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TGF-βR2 signaling coordinates pulmonary vascular 
repair after viral injury in mice and human tissue
Gan Zhao1,2,3†, Lulu Xue4†, Aaron I. Weiner1,2,3, Ningqiang Gong4,  
Stephanie Adams-Tzivelekidis1,2,3, Joanna Wong1,2,3, Maria E. Gentile1,2,3, Ana N. Nottingham3,5, 
Maria C. Basil2,3,5,6, Susan M. Lin3,5, Terren K. Niethamer3,5, Joshua M. Diamond3,5,  
Christian A. Bermudez3,7, Edward Cantu3,7, Xuexiang Han4, Yaqi Cao8, Mohamad-Gabriel Alameh5, 
Drew Weissman5, Edward E. Morrisey3,5,6,9, Michael J. Mitchell4, Andrew E. Vaughan1,2,3*

Disruption of pulmonary vascular homeostasis is a central feature of viral pneumonia, wherein endothelial cell 
(EC) death and subsequent angiogenic responses are critical determinants of the outcome of severe lung injury. A 
more granular understanding of the fundamental mechanisms driving reconstitution of lung endothelium is nec-
essary to facilitate therapeutic vascular repair. Here, we demonstrated that TGF-β signaling through TGF-βR2 
(transforming growth factor–β receptor 2) is activated in pulmonary ECs upon influenza infection, and mice defi-
cient in endothelial Tgfbr2 exhibited prolonged injury and diminished vascular repair. Loss of endothelial Tgfbr2 
prevented autocrine Vegfa (vascular endothelial growth factor α) expression, reduced endothelial proliferation, 
and impaired renewal of aerocytes thought to be critical for alveolar gas exchange. Angiogenic responses through 
TGF-βR2 were attributable to leucine-rich α-2-glycoprotein 1, a proangiogenic factor that counterbalances ca-
nonical angiostatic TGF-β signaling. Further, we developed a lipid nanoparticle that targets the pulmonary endo-
thelium, Lung-LNP (LuLNP). Delivery of Vegfa mRNA, a critical TGF-βR2 downstream effector, by LuLNPs improved 
the impaired regeneration phenotype of EC Tgfbr2 deficiency during influenza injury. These studies defined a role 
for TGF-βR2 in lung endothelial repair and demonstrated efficacy of an efficient and safe endothelial-targeted LNP 
capable of delivering therapeutic mRNA cargo for vascular repair in influenza infection.

INTRODUCTION
Viral pneumonia, including that caused by severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) (1) or influenza A (H1N1) in-
fection (2), can lead to acute respiratory distress syndrome (ARDS), 
which has a high mortality rate and poses a large economic burden to 
society. A primary function of the lung is to serve as a scaffold in sup-
port of the pulmonary vasculature to facilitate gas exchange, a concept 
reinforced by the fact that endothelial cells (ECs) are the most abun-
dant cell type in the lungs (3). Emerging evidence further reinforces 
that ECs are major players in lung injury and viral pneumonia (4–6). 
Work from our laboratory and others has demonstrated that endothe-
lial repair upon injury is required for regenerative physiologic out-
comes of pneumonia, which is regulated by myriad signals (7, 8). 
Therapeutic enhancement of endothelial repair therefore represents a 
promising approach to enabling effective lung repair and preventing 
mortality in ARDS, but methods to specifically target the lung vascula-
ture are limited. Furthermore, a detailed understanding of the molecu-
lar mechanisms involved in effective endothelial repair is lacking.

Vascular repair involves endothelial proliferation, migration, and 
junctional reannealing, requiring a complex series of coordinated 
paracrine and intracellular signals (9). We previously demonstrated 
that a venous-associated transcription factor, chicken ovalbumin up-
stream promoter transcription factor 2, is necessary for effective lung 
vascular repair, in part by enabling enhanced vascular endothelial 
growth factor receptor 2 signaling (8). However, clear definition of 
the external signals required for effective lung vascular repair re-
mains elusive. Among pathways involved in angiogenesis, trans-
forming growth factor–β (TGF-β), through binding its receptor 
TGF-βR2, is a well-described but complex signaling pathway in ECs, 
wherein receptor activation can be either angiogenic or angiostatic 
depending on co-receptor expression and signaling cues from the 
surrounding environment (10). Unlike most other cells, TGF-β can 
act in ECs by engaging two distinct type I receptors, activin receptor–
like kinase 1 (ALK1) (Acvrl1) and ALK5 (Tgfbr1), with opposing 
effects (11). Although ALK5 is broadly expressed in different cell and 
tissue types, expression of ALK1 is more restricted to ECs (12, 13). 
Signaling through ALK1 stimulates angiogenesis, promoting EC 
proliferation and migration by SMAD1/5/8 activation (12), whereas 
the ALK5-dependent pathway through SMAD2/3 phosphorylation 
is angiostatic and promotes endothelial to mesenchymal transition 
(13), but both pathways require the common type II receptor TGF-
βR2. TGF-βR2–mediated signaling is essential for embryonic vascular 
development, wherein Tgfbr2-deficient embryos die at embryonic 
day 10.5 (E10.5) (14). Selective deletion of Tgfbr2 in ECs causes 
embryonic lethality because of brain-specific vascular pathologies, 
including blood vessel morphogenesis and intracerebral hemorrhage 
(15). However, very little is known about TGF-βR2–mediated signal-
ing in lung vascular repair upon viral injury, and given the opposing 
effects of TGF-β signaling in ECs, it is difficult to predict how 
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engagement of this pathway might affect lung EC regenerative 
responses.

Although therapeutic targeting of ECs represents a promising 
route to treat pulmonary vascular disorders (16–18), cell and tissue 
specificity as well as efficiency and safety remain challenges. Lipid 
nanoparticles (LNPs) are increasingly recognized as a promising non-
viral nanocarrier for gene editing/therapy in vivo, they are relatively 
easy to synthesize and manufacture (19), and a number of pharma-
ceuticals using LNPs for drug or mRNA delivery are US Food and 
Drug Administration approved, including the COVID-19 mRNA 
vaccines produced by Pfizer/BioNTech and Moderna (20–22). LNPs 
have also been successfully used for in vivo generation of chimeric 
antigen receptor (CAR) T cells to treat cardiac fibrosis (23). LNPs 
have been generated that can target ECs, but most target endothelium 
across many tissues, transfect additional non-EC types, or are only 
moderately efficient (24–29).

In the present study, we predicted engagement of TGF-β signaling 
in the lung endothelium after SARS-CoV-2 and influenza infection by 
interrogation of single-cell transcriptomics. Using mouse models, hu-
man cells, and organoids, we assessed the functional role of this path-
way in pulmonary vascular repair. We then determined whether 
next-generation LNP-mediated mRNA delivery might serve to rescue 
regenerative angiogenesis in the lung.

RESULTS
TGF-βR2 expression is increased in lung ECs upon influenza 
and SARS-CoV-2 injury in mice and humans
In influenza-induced viral pneumonia, although the virus rarely in-
fects ECs, vascular injury is caused by secondary effects, especially 
overexposure to inflammatory cytokines. Thick section imaging dem-
onstrated disruption of the vascular network [vascular endothelial 
cadherin (VECAD)], reduced lectin perfusion, and disorganization 
of pericyte coverage (neuron-glial antigen 2) by day 15 after infection 
with H1N1 influenza (PR8) (fig. S1A). More apoptotic ECs [terminal 
deoxynucleotidyl transferase–mediated deoxyuridine triphosphate 
nick end labeling–positive (TUNEL+) erythroblast transformation-
specific (ETS)–related gene (ERG+)] were also observed at day 15 af-
ter infection compared with mock-infected controls (fig. S1B). These 
data reinforce previous studies confirming that ECs are lost during 
influenza injury and subsequently regenerate (7, 8).

We reanalyzed publicly available human snRNA-seq (single-
nucleus RNA sequencing) datasets collected (30) from lungs of both 
healthy patients (n = 7) and patients with COVID-19 (n = 19) (Fig. 1A 
and fig. S2A). ECs were subsetted and reclustered for further analysis 
based on endothelial marker expression (Fig. 1, B and C, and fig. S2, B 
to D). Both TGFBR2 and its downstream SMAD signaling pathway–
related genes (SMAD1 and SMAD3) exhibited up-regulation in ECs 
from patients with lethal COVID-19 (Fig. 1, C and D, and fig. S2F), 
indicating a potential role for the TGF-βR2–mediated signaling path-
way in the endothelial response to viral injury. We observed that TGF-
BR2 is broadly expressed in human EC types (fig. S2E). Quantitative 
immunostaining and reverse transcription quantitative polymerase 
chain reaction (RT-qPCR) of sorted lung ECs confirmed increased 
expression of TGFBR2 in ECs in the lungs of patients after COVID-19 
infection (see Materials and Methods) (Fig. 1, E and F).

Single-cell RNA-seq (scRNA-seq) analysis for mouse lung ECs 
sorted from uninjured and postinfluenza lungs (days 0, 20, and 30, 
respectively) recapitulated these findings, where Tgfbr2 expression 

was elevated in mouse lung ECs from day 20 and day 30 (Fig. 1, G to 
J), including specifically within blood vascular ECs. The proliferating 
EC population exhibited elevated expression of Tgfbr2 (fig. S3, A to 
H). We also observed increased expression of Tgfbr2 in sorted mouse 
lung ECs during influenza injury (Fig. 1K). Nearly all SMAD genes 
were up-regulated in injured mouse ECs (Fig. 1L), suggesting not only 
increased sensitivity to ligands but also possible activation of TGF-
βR2–mediated signaling in influenza-injured lung endothelium.

Endothelial loss of TGF-βR2 prevents effective recovery from 
influenza-induced lung injury
To investigate the functional role of TGF-βR2 in pulmonary endothe-
lial repair, we crossed VECADCreERT2 mice with Tgfbr2flox mice (31) 
to generate homozygous mutant mice and proceeded with Tgfbr2 de-
letion (Tgfbr2ECKO) in adult mice through tamoxifen administration. 
Unchallenged mice did not exhibit any overt phenotypes 2 months 
after Tgfbr2 deletion (fig. S4, A to D). Upon influenza infection, al-
though all mice showed equivalent disease induction (including 
weight loss and impaired oxygen saturation) for the first ~9 days, 
Tgfbr2ECKO (VECADCreERT2; Tgfbr2flox/flox) mice demonstrated pro-
longed morbidity, including longer body weight recovery time and 
decreased capillary oxygen saturation between 16 and 26 days after 
infection (Fig. 2, A and B). Moreover, survival was reduced in Tgf-
br2ECKO animals (Fig. 2C). In addition, we observed that endothelial 
deficiency of Tgfbr2 resulted in more severe local inflammation and 
increased vascular permeability during viral injury, which was dem-
onstrated by total protein concentration (Fig. 2D), myeloperoxidase 
(MPO) activity (Fig. 2E), and fluorescein isothiocyanate–dextran leak 
(Fig. 2F) into bronchoalveolar lavage fluid (BALF). However, loss of 
Tgfbr2 in ECs did not affect viral load (fig. S5A).

To assess whether EC proliferation was affected by Tgfbr2 loss, we 
performed flow cytometry analysis at day 15 after influenza infection, 
observing that Tgfbr2-deficient ECs were less proliferative (Fig. 2, G 
and H, and fig. S5B), indicating that reduced angiogenic proliferative 
capacity contributed to the increased pathology. qRT-PCR of sorted 
ECs on day 20 after infection confirmed deletion of Tgfbr2 accompa-
nied by reduced mki67 expression in Tgfbr2ECKO mice (Fig. 2I). Histo-
logic analysis of the Tgfbr2ECKO lungs in the mice that survived 
demonstrated more severe injury, as judged by a previously described 
unbiased computational imaging approach (Fig. 2, J to L) (32). Further-
more, the evaluation of vascular endothelial repair through staining of 
the vascular integrity marker, VECAD, in each injury zone [defined in 
(32)] revealed that endothelial Tgfbr2 deficiency led to reduced vascu-
lar density and continuity within the damaged area (Fig. 2, M to O). 
Representative confocal microscopy further reinforced the severity of 
injury indicated by the quantitative functional and fluorescence-
activated cell sorting analysis, with Tgfbr2ECKO lungs exhibiting less 
vessel reorganization/remodeling and lower capillary density through 
day 27 (fig. S5C). Despite TGF-β’s role in promoting fibrosis in numer-
ous contexts, we did not observe any impact of endothelial Tgfbr2 defi-
ciency on the development of pulmonary fibrosis in influenza viral 
pneumonia (fig. S5D). We also did not observe any morphological dif-
ferences in ECs (including arterial ECs, venous ECs, lymphatic ECs, 
and capillary ECs) due to the deletion of Tgfbr2 (fig. S6, A to D).

Endothelial TGF-βR2 deficiency impedes CAR4+ aerocyte 
renewal upon influenza-induced lung injury
Among lung ECs, carbonic anhydrase IV (Car4)–expressing aero-
cytes (“aCaps” and “Cap2s”) are thought to be specialized for gas 
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Fig. 1. Up-regulation of TGFBR2 and TGF-βR2–mediated signaling after viral injury. (A) Reanalysis of published snRNA-seq datasets of healthy (n = 7 donors) and COVID 
(n = 19 donors) lungs from Melms et al. (30), with EC clusters labeled. (B) Left: Endothelial clusters were subsetted from (A) and confirmed by signature EC gene PECAM1 (CD31). 
Right: Uniform Manifold Approximation and Projection (UMAP) plot of reclustered EC populations. (C) Volcano plot displaying differentially expressed genes in healthy and COVID 
lung ECs. FC, fold change. (D) Violin plot of TGFBR2 mRNA expression (log-normalized) in ECs. P = 1.24 × 10−13 was determined by Wilcoxon rank-sum test. (E) Left: Representative 
immunofluorescence image of endothelial (ERG+) TGF-βR2–expressing cells in both healthy and post-COVID lung tissue. Scale bar, 50 μm. Right: Quantification of TGF-βR2 
immunostaining (healthy donors, n = 3; COVID donors, n = 3). InDen, integrated density. Data are means ± SEM, unpaired two-tailed t test, *P = 0.038. DAPI, 
4′,6-diamidino-2-phenylindole; AU, arbitrary units. (F) qPCR analysis of TGFBR2 in sorted human lung ECs from both healthy (n = 5) and post-COVID (n = 4) donors. Data are 
means ± SD, unpaired two-tailed t test, **P = 0.002. (G) scRNA-seq analysis for mouse lung ECs sorted from uninjured (D0) and on 20 and 30 days after influenza infection 
(marked as D20 and D30, respectively). (H) UMAP plot showing EC marker gene (Pecam1). (I) UMAP plot of EC populations annotated in scRNA-seq data for adult mouse lung (34, 
57). (J) Violin plots showing Tgfbr2 expression in mouse lung ECs sorted from D0, D20, and D30, respectively. P value was determined by Wilcoxon rank-sum test, D0 versus D20, 
P < 10−307; D0 versus D30, P = 1.45 × 10−248. (K) qPCR analysis of Tgfbr2 in isolated lung ECs (CD45−CD31+) sorted on day 0 (uninjured) and on days 10 and 20 after influenza infec-
tion. n = 3 or 4 per group; data are presented as means ± SEM, unpaired two-tailed t test. *D0 versus D10, P = 0.0326; D0 versus D20, P = 0.0198. (L) Heatmap comparing TGF-β 
pathway gene expression in mouse lung ECs sorted from D0, D20, and D30, respectively.
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Fig. 2. Endothelial Tgfbr2 deletion invivo prevents EC repair after influenza injury. (A and B) VECADCreERT2; Tgfbr2flox/flox or WT (VECADCreERT2 or Tgfbr2flox/flox) mice were admin-
istered five doses of tamoxifen, followed by 3 weeks of chase and influenza infection. Time course of changes in capillary oxygen saturation (A) and body weight (B) in WT and 
Tgfbr2ECKO mice, n = 5 to 8 per group. Data are means ± SEM, unpaired two-tailed t test; *P < 0.05 and **P < 0.01. WT versus Tgfbr2ECKO in (A): D17, P = 0.028; D19, P = 0.018; D26, 
P = 0.034. WT versus Tgfbr2ECKO in (B): D16, P = 0.01; D20, P = 0.0013; D26, P = 0.019. (C) Kaplan-Meier survival curves after influenza infection, log-rank test. Data are means ± SEM, 
*P = 0.0477. (D to F) Total protein (D), MPO activity (E), and perfused dextran (F) were quantified in BALF on day 0 (uninjured, n = 3 mice), day 10 (n = 4 mice), day 25 
(n = 5 mice), and day 35 (n = 5 mice) after influenza infection. Data are means ± SEM, unpaired two-tailed t test, *P < 0.05 and **P < 0.01. WT versus Tgfbr2ECKO in (D): D20, 
P = 0.009; D35, P = 0.047. WT versus Tgfbr2ECKO in (E): D20, P = 0.028. WT versus Tgfbr2ECKO in (F): D20, P = 0.032. (G and H) Intracellular flow cytometry quantification of proliferative 
ECs (CD45−/EpCAM−/CD31+/Ki67+) at day 15 after influenza. WT, n = 6; Tgfbr2ECKO, n = 8. Data are means ± SEM, unpaired two-tailed t test, *P = 0.0412. (I) qPCR analysis of Tgfbr2 
and Mki67 in isolated lung ECs (CD45−CD31+) from WT and Tgfbr2ECKO mice sorted 20 days after influenza infection. Data are means ± SEM (n = 5), unpaired two-tailed t test, 
*P < 0.05 and ****P < 0.0001. Tgfbr2, P < 0.0001; Mki67, P = 0.036. (J) Left: Tile scan images of H&E stain at 27 days after infection; demarcated boxes indicate different injury zones. 
Right: Clustered injury zone maps produced from left H&E images. Scale bars, 1 mm. (K) Zoomed-in images from the demarcated boxed area in (J). Scale bars, 50 μm. (L) Quantifi-
cation of injured area in different injury zones in (J). Data are means ± SEM (n = 5), unpaired two-tailed t test, *P < 0.05. Total injured zone, P = 0.024; damaged zone, P = 0.039. 
(M) Tile scan images of immunostaining of vascular endothelial cadherin (VECAD) at day 27 after infection. Scale bars, 1 mm. (N) Images of VECAD staining in different injury zones 
in (M). Scale bars, 25 μm. (O) Quantification of vessel percentage judged by VECAD staining in different injury zones in (M). Data are means ± SEM (n = 5), unpaired two-tailed t test, 
*P < 0.05. Total injured zone, P = 0.08; severe zone, P = 0.011.
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exchange and the trafficking of leukocytes, whereas “general” capil-
lary ECs (“gCaps” and “Cap1s”) function as stem/progenitor cells (33, 
34). We observed that CAR4+ ECs were reduced on day 15 but replen-
ished by day 30 after infection (fig.  S7A). We then asked whether 
blockade of TGF-βR2 signaling might impair aerocyte restoration 
upon influenza injury. Intracellular flow cytometry for CAR4+ ECs 
on days 0, 20, and 35 after infection quantitatively confirmed aerocyte 
loss (Fig. 3, A and B). Reduction in total lung ECs in Tgfbr2ECKO mice 
at day 35 after infection was observed (Fig. 3C), reinforcing the find-
ing of decreased pulmonary vessel density in Tgfbr2ECKO mice (Fig. 2, 
M to O, and fig. S5C). Immunostaining and qPCR of sorted ECs for 
aerocyte genes (34), including Apln (Apelin), Tbx2 (T-box transcrip-
tion factor 2), and Car4, further validated the observed reduction in 
CAR4+ aerocytes in Tgfbr2ECKO mice at day 20 after infection com-
pared with controls (Fig. 3, D and E). Aerocytes have also been char-
acterized by high expression of endothelin receptor B (Ednrb) and 
CD34 (7). Similarly, our data demonstrated impaired recovery of ED-
NRB+ and CD34+ ECs in Tgfbr2ECKO mice at day 35 after infection 
compared with controls (Fig. 3, F to H, and fig. S7B). We noted that 
Vegfa was decreased in Tgfbr2ECKO mouse ECs (Fig. 3E). However, we 
did not observe any effect on the expression of other typical angio-
genic factors in ECs, including Angpt2, Fgf1, Pdgfa, and Pdgfb 
(fig. S7C). We observed that the concentration of vascular endothelial 
growth factor A (VEGFA) in the BALF increased during viral pneu-
monia, followed by a subsequent decrease, reaching its peak at day 20, 
which coincided with the peak stage of angiogenic repair (fig. S7D). 
Endothelial Tgfbr2 deficiency reduced total VEGFA protein in BALF 
(fig. S7D), although it did not have an impact on the expression of 
Vegfa from other cell sources (fig. S7E).

Leucine-rich α-2-glycoprotein 1 coordinates TGF-βR2 
signaling to mediate angiogenic repair
To further characterize the molecular mechanisms underlying TGF-
βR2–mediated endothelial regeneration in vivo, we assessed the ef-
fects of TGF-βe stimulation in  vitro in immortalized human lung 
microvascular ECs (iMVECs) (8, 35). Upon TGF-β1 treatment, West-
ern blotting detected SMAD2/3 and SMAD1/5 phosphorylation, as 
predicted by studies in other vascular EC types (11, 36). Deletion of 
TGFBR2 completely prevented phosphorylation of both SMAD types 
(fig. S8, A to C). Cell proliferation assays revealed that TGF-β1 inhib-
ited proliferation of iMVECs, whereas TGFBR2 deletion completely 
blocked this effect (fig. S8D), indicating that although both arms of 
the TGF-βR2 pathway are activated by the TGF-β ligand in ECs, the 
overriding response is angiostatic.

These results were seemingly incongruent with the observation 
that Tgfbr2 deletion inhibits EC proliferation in vivo, so we speculated 
that other signaling molecules must be involved to promote proangio-
genic signaling through TGF-βR2. Leucine-rich α-2-glycoprotein 1 
(LRG1), a proangiogenic factor that operates by shunting endothelial 
TGF-β signaling toward SMAD1/5 activation and proliferation at the 
expense of angiostatic signaling through SMAD2/3 (36), was greatly 
up-regulated in injured ECs (Fig. 4A and fig. S9A). Sorted primary 
lung ECs exhibited marked Lrg1 up-regulation by 10 days after infec-
tion, which gradually normalized as endothelial repair was completed 
(Fig. 4B). In addition, LRG1 protein in BALF and serum increased on 
day 15 after infection and decreased gradually with recovery (Fig. 4, C 
and D). The concentration of TGF-β1 remained low until late time 
points after infection (Fig. 4, C and D), whereas the peak period of 
LRG1 up-regulation coincided with active EC proliferation. We 

observed coincident increase in activated endothelial SMAD1/5 sig-
naling (pSMAD1/5+ERG+) at this time (fig. S9B). Subsequently, this 
signaling decreased on day 27 after infection, whereas the angiostatic 
SMAD2/3 signaling (pSMAD3+ERG+) exhibited an opposite trend 
(fig. S9C). This appeared to be associated with increased LRG1 in the 
vascular niche. To test this, we used a lung endothelium–targeted 
LNP (LuLNP) delivery system (described in Fig. 6), which enables the 
specific and efficient delivery of small interfering RNA (siRNA) (si-
Lrg1) to lung ECs, leading to reduction in endothelial Lrg1 expression 
(Fig. 4, E and F) and LRG1 protein in both serum and BALF during 
viral injury (fig. S10, A and B). Experimental reduction of LRG1 by 
si-​Lrg1 delivery led to a decrease in the activation of SMAD1/5 during 
injury, whereas we observed little impact on SMAD3 activation 
(Fig.  4G and fig.  S10, C and D). Furthermore, knockdown of Lrg1 
impeded endothelial angiogenic proliferation (Fig. 4H and fig. S10E).

We further probed the consequences of LRG1 and TGF-β1 
stimulation in vitro in human primary lung ECs. Recognizing that 
SMAD1/5 and SMAD2/3 can show differential responsiveness to 
concentrations of TGF-β ligands (11), we tested the effects of LRG1 
with two different concentrations of TGF-β1. With TGF-β1lo (3 ng/
ml), phosphorylation of SMAD2/3 was increased, but SMAD1/5 
phosphorylation was not. Adding recombinant LRG1 enhanced 
SMAD1/5 phosphorylation, but SMAD2/3 phosphorylation was inhibited 
compared with TGF-β1 treatment alone. Given TGF-β1hi (10 ng/ml), 
LRG1 increased the phosphorylation of both SMAD2/3 and 
SMAD1/5, although the effect was more pronounced for SMAD2/3 
(Fig.  4, I-K). We further confirmed by 5-ethynyl-2′-deoxyuridine 
(EdU) incorporation assay that the TGF-β1lo + LRG1 conditions in-
creased EC proliferation, whereas the high concentration of TGF-β1 
with or without LRG1 inhibited EC proliferation (Fig. 4, L and M). 
Low concentrations of TGF-β1 (TGF-β1lo) and high amounts of 
LRG1 activate proangiogenic, SMAD1/5 phosphorylation, whereas 
with high concentrations of TGF-β1, LRG1 enhances both SMAD1/5 
and SMAD2/3 signaling (fig. S9D).

We again used iMVECs to confirm these observations, generating 
constitutively overexpressing LRG1 (LRG1-OE) cells (fig. S8, E and F) 
and treating them with escalating concentrations of TGF-β1 (0 to 
20 ng/ml). LRG1 enhanced TGF-β1–induced phosphorylation of both 
SMAD1/5 and SMAD2/3 when the TGF-β1 concentration was higher 
than 5 ng/ml in culture medium, whereas LRG1 preferentially pro-
moted SMAD1/5 phosphorylation at lower TGF-β1 concentrations 
(fig. S8G). Functionally, LRG1-OE iMVECs demonstrated increased 
proliferative and migratory ability, whereas high concentrations of 
TGF-β1 (10 ng/ml) reduced the angiogenic effects of LRG1 (fig. S8, H 
to K). The fact that the concentration of TGF-β1 started to increase 
~20 days after infection (Fig. 4, C and D), during which vascular re-
pair enters a stable phase, further indicated that TGF-β1 counteracts 
the LRG1-mediated angiogenic response. When TGFBR2 knockout 
(KO) iMVECs (generated by lentiviral delivery of CRISPR-Cas9; 
fig. S8, A to C) were treated with recombinant LRG1 protein (5 μg/
ml), the angiogenic proliferation otherwise induced by LRG1 was lost 
(fig. S8D), indicating that LRG1-mediated angiogenic effects remain 
dependent on TGF-βR2.

VEGFA rescues insufficient angiogenesis caused by TGF-βR2 
deficiency in vitro
VEGFA is the prototypical angiogenic growth factor with critical roles 
in angiogenesis during development and repair. We observed de-
creased EC Vegfa expression in uninjured mice (Fig. 5A) and VEGFA 
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protein during influenza infection (fig. S7D) with Tgfbr2ECKO mice. 
In addition, TGF-β1 has been shown to promote Vegfa expression 
through SMAD signaling in tumor angiogenesis (37). We confirmed 
that TGF-β1 treatment induced Vegfa expression in vitro, which was 
abolished by TGFBR2 KO (Fig. 5B).

We hypothesized that exogenous VEGFA supplementation might 
partially rescue impaired vascular repair caused by endothelial TGF-
BR2 depletion. To test this, we used human induced pluripotent stem 
cells (hiPSCs) to generate vascular networks/vascular organoids on 
the basis of published protocols (Fig. 5, C and D) (38). Treatment with 
TGF-βR2 inhibitor (39) ITD-1 (10 μM) during differentiation re-
duced vascular network density and organoid formation efficiency, 
whereas further addition of recombinant VEGFA protein ameliorated 

insufficient angiogenesis caused by TGF-βR2 blockade (Fig. 5, E to 
G). Because vascular organoids also contain pericytes that might re-
spond to ITD-1 and thus indirectly affect angiogenesis, we performed 
knockdown of TGFBR2 in human primary lung ECs using TGFBR2 
siRNA (si-​TGFBR2) (Fig. 5H and fig. S11, A and B). TGFBR2 knock-
down inhibited tube formation, which was effectively rescued by ad-
dition of VEGFA (20 ng/ml) (Fig. 5I).

An LNP delivery system specifically targets the 
lung endothelium
A collaborative effort identified a potential lung endothelial–specific 
LNP formulation, LuLNP (details described in Materials and Meth-
ods; fig. S12, A to D). Green fluorescent protein (GFP) mRNA was 

Fig. 3. Endothelial Tgfbr2 deletion in  vivo impairs 
aerocyte regeneration after influenza injury. (A) Rep-
resentative gating scheme for identification of CAR4-
expressing aerocyte ECs at day 35 after influenza 
infection. SSC-A, side scatter area. (B) Intracellular flow 
cytometry quantification of Car4-expressing aerocyte 
ECs at day 0 (uninjured; WT, n = 4; Tgfbr2ECKO, n = 4), day 
20 (WT, n = 5; Tgfbr2ECKO, n = 5), and day 35 (WT, n = 6; 
Tgfbr2ECKO, n =  5) after influenza infection. Data are 
means ± SEM, unpaired two-tailed t test, *P < 0.05. D20, 
P = 0.033; D35, P = 0.026. (C) The percentage of lung ECs 
was compared between WT and Tgfbr2ECKO mice at day 0 
(uninjured; WT, n = 3; Tgfbr2ECKO, n = 3), day 20 (WT, n = 5; 
Tgfbr2ECKO, n = 5), and day 35 (WT, n = 6; Tgfbr2ECKO, n = 5) 
after influenza infection. Data are means  ±  SEM, un-
paired two-tailed t test, *P = 0.037. (D) Representative 
immunostaining of CAR4-expressing aerocytes in WT 
and Tgfbr2ECKO mice on day 20 after infection. Scale bars, 
100 and 25  μm (inset). (E) qPCR analysis of aerocyte 
genes Car4, Apln and Tbx2 in isolated total lung ECs 
(CD45−CD31+) from WT and Tgfbr2ECKO mice sorted on 
day 20 after influenza infection. WT, n =  5; Tgfbr2ECKO, 
n = 5. Data are means ± SEM, unpaired two-tailed t test, 
*P  <  0.05, **P  <  0.01, and ***P < 0.001. Vegfa, 
P =  0.00014; Car4, P =  0.009; Apln, P =  0.0009; Tbx2, 
P = 0.024. (F) Feature plots showing Car4 and Ednrb ex-
pression in aerocyte ECs. (G) Representative gating 
scheme for identification of EDNRB-expressing ECs at 
day 35 after influenza infection. (H) Intracellular flow cy-
tometry quantification of EDNRB-expressing ECs at day 
35 (WT, n = 6; Tgfbr2ECKO, n = 5) after influenza infection. 
Data are means  ±  SEM, unpaired two-tailed t test, 
*P = 0.026.
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encapsulated into LuLNPs, which were characterized by particle size, 
pKa (where Ka is the acid dissociation constant), and mRNA encapsu-
lation efficiency. The average diameter measured using dynamic light 
scattering and cryo–transmission electron microscopy for LuLNPs 
was 84.4 nm (fig. S12E). The ability to encapsulate mRNA evaluated 
by RiboGreen assays showed 87.3% encapsulation efficiency (fig. S12F). 
The pKa of LuLNPs, which is the pH value of LuLNP when it was 50% 
protonated, was 6.36 (fig.  S12G), well within the range commonly 
used for in  vivo nucleic acid delivery (40–42). To assess whether 
LuLNPs specifically targeted the lung, mice were treated with LuLNPs 
encapsulating luciferase mRNA (Luc-LuLNP, 0.2 mg/kg) by tail vein 
injection 12 hours before analysis to enable visualization of transfec-
tion efficiency using an in vivo imaging system (IVIS). Detection 

of luminescence thus indicated both LNP delivery and mRNA 
functionality. Luciferase signal localized almost exclusively to the lung 
(Fig. 6A), indicating that the LuLNPs encapsulated luciferase mRNA, 
which was specifically expressed by lung cells. We assessed luciferase 
signal at 6, 24, 48, and 72 hours after Luc-LuLNP injection, observing 
nearly no signal by 48 hours (Fig. 6B and fig. S13A), indicating that 
LuLNP-delivered mRNA expression was transient. Next, oxygen satu-
ration was assessed 24 hours after GFP LuLNP injection (0.5 mg/kg), 
demonstrating no obvious effects of GFP LuLNP on blood oxygen-
ation (fig. S13B). In addition, C57BL6/J mice were administered GFP 
LuLNP or equal volumes of phosphate-buffered saline (PBS), and 
liver enzymes alanine transaminase (ALT) and aspartate transami-
nase (AST) were measured at 12 and 48 hours after injection. At the 

Fig. 4. Dose-dependent effects of LRG1 and TGF-β1 regulate 
angiogenic proliferation. (A) Violin plots of Lrg1 mRNA expression 
(log-normalized) in mouse lung ECs on day 0 (D0), day 20, and day 
30 after influenza infection. (B) qPCR analysis of Lrg1 in isolated 
lung ECs (CD45−CD31+) sorted on days 0 (uninjured), 10, 19, and 27 
after influenza infection. n = 3 or 4 per group; data are means ± SD, 
ANOVA, followed by Dunnett’s multiple comparison test. *P < 0.05 
and ****P <  0.0001 (D0 versus D10, P <  0.0001; D0 versus D19, 
P =  0.032). (C and D) The concentrations of active TGF-β1 (solid 
black line) and LRG1 (dashed red line) in BALF (C) and peripheral 
blood serum (D) were measured by enzyme-linked immunosor-
bent assay at days 0 (uninjured), 15, 20, and 30 after influenza 
infection. n = 3 or 4 per group; data are presented as means ± 
SEM, ANOVA, followed by Dunnett’s multiple comparison test. 
*P < 0.05, **P < 0.01, and ***P < 0.001. TGF-β1 in BALF: D30 versus 
D0, P = 0.009; TGF-β1 in serum: D30 versus D0, P < 0.0001; LRG1 in 
BALF: D15 versus D0, P < 0.0001; D20 versus D0, P = 0.004; LRG1 in 
serum: D15 versus D0, P = 0.0149. (E) C57BL6/J mice were treated 
with LuLNPs encapsulating control noncoding siRNA [si–negative 
control (NC), 1 mg/kg] or Lrg1 siRNA (si-​Lrg1; 1 mg/kg) by tail-vein 
injection on days 15 and 18 after infection, and EdU (50 mg/kg) was 
administrated 24 hours before analysis. i.v., intravenously. (F) qPCR 
analysis of Lrg1 in sorted ECs from mice on day 19 after infection. 
Data are means  ±  SEM (n  =  4), unpaired two-tailed t test, 
*P = 0.0218. (G) Quantification of SMAD1/5 and SMAD3 phosphor-
ylation in ECs (ERG+pSMAD1/5+ or ERG+pSMAD3+) in mouse lungs 
from (E), representative images in fig.  S9 (C and D). Data are 
means  ±  SEM (n  =  4), unpaired two-tailed t test, pSMAD1/5: 
***P <  0.0001. (H) Intracellular flow analysis of proliferative ECs 
(EdU+) in mouse lungs from (E). Data are means ± SEM (n = 4), un-
paired two-tailed t test, *P = 0.0429. (I) Immunoblotting analysis 
of indicated proteins in primary human lung ECs treated ± LRG1 
(5 μg/ml) with or without low (TGF-β1lo, 3 ng/ml) or high (TGF-β1hi, 
10 ng/ml) concentrations of TGF-β1 for 1 hour; values were quanti-
fied by densitometry, normalized to β-actin. (J) Quantification of 
indicated proteins in (I) of cells treated ± LRG1 with or without low 
concentration TGF-β1 (TGF-β1lo). (K) Quantification of indicated 
proteins in (I) when cells were treated ± LRG1 combined with or 
without high concentration of TGF-β1 (TGF-β1hi). Data are 
means ±  SEM (n =  3), unpaired two-tailed t test, *P <  0.05 and 
**P < 0.01; pSMAD1/5 in (J) LRG1 versus TGF-β1 + LRG1, P = 0.034; 
pSMAD2/3 in (J) PBS versus TGF-β1, P = 0.0024; pSMAD1/5 in (K) 
PBS versus TGF-β1, P = 0.038; pSMAD2/3 in (K) PBS versus TGF-β1, 

P = 0.0008, LRG1 versus TGF-β1 + LRG1, P = 0.0046. (L and M) Cell proliferation of primary human lung ECs treated ± LRG1 (5 μg/ml) with or without low (3 ng/ml) or high 
(10 ng/ml) concentrations of TGF-β1 for 6 hours, as assessed by EdU incorporation assay. (L) Representative immunofluorescence for nuclei (blue) and EdU incorporation (red). 
(M) Quantification of percentage of proliferating cells (EdU+/DAPI) in (H). Data are means ± SEM (n = 3), ANOVA, followed by Dunnett’s multiple comparison test. *P < 0.05 and 
**P < 0.01; control versus TGF-β1 (10 ng/ml), P = 0.013; TGF-β1 (3 ng/ml) versus TGF-β1 (3 ng/ml) + LRG1, P = 0.0085; control versus TGF-β1 (3 ng/ml) + LRG1, P = 0.029; TGF-β1 
(3 ng/ml) + LRG1 versus TGF-β1 (10 ng/ml) + LRG1, P = 0.011.
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standard dose (0.5 mg/kg) of GFP LuLNP, the values of AST and ALT 
increased slightly at 12 hours after injection but returned to normal 
concentrations at 48 hours after injection, similar to the PBS group 
(Fig. 6C and fig. S13C).

To investigate which cell types the LuLNPs transfected, mice 
were treated with GFP LuLNP (0.5 mg/kg) (Fig. 6D). Lungs were 
harvested after 18 hours for flow cytometry and immunostaining 

(Fig. 6E and fig. S13D), revealing that GFP-LuLNPs yielded ~85% 
GFP+ ECs (CD45–​/CD31+/GFP+), whereas less than 2% of any oth-
er cell type were GFP+ (Fig. 6F). Analysis of GFP+ cell distribution 
revealed that nearly all GFP+ cells were ECs (Fig. 6G). Immunos-
taining for CD31 showed that almost all capillary ECs were labeled 
by GFP, but a small number of large vascular ECs expressed little to 
no GFP (Fig. 6H and fig. S13E). To examine and quantify the ability 

Fig. 5. TGF-βR2 signaling induces autocrine Vegfa expression 
through SMAD activation. (A) qPCR analysis of Vegfa in isolated 
lung ECs (CD45− CD31+) from uninjured WT and Tgfbr2ECKO mice. 
Data are means ±  SD (n =  3), unpaired two-tailed t test, 
*P = 0.044. (B) qPCR analysis showing the expression of Vegfa in 
WT and TGFBR2-KO iMVECs treated ± TGF-β1 (10 ng/ml) for 
24 hours. Data are means ± SD (n = 4), unpaired two-tailed t test, 
*P < 0.05. WT: PBS versus TGF-β1, P = 0.014; TGF-β1: WT versus 
KO, P = 0.005. (C) Timeline for generating blood vessel organoids 
from hiPSCs and ITD-1 treatment. For vascular network analysis, 
ITD-1 (10 μM) was added after vascular colony embedding into 
collagen I–Matrigel solution (day 7) for 3 days, with medium 
changed every day. For vascular organoid formation analysis, 
ITD-1 (10 μM) was added on day 10 when single vascular organ-
oids were isolated from the three-dimensional (3D) matrix and 
then harvested on day 15, with one medium change at day 13. 
(D) Images of hiPSC differentiation into vascular networks and 
blood vessel organoids. (i) Cell aggregate formation at day 2 (D2). 
Scale bar, 100 μm. (ii) Cell aggregates differentiated into meso-
derm (D5). Scale bar, 100 μm. (iii) Induction of mesoderm differ-
entiation into vascular progenitor cells (D7), before embedding 
into the 3D collagen I–Matrigel matrix. Scale bar, 100 μm. (iv) Cell 
aggregates of early blood vessels grow outward in 3D collagen 
I–Matrigel matrix to form vascular networks (D10). Scale bar, 
100 μm. (v) Higher power image of the vascular networks at day 
10. Scale bar, 100 μm. (vi) Immunostaining of CD31 for ECs at day 
10, CD31 (green) and nuclei (blue). Scale bar, 100 μm. (vii) Bright 
field of well-formed vascular organoids at day 15. Scale bar, 
200 μm. (viii) Endothelial tubes (CD31, green) in vascular organoids 
covered by pericytes [platelet-derived growth factor receptor 
beta (PDGFRβ), red], nuclei (DAPI, blue). (ix) Immunostaining of 
CD31 showing the vessel tubes in vascular organoids. Scale bar, 
50 μm. (x to xii) 3D reconstruction of capillary organization (CD31, 
green) in a vascular organoid covered by pericytes (PDGFRβ, red) 
at day 15. (x) Merged, (xi) CD31, and (xii) PDGFRβ. Scale bars, 
200 μm. (E) Cell aggregates were embedded into 3D collagen I–
Matrigel matrix and treated with ITD-1 (10 μg/ml), combined 
with or without VEGFA (100 ng/ml), or vehicle (dimethyl sulfox-
ide). Vascular network density was analyzed on day 3 by immu-
nostaining of CD31 and then quantification of vessels percentage 
area. Scale bars, 100 μm. Data are presented as means ±  SEM 
(n = 3), ANOVA, followed by Dunnett’s multiple comparison test, 
*P < 0.05. Vehicle versus ITD-1, P = 0.029. (F) ITD-1 (10 μM) com-
bined with or without VEGFA (100 ng/ml) was added on day 10 
when single vascular organoid was isolated from 3D matrix and 
then cultured in ultralow attachment cell culture plates for 5 

days. Networks successfully assembled into vascular organoids with the round, smooth, and well-demarcated border. Left: The representative images of fully formed vascular 
organoids in vehicle group and failed vascular organoids after ITD-1 treatment. Right: Illustration depicting the processing of vascular organoids in the left images. (G) The vascu-
lar organoid formation efficiency was assessed by the proportions of mature vascular organoids [VOs; as shown in (F)]. Scale bars, 200 μm. Data are presented as means ± SD 
(n = 3), ANOVA, followed by Dunnett’s multiple comparison test, ***P < 0.001. Vehicle versus ITD-1, P < 0.0001; ITD-1 versus ITD-1 + VEGFA, P < 0.0001. (H) qPCR analysis of 
TGFBR2 in primary human lung ECs after transfection with si-TGFBR2 (5 nM) or si-NC (5 nM) for 48 hours. Data are means ± SD (n = 3), unpaired two-tailed t test, ***P = 0.0002. 
(I) Tube formation assays of primary human lung ECs were performed 48 hours after transfection with si-​TGFBR2 (5 nM) or si-NC (5 nM). Left: Representative images of tube net-
works after ECs were treated with or without VEGFA for 6 hours (20 ng/ml). Right: Tube networks were quantified by counting the average rings/tubes per field under a light mi-
croscope at ×100 magnification. Dashed circles represent vascular rings. Scale bars, 100 μm. Data are means ± SEM (n = 3), unpaired two-tailed t test, *P < 0.05, **P < 0.01, and 
***P < 0.001. si-NC: PBS versusVEGFA, P = 0.023; si-​TGFBR2: PBS versus VEGFA, P = 0.015; PBS: si-NC versus si-​TGFBR2, P = 0.00015.
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Fig. 6. LuLNP-mediated mRNA delivery to lung ECs. (A) C57BL6/J mice were treated with LuLNPs encapsulating luciferase mRNA (Luc-LuLNP; 0.2 mg/kg) or empty control 
LuLNPs (Ctrl-LuLNP) by tail-vein injection 12 hours before analysis. Transfection efficiency was detected by IVIS. IVIS imaging of luciferase mRNA delivery to the lung (left) and heart, 
liver, spleen, and kidneys were dissected for luminescence imaging (right), n = 3 to 5 mice per group. (B) Mice were treated with Luc-LuLNP (0.2 mg/kg) by tail-vein injection and 
imaged by IVIS. Quantification of luciferase signal at 6, 24, 48, and 72 hours after injection. Data are means ± SEM (n = 4). (C) C57BL6/J mice were administrated LuLNPs encapsulat-
ing GFP mRNA (GFP LuLNP; 0.5 mg/kg) or equal volume of PBS, and liver enzymes ALT and AST were quantified 12 hours after injection. Data are means ± SEM (n = 5). (D) Analysis 
of GFP+ cells 18 hours after GFP-LuLNP or Ctrl-LuLNP administration in C57BL6/J mice. (E) Representative gating scheme for identification of GFP+ ECs (CD45−/CD31+/GFP+). 
(F) The proportion of GFP+ cells in the lung by cell type, including immune cells, ECs, epithelial cells and others (mesenchymal). Data are means ± SD (n = 3). (G) Distribution 
of total GFP+ cells in each cell type. n = 3 mice. (H) Immunostaining showing that GFP+ cells colocalize with EC marker PECAM1. Scale bar, 25 μm. (I) lsl-Ai14-tdTomato 
(R26-lsl; tdTomato) mice were administrated LuLNPs encapsulating Cre mRNA (Cre-LuLNP) or equal volume of vehicle empty LuLNPs (control) 1 week before analysis. (J) The pro-
portion of LuLNP-Cre–traced cells (tdTomato+) in the lung by cell type, including immune cells, ECs, epithelial cells, and mesenchymal (“other”). Data are means ± SD (n = 3). 
(K) Immunostaining showing that LuLNP-Cre–traced cells (tdTomato+) cells colocalize with EC marker PECAM1. Scale bar, 25 μm.

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of Pennsylvania on January 31, 2024



Zhao et al., Sci. Transl. Med. 16, eadg6229 (2024)     31 January 2024

S c i e n c e  T r a n s l at i o n a l  M e d i c i n e  |  R e s e a r c h  A r t i c l e

10 of 15

of LuLNPs to mediate lung EC-specific gene delivery/editing, tdTomato 
(tdTom) reporter mice were used, which expressed robust tdTom fluo-
rescence after Cre-mediated recombination (Fig. 6I) (43). Cre mRNA 
(0.3 mg/kg) delivery by LuLNPs resulted in most capillary ECs being 
labeled, although, again, labeling efficiency was somewhat lower in 
large vessels (Fig. 6J). More than 85% of ECs were tdTom+, with less 
than 5% tdTom positivity in other cell types (Fig. 6K).

To detect whether LuLNPs effectively deliver nucleic acid to the ECs 
during influenza injury, mice were treated with GFP LuLNP on day 17 
after infection, and lungs were harvested 24 hours later (fig.  S14A). 
Sixty percent of ECs were GFP+, about 25% lower than in uninjured 
mice, but GFP was still tightly restricted to ECs (fig. S14, B and C), sug-
gesting that LuLNPs may not be as effectively delivered to all ECs be-
cause of disruption of microvascular circulation with injury. Although 
vascular leakage occurs at this time point, no increase in GFP expres-
sion was observed in other cell types, indicating endothelial-specific 
targeting of LuLNPs even when other cell types are directly exposed. 
Immunostaining for CD31 further confirmed that fewer GFP+ ECs 
were present in injured lung than uninjured lung (Fig. 6H and figs. S13E 
and S14D). Nevertheless, LuLNPs remained specific and efficient for 
pulmonary EC gene delivery even in an injured setting.

LNP delivery of Vegfa partially restores impaired endothelial 
regeneration caused by endothelial TGF-βR2 deficiency
We next explored whether targeting pulmonary ECs based on LNP 
delivery strategies could ameliorate the exacerbation of influenza 
injury caused by endothelial TGF-βR2 deficiency. We initially tested 
delivery of mRNA encoding Vegfa, a well-recognized angiogenesis 
stimulator that is down-regulated in ECs after Tgfbr2 deletion, to 
uninjured wild-type (WT) mice. qPCR of sorted ECs demonstrated 
increased Vegfa expression 24 hours after Vegfa LuLNP administra-
tion (fig. S15A). Histopathology and immunostaining demonstrat-
ed that Vegfa overexpression by LuLNPs in lung ECs did not cause 
overt vascular morphology abnormalities or local inflammation 
(fig. S15, B and C). In addition, mice were treated with PBS, GFP 
LuLNP or LuLNP (0.5 mg/kg) (without encapsulated mRNA) by tail 
vein injection, and the total number of cells in BALF and numbers 
of immune cells (CD45+) in the BALF were evaluated at 24 and 72 
hours after injection. Twenty-four hours after LuLNP injection, the 
numbers of total and CD45+ cells in the GFP LuLNP group in-
creased slightly although not significantly (P > 0.05; fig. S15, D and 
E) and returned to baseline by 72 hours. VEGFA is also known to 
increase vascular permeability (44) that can directly contribute to 
pulmonary edema (45). We therefore assessed vascular permeability 
after administration of escalating consecutive doses of Vegfa LuLNP 
(0.5 mg/kg, every 24 hours, intravenously). Vascular leakage was 
observed only after the administration of five consecutive doses as 
judged by total protein concentration and dextran in the BALF 
(fig. S15, F and G).

To determine whether LuLNP delivery of Vegfa rescued endo-
thelial proliferation loss due to TGF-βR2 deficiency, WT and Tgfbr2ECKO 
mice were treated with control or Vegfa LuLNP (0.5 mg/kg) on day 
15 after infection, and samples were collected 72 hours later. To pre-
vent the mild inflammation caused by LNP injection, dexametha-
sone (DEX) was injected intraperitoneally (i.p.) 30 min before 
LuLNP injection (46) in all mice (Fig.  7A). The concentration of 
VEGFA in the BALF increased after 24 hours of Vegfa LuLNP treat-
ment (fig.  S15H). Flow analysis demonstrated that Vegfa LuLNP 
enhanced proliferation of ECs in Tgfbr2ECKO mice, supporting the 

notion that VEGFA is an important downstream effector of TGF-
βR2 signaling in this model, whereas proliferation increases in WT 
mice were not statistically significant (P > 0.05; Fig. 7B). Immuno-
fluorescence analysis of proliferating ECs based on nuclear coex-
pression of Ki67 with endothelial-specific transcription factor ERG 
[erythroblast transformation-specific (ETS)–related gene] (8, 33) 
confirmed increased endothelial proliferation in Vegfa LuLNP lungs 
18 days after infection (Fig. 7C). Because VEGFA protects against 
apoptosis, prolonging cell survival (47, 48), we quantified apoptotic 
ECs in lungs from both WT and Tgfbr2ECKO mice treated with Vegfa 
LuLNP or Ctrl LuLNP by TUNEL flow cytometry (fig. S15I). LuLNP 
delivery of Vegfa imparted obvious protection against endothelial 
apoptosis in all mice (Fig. 7D) but to a higher degree in Tgfbr2ECKO 
mice. This effect extended beyond direct effects on ECs because we 
observed a similar reduction in apoptosis in surrounding non-ECs 
as well, further implicating vascular repair as a critical component 
for effective whole-organ regeneration (Fig. 7E).

To investigate whether endothelial overexpression of Vegfa by 
LuLNPs accelerated the recovery of lung function, especially the de-
terioration caused by endothelial deletion of TGF-βR2 during influ-
enza injury, WT and Tgfbr2ECKO mice were treated with control or 
Vegfa LuLNP on days 15 and 21 after influenza infection, and lungs 
were harvested on day 27 (Fig.  7F). Vegfa LuLNP treatment in-
creased blood oxygen saturation and improved body weight recov-
ery specifically in Tgfbr2ECKO mice compared with the Ctrl LuLNP 
group (Fig. 7, G and H). In addition, Tgfbr2ECKO mice treated with 
Vegfa LuLNP showed reduced lung inflammation as indicated by 
lower total protein concentration and MPO activity in the BALF 
(Fig. 7, I and J), as well as decreased damage, remodeling, and high-
er vessel density (Fig. 7, K to P). However, the therapeutic efficacy of 
Vegfa LuLNP treatment in WT mice was not as pronounced as in 
Tgfbr2ECKO mice (fig. S15, J to M), emphasizing the sufficiency of 
EC-derived VEGFA in supporting vascular repair processes when 
TGF-βR2 signaling is intact. Furthermore, excessive angiogenesis 
might contribute to the progression of fibrosis (49). However, Vegfa 
LNP treatment did not promote lung fibrosis during viral injury as 
judged by collagen I staining (fig. S15N).

We also asked whether endothelial overexpression of Tgfbr2 
could rescue the vascular endothelial repair impairment in Tgfbr2ECKO 
mice. DEX was injected intraperitoneally 30 min before LuLNPs in-
jection in WT and Tgfbr2ECKO mice, and then all mice were treated 
with Tgfbr2 LuLNP (0.5 mg/kg) or control LuLNP (0.5 mg/kg) on 
days 15 and 20 after infection, followed by EdU treatment every 
other day (fig. S16A). Tgfbr2 LuLNP treatment was unable to com-
pletely restore CAR4+ aerocytes caused by endothelial Tgfbr2 defi-
ciency (fig. S16, B and C). However, it did enhance EC proliferation 
in both groups (fig. S16, D and E). Furthermore, because TGF-βR2 
serves as a receptor for TGF-β1, we explored whether recombinant 
TGF-β1 protein could promote lung endothelial repair during 
influenza-induced lung injury. C57BL/6 mice were treated with re-
combinant TGF-β1 (100 μg/kg, i.p.) every other day from day 7 after 
infection and accompanied by EdU treatment (fig. S16F). Adminis-
tration of recombinant TGF-β1 did not lead to any observable in-
crease in EC proliferation or quantity (fig. S16, G and H).

DISCUSSION
Our previous work revealed that regenerated ECs upon influenza in-
jury mainly arise from proliferation of preexisting ECs, and myriad 
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Fig. 7. LuLNP delivery of Vegfa mRNA alleviates the exacerbation of influenza injury caused by endothelial Tgfbr2 deficiency. (A) Timeline for LuLNP administration and 
sampling. WT and Tgfbr2ECKO mice were treated with empty LuLNPs (Ctrl LuLNP) or LuLNPs encapsulating Vegfa mRNA (Vegfa LuLNP) (0.5 mg/kg) on day 15 after infection, and 
samples were collected after 72 hours. Dexamethasone-21-phosphate (DEX) was injected i.p. (2 mg/kg) into the mice 30 min before LuLNP injection in all mice. (B) Intracellular flow 
cytometry quantification of proliferative ECs (CD31+/Ki67+) 72 hours after administration of control or Vegfa LuLNPs in lung ECs from WT and Tgfbr2ECKO mice. Data are means ± SEM 
(n = 5), unpaired two-tailed t test, *P < 0.05. Tgfbr2ECKO: Ctrl LuLNP versus Vegfa LuLNP, P = 0.048. (C) Representative immunostaining of proliferative ECs 72 hours after administration 
of control or Vegfa LuLNP in Tgfbr2ECKO mice lungs. Scale bars, 100 μm. (D and E) Quantification of apoptotic (TUNEL+) ECs (D) and total apoptotic cells (E). n = 3 to 5 per group. Data 
are means ± SEM, unpaired two-tailed t test, *P < 0.05 and ***P < 0.001. (D) WT: Ctrl LuLNP versus Vegfa LuLNP, P = 0.018; Tgfbr2ECKO: Ctrl LuLNP versus Vegfa LuLNP, P = 0.0002. 
(E) WT: Ctrl LuLNP versus Vegfa LuLNP, P = 0.06; Tgfbr2ECKO: Ctrl LuLNP versus Vegfa LuLNP, P = 0.02. (F) Timeline for indicated LuLNP administration and sampling. WT and Tgfbr2ECKO 
mice were treated with Ctrl LuLNP or Vegfa LuLNP (0.5 mg/kg) on days 15 and 21 after infection, and lungs were harvested on day 27. DEX was injected i.p. (2 mg/kg) into the mice 
30 min before LuLNPs injection in all mice. (G and H) Body weight (G) and capillary oxygen saturation (H) for LNP-treated Tgfbr2ECKO mice. Data are means ± SD (n = 8), unpaired 
two-tailed t test, *P < 0.05 and **P < 0.01. (G) D21: Ctrl LuLNP versus Vegfa LuLNP, P = 0.0013; D25: Ctrl LuLNP versus Vegfa LuLNP, P = 0.04. (H) D25: Ctrl LuLNP versus Vegfa LuLNP, 
P = 0.011. (I and J) Total protein (I) and MPO activity (J) were quantified in BALF collected from Tgfbr2ECKO mice that received Ctrl LuLNP or Vegfa LuLNP treatment and harvested at 
day 27 after infection. Data are means ± SEM (n = 5), unpaired two-tailed t test, *P < 0.05 and **P < 0.01. (I) P = 0.008; (J) P = 0.023. (K to P) Tgfbr2ECKO mice received Ctrl LuLNP or 
Vegfa LuLNP treatment, and lung samples were harvested on day 27 after infection. (K) Left: Tile scan images of H&E stain; demarcated boxes indicate different injury zones. Right: 
Clustered injury zone maps produced from left H&E images. Scale bars, 1 mm. (L) Zoomed-in images from the demarcated boxes area in (K). Scale bars, 50 μm. (M) Quantification of 
injury area in different injury zones in (K). (N) Tile scan images of immunostaining of vascular endothelial cadherin (VECAD). Scale bars, 1 mm. (O) Images of VECAD staining in differ-
ent injury zones in (N). Scale bars, 25 μm. (P) Quantification of vessel percentage judged by VECAD staining in different injury zones in (N). Data are means ± SEM (n = 5), unpaired 
two-tailed t test, *P < 0.05. (M) Ctrl LuLNP versus Vegfa LuLNP: total injured zone, P = 0.023; damaged zone, P = 0.022. (P) Ctrl LuLNP versus Vegfa LuLNP: damaged zone, P = 0.03.
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signals and pathways are needed for effective vascular repair. Our 
work here identifies one such pathway, highlighting up-regulation of 
TGF-βR2 and other TGF-β pathway components in human and 
mouse ECs upon viral lung injury, including activation of SMAD1/5/8, 
implicating TGF-β pathway activity in lung vascular repair. We con-
firmed the functional requirement for this pathway by demonstrating 
that mice with endothelial deletion of Tgfbr2 exhibit a failure to ef-
fectively regenerate the lung endothelium, thus increasing mortality 
and prolonging morbidity.

TGF-β signaling is a complex and nuanced pathway. In ECs from 
other tissues, TGF-β activation of SMAD2/3 is typically angiostatic, 
whereas SMAD1/5/8 is angiogenic, so it is difficult to predict how ECs 
will respond to a given TGF-β ligand/receptor agonist. LRG1, a se-
creted glycoprotein, is known to direct EC TGF-β signaling toward 
the SMAD1/5/8 proangiogenic pathway (36, 50). Critically, we ob-
served autocrine EC up-regulation of LRG1 that slowly normalizes as 
injury resolves. Treatment with exogenous LRG1 or LRG1 overex-
pression imparted angiogenic properties on ECs, whereas LRG1 
knockdown in vivo reduced EC proliferation and SMAD1/5 activa-
tion, a finding further supported by previous studies demonstrating 
direct interaction of LRG1 with TGF-βR2 (36). On the basis of this 
evidence, we propose the following model: First, in the angiogenic 
proliferation and migration stage (10 to 20 days after infection), up-
regulation of LRG1 drives angiogenesis by shunting TGF-β signaling 
toward angiogenic SMAD1/5/8 (fig. S17). Then, at later time points 
when vascular proliferation is essentially completed, EC Lrg1 expres-
sion is also reduced, allowing classical TGF-β signaling in the newly 
generated ECs to promote luminalization and maturation to establish 
functional blood vessels. At these later time points, TGF-β likely pro-
motes angiostatic SMAD2/3, antagonizing any remaining LRG1-
induced EC proliferation to prevent abnormal angiogenesis (36, 51). 
Although we demonstrated that LRG1/TGF-β signaling is critical for 
lung EC repair, we note that Tgfbr2 deletion is not uniformly lethal 
and some mice do still recover from infection, albeit slowly, reinforc-
ing the involvement of additional yet-to-be-identified angiogenic sig-
naling pathways.

Recognizing that lung endothelium is a critical target for delivery of 
therapeutic molecules or genes for recovery from ARDS, we demon-
strated that Vegfa mRNA administration protected ECs and other lung 
cells from apoptosis, indicating that effective endothelial repair pro-
motes holistic recovery of the entire tissue (47, 48). Although vascular-
directed gene therapy holds great promise, VEGFA is also well known 
to increase vascular permeability (44) and pulmonary edema (45), and 
similar to LRG1, VEGFA overexpression can induce pathological an-
giogenesis (52). As such, other vascular repair genes, such as Stat3 (16) 
and Foxm1 (53), may ultimately be better suited for endothelial gene 
therapy than Vegfa, especially because VEGFA does not appear to be 
limiting in animals with intact TGF-βR2 (fig. S15, J to M). Further-
more, some LNPs are capable of causing transient inflammatory 
storms (46) with a risk of exacerbating disease, so clinical use of LNP-
based therapies in diseased patients will require extra care and possibly 
combinatorial treatment with anti-inflammatory agents.

This work both identifies a role for TGF-β signaling in lung vascu-
lar repair and highlights potential nanomedicine approaches to en-
hancing angiogenic regeneration, but there are limitations to our study. 
We did not identify the initiating signal(s) that up-regulate TGF-βR2 
in ECs early after infection. Given the robust innate and adaptive im-
mune responses that occur after viral infection, we predict that endo-
thelial TGF-βR2 up-regulation is likely induced by inflammatory 

signals such as interferons and alarmins. Further, although previous 
studies indicated that gCaps are likely the most relevant facultative 
progenitor cells, our studies did not assess whether the impaired re-
generation phenotype is due entirely to TGF-β signaling in gCaps or 
whether it is also important in other EC types. Last, it will be important 
to evaluate whether TGF-βR2 signaling is important in other injury 
contexts, including sterile injuries such as aspiration pneumonia or 
chronic conditions including emphysema and chronic obstructive pul-
monary disease (COPD). In summary, our studies further highlight 
the importance of vascular endothelial repair after severe viral lung 
injury, provide insights into TGF-β signaling as an essential pathway 
for effective repair, and suggest the potential for endothelial-targeted 
gene therapy using next-generation approaches for treating critically 
ill patients.

MATERIALS AND METHODS
Study design
The objective of this study was to investigate lung vascular injury and 
underlying repair mechanisms during viral pneumonia using an in-
fluenza virus–induced lung injury mouse model. For in vivo studies, 
experimental and control animals are specifically described as such in 
Results and figure legends. Control mice for in vivo Tgfbr2 deletion 
experiments (Tgfbr2ECKO) were an approximately equal mix of Tgfbr2flox/flox 
mice lacking Cre and VECADCreERT2 (Cdh5CreERT2) mice bearing only 
WT Tgfbr2 alleles. Control animals were always treated identically 
including the same dosing of tamoxifen (see below). For in vitro studies, 
the experimental samples were TGFBR2 KO or LRG1 overexpression 
iMVECs, human iPSCs (SV-20), SV-20–derived vascular organoids, 
and human lung primary ECs transfected with si-TGFBR2 (TGFBR2 
siRNA), treated with indicated molecules. Control samples were the 
corresponding empty vector–transduced iMVECs and/or vehicle-
treated (dimethyl sulfoxide or PBS depending on the reagent) 
iMVECs/human primary lung ECs/SV-20–derived vascular organ-
oids or human lung primary ECs transfected with siRNA negative 
control (si-NC). Sample size was determined by availability and previ-
ous experience with influenza infection experiments in mice. No out-
liers were excluded from the study. A minimum of three animals per 
group was used for studies involving statistical analyses, and the n for 
individual experiments is indicated in the figure legends. Blinding 
was performed during data collection and analysis when possible, 
given the survival and body weight loss differences in treated and un-
treated groups. For each experiment, sample size reflects the number 
of independent biological replicates.

Participants and ethical compliance
The normal, healthy control samples used for this study were from 
deidentified nonused lungs donated for organ transplantation by an 
established protocol [Prospective Registry of Outcomes in Patients 
Electing Lung Transplantation (PROPEL), approved by University of 
Pennsylvania Institutional Review Board] with informed consent in 
accordance with institutional and National Institutes of Health (NIH) 
procedures. Consent was provided by next of kin or health care proxy. 
Diseased tissue was obtained from participants enrolled at the Uni-
versity of Pennsylvania as part of the PROPEL (Penn cohort). All se-
lected patients had a history of COVID infection based on PCR 
testing that resulted in respiratory failure and required lung trans-
plantation based on current guidelines but tested negative by PCR 
multiple times before tissue acquisition. The institutional review 
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board of the University of Pennsylvania approved this study, and writ-
ten informed consent was obtained from all participants before inclu-
sion in the study. All patient information was removed before use. 
This use does not meet the current NIH definition of human indi-
vidual research, but all relevant guidelines and regulations and all in-
stitutional procedures required for human individual research were 
followed throughout the reported experiments.

Animals and treatments
Tgfbr2flox mice (31) (Jackson Laboratory stock #012603) were crossed 
with VECADCreERT2 (Cdh5CreERT2) mice (54) to produce VECADCreERT2; 
Tgfbr2flox/flox mice. VECADCreERT2; Tgfbr2flox/flox mice and controls 
(mice bred in parallel either lacking VECADCreERT2 or Tgfbr2flox/flox) 
were administered five doses of tamoxifen (0.25 mg/g of body weight) 
in 50 μl of corn oil every other day and rested for 3 to 5 weeks after the 
last injection, resulting in EC-specific deletion of Tgfbr2 in adult mice 
(Tgfbr2ECKO). Afterward, influenza virus A/H1N1/PR/8 was admin-
istered intranasally at 50 to 60 TCID50 (50% tissue culture infectious 
dose) units to mice as previously described (8, 55). Mice were weighed 
regularly and euthanized at the indicated time points for tissue har-
vest. In this study, all mice were used at 6 to 8 weeks old, and mice of 
both sexes were used in equal proportions.

Synthesis of lung-targeted ionizable lipid and formulation 
into LNPs (LuLNPs)
Lung-targeted ionizable lipid—N1,N19-didodecyl-4,7,13,16-tetrakis(3-
(dodecylamino)-3-oxopropyl)-9,9,11,11-tetramethyl-10-oxa-4,7,13,16-
tetraaza-9,11-disilanonadecanediamide—was synthesized through 
Michael-addition reaction (synthetic details in fig.  S12, A and B). 
Briefly, 1,3-bis(2-aminoethylaminomethyl)tetramethyldisiloxane 
(0.278 g, 1 mmol, 1 equiv) and N-dodecylacrylamide (1.72 g, 7.2 mmol, 
7.2 equiv) were added in a glass vial equipped with a stir bar dissolved 
in ethanol. The reaction was stirred at 80°C for 3 days. The final prod-
uct was purified by CombiFlash Rf-200i chromatography to afford a 
yellowish solid.

Lung-targeted ionizable lipid: 1H nuclear magnetic resonance 
(400 MHz, MeOD), δ 3.23 to 3.13 (m, 12H), 2.92 to 2.70 (m, 12H), 
2.66 to 2.50 (m, 8H), 2.48 to 2.33 (m, 12H), 2.31 to 2.25 (s, 4H), 1.62 
to 1.23 (m, 120H), 0.99 to 0.88 (m, 18H), 0.16 (s, 12H). Liquid chro-
matography–mass spectrometry (mass/charge ratio): calculated for 
[M + H]+: 1715.9, found: 1715.5.

LuLNPs were formulated according to our previous study (41). 
Briefly, an ethanol phase containing all lipids and an aqueous phase 
containing mRNA [Luc mRNA, Cre mRNA, enhanced GFP (EGFP) 
mRNA, and Vegfa mRNA] were mixed using a microfluidic device to 
formulate LNPs. The ethanol phase contained lipidoids (synthetic details 
in fig. S12, C and D), 1,2-dioleoyl-​sn-glycero-3-phosphoethanolamine 
(AvantiPolarLipids), cholesterol, and 1,2-dimyristoyl-​sn-glycero-3-
phosphoethanolamine-​N-[methoxy(polyethyleneglycol)-2000] (C14-
PEG2000; AvantiPolarLipids) with a fixed molar ratio of 35, 16, 46.5, and 
2.5%, respectively. Aqueous phase was composed of mRNA dissolved in 
10 mM citrate buffer. The ethanol and aqueous phases were mixed at a 
flow rate of 1.8 and 0.6 ml/min (3:1) using Pump33DS syringe pumps. 
LNPs were dialyzed in 1× PBS using a microdialysis cassette (20,000 
molecular weight cutoff; Thermo Fisher Scientific) for 2 hours and then 
filtered through a 0.22-μm filter. Zetasizer Nano was used to measure the 
Z-average diameters, polydispersity index, and zeta potential. mRNA 
concentration and encapsulation efficiency in each LNP formulation 
were measured using a modified Quant-iT RiboGreen (Thermo Fisher 

Scientific) assay on a plate reader. LuLNP characterization including hy-
drodynamic diameter, pKa value, and encapsulation efficiency was per-
formed as described previously (41).

For in vivo delivery of LuLNPs, mice were administrated with 
LuLNPs encapsulating mRNAs/siRNAs [Cre mRNA, 0.3 mg/kg 
(TriLink Biotechnology, #L-7211); luciferase mRNA, 0.2 mg/kg; 
EGFP mRNA, 0.5 mg/kg; mouse Vegfa and Tgfbr2 mRNA, 0.5 mg/
kg, were provided by D. Weissman laboratory, negative control 
siRNA (si-NC, #AM4635) and Lrg1 siRNA (si-Lrg1, #4390816; 1 mg/kg), 
purchased from Thermo Fisher Scientific] or equal volume of 
vehicle control empty LuLNPs by tail-vein injection depending on 
experimental conditions. Luciferase expression was evaluated using 
an IVIS Spectrum imaging system (Caliper Life Sciences) 
12 hours after injection. Ex vivo imaging was performed on 
the heart, liver, spleen, lung, and kidney after resection. All animal 
experiments were carried out under the guidelines set by the Uni-
versity of Pennsylvania’s Institutional Animal Care and Use Com-
mittees and followed all NIH Office of Laboratory Animal Welfare 
regulations.

Statistical analysis
All statistical calculations were performed using GraphPad Prism 9. 
All in vitro experiments were repeated at least three times unless oth-
erwise stated. Unpaired two-tailed Student’s t tests were used to ascer-
tain statistical significance between two groups. One-way analysis of 
variance (ANOVA) was used to assess statistical significance between 
three or more groups with one experimental parameter. For details on 
statistical analyses, tests used, size of n, definition of significance, and 
summaries of statistical outputs, see corresponding figure legend 
and Results.

Image analysis
For quantitative images in this study, four to six images were taken 
randomly from each sample/section on a Leica Dmi8 microscope, 
a Leica SP5-FLIM inverted confocal microscope, or Zeiss LSM 710 
confocal microscope. Immunostainings of Fig.  1E and fig.  S15N 
were quantified by mean gray value using ImageJ software. The 
quantification of hematoxylin and eosin (H&E) sections (Figs. 2, J 
to L, and 7, K to M) was performed by scanning the whole lung 
under 4× objective using LAS X tile scan mode and quantified by 
a previously described unbiased computational imaging approach 
(32). The vessels densities per percentage in Figs. 2 (N and O), 5E, 
and 7 (O and P) and fig. S5C were quantified by AngioTool (56). 
Western blot bands in Fig. 4I and fig. S8 (B, E, and G) were quanti-
fied by ImageJ software. Cell counts in Fig. 4L and fig. S1B were 
counted manually using LAS X software (Leica). Images of Fig. 5 
(F, G, and I) and figs. S8I, S9 (B and C), S10 (C and D), and S15C 
were obtained and quantified manually using LAS X (Leica). Lu-
ciferase signaling in fig. S13A was quantified by an IVIS imaging 
system (PerkinElmer).

Supplementary Materials
This PDF file includes:
Materials and Methods
Figs. S1 to S17
Table S1

Other Supplementary Material for this manuscript includes the following:
Data file S1
MDAR Reproducibility Checklist
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