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Rebalancing viral and immune damage versus repair  
prevents death from lethal influenza infection
Hiroshi Ichise*, Emily Speranza, Federica La Russa, Tibor Z. Veres, Colin J. Chu, Anita Gola,  
Beatrice H. Clark, Ronald N. Germain* 

INTRODUCTION: Pulmonary viral infections account for substan-
tial numbers of deaths annually and many more during  
pandemics such as influenza in 1918 and severe acute respiratory 
syndrome coronavirus 2 (COVID-19) in 2020. Most studies 
ascribe loss of pulmonary function to a combination of viral 
destruction of infected cells and tissue damage from excessive 
innate inflammatory responses, and thus, inhibition of such 
innate activity in infected individuals has been the focus of 
much research.

RATIONALE: Given the strong evidence that innate immunity 
makes a major contribution to lethality in influenza, we screened 
a broad array of agents to identify those capable of preventing 
lethal influenza in a mouse model. The experimental model was 
designed to cause death within a narrow time window (8 to  
10 days) in all infected animals so that survival of even a few 
animals in a group given any single treatment would constitute  
a consequential signal. If such signs of activity were found and 
with the treatments acting on different innate immune elements, 
a limited number of combinatorial therapies could be examined 
for additive synergy. 

RESULTS: Apart from neutrophil depletion at one day after 
infection, none of 50 different therapies led to survival of 
infected animals. This was despite the use of some treatments 
focused on one inflammatory mediator, such as interleukin-6, 
and others that blocked signaling pathways affecting multiple 
downstream innate responses. These data suggested a tipping 
point model in which early damage from the combination  
of viral pathogenicity and inflammation led to delayed, but 
inevitable, death and where inhibition of further innate inflam-
matory responses could not rescue pulmonary function. Prior 
data indicated that repair processes begin almost immediately 

upon infection. This led us to hypothesize that failure of  
repair processes to counterbalance early and ongoing damage 
was insufficient to sustain pulmonary function in the absence of 
extrinsic gas exchange support (e.g., mechanical ventilation). We 
designed late postinfection treatments that combined partial 
limitation of viral spread using Tamiflu with either an anti–
interferon-α/β receptor (αIFNAR) treatment, to reverse type I 
interferon (IFN) suppression of alveolar type 1 (AT1) pneumocyte 
replacement, or depletion of cytotoxic CD8+ effector T cells,  
to prevent killing of infected pneumocytes late in disease. 
Despite starting treatment late after infection, both combina-
tions, of Tamiflu and αIFNAR or Tamiflu and anti-CD8 (αCD8), 
led to a substantial increase in animal survival beyond antiviral 
therapy alone.

CONCLUSION: This study clarified why anti-inflammatory therapies 
other than high-dose steroids have had limited impact on the 
course of advanced pulmonary viral infections. Hosts with severe 
disease late in the infectious cycle are likely to be past the point at 
which arresting the damage caused by innate immune cells is 
enough to prevent loss of essential pulmonary function; rather, it 
is the failure to repair tissue damage or the additional damaging 
effect of adaptive, T cell–mediated, immunity that are critical  
at this time. This view is consistent with the prolonged time on 
ventilators often required for recovery of patients with severe 
disease and low blood oxygen saturation. Our results also indicate 
that antiviral drugs can be beneficial well after symptoms begin if 
combined with treatments that encourage repair directly or that 
ameliorate subsequent adaptive immune damage.  
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science.adr4635

αCD8
αIFNAR

pSTAT3

AT2

AT1

CD8+ T cell

IAV

Type I IFN

Impaired stemness

pSTAT1

Tamiflu + αIFNAR Tamiflu + αCD8

No treatment

Virus spread

Tamiflu

N
et
 re

sp
ira
to
ry

 c
ap
ac
ity

dpi

Innate immune damage Viral damage
Tissue repairAdaptive immune damage

Tamiflu + αIFNAR Tamiflu + αCD8No treatment

Enhanced repair

IFNARM
ag
ni
tu
de
 

of
 re

sp
on
se

Epithelial cell death

Prevent epithelial cell loss

Combining antiviral drug therapy with inhibition of type I 
IFN signaling or depletion of CD8+ effector T cells improves 
survival from influenza infection. In severe influenza, early 
innate immune and viral damage reduces lung function below  
a tipping point, beyond which limiting further damage alone 
cannot restore function. CD8+ T cells further exacerbate damage 
by eliminating infected epithelial cells, despite repair induction. 
Combining antiviral therapy with type I IFN blockade or CD8+  
T cell depletion enhances survival by shifting the balance toward 
repair over damage, maintaining pulmonary function. dpi, days 
postinfection; pSTAT, phospho-signal transducer and activator of 
transcription; IAV, influenza A virus. [Figure created with 
BioRender.com]
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Rebalancing viral and immune 
damage versus repair prevents 
death from lethal 
influenza infection
Hiroshi Ichise1*, Emily Speranza2, Federica La Russa1,  
Tibor Z. Veres1, Colin J. Chu3, Anita Gola1,  
Beatrice H. Clark1, Ronald N. Germain1,4*  

Maintaining tissue function while eliminating infected cells is 
fundamental, and inflammatory damage plays a major 
contribution to lethality after lung infection. We tested  
50 immunomodulatory regimes to determine their ability to 
protect mice from lethal infection. Only neutrophil depletion 
soon after infection prevented death from influenza. This result 
suggests that the infected host passed an early tipping point 
after which limiting innate damage alone could not rescue lung 
function. We investigated treatments that could have efficacy 
when administered later in infection. We found that partial 
limitation of viral spread together with enhancement of 
epithelial repair, by interferon blockade or limiting CD8+  
T cell–mediated killing of epithelial cells, reduced lethality. This 
finding highlights the importance of rebalancing repair and 
damage processes in the survival of pulmonary infections.

Despite wide availability of antiviral drugs and vaccines, seasonal in-
fluenza can be life-threatening and lead to pneumonia and acute re-
spiratory distress syndrome (ARDS) (1). Beyond this typical seasonal 
threat, influenza has caused multiple worldwide pandemics in the past 
100 years (2, 3). Fatal influenza is associated with widespread pneumonia 
(4), and dysregulated innate immunity is a major cause of the tissue 
damage in such infections (5–8). Preclinical studies have identified 
type I interferon (IFN) (6), neutrophils (5, 9), and CCR2+ monocyte-derived 
dendritic cells (8) as major contributors to this damage. Excessive 
innate immune responses are also a hallmark of severe acute respira-
tory syndrome (SARS), Middle East respiratory syndrome (MERS), 
and COVID-19 (10–13). Anti-inflammatory treatments have been ex-
tensively studied in attempts to ameliorate severe influenza (14), but 
antiviral treatment remains the only option recommended by the 
Centers for Disease Control and Prevention (15). For COVID-19, high-
dose steroids have been found to be moderately effective (16), whereas 
immunosuppressive agents with greater selectivity have modest effects 
when used late in the course of infection (17).

Temporal understanding of pathogenesis is important for develop-
ing clinical interventions in diverse disease states. An early fatal gene 
signature associated with a neutrophil-mediated inflammatory feed 
forward circuit is seen at very early stages of influenza infection, and 
acute depletion of neutrophils improves survival (5). Other research 
has shown that while type I IFNs contribute to rapid antiviral re-
sponses that limit pathogen spread, the timing of production of this 
cytokine is critical to preventing a pathogenic innate immune response 

in severe acute respiratory syndrome coronavirus (SARS-CoV) infec-
tion (18). This suggests that the limited treatment success of agents 
that inhibit the innate immune response in viral pneumonias might 
be due to their late administration. One of the earliest gene expression 
signatures accompanying the intense innate inflammatory response 
to severe influenza infection is that of tissue repair (5). Tissue repair 
is essential to compensate for damage caused by viral cytopathic effects 
and the activity of immune cells. The tissue disruption caused by the 
innate inflammatory response may have already passed a tipping point 
that does not allow return to a lung physiological state solely through 
further limitation of damage from such pathways. In this study, we 
examined this tipping point model in the context of a balance be-
tween tissue damage and repair, seeking to identify potential protec-
tive interventions.

Results
An oropharyngeal lethal influenza infection causes severe 
lung pathology
To develop a lethal influenza infection model that causes severe lung 
pathology, we used the oropharyngeal route and titrated the dose of 
influenza A/Puerto Rico/8/34 (PR8) used for infection (fig. S1, A and 
B). We identified the minimum viral load that produced a uniformly 
lethal outcome and performed a time-resolved multiplex immunological 
profiling of the lungs, blood, bone marrow, and lung-draining lymph 
nodes of the infected animals (Fig. 1A). After infection, mice showed 
ruffled fur, hunching, and strained breathing starting around 3 days 
postinfection (dpi). Viral RNA in the lung peaked at 2 dpi, and animals 
lost weight starting at 4 dpi, succumbing to infection between 8 and 
10 dpi (Fig. 1B and fig. S1, C and D). RNA sequencing (RNA-seq) was 
conducted on the whole lung at 4, 6, and 8 dpi. Reads associated with 
viral RNA matched with the quantitative polymerase chain reaction 
(qPCR) results and showed an increase at 4 dpi that was sustained to 
6 dpi. By 8 dpi, when animals were in a preterminal condition, the 
viral RNA began to decline (fig. S1E). Transcriptional analysis showed 
early and strong signals associated with interferon signaling and in-
flammation by 4 dpi, followed by T cell responses at 6 dpi and a burst 
in cell proliferation at 8 dpi, suggesting ongoing repair processes 
(Fig. 1, C and D). Cell type deconvolution of the transcriptional data 
showed early loss of alveolar type 2 (AT2) cells by 4 dpi, with infiltra-
tion of neutrophils and macrophage-like populations at 6 dpi (fig. S1F). 
These changes were confirmed by flow cytometric analysis show-
ing sequential recruitment of neutrophil, myeloid, and T cell popula-
tions to the lung (Fig. 1E and fig. S2). Additional flow cytometric 
analysis highlighted the temporal differences between lung and pe-
ripheral blood with respect to increases in these immune cell popula-
tions (fig. S3).

Multicolor immunofluorescence microscopy confirmed the spread 
of virus with increasing time after infection (Fig. 1, F to H, and fig. 
S4A). Virus-containing AT2 cells exhibited diminished prosurfactant 
protein C (pSPC) expression that matched loss of surfactant protein C 
(Sftpc) gene expression by 6 dpi (fig. S4B). This correlated with the 
predicted decrease in AT2s by cell deconvolution at 4 dpi, suggesting 
that tissue damage observed as a loss of pSPC presents from a very 
early phase in this PR8 infection model (Fig.  1F and fig. S4C). 
Neutrophils and monocytes accumulated in the lungs and induced 
bronchiolitis at 4 dpi and persisted to 7 dpi (Fig. 1G). At 7 dpi, pSPC 
expression was almost completely lost, indicating severe pathology 
(Fig. 1H). Conventional histologic examination using hematoxylin and 
eosin staining also confirmed the severe lung pathology with evidence 
of neutrophil and mononuclear cell infiltration into bronchi(oles) and 
alveoli (fig. S4, D and E). We concluded that in this fatal PR8 infection 
model there were distinct phases of virus- and immune cell–associated 
damage and severe pathology, including data consistent with the 
emphasis on innate inflammatory processes reported in prior studies 
(5, 6, 8, 9).
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FL, USA. 3UCL Institute of Ophthalmology, University College London, London, UK. 4Center for 
Advanced Tissue Imaging, Laboratory of Immune System Biology, National Institute of Allergy 
and Infectious Diseases, National Institutes of Health, Bethesda, MD, USA. *Corresponding 
author. Email: rgermain@​niaid.​nih.​gov (R.N.G.); hiroshi.​ichise@​nih.​gov (H.I.)
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Fig. 1. Characterization of a lethal PR8 infection model. (A) Overview of the experimental setup. Mice were infected with 100 TCID50 (median tissue culture infectious dose) 
of PR8 via the oropharyngeal (OPh.) route, and body weight and survival were monitored. Infected animals were euthanized on 1, 2, 4, 6, and 7 dpi, and the lungs, peripheral 
blood, lung-draining lymph nodes, and bone marrow were collected for flow cytometry and imaging. Lung samples from 4, 6, and 8 dpi were used for RNA-seq. (B) Kaplan- 
Meier plot of survival after PR8 infection. (C) Principal components analysis (PCA) of the global transcriptional changes from RNA-seq data at mock (black), 4 dpi (blue),  
6 dpi (yellow), and 8 dpi (red) time points. (D) Groupings of the top 50 pathways based on adjusted P value ranking from differential expression results at each day compared 
with the previous day. Values presented are the normalized enrichment score (NES) and are clustered into major groups on the basis of the Jaccard index similarity between the 
genes in each pathway. (E) Flow cytometric analysis of the absolute number of different immune cell types in the lung samples. Each dot represents the mean, and error bars 
represent the standard error of the mean (SEM). (F to H) Fluorescence microscopy imaging of lungs from control and infected animals at 2, 4, and 7 dpi. Colored squares show 
the region magnified in the panels to the right. IAV, influenza A virus nucleoprotein; pSPC, prosurfactant protein C; EpCAM, epithelial cell adhesion molecule; aSMA, alpha-
smooth muscle actin. Scale bars: 1 mm on the left and 70 μm on the right images (F); 1 mm on the left and 50 μm on the right images (G); 1 mm on the top two images and  
50 μm on the bottom two images (H). Data are representative of at least five independent experiments with at least seven animals in a group, except for (C) to (E); data from  
one experiment, n = 4 mice per group.
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Early innate immunomodulation is not sufficient to rescue severe 
PR8 infection
To examine whether interference with inflammatory damage would 
ameliorate lethality in this model, we tested >50 regimens that inhib-
ited innate immune cell activity, signaling pathways, cytokines, and 
alarmins, with early or midcourse dosing of the drugs from 1 to 4 dpi 
(figs. S5 and S6 and table S2). With the exception of treatments target-
ing neutrophils [zileuton and anti-Ly6G (lymphocyte antigen 6G) de-
pleting antibody], whose effects were very modest, none of these 
regimens resulted in survival of infected animals (fig. S5, B and C). In 
contrast, early high-dose treatment with the antiviral neuraminidase 
inhibitor Tamiflu led to complete survival of the treated cohort 
(fig. S5D). Thus, we concluded that interference with innate immune 
function is not sufficient to robustly prevent death from infection even 
when used relatively early after infection or in combination with drugs 
having distinct targets.

Lethality-associated viral and immune damage occurs at very 
early stages
Our results prompted us to investigate when and how damage leading 
to death became apparently irreversible in our model. In influenza 
infections, there are two major pathways of tissue damage: immune-
mediated tissue damage and direct cytopathic effect of the virus (19). 
To unravel the contributions of these two pathologic processes, we 
titrated anti-Ly6G antibody and Tamiflu to enable interference with 
innate immune-mediated tissue damage (5) and virus-mediated tissue 
damage, respectively.

Titration of anti-Ly6G antibody showed a dose-dependent effect on 
host survival, although at higher concentrations of antibody than pre-
viously reported (fig. S7, A and B) (5). This form of antibody treatment 
had an incomplete effect on lung infiltration by neutrophils seen on 
day 3 dpi (fig. S7C), a time when these cells filled some of the airways 
(movie S1). Compared with phosphate-buffered saline (PBS) treatment, 
neutrophil attenuation improved host survival only when adminis-
tered on 1 dpi (Fig. 2, A and B). In line with the drop of total neutro-
phils in the lung at 3 dpi (fig. S6C), animals treated with anti-Ly6G at 
1 dpi showed less bronchiole clogging (Fig. 2, C and D). A combination 
of anti-Ly6G and anti-rat immunoglobulin κ light chain (20) resulted 
in a five times greater depletion of neutrophils in lung tissue, and a 
preinfection depletion of neutrophils with an anti-Ly6G treatment at 
−1 dpi, did not increase survival (fig. S7, B and C). The failure of predeple-
tion to improve survival was consistent with evidence that neutrophils 
not only cause tissue damage contributing to lethality but also contrib-
ute to constraining viral pathology. Moreover, anti-Ly6G treatment could 
also have led to depletion of Ly6G+ macrophages that can enhance tissue 
repair (21), which may also have limited the utility of treatments involv-
ing anti-Ly6G. We conclude that tissue damage caused by neutrophils 
becomes irreversible at relatively early stages of infection.

To determine when lethality-associated viral-mediated damage oc-
curred, we conducted a time course study with Tamiflu (Fig. 2E). 
Starting treatment at 2 dpi, when the viral RNA reached a peak, fol-
lowed by daily administration of the drug, resulted in uniform survival 
(Fig. 2F). However, treatment starting on 3 dpi resulted in only partial 
animal rescue, suggesting that existing viral-mediated damage and 
associated immune effects could not be overcome by inhibition of 
further viral spread. Notably, animals treated with Tamiflu starting at 
2 dpi had lung damage that was visible at 50 dpi, with scarring, loss 
of AT2 cells and/or cell function, and myeloid cell infiltration as domi-
nant features (Fig. 2, G and H). Thus, lethality-associated tissue dam-
age mediated by virus and the innate immune system were established 
early during infection, before animals started losing body weight.

Limiting immune or viral damage enhances tissue repair responses
We addressed what biological processes were promoted when we limited 
viral- or immune-mediated damage early during infection. Epithelial 

cell proliferation can be an indication of tissue repair (22), and bulk 
RNA-seq data from the lungs of infected but untreated animals showed 
evidence of a burst of proliferation at 8 dpi (Fig. 1C). Infected animals 
treated with PBS only showed a moderate increase in Ki67+bronchial 
epithelial cells at 6 dpi compared with uninfected controls (Fig. 3A). 
However, animals treated with Tamiflu on 2 dpi showed an increase 
in Ki67 in the airway epithelium when compared with PBS-treated 
animals at 6 dpi (Fig. 3, A and B). When animals were treated with 
anti-Ly6G antibody to limit neutrophil influx, there was an increase 
in Ly6C+Arginase-1+ macrophages, known to be inducers of tissue 
repair (23), in the lung at 6 dpi compared with PBS-treated animals 
(Fig. 3C and fig. S7, D and E) in addition to reduced bronchiolitis 
(Fig. 2, C and D). These macrophages were found in proximity to an 
increased number of Ki67+ airway epithelial cells (Fig. 3, C and D, and 
fig. S7D). We concluded that ongoing viral propagation and immune 
responses limited tissue repair. In the context of infection that initiates 
severe viral and innate immune damage during early stages, unaided 
tissue repair may not be able to maintain an adequate level of pulmo-
nary function.

Combination treatments to enhance repair and limit both viral and late 
adaptive immune damage improve host survival
The differentiation and proliferation of AT2 cells are important for 
repairing the lung epithelial layer, as AT2 cells act as a reservoir of 
stem cells for replacement of alveolar type 1 (AT1) cells in the presence 
of insults causing pulmonary epithelial damage (24). Patients dying 
of COVID-19 showed evidence of stressed AT2 cells, consistent with 
ineffective tissue repair (25). Type I IFN signaling pathways suppress 
proliferation and induce the death of AT2 cells during recovery from 
influenza infection (26). The activity of CD8+ T cells, part of the adap-
tive immune response, may override ongoing tissue repair by killing 
infected AT1 and AT2 cells (24, 27–29), with loss of AT1 contributing 
to decreased lung gas exchange capacity.

In our model of lethal influenza, we observed early and sustained 
expression of many type I IFN–responsive genes (fig. S8A). We also 
found evidence of T cell–associated signaling and accumulation 
of CD8+ T cells in the lung beginning at 6 dpi that was correlated 
with further loss of surfactant proteins and the corresponding 
gene transcripts (Fig. 1, D and E, and fig. S4, B and C). We hypoth-
esized that to rescue animals that had already passed the early 
“tipping-point” following lethal infection, tissue repair would have 
to be enhanced to overcome the existing damage or pathology 
mediated by adaptive immune responses that arise later during 
infection would need to be limited, all while restricting viral rep-
lication. This led us to consider a combination of late inhibition of 
viral spread together with blocking of type I IFN signaling or deple-
tion of CD8+ T cells to rebalance tissue damage and repair and sal-
vage animals.

We altered the timing and dose of Tamiflu to determine the condi-
tions when the drug, when administered alone, no longer induced 
robust host survival. A clinically relevant dose (20 mg/kg) had a mod-
erate effect even when used beginning on 2 dpi, with treatments start-
ing on 4 and 5 dpi showing comparable results, with around 40% 
survival and a delayed time to death (fig. S8B). On the basis of these 
data, we proceeded with a treatment starting with 4 dpi at 20 mg/kg, 
a protocol that mimics a clinically relevant scenario in which patients 
seek treatment several days to a week after symptoms begin.

We treated infected animals with either anti–interferon-α/β receptor 
antibody (αIFNAR) or anti-CD8 antibody (αCD8) concurrently with 
Tamiflu, Tamiflu alone, or PBS (Fig. 4A) and verified the efficacy of 
the drug (fig. S8, C and D). Both combination treatments improved 
the survival rate compared with Tamiflu alone (Fig. 4B). The combina-
tion of Tamiflu with anti-IFNAR antibody improved body weight begin-
ning at 12 dpi compared with Tamiflu alone, and this difference was 
maintained to 14 dpi (fig. S8E). Combining anti-IFNAR and anti-CD8 
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antibodies with Tamiflu did not show a synergistic effect but rather a 
worsened outcome (Fig. 4B). This result indicates that either type I 
IFN signaling or a CD8+ T cell response is necessary for host defense, 
even in animals treated with Tamiflu. Treatment with anti-IFNAR or 
anti-CD8 antibodies alone did not have a survival benefit, highlighting 
the necessity of limiting ongoing viral-mediated damage. To examine the 
generalizability of the findings beyond male B6 mice, we used mice 
of different sex and genetic backgrounds. Combining anti-IFNAR or 

anti-CD8 antibodies with Tamiflu was effective in both B6 and Balb/c 
female mice but less so in Balb/c male mice (fig. S8, F to H). The latter 
results fit with the evidence that males are more susceptible to severe 
COVID-19 and show delayed CD8+ T cell responses (30, 31).

To gain insights into the basis for the prosurvival effects of Tamiflu 
plus anti-IFNAR or Tamiflu plus anti-CD8, we carried out bulk RNA-
seq on whole lung tissues (Fig. 5A). At 6 dpi, lung tissues had simi-
lar transcriptional profiles, but by 8 dpi, the Tamiflu plus anti-IFNAR 
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Fig. 2. Irreversible viral and immune damage occur at very early stages of infection. (A) Overview of neutrophil depletion experiment. Mice were infected with 100 TCID50  
of PR8 via the OPh. route, and anti-Ly6G antibody was administered intraperitoneally on either 1, 2, or 3 dpi. Weight and survival were monitored. (B) Kaplan-Meier curve of 
PR8-infected mice treated with anti-Ly6G antibody. n = 10 mice per group. Log-rank test was used to calculate the P value. (C) Representative immunofluorescence images of 
lungs from PR8-infected mice treated with anti-Ly6G antibody on 1 dpi. The lungs were harvested on 3 dpi. Magnified views of highlighted regions are shown on the right. Dashed 
lines outline bronchi and bronchiole structures. Scale bars: 1 mm (left and middle), 150 μm (top right), and 300 μm (bottom right). (D) Quantification of airways infiltrated with 
neutrophils as shown in (C). P value was calculated from a two-tailed Welch’s t test. (E) Overview of the oseltamivir (Tamiflu) treatment experiment. Mice were infected as shown 
in (A), and Tamiflu was administered intraperitoneally starting on either 2 or 3 dpi. Two doses per day were administered for the first three consecutive days, with a single dose 
on the fourth and fifth days of administration. (F) Survival curve of PR8-infected mice treated with Tamiflu. Data are from one cohort with n = 7 mice per group. Log-rank test 
was used to calculate a P value. (G) Representative immunofluorescence images of lungs of PR8-infected mice treated with Tamiflu starting on 2 dpi. Magnified views of 
highlighted regions are shown on the right. The lungs were harvested on 50 dpi from animals surviving after Tamiflu treatment. Scale bars: 1 mm (left and middle) and 200 μm 
(top and bottom right). (H) Quantification of myeloid infiltration in the alveoli shown in (G). P value was calculated from a two-tailed Mann-Whitney U test. In (D) and (H),  
each dot represents an individual animal, and the red bars represent the median. Data are representative of two independent experiments unless otherwise specified.
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samples were distinctive and differed in gene expression associated 
with cell proliferation, DNA repair, and cilia formation (Fig. 4, C and 
D, and fig. S9, A to C).

Blocking type I interferon signaling promotes early progenitor cell 
accumulation and enhanced epithelial repair
In comparison to infected PBS-treated animals at 8 dpi, lung tissues 
from mice treated with both Tamiflu and anti-IFNAR had evidence of 
down-regulated type I IFN signaling, but keratinization was enriched 
(Fig. 5A). Three keratin (KRT)–related genes (Krt14, Trp63, and Krt5) 
were only expressed in Tamiflu plus anti-IFNAR samples and not in 
tissues from mice treated with PBS (Fig. 5B). These genes are markers 
of differentiating basal epithelial cells whose expression increases in 
the lung after injury, and KRT14+p63+KRT5+ cells can act as progenitors 
to damaged epithelial layers (32). In addition, the data from the Tamiflu 
plus anti-IFNAR condition predicted enrichment of mesenchymal-like 
cells at 8 dpi compared with uninfected controls (fig. S10A). These cells 
play an important role in promoting proliferation of AT2 cells and 
regenerating the epithelial layers of the lung (33, 34). By 12 dpi, the lung 
tissue from infected mice treated with Tamiflu alone had up-regulated 
similar gene programs, suggesting a delayed repair response owing 
to ongoing interferon responses in the lungs. We concluded that 
anti-IFNAR treatment in combination with Tamiflu induced an earlier 
and/or enhanced repair program in the lungs that promoted pulmo-
nary function. Indeed, compared with mice treated with Tamiflu alone, 
at 8 dpi, animals given anti-IFNAR antibody with Tamiflu maintained 

bronchial epithelial cells (fig. S10, B and C), con-
sistent with the prorepair basal epithelial cell 
differentiation gene signature. These data are con-
sistent with pSTAT1 (phospho-signal transducer 
and activator of transcription 1) staining in im
mune cells, AT2, AT1, and mesenchymal cells. 
All populations had higher pSTAT1 compared 
with uninfected controls, indicating direct IFN 
responses in these cell types (fig. S10D).

STAT3 signaling in AT2 cells promotes alveolar 
epithelial regeneration through the brain-derived 
neurotrophic factor (BDNF)–tropomyosin-related 
kinase receptor B (TrkB) axis (33). The combi-
nation of anti-IFNAR antibody with Tamiflu 
increased the frequency of cells showing phos-
phorylation of STAT3 as well as the expression 
of Ki67 in the AT2 population (Fig. 5, C to F). 
The absolute number of total and proliferating 
pSTAT3+ AT2 cells was higher in the animals 
treated with the combination of anti-IFNAR 
antibody and Tamiflu (fig. S10, E and F). These 
cellular changes were associated at 14 dpi in the 
Tamiflu plus anti-IFNAR condition with an im-
provement in pulmonary function as compared 
with 8 dpi that was not observed in the Tamiflu-
alone condition (Fig. 5G). Thus, inhibition of the 
type I IFN response promoted early stem-like 
cell accumulation that can induce repair of the 
epithelial layers and facilitate proliferation of 
AT2 cells, countering the effects of immune and 
virus-mediated damage and maintaining or im-
proving gas exchange capacity.

Inhibition of CD8+ T cell responses limits severe 
loss of pneumocytes
Compared with infected PBS-treated animals at 
8 dpi, lung tissues from mice given Tamiflu plus 
anti-CD8 had indications of decreased T cell 
receptor–associated signaling (fig. S11A). In 

PBS-treated animals, T cell responses were enriched by 6 dpi (Fig. 1D). 
This was associated with a loss of surfactant gene expression (fig. S4B) 
and loss of pSPC staining (Fig. 1H) in the whole lungs, suggesting the 
contribution of CD8+ T cells to a reduction of AT2 cells. When analyz-
ing the expression of surfactant genes from the RNA-seq data across 
the time course (Fig. 4A), tissues from mice treated with Tamiflu plus 
anti-CD8 showed a mild decrease in surfactant genes at 6 dpi com-
pared with uninfected controls and no increase in the loss at 8 dpi 
(fig. S11B). This was accompanied by reduced viral clearance with a 
high level of viral RNA still present on 12 dpi (fig. S11, C to H). Lungs 
from animals treated with the combination of anti-CD8 antibody and 
Tamiflu had more staining for the virus at 8 dpi (fig. S11I), associated 
with an increased number of pSPC-producing cells that were positive 
for IAV (Fig. 6, A to D, and fig. S12). Consistent with infected AT2 cells 
being preserved, the total number of such cells was higher in animals 
treated with Tamiflu plus anti-CD8 than in animals treated with 
Tamiflu alone (Fig. 6E). Tamiflu plus anti-CD8–treated animals also 
had more AT1 cells than animals treated with Tamiflu alone (Fig. 6, F 
and G) and less apoptosis in this cell population (Fig. 6H). Mice treated 
with Tamiflu plus anti-CD8 had higher blood oxygen saturation (SpO2) 
values compared with those treated with Tamiflu alone (Fig. 6I), indi-
cating better gas exchange capacity in the lung. These data suggested 
that Tamiflu can diminish viral damage despite not entirely preventing 
continued epithelial cell infection and that CD8+ effector T cells con-
tribute to loss of respiratory function at late times by killing these 
infected cells.
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Fig. 3. Limiting immune- or viral-mediated damage changes tissue repair responses. (A) Representative 
immunofluorescence images of lungs of PR8-infected mice treated with Tamiflu starting on 2 dpi. The lungs were 
harvested on 6 dpi. Scale bar: 100 μm. (B) Quantification of Ki67+EpCAMhigh bronchial epithelial cells as shown in 
(A). P values were calculated from a two-tailed Welch’s t test with multiple comparison correction. (C) Represen-
tative immunofluorescence images of lungs of PR8-infected mice treated with anti-Ly6G antibody on 1 dpi. The 
lungs were harvested on 6 dpi. Magnified views of highlighted regions are shown on the right. Arg, arginase 1. 
Scale bars: 1 mm (left and middle) and 50 μm (top and bottom right). (D) Quantification of Ki67+EpCAMhigh 
bronchial epithelial cells after indicated treatments as shown in (C). P values were calculated by a two-tailed 
Welch’s t test. In (B) and (D), each dot represents an individual animal, and the red bars represent the median. 
Data are representative of two independent experiments with n = 4 to 7 mice per group.
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Discussion
Finding treatment strategies that prevent death when administered 
late in the course of severe viral pneumonia has proven difficult. 
Antiviral drugs are the primary choice for hospitalized patients in 
addition to supportive care, and early treatment with such agents is 
highly recommended (15). Here, we applied multiple analytical tech-
nologies to uncover the factors preventing effective treatment with 
either anti-inflammatory or antiviral agents when started late in dis-
ease. Our findings indicate that the damage arising shortly after dis-
ease onset overwhelms the repair capacity of the tissue and passes a 
tipping point of minimal pulmonary function, with homeostasis being 
difficult to regain. Thus, we propose that later in viral pneumonias, 
and possibly also in the case of various forms of ARDS, recovery will 
be favored if there is a rebalancing of immune- and viral-mediated 
damage and tissue repair.

Two lines of evidence suggest that type I IFNs might be key to re-
balancing damage and repair. First, although type I IFNs are a crucial 
component of host immunity with antiviral and immune regulatory 
functions, these cytokines have been recognized to be pathogenic in 

pulmonary infectious diseases such as influenza, 
SARS-CoV, and SARS-CoV2 (13, 35, 36). Previous 
studies have highlighted that the timing of type 
I IFN production is critical to the protective ver-
sus pathogenic influence of this innate response 
in SARS-CoV infection and MERS-CoV infection 
models (18, 37). Early administration (≤5 days 
after hospitalization) of IFN-α2b was associated 
with reduced mortality of hospitalized patients 
with COVID-19, whereas late administration was 
associated with increased mortality (38). Addi
tionally, type I and type III IFNs inhibit AT2 cell 
proliferation and action as a source of stem cells 
for repair (26). Given the robust effect of anti-
IFNAR treatment in our experiments, it appears 
that the type III IFNs play a secondary role in our 
infection model, but additional work is needed to 
determine whether adding inhibition of the latter 
would enhance the rescue effect we see (26).

In addition to AT2 cells, cell types such as 
KRT5+KRT14+p63+ basal cells also serve as sources 
of regeneration after lung damage (39, 40). 
Mesenchymal cells provide fibroblast growth fac-
tor ligands that act on epithelial stem cells to 
promote airway regeneration and on AT2 cells to 
promote alveolar repair (41). Our findings indi-
cate that these cell types accelerate repair upon 
inhibition of type I IFN signaling. A requirement 
for effective function of AT2 cells and associated 
stromal elements supporting epithelial repair is 
consistent with the observations from patients 
dying of COVID-19 that revealed stress of the AT2 
population as a major signal (25).

The strategy to deplete CD8+ T cells emerged 
from considering that cytotoxic CD8+ lympho-
cytes might kill cells that, although infected, may 
have some remaining function. Robust but late-
arising CD8+ T cell responses have been associ-
ated with a worse outcome in COVID-19 infection 
(42). Our data were consistent with depletion of 
CD8+ T cells promoting enhanced survival, al-
though this was permissive to continued viral 
replication, which was attenuated by the simul-
taneous use of Tamiflu.

Our studies showed that different mechanisms 
accounted for the benefit of these two late treat-

ment regimes, suggesting that there are multiple ways to balance the 
rate of cell death and tissue preservation to maintain organ function. 
Thus, it is possible that the other immunomodulatory agents we evalu-
ated in our study might have efficacy in combination with effective 
antiviral therapy even though single treatment with such drugs show 
marginal-moderate effects in human trials in COVID-19 (16, 43–47) in 
combination with high O2 or mechanical ventilation.

Our approach highlights the value of focusing on the temporal evo-
lution of distinct causes of tissue damage in viral ARDS and of the 
effects of the evolving immune response on repair processes in design-
ing more-effective therapies when early use of potent antivirals has 
not occurred. Indeed, we propose that our results suggest that the 
current recommendation against use of Paxlovid and Tamiflu more 
than 5 days after symptoms begin for COVID-19, or 3 days in the case 
of influenza, may not maximize use of these drugs, particularly if em-
ployed in combination with additional treatments to limit severe dis-
ease. These findings provide a rationale for future clinical studies 
aimed at ameliorating severe influenza when antiviral treatments are 
no longer effective on their own.
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Fig. 4. Combination strategies that target type I IFN signaling or CD8+ T cell response in addition to 
viral-mediated damage improve host survival. (A) Overview of combination treatments to enhance repair 
and limit both viral and adaptive immune damage. Mice were infected with 100 TCID50 of PR8 via the OPh. route, 
and Tamiflu and/or anti-CD8 antibody and/or anti-IFNAR antibody were administered intraperitoneally at the 
indicated time points. Weight and survival were monitored. RNA-seq and immunofluorescence imaging were 
carried out at 4, 6, and 8 dpi and 8 and 14 dpi, respectively. (B) Kaplan-Meier plot of infected mice given PBS 
(n = 32), Tamiflu (n = 31), Tamiflu plus αIFNAR (n = 33), Tamiflu plus αCD8 (n = 33), Tamiflu plus αIFNAR plus 
αCD8 (n = 16), αIFNAR (n = 20), and αCD8 (n = 20). Log-rank test was used to calculate P values. Data are 
aggregated from two to four independent experiments. (C) PCA from RNA-seq of all samples and all conditions, 
showing the first two principal components. (D) Location of samples from 8 dpi along principal component  
(PC) 2. An ordinary one-way analysis of variance (ANOVA) was used to compare samples to Tamiflu plus 
αIFNAR. In (C) and (D), each symbol represents an individual animal, and the error bars represent mean ± SD 
(standard deviation). Data are from one experiment. n = 3 or 4 mice per group.
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Materials and methods
Animals, infections, and tissue collection
Eight- to twelve-week-old male C57BL/6 mice were infected with dif-
ferent doses of H1N1 influenza A viruses via the oropharyngeal route 
under isoflurane anesthesia. For studies to address generalizability, 
C57BL/6 female mice, Balb/c male mice, and Balb/c female mice were 
used. Infectious doses were supplied in a volume of 50 μl sterile 0.9% 
sodium chloride (Farris Laboratories). Drugs or antibodies were in-
jected intraperitoneally in 200 μl volumes. Peripheral blood, the lung-
draining lymph nodes, bone marrow, and lungs were harvested at 
various time points after infection. For histology, left lobes were fixed 
with BD CytoFix/CytoPerm (BD Biosciences) diluted in PBS solution 
(1:4) for 1 day at 4°C. After fixation, tissues were washed briefly three 
times (5 min per wash) in PBS and incubated in 30% sucrose for 1 day 
at 4°C before embedding in OCT (optimal cutting temperature) com-
pound (Sakura Finetek, Cat. #4583).

All mice were maintained in specific pathogen–free conditions at 
an Association for Assessment and Accreditation of Laboratory Animal 
Care accredited animal facility at the National Institute of Allergy and 
Infectious Diseases (NIAID). Animals are housed in sterile individually 
ventilated cages on Allentown NexGen racks. Cages are supplied with 
sterile LabDiet 5V0T - Verified 75 IF/Auto EXT MOD or LabDiet 5V0G 

Select Mouse 50 IF/9F Auto rodent 
diets (Animal Specialties and Pro
visions), acidified water in sterile bot
tles, and sterile bedding with fewer 
than five mice per cage, 22.2° ± 1.6°C, 
30 to 70% humidity, and 14 hours 
light–10 hours dark cycle. Euthanasia 
was performed with prolonged ex-
posure of CO2. All procedures were 
approved by the NIAID Animal 
Care and Use Committee (NIH) under 
ASP LISB-4E and follow the Pub
lic Health Service Policy and the 
Guide for the Care and Use of Lab
oratory Animals.

Virus
All studies used influenza H1N1 
A/PR/8/34 (48, 49) seeds (a kind gift 
from J. R. Bennink, NIAID, NIH) prop-
agated in EX-CELL MDCK Serum-
Free Medium for MDCK Cells (Millipore 
Sigma, Cat. #14581C-1000ML).

Experimental design for drug 
treatment after PR8 infection
For screening purposes aimed at 
reducing animal usage and allow-
ing experiments initially conducted 
during early COVID pandemic re-
search restrictions to proceed, sin-
gle experiments were performed for 
each regimen to determine the ef-
ficacy according to power calcula-
tions in which we assumed 100% 
fatalities in the untreated group, 
and with time to death between 6 
and 10 dpi, with most occurring at 
day 7, we would need about three 
survivors (effect of 0.7) for a signifi-
cant difference with an alpha of 0.05. 
This allowed us to run the studies 
with fewer animals (10 per group) 

while still expecting some benefit from treatments without expecting 
very high survival rates. This strategy used dosing regimens derived 
from prior studies showing that the agents achieved their expected 
in vivo effects when used in the manner we employed. These expected 
effects were validated for several of the agents, such as anti–IL-6R and 
anti–IL-6 (IL, interleukin), whose use led to increased circulating IL-6 
and vice versa. In addition, a few of the treatments were repeated 
without change in dosing, with identical results. Per our animal study 
protocol guidelines, animals were monitored by facility veterinarians 
daily and euthanized when their weight decreased by 30%. All drugs 
and the regimens used in this study are listed in tables S1 and S2.

Oxygen saturation measurement
SpO2 level was measured with a pulse oximeter (Kent Scientific 
Corporation, Cat. # MSTAT-JR) according to the manufacturer’s guide.

Immunostaining
Frozen lung tissues were cut at 30 μm on a CM3050S cryostat (Leica) 
and adhered to Superfrost Plus slides (VWR, Cat. # 48311-703) coated 
with 15 μl of chrome alum-gelatin adhesive (Newcomer Supply, Cat. 
#1033A). Frozen sections were washed with PBS and then made perme-
able and blocked in PBS containing 0.3% Triton X-100 (Sigma, Cat. # 
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Fig. 5. Combination strategies that target type I IFN signaling in addition to viral-mediated damage enhance early  
tissue repair. (A) Pathway analysis of Tamiflu plus αIFNAR compared with PBS only. The NES score is on the x axis, and  
the −log10(adjusted P value) is on the y axis. Pathway groupings are colored dots (NS, not significant). (B) Differential 
expression analysis of three genes in each condition compared with PBS. False discovery rate is shown from the edgeR glmLRT 
(generalized linear model likelihood ratio test). Each dot represents an individual animal, and the error bars represent  
mean ± SD. (C to F) Immunofluorescence images and quantification of pSTAT3+ [(C) and (D)] or Ki67+ [(E) and (F)] AT2 cells in 
lungs from PR8-infected mice treated with Tamiflu or Tamiflu plus anti-IFNAR antibody starting on 4 dpi. The lungs were 
harvested on 14 dpi. White arrowheads indicate pSTAT3+pSPC+ cells in (C) or Ki67+pSPC+ cells in (E). Scale bars: 15 μm. In (D) 
and (F), P values were calculated from a two-tailed Mann-Whitney U test. (G) SpO2 of animals given the indicated treatments 
after PR8 infection. SpO2 was measured at 8 and 14 dpi. In (G), two-way ANOVA with Sidak’s multiple comparison test was used 
to calculate P values. Each dot represents an individual animal, and in (D) and (F), the red bars represent the median. In (G),  
the data for individual mice at each time are indicated by the connecting line. Data are representative of two independent 
experiments, except for (A) and (B), where data are from one experiment. n = 3 or 4 mice per group.
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T8787-100ML) and 1% bovine serum albumin (Sigma-Aldrich, Cat. # 
10735086001), and 1% mouse Fc block (BD Bioscience, Cat. #553142) 
followed by staining with antibodies diluted in blocking buffer. The anti-
bodies used in this study are listed in table S3. After staining, slides 
were mounted with Fluormount G (Southern Biotech, Cat. #0100-01) and 
examined on a Leica Thunder Imager or TCS SP8 confocal microscope.

Iterative bleaching extends multiplexity (IBEX)
Iterative staining was performed in the principle of the IBEX protocol 
(50, 51). Briefly, followed by the procedure of immunostaining above, 
fluorophore inactivation was performed with 1 mg/ml of lithium bo-
rohydride for 15 min to inactivate all fluorophores except for Hoechst 
after image acquisition. Samples were further stained with the anti-
bodies for the second cycle of imaging. Image acquisition was carried 
out on the same microscope with the same x and y positions. Z plane 
was adjusted to match the previous round of image with the focus map 

function in LAS X Software (Leica 
Microsystems). Image registration 
was performed with SimpleITK as 
previously described (50, 51).

Microscope configuration
Images were acquired using an in-
verted Leica TCS SP8 X confocal 
microscope equipped with a 20× 
objective (NA 0.75), 4 HyD and 1 PMT 
detectors, a white light laser that 
produces a continuous spectral out-
put between 470 and 670 nm as 
well as 405, 685, and 730 nm lasers 
or Leica THUNDER Imager Tissue 
equipped with a 20× objective (NA 
0.75) (Leica, Cat #11506343), DFC9000 
GTC cMOS camera (Leica), LED 8 
Fluorescent light source (Leica), 
CYR71010 filter cube (Leica). Im
ages were captured at 12-bit, with a 
line average of 3, and 1024-by- 
1024-pixel format for the confocal 
imaging or 8-bit depth or 16-bit, 
2048-by-2048-pixel format for the 
Thunder imaging. Tiling images 
were acquired and merged using 
the LAS X software.

Image acquisition
Images were acquired using an 
inverted Leica SP8 confocal micro-
scope equipped with a 20× objec-
tive (NA 0.75) (Leica, Cat #11506343) 
or 40× objective (NA 1.3) (Leica, Cat 
#11506429), 4 HyD and 1 PMT de-
tectors, a white light laser that pro-
duces a continuous spectral output 
between 470 and 670 nm as well 
as 405, 685, and 730 nm lasers or 
Leica THUNDER Imager Tissue 
equipped with a 20× objective (NA 
0.75), DFC9000 GTC cMOS camera 
(Leica), LED 8 Fluorescent light 
source (Leica), CYR71010 filter cube 
(Leica, Cat. #11525416), and DFT51010 
filter cube (Leica, Cat. #11525418). 
Panels consisted of antibodies con-
jugated to the following fluorophores 

and dyes: Hoechst, eFluor (eF) 450, Alexa Fluor (AF) 488, AF532, PE, 
AF594, AF647, AF700, AF750, DyeLight 755. Single z plane tiled-images 
were acquired from whole left lobe sections. To quantify AT1, AT2, and 
mesenchymal cells and their pSTAT-1 signaling, tiled-z-stack (z-step size: 
0.5 μm, 20 slices) images from whole tissue sections were acquired with 
a Leica SP8 confocal microscope equipped with a 40× objective.

Image processing and analysis
Images were converted to .ims file with Imaris File Converter (Oxford 
Instruments) and Gaussian filters were applied to all images with 
Imaris (10.2.0). For cell segmentation and quantification, .ims files were 
converted to OME-tiff format. The Tissuenet model in Cellpose 2.0 
(52, 53), further trained with our dataset, was used to segment cells. 
Mean intensity of each marker and x, y coordinates were extracted by 
3D ImageJ Suite for FIJI (54). Extracted values were combined into 
a single csv file and analyzed by histocytometry as previously described 
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Fig. 6. Combination strategies that target CD8+ T cells in addition to viral-mediated damage prevent loss of pneumo-
cytes. (A) Immunofluorescence images of lungs from PR8-infected mice treated with Tamiflu or Tamiflu plus anti-CD8 antibody 
starting on 4 dpi. The lungs were harvested on 8 dpi. Low magnified views are shown in fig. S11. White arrowheads indicate 
IAV+pSPC+ cells. Scale bars: 30 μm. (B and C) Contour plots of AT2 population by histocytometry (B) and the quantification  
(C). P value was calculated from a two-tailed Welch’s t test. (D) Histocytometric visualization of pSPC+ IAV− and pSPC+IAV+ 
populations. (E) Quantification (percentage) of AT2 cells. P value was calculated from a two-tailed Mann-Whitney U test.  
(F) Representative podoplanin staining of lungs from PR8-infected mice treated with Tamiflu or Tamiflu plus anti-CD8 antibody 
starting on 4 dpi. The lungs were harvested on 8 dpi. Magnified views of highlighted regions are shown on the right.  
(G) Quantification of podoplanin+ region from z-stack immunofluorescence images. (H) Quantification of cleaved caspase-3+ 
AT1 cells from z-stack immunofluorescence images. P values were calculated from a two-tailed Mann-Whitney U test for (G) and 
(H). (I) SpO2 of animals with the indicated treatments after PR8 infection. SpO2 was measured at 8 dpi. P values were calculated 
from a Tukey’s multiple comparison test. Each dot represents an individual animal, and the red bars represent the median. Data 
are representative of at least two independent experiments. n = 4 to 7 mice per group.
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(55). To quantify IAV-NPhigh pSPC+ cells, a composite image of IAV-NP 
and pSPC was created by adding those channels with Imaris channel 
arithmetic function after subtracting background. After segmenta-
tion of IAV-NP+ and/or pSPC+ cells with Imaris surface function based 
on IAV-NP and pSPC intensity, intensity sum of IAV-NP and pSPC were 
exported and analyzed by Flowjo software as described previously (55). 
For the quantification of AT1 and AT2 cells in z-stack images, we used 
the Imaris Surface function to segment podoplanin, pSPC, and nucleus 
signal. The nuclear staining of Ki67, pSTAT1, and pSTAT3 were further 
quantified on the basis of the threshold function from Imaris.

RNA preparation for RNA-seq
Right inferior lobe was immediately transferred into 1 ml Trizol 
(Thermo, Cat. #15596018), snap-frozen in liquid nitrogen, and kept at 
−80°C. RNA extraction was performed by QIAGEN Nucleic Acid 
Isolation Service (QIAGEN, Germany). RNA integrity number (RIN) 
was determined with Agilent RNA 6000 Nano Kit (Agilent, Cat. # 
5067-1511) for quality check and all samples were above 8.5.

Next-generation sequencing
Sequencing libraries were made from 1 μg total RNA using the TruSeq 
Stranded mRNA kit, according to the manufacturer’s guide (Illumina, 
San Diego, CA). To obtain reads per sample, 2 μl of each purified library 
was combined into a single pool, quantified using the Kapa Library 
Quantification kit (Roche Sequencing Solutions, Pleasanton, CA), di-
luted to 10 pM, and sequenced as 2 × 151 bp reads on the MiSeq instru-
ment using the Nano kit, V2 (Illumina, San Diega, CA). A second 
library pool was created where the volume of each library was cal-
culated on the basis of the read distribution from the MiSeq run to 
create a normalized pool for deep sequencing. The normalized pool 
was quantified using the Kapa Library Quantification kit, diluted to 
1.8 pM, and sequenced as 2 ×151 bp paired-end reads on three 
NextSeq 550 instrument runs using the High Output v2.5, 300 cycle 
sequencing kit. A total depth of 1.04 billion paired-end reads with an 
average of 15.3 million paired-end reads per sample was generated.

RNA-seq data processing
After sequencing, samples were aligned to the mouse genome 
(GRcm39) appended to contain the influenza virus genome (GCF_ 
000865725.1) to account for viral RNA reads. Alignment to the genome 
was done using STAR v2.7.10 (56), and counts were generated using 
featureCounts in the SubRead package v2.0.4 (57). The count tables 
were read into R v4.2.1. Data normalization and differential expression 
analysis were performed using edgeR v3.40.2 (58). Pathway analysis 
was performed using the fgsea package v1.24.0 (59) and the c2cp gene 
set from the MSigDB (60). Pathways were clustered into groups using a 
Euclidean distance metric on the Jaccard index of similarity calculation 
between genes included in the pathway list. Cell type deconvolution 
from RNA-seq data was performed using the MuSIC package v1.0.0 
(61) in R and using the naïve lung single cell data form (62) as a back-
ground. Results were exported to GraphPad/Prism v10.1.1 for display only.

Serum cytokine measurement
Blood obtained by cardiac puncture was placed in Microvette 500 Serum 
Gel tubes (Sarstedt, 20.1344) and allowed to clot before analysis with 
the Lunaris Mouse 12-Plex Cytokine Kit (Ayoxxa Biosystems).

Quantitative polymerase chain reaction
Lung samples were collected into tubes containing Trizol (Invitrogen) 
and manually disassociated in the Trizol followed by processing on 
direct-zol columns (Zymo Research). RNA concentration was deter-
mined on a nanodrop (Thermo Fischer Scientific). cDNA was generated 
using the SuperScript IV VILO master mix (Invitrogen) and 100 ng/μl 
of RNA following a program of 25°C for 10 min, 50°C for 10 min, and 
85°C for 5 min. cDNA was added to a master mix containing Platinum 

Quantitative PCR Supermix UDG with ROX (Invitrogen) and the 
TaqMan (Invitrogen) primer/probe set for influenza A or Hprt. Readout 
was performed in triplicate for each sample using a 15-μl reaction 
volume in a 384-well plate on the Quant Studio 6 (Thermo Fischer). 
The viral cycle threshold values were normalized against Hprt using 
the ΔΔ method, and the change compared to the average of the con-
trols was calculated.

Flow cytometry
For the lungs, the right cranial lobes were used for all experiments. 
Harvested lungs were chopped in 2 ml of a mixture of liberase ther-
molysin medium (TM; 100 μg/ml) (Sigma, Cat. #5401127001) and 
DNaseI (100 μg/ml) (Roche, Ct. #04716728001) in RPMI-1640 (Thermo 
Fisher Scientific, Cat. #11875093) and transferred to gentleMACS C 
Tubes (Miltenyi Biotech, Cat. #130-093-237). Samples were homoge-
nized by two cycles of mechanical dissociation with a gentleMACS 
Dissociator (Miltenyi Biotech, Cat. #130-093-235) and incubated at 
37°C for 30 min for enzymatic digestion in between. Single-cell suspen-
sions were obtained by adding EDTA at a final concentration of 20 mM 
to stop the enzymatic reaction and passing through a 70 μm nylon mesh. 
Cells were washed in PBS with 2% fetal bovine serum, 5 mM EDTA 
(hereafter FACS buffer) twice. The lung-draining lymph nodes were har-
vested and digested in 500 μl of RPMI with liberase TM (200 μg/ml) 
at 37°C for 30 min. Single-cell suspensions were obtained by adding 
EDTA at a final concentration of 20 mM to stop the enzymatic reaction 
and passing through a 70 μm nylon mesh. Cells were washed in FACS 
buffer twice. Bone marrow cells were flushed from the femora and 
tibiae. Suspensions were passed through a 70 μm nylon mesh. Periphe
ral blood was collected from the inferior vena cava. BD Pharm Lyse 
Lysing Buffer (BD Biosciences, Cat. #555899) was used to lyse red blood 
cells. Cells in FACS buffer were blocked with anti-CD16/CD32 (Bio
Legend, Cat. #101302) and then were incubated with fluorochrome-
conjugated antibodies with LIVE/DEAD fixable dead cell stain dye 
(Thermo Fisher Scientific, Cat. # 423108). Staining and washing were 
performed at 4°C. CountBright Absolute Counting Beads (Thermo 
Fisher Scientific, Cat. # C36950) were added into cell suspension before 
analysis. Cells were analyzed on an LSR Fortessa flow cytometer (BD 
Biosciences), and data were analyzed with FlowJo software (BD).

Tissue clearing
Volumetric imaging with optically cleared samples were performed as 
described previously with slight modification (63). Briefly, frozen lung 
samples were sectioned at 500 μm on a CM3050S cryostat. The samples 
were hydrated and washed with PBS to remove OCT in a 24-well plate. 
Samples were incubated for at least 12 hours in BD Perm/Wash Buffer 
(BD Bioscience) containing 1% mouse Fc block (BD Bioscience, Cat. 
#553142) and stained with titrated antibodies in BD Perm/Wash Buffer 
(BD Bioscience, Cat. #554723) containing 1% Fc block for 24 hours at 
room temperature on a shaker. Stained samples were washed with BD 
Perm/Wash Buffer three times for at least 20 min at room temperature 
on a shaker. Samples were transferred on a slide with two silicon isola-
tors (Grace BioLabs, Cat. #664407) and treated with 200 μl of Ce3D 
medium [1.82 g Histodenz (Millipore Sigma, Cat. #D2158-100G, 0.1% 
triton, and 0.5% thioglycerol (Millipore Sigma, Cat. #M1753) per 1 ml 
40% N-methylacetamide (Millipore Sigma, Cat. #M26305–500G) in PBS] 
inside a chemical fume hood and sealed with a cover slip (Electron 
Microscopy Sciences, Cat. #63766-01) and incubated at room temperature 
on a shaker overnight. After removing the old Ce3D, cleared samples 
were mounted with 40 μl of new Ce3D and sealed with a coverslip with 
two SecureSeal Imaging Spacers (Grace Bio-Labs, Cat. #654002).

Quantification and statistical analysis
Statistical tests performed for a given analysis are denoted in the figure 
legends. For this manuscript, P < 0.05 was considered as a significance thresh-
old. All statistical tests were performed in R or GraphPad/Prism v10.
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