabs E3005E

Deposited data

Single cell RNA-seq raw data (NRGL/HNFL mice) GEO GSE180063

Bulk RNA-seq (NRGL mice) GEO GSE180908

Proteomics/Phosphoproteomics (NRGL mice Naive, 2DPI, 7DPI) ProteomeXchange PXD025851

Proteomics/Phosphoproteomics (NRGL Naive/2DPI and HNFL

Naive/2DPI)

ProteomeXchange PXD025851

Supplemental Items Mendeley Data https://doi.org/10.17632/

jxjg8k4xy2.3

Experimental models: Cell lines

Chlorocebus sp.: Vero E6 N/A N/A

AAV-293 cells ATCC N/A

Experimental models: Organisms/strains

Mouse: NOD.Cg-Rag1tm1MomIl2rgtm1Wjl/SzJ The Jackson Laboratory 007799

Mouse: NOD.Cg-Rag1tm1MomFlt3tm1lrlIl2rgtm1Wjl/SzJ The Jackson Laboratory 033127

Mouse: B6.Cg-Tg(K18-ACE2)2Prlmn/J The Jackson Laboratory 34860

Oligonucleotides

Probe E_Sarbeco_P1: FAM-ACACTAGCCATCCTTACTG

CGCTTCG-BHQ1

IDT 10006892

Primer E_Sarbeco_R2: ATATTGCAGCAGTACGCACACA IDT 10006890

Primer E_Sarbeco_F1: ACAGGTACGTTAATAGTTAATAGCGT IDT 10006887

Primer for AAV flt3 forward: AGGTCGGTATCCACACTAGTCC

ACCCGAGCTCGAATTCCGGG

Eton N/A

Primer for AAV flt3 reverse: CGACGGATCCCCCTAATCATCG

ATGAATTCCGGG

Eton N/A

Primer for BGH forward: TAGGGGGATCCGTCGACTAGAG Eton N/A

Primer for BGH reverse: GCGTGTACACTAGGCGGCCGCGC

CATAGAGCCCACCGCATC

Eton N/A

human ACE2 qPCR forward primer: CGAAGCCGAAGACCTG

TTCTA

Eton N/A

human ACE2 qPCR reverse primer: GGGCAAGTGTGGACTG

TTCC

Eton N/A

human RPS11 qPCR forward primer: TTCAGACTGAGCGTGC

CTAC

Eton N/A

human RPS11 qPCR reverse primer: GCCCTCAATAGCCTCCTTGG Eton N/A

Recombinant DNA

pAB269 AAV backbone – AAV2 ITRs OHSU, Oregon Markus Grompe

pAL119-FLT3L Addgene 21910

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

pX602-AAV-TBG::NLS-SaCas9-NLS-HA-OLLAS-bGHpA;

U6::BsaI-sgRNA

Addgene 61593

pAB269-TBG-FLT3 LG-BGH Princeton University, NJ Alexander Ploss

pXR8 NGVB N/A

Software and algorithms

FastQC Andrews, 2010 v0.11.7

MultiQC Ewels et al., 2016 v1.6

featureCounts Liao et al., 2014 v1.6.2

STAR Dobin et al., 2013 v2.7.1a

R R Core Team, 2020 v4.0.2

DESeq2 Love et al., 2014 v1.28.1

Ingenuity Pathway Analysis (IPA) Qiagen v01-20-04

MaxQuant Max Planck Institute v.1.6.7.0

CellRanger 10X Genomics v3.0.0

InForm Akoya Biosciences v2.4.8

HALO Indica Labs Inc. v3.3.2541.262

QuantStudio Design and Analysis software Applied BioSystems v1.5.1

InVivoAX In Vivo Analytics N/A

GraphPad Prism GraphPad softwarem v9.0.1

FlowJo Beckon, Dickinson, and

Company

v10.7.1

Microsoft Excel Microsoft Office 365

Microsoft Word Microsoft Office 365

Endnote X9 Clarivate Analytics X9.3.3

Adobe Illustrator 2021 Adobe v25.0

Other

Dulbecco’s Modified Eagle Medium (DMEM) GIBCO 11995073

Roswell Park Memorial Institute (RPMI) medium 1640 GIBCO 11875119

OpitMEM Reduced Serum Media GIBCO 51985034

Phosphate Buffer Saline (PBS) GIBCO 14190250

Fetal Bovine Serum (FBS) Atlanta Biologicals S11550 A18006

ACK lysing buffer GIBCO LSA1049201

Cell Strainer 70uM Sterile Fisher 22363548

5 mm Stainless steel bead Qiagen 69989

Mulitvette 600uL EDTA Sarstedt 15.1671.100

SPRIselect Beckman Coulter B23317

DynaBeads MyOne Silane Invitrogen 37002D

TE buffer Invitrogen 12090015

AccuCheck Counting Beads Life Tecnologies PCB100

XBridge Peptide BEH C18 column (130Ao, 3.5 mm,

4.6 mm 3 250 mm)

Waters Corporation 186003570

Fe-NTA magnetic beads CubeBiotech Leutert et al. (2019)

EASY-Spray column ThermoFisher ES803A

Dapi Akoya Biosciences FP1490

Corning Matrigel Basement Membrane Matrix Corning 354234

pHelper Agilent 240071

Amicon� Ultra-15 (100 MWCO) Millipore Sigma UFC910024

e4 Cell Reports 39, 110714, April 19, 2022

Resource
ll

OPEN ACCESS



Resource
ll

OPEN ACCESS
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the LeadContact, Dr. Florian

Douam (fdouam@bu.edu).

Materials availability
All reagents and materials will be made available on request after completion of a Materials Transfer Agreement.

Data and code availability
d Themass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riv-

erol et al., 2019) partner repository with the dataset identifier PXD025851.

d Transcriptomic data from bulk RNA sequencing are available through the National Center for Biotechnology Information Gene

Expression Omnibus (GEO) under series accession no. GSE180908.

d Transcriptomic data from single cell RNA sequencing are available through the National Center for Biotechnology Information

Gene Expression Omnibus (GEO) under series accession no. GSE180063.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the Lead contact author upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
VeroE6 cells and AAV-293 cells (ATCC) were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% heat

inactivated fetal bovine serum (Bio-Techne, R&D systems, Minneapolis, MN, USA) and 1% (v/v) Penicillin Streptomycin (Thermo Sci-

entific, Waltham, MA, USA).

Mouse strains
NOD Rag1�/� IL2Rgnull mice (NOD.Cg-Rag1tm1MomIl2rgtm1Wjl/SzJ, were obtained from the Jackson Laboratory, catalog number

007799). NRG-Flk2�/� (NRGF) mice (NOD.Cg-Rag1tm1Mom Flt3tm1Irl Il2rgtm1Wjl/J) were generated as described previously (Douam

et al., 2018) and are available at The Jackson Laboratory (Bar Harbor, ME, USA) (catalog number 033127). NRG and NRGF mice

weremaintained at the Laboratory Animal Resource Center at Princeton University prior to engraftment with human tissues and ship-

ment to the NEIDL.

In the NEIDL BSL-3 facility, mice were group-housed by sex in Tecniplast green line individually ventilated cages (Tecniplast,

Buguggiate, Italy). Mice were maintained on a 12:12 light cycle at 30–70% humidity and provided sulfatrim-containing water and

standard chow diets (LabDiet, St. Louis, MO, USA).

All mice in this study were inoculated with SARS-CoV-2 at an age of 20–30 weeks old. Both male and female mice were used.

Human fetal tissues
Human fetal livers and lungs were procured from Advanced Bioscience Resources (Alameda, CA, USA). Donor list is available in

Table S5.

METHOD DETAILS

Animal work
Institutional approvals

All animal experiments described in this study were performed in accordance with protocols (number 1930) that were reviewed and

approved by the Institutional Animal Care and Use and Committee of Princeton University (#1930) and Boston University

(PROTO202000020). All mice were maintained in facilities accredited by the Association for the Assessment and Accreditation of

Laboratory Animal Care (AAALAC). All replication-competent SARS-CoV-2 experiments were performed in a biosafety level 3

laboratory (BSL-3) at the Boston University National Emerging Infectious Diseases Laboratories (NEIDL).

Generation of mice engrafted with human fetal lung xenografts (fLX)

Fetal lung tissues within a gestational age range of 18–22 weeks were obtained from Advanced Biosciences Resources (Alameda,

CA, USA). Upon receipt, fetal lung tissue was trimmed of visible connective tissue before the lung was processed into cubes

(3–5 mm/side) and placed into DMEM. NRG and NRGF mice (greater than 6 weeks of age) were anesthetized using isoflurane

and placed in prone position. Amidline incisionwasmade along the skin of the upper back of themouse. Forcepswere used to create

subdermal pockets on either side of the midline incision. A piece of lung was dried on a sterile drape and coated with Corning
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(Corning, NY, USA) Matrigel Basement Membrane Matrix (product number 354234). Matrigel-coated lung pieces were inserted into

each of the subdermal pockets. Skin clips were used to secure the incision. Mice were used for infections 10–15 weeks following

engraftment. Fetal lung xenografts derived from five different donors (ID: 6497, 6522, 6538, 6588 and 7165) were used in this study

(See Table S5). To reduce variables, cohorts of HNFL mice were all engrafted with a single fetal lung donor (ID: 6588) but with four

different hematopoietic donors (see method section below). A cohort of NRG mice engrafted with that same tissue donor (6588)

confirmed the high susceptibility to infection of that tissue donor (when engrafted into an NRG mice). The susceptibility to infection

of tissue donor 6588 was similar than the other tissue donors we tested (6497, 6522, 6538, and 7165).

Isolation of human CD34 + hematopoietic stem cell (HSC)

Human fetal livers (16–22 weeks of gestational age) were procured from Advanced Bioscience Resources. Fetal liver was homoge-

nized and incubated in digestion medium (HBSS with 0.1% collagenase IV (Sigma-Aldrich, Darmstadt, Germany), 40 mM HEPES,

2 M CaCl2 and 2 UU/mL DNAse I (Roche) for 30 min at 37�C. Human CD34 + HSC were isolated using a CD34 + HSC isolation

kit (Stem Cell Technologies, Cambridge, MA, USA) according to the manufacturer’s protocol. Purification of human CD34 + cells

were assessed by flow cytometry using an anti-human CD34-FITC antibody (clone 581, BD Biosciences). Fetal liver derived from

four different donors (ID: 6676, 1430, 1477 and 1430) were used in this study (See Table S5).

Generation of human immune system-engrafted mice

3–5 weeks post fLX engraftment, NRGFLmice were irradiated with 300 cGy and 7–103 105 human CD34 + HSCwere injected intra-

venously 4–6 h after irradiation.Male and femalemice transplantedwith CD34 +HSCderived from three different human donorswere

used in this study. Twelve weeks post HSC engraftment, peripheral levels of humanization were checked. Mice with peripheral

engraftment level >40%were enrolled in the study. One-week prior SARS-CoV-2 infection, NRGFL mice were injected intravenously

(tail vein) with 23 1011 copies of AAV-Flt3LG resuspended in 200 mL of 1X phosphate-buffered saline (PBS) containing 35 nM NaCL,

0.002%pluronic F-68 and 5%glycerol.

Inoculation of humanized mice by intra-fetal lung xenograft injection with SARS-CoV-2

Ten to fifteen weeks post engraftment, NRGL and HNFL mice of both sexes were inoculated via intra-fetal lung xenograft (intra-fLX)

injection with 104 or 106 PFU of SARS-CoV-2 in 50 mL of sterile 1X PBS. Inoculations were performed under 1–3% isoflurane anes-

thesia. Either one or both implants were inoculated by direct injection into the fLX. Animals were euthanized at day two or day seven

post inoculation.

Tissue collection and lung inflation for histology

At the indicated endpoints, mice were anesthetized using 1–3% isoflurane, followed by euthanasia using an overdose of ketamine/

xylazine.

Virus
SARS-CoV-2 isolate stock

All replication-competent SARS-CoV-2 experiments were performed in a BSL-3 facility at the Boston University National Emerging

Infectious Diseases Laboratories. The clinical isolate named 2019-nCoV/USA-WA1/2020 strain (NCBI accession number:

MN985325) of SARS-CoV-2 was obtained from BEI Resources (Manassas, VA, USA). To generate the passage 1 (P1) virus stock,

Vero E6 cells, pre-seeded the day before at a density of 10 million cells, were infected in T175 flasks with the master stock, diluted

in 10 mL final volume of Opti-MEM (ThermoFisher Scientific, Waltham, MA, USA). Following virus adsorption to the cells at 37�C for 1

h, 15 mL DMEM containing 10% FBS and 1X penicillin/streptomycin was added to the flask. The next day, media was removed, the

cell monolayer was rinsed with 1X PBS, pH 7.5 (ThermoFisher Scientific) and 25 mL of fresh DMEM containing 2% FBS was added.

Two days later, when the cytopathic effect of the virus was clearly visible, culture medium was collected, filtered through a 0.22 mm

filter, and stored at �80�C. Our P2 working stock of the virus was prepared by infecting Vero E6 cells with the P1 stock, at a multi-

plicity of infection (MOI) of 0.1. Cell culture media was harvested at 2DPI and 3DPI, and after the last harvest, ultracentrifuged (Beck-

man Coulter Optima L-100k; SW32 Ti rotor) for 2 h at 25,000 rpm (80,000 x g) over a 20% sucrose cushion (Sigma-Aldrich). Following

centrifugation, the media and sucrose were discarded, and pellets were left to dry for 5 min at room temperature. Pellets were then

resuspended overnight at 4�C in 500 mL of 1X PBS. The next day, concentrated virions were aliquoted and stored at �80�C.
Production of recombinant SARS-CoV-2 expressing NanoLuc luciferase

A recombinant SARS-CoV-2 expressing NanoLuc Luciferase (rSARS-CoV-2 NL) (Xie et al., 2020) was graciously provided by the Lab-

oratory of Pei-Yong Shei. To propagate the virus, a day prior to propagation 10 million Vero E6 cells were seeded in a T-175 flask,

10 mL of rSARS-CoV-2 NL virus stock was diluted in 10 mL of OptiMEM. Virus was incubated on cells for 1 h at 37�C then 15 mL of

DMEM containing 10% FBS and 1% penicillin/streptomycin was added. The next morning, media was removed, cells were washed

with 1X PBS and 25 mL of fresh DMEM containing 2% FBS was added. Virus was incubated for an additional 48 h, supernatant was

collected, filtered through a 0.22 mm filter, and stored at �80�C. Viral stock was thawed and concentrated by ultracentrifugation

(Beckman Coulter Optima L-100k; SW32 Ti rotor) at 25,000 x g for 2 h at 4�C on a 20% sucrose cushion (Sigma-Aldrich, St. Louis,

MO). Media and sucrose were discarded, pellets were dried for 5 min at room temperature, then viral pellets were suspended in

100 mL of 1X PBS at 4�C overnight. On the next day, concentrated virus was aliquoted and stored at �80�C.
SARS-CoV-2 titering

The titer of our viral stocks was determined by plaque assay. Vero E6 cells were seeded into a 12-well plate at a density of 2.53 105

cells per well and infected the next day with serial 10-fold dilutions of the virus stock for 1 h at 37�C. Following virus adsorption, each
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well was supplemented with 1 mL of overlay media, consisting of 2X DMEM supplemented with 4% FBS andmixed at a 1:1 ratio with

2.4% Avicel (DuPont, Wilmington, DE, USA; RC-581). Three days later, the overlay media was removed, the cell monolayer was

washed with 1X PBS and fixed for 1 h at room temperature with 10% neutral buffered formalin (ThermoFisher Scientific). Following

formalin removal, fixed cells were then washed with 1X PBS and stained for 1 h at room temperature with 0.1% crystal violet (Sigma-

Aldrich) prepared in 10% ethanol/water. After rinsing with tap water, the number of plaques was counted and the virus titer was

calculated.

Generation of AAV-Flt3LG

The pAB269 AAV backbone containing AAV2 ITRs was kindly provided by Markus Grompe (OHSU, Oregon, USA). The plasmid was

digested with PacI/MluI HF. The FLT3 was PCR amplified from pAL119-FLT3L (Addgene, item #21910), and the TBG was amplified

from pX602-AAV-TBG:NLS-SaCas9-NLS-HA-OLLAS-bGHpA; U6:BsaI-sgRNA (Addgene, item #61593). The FLT3, TBG, and BGH

PCR products had 15 bp of overlapping sequence with adjacent inserts and backbone and were assembled with In-Fusion (Takara

Bio, Mountain View, CA, USA) to create the final construct. AAV-293 cells (Agilent) at 50% confluency in 15 cm dishes were trans-

fected via the calcium phosphatemethodwith 22.5 mg XR8 (NGVB, Indianapolis, IN), 7.5 mg pHelper (Agilent), 7.5 mg of pAB269-TBG-

FLT3 LG-BGH per plate. Media was collected every 24 h for 72 h total. After 72 h, the media was treated with a 5X solution of 40%

PEG8000 and 2.5 M NaCl to precipitate the AAV for 2 h at 4�C before being spun down at 4300 x g for 20 min. Cells from plates were

scraped, washedwith PBS, and resuspended in hypotonic buffer (10mMHEPES, 1.5mMMgCl2, 10mMKCl, 0.35mg/mL spermine)

on ice for 10min before 1mL restore buffer (62.5% sucrose wt/vol in hypotonic buffer) was added. Cell membranes were sheared in a

15mL Kontes Dounce homogenizer and nuclei were spun down at 500 x g for 10 min. AAV from PEG precipitate was resuspended in

6 mL high salt buffer (2.5 mM KCl, 1 mM MgCl2, 1 M NaCl in PBS) and added to nuclei that had been resuspended in 1 mL low salt

buffer (2.5mMKCl, 1mMMgCl2, in PBS). Lysate was treatedwith 250 units of Benzonase (Sigma) at 37�C for 30min and then spun at

4300 x g for 30min before being loaded onto an iodixanol gradient. AAVwas spun at 38,000 rpm in an SW41 rotor for 3 h at 16�C. AAV
was collected from the 40% iodixanol layer and buffer was exchanged to AAV storage buffer (PBSwith 35mMNaCl, 0.002%pluronic

F-68, 5% glycerol) in a 100 MWCO centrifugal filter column (MilliporeSigma, Burlington, MA, USA). Samples were analyzed via silver

stain to check purity and qPCR to quantify.

Tissue processing
Single cell suspension from whole blood

Blood (200 mL) was collected through submandibular bleeding and transferred into EDTA capillary collection tubes (Microvette 600

K3E; Sarstedt, N€umbrecht, Germany). Cells were separated from serum through centrifugation, and red blood cells were lysed with

1X lysis buffer (BD Pharm Lyse, BD Biosciences) for 15 min at room temperature in the dark. Following lysis and quenching with 10%

(v/v) FBS DMEM media, blood cells were then washed twice with a 1% (v/v) FBS-PBS solution (FACS Buffer) before antibody

staining.

Single cell suspension from fLX

Fetal lung xenografts were collected and placed in Roswell ParkMemorial InstituteMedium (RPMI) with 10%FBS. To generate single

cell suspensions, lung tissueswere placed on a 60mmdish andminced using a disposable scalpel. Tissue pieces were transferred to

a 15mL conical tubewith 3mL of digestion buffer (HBSSminusCa2+,Mg2+, and phenol red, 0.5mg/mL Liberase TM, 1mg/mLDNase

I) and incubated at 37�C for 30 min with agitation every 10 min. Minced pieces were transferred to a 70 mm strainer on a 50 mL tube

and mashed through using the plunger of a 3 mL syringe plunger. The strainer was washed two times with 1 mL of FACS buffer (1X

PBSwith 1% (v/v) FBS) and the cell suspension was centrifuged at 300 x g for 5min at 4�C. The cell pellet was resuspended in 1mL of

ACK lysing buffer (ThermoFisher Scientific; #A1049201) and incubated for 2min at room temperature. After incubation, 9mL of FACS

buffer was added to quench the lysis, samples were centrifuged at 300 x g for 5 min at 4�C, and the cell pellet was resuspended in

1 mL of FACS buffer prior to antibody staining.

Single cell suspension from spleen

Spleen was collected and placed in RPMI with 10% FBS. To generate single cell suspensions, a 70 mm strainer was placed into one

well of a 6-well plate with 4mL of FACS buffer. Whole spleenwas then placed onto the strainer andmashed through the strainer using

a 3 mL syringe plunger. After the strainer was washed twice with 1 mL of FACS buffer, the resultant single cell suspension was trans-

ferred to a 15 mL conical tube and samples were centrifuged at 300 x g for 5 min at 4�C. The cell pellet was resuspended in 1 mL of

ACK lysing buffer and incubated for 2 min at room temperature. After incubation, 9mL of FACS buffer was added to quench the lysis,

samples were centrifuged at 300 x g for 5 min at 4�C, and the cell pellet was resuspended in 1 mL of FACS buffer.

RNA extraction
Generation of cell lysates for total RNA extractions

Tissues were collected from mice and placed in 600 mL of RNAlater (MilliporeSigma: #R0901500ML) and stored at �80�C. For pro-
cessing, 20–30mg of tissue was taken and placed into a 2mL tubewith 600 mL of RLT buffer with 1% b–mercaptoethanol and a 5mm

stainless steel bead (Qiagen, Hilden, Germany: #69989). Tissues were then dissociated using a Qiagen TissueLyser II (Qiagen) with

the following cycle: twomin dissociation at 1800 oscillations/min, onemin rest, twomin dissociation at 180 oscillations/min. Samples

were then subject to centrifugation at 13,000 rpm for 10 min at room temperature and supernatant was transferred to a new 1.5 mL

tube. RNA extractions were performed using a Qiagen RNeasy Plus Mini Kit (Qiagen: #74134), according to the manufacturer’s
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instructions, with an additional on-column DNase treatment (Qiagen: #79256). RNA was eluted in 30 mL of RNase/DNase free water.

RNA extraction from serum

Viral RNA was extracted from serum using a Zymo Viral RNA extraction kit (Zymo Research, Irvine, CA, USA: #R1035) following the

manufacturers protocol. Briefly, serum was mixed with RNA/DNA shield (Zymo) at a 1:1 ratio. RNA buffer was then added to the

serum (2:1 ratio) and passed through a column by centrifugation at 13,000 x g. The column was then washed twice, and RNA

was eluted with 15 mL of RNase/DNase free water.

Flow cytometry
For all flow cytometry experiments, flowcytometric analysis was performed using an LSRII Flow Cytometer (BD Biosciences). Flow

cytometry fluorophore compensation for antibodies was performed using an AbCTM Anti-Mouse Bead Kit (ThermoFisher Scientific).

Flow cytometry data were analyzed using FlowJo software (TreeStar, Ashland, OR, USA).

Antibodies

From BioLegend (San Diego, CA, USA): CD45-PE-Cy7 clone 30-F11, CD45-PE-Dazzle5 clone 30-F11. The following anti-human an-

tibodies were used for flow cytometry: from BD Biosciences (San Jose, CA, USA): CD45-V500 clone H130, CD34-FITC clone 581,

CD8-FITC clone G42-8, CD11c-allophycocyanin clone B-ly6; from BioLegend: CD56-allophycocyanin-Cy7 clone HCD56, HLA-

DR-BV510 clone L243, CD3-BV605 clone UCHT1, CD20-BV650 clone 2H7, CD16-BV117 clone B73.1, CD45-BV785 clone H130,

CD8-FITC cloneRPA-T8,CD33-PE cloneWM53,CD14-PerCP-Cy5.5 cloneHCD14, CD45RA-PE-Cy7 cloneHI100, CD56-allophyco-

cyanin clone QA17A16, CD4-Alexa Fluor 700 clone SK3; from Thermo Scientific: CD14-Alexa 700 clone Tuk4, CD3-PE-Cy5.5 clone

7D6, CD4-PE clone RPA-T4, CD19-PacBlue clone SJ25C1, CD16-PE-TexasRed clone 3G8.

Quantification of peripheral human chimerism in HNFL mice

2–43 106 PBMCs of human or murine origin were isolated as described above and stained for 1 h at 4�C in the dark with an antibody

cocktail targeting human(h)CD45, mouse CD45, hCD3, hCD4, hCD8, hCD16, hCD19, hCD11c, hCD56 and hCD14. Following

washing with FACS Buffer, cells were fixed with fixation buffer (1% (v/v) FBS, 4% (w/v) PFA in PBS) for 30 min at 4�C in the dark.

Chimerism of all humanized mice was assessed by quantifying the following human populations: Human CD45+, human CD45+ mu-

rine CD45-; T-cells, CD45+ CD3+; CD4+ T cells, CD45+ CD3+ CD4+; CD8+ T cells, CD45+ CD3+ CD8+; CD45+ CD16+ leukocytes;

B-cells, CD45+ CD19+; conventional dendritic cells, CD45+ CD11c+; NK/NKT cells, CD45+ CD56+; Monocytes, CD45+ CD14+.

Antibody staining and flow cytometry analysis of HNFL fLX

After generation of single cell suspension, 53 105 - 13 106 cells were used for flow cytometry staining. Cells were centrifuged at 300

X g for 5 min at 4�C. The cell pellet was resuspended in a mix of 22.5 mL FACS buffer and 2.5 mL of FcX (Biolegend; #422302) and

incubated for 10 min at room temperature. After blocking, 25 mL of antibody cocktail targeting hCD3, hCD20, hCD16, hHLA-DR,

hCD45, hCD8, hCD4, hCD33, hCD45RA, hCD56, hCD14,mCD45, and containing a LIVE/DEAD viability dye (ThermoFisher Scientific)

was added to each sample and incubated in the dark for 30min at 4�C. After staining, 1mL of FACSbuffer was added to each sample,

samples were centrifuged at 300 x g for 5 min, washed with 1 mL FACS buffer, centrifuged at 300 x g for 5 min, and then fixed in

200 mL 4% PFA for 30 min. After fixation cells were washed twice with 1 mL FACS buffer, resuspended in FACS buffer, and stored

protected from light at 4�Cuntil analysis. Human immune cell subsets were gated as follows: humanCD45+, hCD45+mCD45-; human

CD3+, hCD45+ hCD3+; human CD4+, hCD45+ hCD3+ hCD4+; human CD8+, hCD45+ hCD3+ hCD8+; CD20+, hCD45+ hCD3- hCD20+;

human CD56+, hCD45+ hCD3- hCD20- hCD33- hCD56+.+.

Viral quantification
SARS-CoV-2 RT-qPCR

To determine SARS-CoV-2 RNA copies, RT-qPCR for SARS-CoV-2 E protein was performed using a One-Step Taqman-based sys-

tem. Briefly, a 20 mL reaction mixture containing 10 mL of Quanta qScriptTM XLT One-Step RT-qPCR ToughMix� (VWR, Radnor, PA,

USA; #76047–082), 0.5 mM Primer E_Sarbeco_F1 (ACAGGTACGTTAATAGTTAATAGCGT), 0.5 mM Primer E_Sarbeco_R2

(ATATTGCAGCAGTACGCACACA), 0.25 mM Probe E_Sarbeco_P1 (FAM-ACACTAGCCATCCTTACTGCGCTTCG-BHQ1), and 2 mL

of total RNA was subjected to One-Step RT-qPCR using Applied Biosystems QuantStudio 3 (ThermoFisher Scientific), with the

following cycling conditions; reverse transcription for 10 min at 55�C and denaturation at 94�C for 3 min followed by 45 cycles of

denaturation at 94�C for 15 s and annealing/extension at 58�C for 30 s. Ct values were determined using QuantStudioTM Design

and Analysis software V1.5.1. Calculations for RNA copies/mL were determined using a SARS-CoV-2 E RNA as a standard.

Quantification of infectious particles by plaque assay

SARS-CoV-2 infectious particles in inoculated fLX were quantified by plaque assay. After euthanizing mice, tissues were collected in

500 mL of RNAlater (MilliporeSigma: #R0901500ML) and stored at �80�C. The day prior to experiments, 8 3 104 cells per well were

seeded in a 24-well plate. Between 20 and 30 mg of tissue was placed into 500 mL of OptiMEM (ThermoFisher Scientific). Tissues

were homogenized using a Qiagen TissueLyser II (Qiagen) by two dissociation cycles (two min at 1800 oscillations/min) with one

min rest in between. Samples were then subjected to centrifugation at 13,000 rpm for 10 min at room temperature, and supernatant

was transferred to a new 1.5mL tube. From this, 1:102–1:107 dilutions weremade in OptiMEMand 200 mL of each dilution were plated

onto a 24-well plate. Supernatant was incubated at 37�C for 1 h with gentle rocking of the plate every 10 min. After viral adsorption,

1mL a 1:1mixture of 2X DMEM4%FBS and 2.4%Avicel (Dupont) was overlaid into eachwell. Plates were incubated for 72 h at 37�C
with 5% CO2. Avicel was then removed, cells were washed twice with 1X PBS, and then cells were fixed in 10% buffered formalin
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(ThermoFisher Scientific) for 1 h. After fixation, formalin was removed, and cells were stained with 0.1% crystalline violet in 10%

ethanol/water for 1 h and washed with tap water. Number of plaques were counted, and infectious particles (PFU/mg of tissue)

were calculated.

Histology and microscopy
Histologic processing and analysis

Tissue samples were fixed for 72 h in 10% neutral buffered formalin, processed in a Tissue-Tek VIP-5 automated vacuum infiltration

processor (Sakura Finetek USA, Torrance, CA, USA), followed by paraffin embedding using a HistoCore Arcadia paraffin embedding

station (Leica, Wetzlar, Germany). Generated formalin-fixed, paraffin-embedded (FFPE) blocks were sectioned to 5 mm using an

RM2255 rotary microtome (Leica), transferred to positively charged slides, deparaffinized in xylene, and dehydrated in graded

ethanol. Tissue sections were stained with hematoxylin and eosin for histologic examination, while unstained slides were used for

immunohistochemistry. Qualitative and semi-quantitative histomorphological analyses were performed by a single board-certified

veterinary pathologist (N.A.C.). An ordinal scoring system was developed to capture the heterogeneity of histologic findings in

fLX. Individual histologic findings that were scored included: syncytial cells, hyaline membrane, intra-airspace neutrophils and

necrosis, hemorrhage, edema, denuded pneumocytes, capillary fibrin thrombi, intermediate vessel fibrin thrombi and coagulative

necrosis. The entire fLX was examined at 200x with a DM2500 light microscope (Leica) using the following criteria: 0 = not present,

1 = found in <5% of fields, 2 = found in >5% but <25% of fields, or 3 = found in >25% of fields. Several criteria were also restricted to

‘not observed’ (0) or ‘observed’ (1). Scores were combined to generate a cumulative lung injury score.

Antibodies

The following primary antibodies were used: anti-human CD31 clone JC/70A (Biocare Medical, Pacheco, CA, USA), anti-mouse

CD31 clone D8V9E (Cell Signaling Technology, Danvers, MA, USA), ACE2 clone EPR34435 (Abcam, Waltham, MA, USA), polyclonal

SFTPC (Seven Hills Bioreagents, Cincinnati, OH, USA), anti-human CD68 clone KP1 (LS Bio, Seattle, WA, USA), anti-human CD61

clone ARC0460 (Thermo Scientific), polyclonal anti-human CD3 (Dako) and anti-human CD8 clone SP57 (Roche, Basel, Switzerland),

and anti-human CD20 clone L26 Dako Omnis (Agilent, Santa Clara, CA, USA). The secondary antibody used in this study included

HRP Goat anti-Rabbit IgG (H&L) (Vector Laboratories, Burligame, CA, USA). For mouse derived primary antibodies, a linker antibody

(Abcam) was used prior to application of the secondary antibody to prevent non-specific binding. DAB and purple chromogens

(Roche) and chromogens used for TSA-conjugated Opal 480, 520, 570, 620, and 690 fluorophores (AkoyaBiosciences, Marlborough,

MA, USA) were utilized to develop immunohistochemical assays. The following anti-SARS-CoV-2 antibodies were used for immuno-

histochemistry: rabbit polyclonal anti-SARS-CoV Nucleoprotein (Novus Biological, Littleton, CO, USA), mouse monoclonal anti-

SARS-CoV-2 Spike clone 2B3E5 (This antibody was used in this study as clone E7U60, which was the pre-production clone ID of

clone 2B3E5; Cell Signaling Technology).

Multispectral fluorescent imaging

Fluorescently labeled slides were imaged using either a Mantra 2.0TMor Vectra Polaris TM Quantitative Pathology Imaging System

(Akoya Biosciences). To maximize signal-to-noise ratios, fluorescently acquired images were spectrally unmixed using a synthetic

library specific for the Opal fluorophores used in each assay plus DAPI. An unstained fLX section was used to create an autofluor-

escence signature that was subsequently removed from multispectral images using InForm software version 2.4.8 (Akoya

Biosciences).

Image analysis of multiplex immunohistochemistry

Digitizedwhole slide scanswere analyzed using the image analysis software HALO v3.2 (Indica Labs, Inc., Corrales, NM,USA). Slides

were manually annotated to select regions of interest, excluding accessory skin and adipose tissue, to ensure inclusion of only the

fLX. Visualization thresholdswere adjusted in viewer settings tominimize background signal identification andmaximize specificity of

signals for each sample. Quantitative positive pixel analysis outputs were obtained using the Area Quantification (AQ) module, which

reports total area of immunoreactivity of a specified parameter within a region of annotated interest. Values are given as a percentage

of total tissue area analyzed. Minimum dye intensity thresholds were established using the real-time tuning field of view module to

accurately detect positive immunoreactivity. For quantitative cellular phenotyping, the fluorescence Highplex (HP) module was uti-

lized. Cells are identified using DAPI to segment individual nuclei. Minimum cytoplasm andmembrane thresholds are set for each dye

to detect positive staining within a cell. Parameters are set using the real-time tuning mechanism that was tailored for each individual

biopsy based on signal intensity. Phenotypes are determined by selecting inclusion and exclusion parameters relating to stains of

interest. This algorithm produces a quantitative output for each cell phenotype standardized to the area analyzed (cells/mm2).

Transmission electron microscopy

Tissue samples were fixed for 72 h in a mixture of 2.5% glutaraldehyde and 2% formaldehyde in 0.1 M sodium cacodylate buffer (pH

7.4). Samples were then washed in 0.1 M cacodylate buffer and postfixed with 1% osmiumtetroxide (OsO4)/1.5% potassiumferro-

cyanide (KFeCN6) for 1 h at room temperature. After washes in water and 50 mM maleate buffer pH 5.15 (MB), the samples were

incubated in 1% uranyl acetate in MB for 1 h, washed in MB and water, and dehydrated in grades of alcohol (10 min each: 50%,

70%, 90%, 2 3 10 min 100%). The tissue samples were then put in propyleneoxide for 1 h and infiltrated overnight in a 1:1 mixture

of propyleneoxide and TAAB Epon. The following day the samples were embedded in fresh TAAB Epon and polymerized at 60�C for

48 h. Semi-thin (0.5 mm) and ultrathin sections (50–80 nm) were cut on a Reichert Ultracut-S microtome (Leica). Semi-thin sections

were picked up on glass slides and stained with toluidine blue for examination by light microscopy to find affected areas in the tissue.
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Ultrathin sections from those areas were picked up onto formvar/carbon coated copper grids, stained with 0.2% lead citrate and

examined in a JEOL 1200EX transmission electron microscope (JOEL, Akishima, Tokyo, Japan). Images were recorded with an

AMT 2k CCD camera.

Proteomics and transcriptomic analysis
Mass spectrometry sample preparation

Protein extracts were generated by suspending tissue in a proteomic lysis buffer consisting of 100 mM Tris pH 8.5, 6M GuHCl, 1 mM

CaCl2, 10 mM TCEP, and 40 mMChloroacetamide. Tissues samples were homogenized using a Qiagen TissueLyser II (Qiagen; two

min dissociation at 1800 oscillations/min, one min rest, two min dissociation at 180 oscillations/min) prior being inactivated at 95�C
for 10 min. Inactivated protein extracts were sonicated with a Branson probe sonicator and were then quantified via Bradford assay.

The samples were diluted with 100 mM Tris, pH 8.5 buffer to lower the GuHCl concentration to 0.75 M. Lysate proteins were then

digested by adding trypsin (Pierce, Waltham, MA, USA) at a 1:50 ratio (enzyme:protein, w/w) and incubating the samples overnight

at 37�Cwith shaking. Trypsin digestion was terminated with the addition of TFA to below pH 3 and the peptide digests were desalted

via reversed-phase C18 columns (Sep-Pak, Waters, Mildford, MA, USA) with a wash buffer of 0.1% TFA and elution buffer of 60%

acetonitrile. The desalted peptides were then quantified with a Quantitative Colorimetric Peptide Assay (Pierce). Each sample,

comprising 100 mg peptides, was TMT-labeled with TMTPro 16plex reagents (ThermoFisher Scientific: # A44520) as per the manu-

facturer’s protocol. Labeled peptides were again desalted on a C18 column prior to basic reversed-phase fractionation.

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

equipped with the XBridge Peptide BEH C18 column (130A�, 3.5 mm, 4.6 mm3 250 mm, Waters Corporation). Prior to loading pep-

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

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

NH4OH) tomobile phase B (98%ACN, 0.1%NH4OH) over 48min at a flowrate of 0.4mL/min. The 48 fractions collectedwere orthog-

onally concatenated into 12 pooled fractions. Three percent of each fraction was aliquoted and saved for global proteomic profiling

and the remaining 97% of peptides were used for phosphopeptide enrichment using Fe-NTA magnetic beads (CubeBiotech, Mon-

heim am Rhein, Germany) (Leutert et al., 2019). Briefly, the fractionated peptides were dried and resuspended in binding buffer (80%

Acetonitrile and 01% TFA). Before being added to the peptides, the Fe-NTA beads were washed with binding buffer. Peptides were

then incubated with the Fe-NTA bead slurry for 20 min in a Kingfisher Apex magnetic bead transferring system (ThermoFisher Sci-

entific) before being moved into wash wells. Beads with bound phosphopeptides were washed twice in binding buffer, after which

phosphopeptides were serially eluted twice by moving the beads into wells containing 200 mL of elution buffer (50% acetonitrile and

2.5% ammonium hydroxide). Both phosphopeptide eluates corresponding to an orthogonal fraction were combined prior to drying in

a speedvac.

Mass spectrometry analysis

Multiplexed peptide fractions from each time point were resuspended in mobile phase A solvent (2% acetonitrile and 0.1% formic

acid) to be analyzed on the Exploris 480mass spectrometer equipped with FAIMS (ThermoFisher Scientific). Themass spectrometer

was interfaced to the Easy nanoLC1200 HPLC system (ThermoFisher Scientific). Briefly, the peptides were first loaded onto a

reverse-phase nanotrap column in mobile phase A, (75 mm i.d. 3 2 cm, Acclaim PepMap100 C18 3 mm, 100 A�, ThermoFisher Sci-

entific) and separated over an EASY-Spray column, (ES803A, ThermoFisher Scientific) using a gradient (6%–19% over 58 min, then

19%–36% over 34 min) of mobile phase B (0.1% formic acid, 80% acetonitrile) at a flowrate of 250 nL/min. The mass spectrometer

was operated in positive ionmodewith a capillary temperature of 275�C and a spray voltage of 2500 V. All data was acquired with the

mass spectrometer operating in data dependent acquisition (DDA) mode, with FAIMS cycling through one of three compensation

voltages (�50V, �57V, �64V) at each full scan. Precursor scans were acquired at a resolution of 120,000 FWHM with a maximum

injection time of 120 ms in the Orbitrap analyzer. The following 0.8 s were dedicated to fragmenting the most abundant ions at

the same FAIMS compensation voltage, with charge states between 2 and 5, via HCD (NCE 33%) before analysis at a resolution

of 45,000 FWHMwith amaximum injection time of 60ms. Phosphopeptides were analyzed in the samemanner, save for the injection

time being raised to 150 ms to allow for lower abundant analyte to fill the trap.

Analysis of raw mass spectrometry data

All acquiredMS/MS spectra were simultaneously searched against the complete SwissProt human proteome (downloaded on 2020-

10-20), the complete SwissProt mouse proteome (downloaded on 2020-10-20), and the Uniprot SARS-CoV-2 proteome (For side-

by-side NRGL vs. HNFL experiment only; downloaded on 2020-05-03) using MaxQuant (Version 1.6.7.0), which integrates the

Andromeda search engine. TMT reporter ion quantification was performed using MaxQuant with default settings. Briefly, enzyme

specificity was set to trypsin and up to two missed cleavages were allowed. Cysteine carbamidomethylation was specified as fixed

modification whereas oxidation of methionine and N-terminal protein acetylation were set as variable modifications. For phospho-

peptides serine, threonine and tyrosine, phosphorylation were specified as variable modifications. Precursor ions were searched

with a maximummass deviation of 4.5 ppm and fragment ions with a maximummass deviation of 20 ppm. Peptide and protein iden-

tifications were filtered at 1% FDR using the target-decoy database search strategy (Elias and Gygi, 2007). Proteins that could not be

differentiated based on MS/MS spectra alone were grouped to protein groups (default MaxQuant settings). A threshold Andromeda

score of 40 and a threshold delta score of 8 was applied to phosphopeptides. TheMaxQuant output files designated ‘‘Phospho(STY)

sites’’ and ‘‘proteinGroups’’ were filtered to remove entries that were either entirely mouse, or in the case of completely homologous
e10 Cell Reports 39, 110714, April 19, 2022



Resource
ll

OPEN ACCESS
peptides, had annotations of both mouse and human. These two files, filtered to contain only accessions related to human proteins,

were used for data normalization and other statistical analysis using in-house generated scripts in the R environment.

Relative quantification of human ACE2 expression by RT-qPCR

RT-qPCR was performed using a Luna universal one-step RT-qPCR kit (number E3005L; New England Biolabs) on RNA extracted

from naive NRGL-LX and HNFL-LX. RT-qPCR protocol was performed using the manufacturer’s protocol with minor modifications.

Briefly, 12 mL of reaction mixture containing 2 mL of RNA, 2 uL of each forward and reverse primer (10 uM), 0.6 mL of the 20X Luna

WarmStart RT enzyme mix, and 6 mL of the 2X Luna universal one-step reaction mix was subjected to one-step RT-qPCR protocol

using Applied Biosystems QuantStudio 3 (ThermoFisher Scientific), with the following cycling conditions: reverse transcription at

50�C for 10 min, initial denaturation at 95�C for 2 min followed by 40 cycles of denaturation at 95�C for 15 s and annealing/extension

at 60�C for 1 min, ending with melt curve analysis from 65�C to 95�C, rising in 0.5�C/s increments, waiting for 30 s at 65�C and for 5 s

at each step thereafter, and acquiring fluorescence at each temperature increment. The threshold cycle (Cq) values were determined

using the QuantStudio Design and Analysis software V1.5.1. Human RPS11 was used as a reference gene and the human ACE2 Cq

values were normalized to human RPS11.

Bulk RNA sequencing

Total RNA was processed from fLX as described above, and sent to BGI genomics (Hong Kong, China) for library preparation and

sequencing (Pair-ends, 100 bp, 20M reads per sample). Raw FASTQ files were quality-checked with FastQC v0.11.7. Reads were

found to be excellent quality and were aligned to the combined human (GRCh38, Ensembl 101) and mouse (GRCm38, Ensembl

101) genomes with STAR v2.7.1a followed by quantification with featureCounts v1.6.2. Quality was checked with MultiQC v1.6.

All samples passed quality thresholds of >75% sequences aligned and >15 million aligned reads per sample. Significantly up-

and downregulated genes were identified with DESeq2 v1.23.10 in R v3.6.0. Three treatment groups were compared to non-inoc-

ulated samples in turn: 2DPI, 7DPI and 7DPI contralateral. p-values were FDR-adjusted, and log2 fold change was shrunk with

the apeglmmethod. Significance was determined by an FDR-adjusted p < 0.01 and a shrunken log2 fold change >2 or <�2. DESeq2

result were imported into Ingenuity Pathway Analysis (IPA; Service curated by Qiagen; Access provided through the Boston Univer-

sity Genome Science Institute) (Kramer et al., 2014), and a canonical pathway enrichment analysis was performed using the default

settings and the same differential expression thresholds as before (shrunken log2 fold change >2 or < �2 and FDR-adjusted p

value < 0.01).

Single cell barcoding and sequencing

Following fLX processing into single cell suspension as described above, cells were frozen down in a 90% FBS (Bio-Techne, R&D

systems) 10% DMSO solution (ThermoFisher Scientific) and kept at �80�C. Four to five days following freezing, cells were thawed,

and viability was assessed using Trypan blue (Fisher Scientific). Samples with R90% viability were then processed using the Chro-

mium Next GEM Single Cell 30 GEM, Library & Gel Bead Kit v3.1, as per manufacturer instructions, and single cell barcoding was

performed using a Chromium instrument (10x genomics) located in the NEIDL BSL-3. Reverse transcription of RNAs was performed

in the BSL-3 using a thermocycler (Applied Biosciences), and cDNA was then removed from containment. Full-length, barcoded

cDNAs were then amplified by PCR to generate sufficient mass for library construction. Enzyme fragmentation, A tailing, adaptor

ligation and PCR were then performed at the Boston University single-cell sequencing core to obtain final libraries containing P5

and P7 primers used in Illumina bridge amplification. Size distribution and molarity of resulting cDNA libraries were assessed via

Bioanalyzer High Sensitivity DNA Assay (Agilent Technologies, USA). All cDNA libraries were sequenced on an Illumina NextSeq

500 instrument at the Boston University microarray and sequencing core according to Illumina and 10x Genomics guidelines with

1.4–1.8 pM input and 1% PhiX control library spike-in (Illumina, USA).

Preprocessing and quality control of single-cell data

The 10X CellRanger tool was used for demultiplexing, alignment, identification of cells, and counting of unique molecular indices

(UMIs). Specifically, the CellRanger makefastq command was used to demultiplex raw base call (BCL) files generated by Illumina

sequencers into FASTQ files. The CellRanger count command was used to perform alignment and create UMI count matrices using

parameters –expect-cells = 6000. Multiple sequence alignments were performed. The reads were first aligned to the combined

GRCh38 & mm10 reference. DecontX (Yang et al., 2020b) was then applied to estimate the cell contamination scores. The reads

were then aligned to the GRCh38 and mm10 references individually, separating the mouse and human cells. Cells with more than

350 human counts and less than 250 mouse counts were classified as human, and vice versa. Finally, the reads were also aligned

to a custom reference constructed by adding the SARS-CoV-2 transcriptome to the GRCh38 reference genome. Droplets with at

least 500 UMIs underwent further quality control with the SCTK-QC pipeline [REF]. The median number of UMIs was 2,685, the

median number of genes detected was 934, the median percentage of mitochondrial reads was 0%, and the median contamination

estimated by decontX (Yang et al., 2020b) was 2% across cells from all samples. Cells with less than 3 counts, less than 3 genes

detected were excluded leaving a total of 42,182 cells for the downstream analysis.

Clustering of single-cell data with celda

The celda package was used to biclustering genes into modules and cells into subpopulations (Wang et al., 2020). The 5,000 most

variable features were selected using the seuratFindHVG function from the singleCellTK package after excluding features with less

than 3 counts in 3 cells. The recursiveSplitModule and recursiveSplitCell functions were used to select the model with 150 modules

and 15 cell subpopulations after examining the Rate of Perplexity Change (RPC). Cells were embedded in two dimensionswith UMAP

using the celdaUmap function. Heatmaps for specificmodules were generated using themoduleHeatmap function. Markers for each
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cluster were identified with the findMarkerDiffExp function from the singleCellTK package using the parameters MAST algorithm

(Finak et al., 2015) and parameters FDR threshold = 0.05. Clusters were annotated manually based on the level of expression of clus-

ter defining genes and can be found in Table S1.

Single-cell RNA sequencing datasets from human lung autopsy samples of patients with severe COVID19

We took advantage of previously reported scRNAseq analysis (Delorey et al., 2021) on an autopsy cohort of 17 donors (eleven male

and six females) with severe COVID19. Scaledmean expression of each PDG in lungmonocyte/macrophage clusters were extracted

and analyzed using the Broad Institute Single cell Portal (https://singlecell.broadinstitute.org/single_cell/study/SCP1052/

covid-19-lung-autopsy-samples).

In vivo imaging and data analysis
NRGLmice were infected with 106 PFU of rSARS-CoV-2 NL virus via direct fLX inoculation. For imaging, mice were injected with 5 mg

(0.25 mg/kg) furimazine substrate (MedChemExpress, Monmouth Junction, NJ, USA) via tail-vein intravenous injection. Mice were

then imaged using a 3D-imagingmirror gantry isolation chamber (InVivo Analytics, New York, NY, USA) and an IVIS Spectrum imager

(PerkinElmer, Waltham, MA, USA). Briefly, mice were anesthetized using isoflurane (2.5%), placed into a body conforming animal

mold (BCAM) (InVivo Analytics) and imaged within 5 min of injection. Mice were imaged using a sequence imaging file as follows:

60 s open filter, 240 s 600 nM, 60 s open, 240 s 620 nm, 60 s open, 240 s 640 nm, 60 s open, 240 s 660 nm, 60 s open, 240 s

680 nm, 60 s open using an IVIS Spectrum imager (PerkinElmer). Data analysis of planar imaging was conducted using

LivingImage (PerkinElmer). 3D reconstitution of bioluminescence signals was conducted manually by InVivo Analytics.

QUANTIFICATION AND STATISTICAL ANALYSIS

For histopathological score, viral loads/titers comparison and Spike quantification, Kruskal-Wallis, Kolmogorov-Smirnov non-para-

metric t test, or a two-way ANOVA with Benjamini, Krieger, and Yekutieli correction for multiple comparisons were applied given the

non-continuous nature of the data (i.e., viral inoculation in areas displaying differential stage of tissue development, and/or differ-

ences in fLX engraftment, and/or donor/gestational age differences). A two-way ANOVA with Benjamini, Krieger, and Yekutieli

correction for multiple comparisons was also used to generate the ISG p.value heatmap given the non-parametric nature of these

data. Significance between HNFL-LX viral RNA copies values and area of productive infection was calculated by running a Krus-

kal-Wallis test between pooled viral RNA copies/mg tissue values from inoculated HNFL-LX (n = 7) and NRGL-LX (n = 14, all values

above PIT). For quantitative analysis of hematopoietic cell infiltration (i.e. multiplex IHC and flow cytometry data), Welch’s t test or

one-way ANOVA tests were used. For comparison of viral gene count between macrophage clusters and other clusters, a Mann-

Whitney t test was used. For comparison of combined PDG expression between clusters, an RM one-way ANOVA with Geisser

Green-house correction was used. All statistical tests and graphical depictions of results were performed using GraphPad Prism

version 9.0.1 software (GraphPad Software, La Jolla, CA). For all tests, p % 0.05 was considered statistically significant. Statistical

significance on figures and supplemental figures is labeled as follow: *p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001.
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