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SUMMARY
Previous studies have shown that the high mortality caused by viruses such as severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) and influenza virus primarily results from complications of a cytokine
storm. Therefore, it is critical to identify the key factors participating in the cytokine storm. Here we demon-
strate that interferon-induced protein 35 (IFP35) plays an important role in the cytokine storm induced by
SARS-CoV-2 and influenza virus infection. We find that the levels of serum IFP35 in individuals with SARS-
CoV-2 correlates with severity of the syndrome. Using mouse model and cell assays, we show that IFP35
is released by lung epithelial cells and macrophages after SARS-CoV-2 or influenza virus infection. In addi-
tion, we show that administration of neutralizing antibodies against IFP35 considerably reduces lung injury
and, thus, the mortality rate of mice exposed to viral infection. Our findings suggest that IFP35 serves as a
biomarker and as a therapeutic target in virus-induced syndromes.
INTRODUCTION

Regular outbreaks of infectious diseases caused by respiratory

viruses such as influenza virus and coronaviruses pose a signif-
C
This is an open access article under the CC BY-N
icant threat to human health (Belongia and Osterholm, 2020;

Gostin and Salmon, 2020). The ability of viruses to mutate

frequently results in loss of efficacy of existing antiviral drugs

and vaccines (Hou et al., 2020; Petrova and Russell, 2018;
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Shinde et al., 2021). As observed in the sera of individuals criti-

cally ill with coronavirus disease 2019 (COVID-19) or influenza,

pro-inflammatory cytokines, including tumor necrosis factor

(TNF) and interleukin-6 (IL-6) are increased significantly

compared with levels in uninfected people (Buszko et al., 2020;

Song et al., 2020; Zhu et al., 2020). In these infected individuals,

onset of cytokine storm represents deterioration of the disease

to acute respiratory distress syndrome (ARDS), a life-threatening

condition associated with lung injury (Bosmann andWard, 2013;

Florescu and Kalil, 2014; Mulchandani et al., 2021; Tang et al.,

2020; Zhou et al., 2020a). Thus, immunomodulators to dampen

the cytokine storm will be of benefit when they are used in com-

bination with antiviral drugs.

A number of immunotherapies are currently available to treat

virus-induced cytokine storm, including corticosteroids, which

systematically suppresses the immune system, and cytokine

antibodies, which directly target cytokines, such as IL-6, TNF,

and granulocyte-macrophage colony-stimulating factor (GM-

CSF) (Arabi et al., 2018; De Luca et al., 2020; Delaney et al.,

2016; Gokhale et al., 2021; Luo et al., 2020; Salama et al.,

2021; Soin et al., 2021; Stone et al., 2020). Although these ther-

apies have been used in emergencies to alleviate lung injury

caused by excessive inflammation, a large-scale clinical trial

has shown that administration of these anti-inflammatory drugs

alone fails to yield high-level efficacy (https://www.roche.com/

media/releases/med-cor-2020-07-29.htm). These results indi-

cate that other inflammatory factors are also involved in virus-

induced syndromes.

Increasing evidence suggests that damage-associated mo-

lecular patterns (DAMPs) are crucial in inflammatory regulation

processes (Gong et al., 2020; Zhang et al., 2010). DAMPs acti-

vate nuclear factor kB (NF-kB), mitogen-activated protein ki-

nases, as well as other pathways by interacting with pathogen

recognition receptors (PRRs) and subsequently induce produc-

tion of pro-inflammatory cytokines, which further exacerbate in-

flammatory responses and cause organ damage (Cicco et al.,

2020; Harris and Raucci, 2006; Vourc’h et al., 2018). Previous re-

ports have suggested that respiratory virus infection results in

release of large amounts of pro-inflammatory DAMPs (Land,

2021; Patel et al., 2018; Samy and Lim, 2015). We propose

that targeting DAMPs is a potentially effective approach for

life-saving treatment of influenza and COVID-19.

We reported recently that interferon-induced protein 35

(IFP35) is released by macrophages stimulated by lipopoly-

saccharide (LPS) or bacteria (Xiahou et al., 2017). The

released IFP35 is recognized by Toll-like receptor 4 (TLR-4);

as a result, the NF-kB pathway is activated, enhancing the

overall inflammatory response. Knockout of Ifp35 alleviates

the inflammatory response and increases the survival rate of

mice in a LPS-induced sepsis shock model. Here we set out

to examine the functions of IFP35 in severe syndromes

induced by severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) or influenza virus. Our analysis showed that

the concentration of serum IFP35 was highly related to the

severity of COVID-19. In addition, administration of neutral-

izing antibodies against IFP35 dramatically attenuated lung

injury and the mortality rate in SARS-CoV-2- and influenza vi-

rus-infected mice.
2 Cell Reports 37, 110126, December 21, 2021
RESULTS

Clinical characteristics and classification of the
individuals with COVID-19
We collected and systematically analyzed the sera of 150 indi-

viduals with COVID-19. To simplify the subsequent analysis,

we classified individuals with mild and ordinary disease as not

severely ill and individuals with severe and critical disease as

severely ill. The individuals were divided into two groups (Fig-

ure 1A). Group 1 included 112 individuals whose sera were

collected on admission. 83 and 29 patients in group 1 were clas-

sified as severely ill and not severely ill, respectively (Table S1).

Group 2 included 38 individuals whose sera were collected after

4–34 days of treatment in hospital. The average ages of the indi-

viduals in group 1 and group 2 were 64 (31–87 years) and 62

(35–84 years), respectively. The age distribution of the individ-

uals is shown in Figure 1B, with 73% of severely ill individuals

and 55% of not severely ill individuals being older than 60 years.

In addition, we collected the sera of 40 uninfected donors with

similar gender and age distributions as control samples.

Severe incidence in group 1 and group 2 was 74% (83 of 112)

and 76% (29 of 38), respectively. After 4–34 days of treatment,

the health of 80.3% individuals (90 of 112) in group 1 improved,

including all not severely ill (29 of 112) and 61 (61 of 112) severely

ill individuals. 13.4% (15 of 112) severely ill individuals were

worse, and 6.3% (7 of 112) died. The rates of improvement,

worsening, and death in group 2 were 65.8% (25 of 38), 5.3%

(2 of 38), and 28.9% (11 of 38), respectively. A statistical analysis

was performed for the basic physiological conditions of the indi-

viduals in group 1 (Table S5). The blood parameters from 112 in-

dividuals with COVID-19 are shown as a heatmap in Figure 1C.

Consistent with the results described in previous reports (Guan

et al., 2020; Liu et al., 2020), we found lymphocytopenia,

elevated C-reactive protein (CRP), lactose dehydrogenase

(LDH), procalcitonin (PCT), and D-dimer in severely ill individuals.

For instance, the average count of lymphocytes in uninfected do-

nors was 1.1–3.8 3 109/L. However, the average count of lym-

phocytes in the 83 severely ill individuals in group 1 was 1.08 ±

0.60 3 109/L. Elevated CRP (R10 mg/mL), LDH (R250 U/L),

PCT (R0.05 ng/mL), and D-dimer (R0.5 mg/mL) in severely ill in-

dividuals were 72.3%, 73.5%, 71.1%, and 78.3%, respectively.

Detailed information for all individuals and uninfected donors is

shown in Tables S1–S4.

Blood IFP35 levels reflect the severity of COVID-19
To study whether IFP35 is involved in the pathogenic process of

COVID-19, we tested the concentrations of blood IFP35 in the

patients of group 1 using an enzyme-linked immunosorbent

assay (ELISA). As shown in Figure 1D, the blood levels of

IFP35 in 40 uninfected donors were below 150 pg/mL, the

detection limit (average, 46 ± 16 pg/mL). Similar results were

also observed in the 29 not severely ill individuals, with only

six individuals’ blood IFP35 levels higher than 150 pg/mL

(average, 171 ± 59 pg/mL). However, we found that the average

serum concentrations of IFP35 in 81.9% severely ill individuals

(68 of 83) were higher than 150 pg/mL, with the average reach-

ing a high level of 950 ± 135 pg/mL. For comparison, we also

measured serum IL-6 levels, recognized previously as a

https://www.roche.com/media/releases/med-cor-2020-07-29.htm
https://www.roche.com/media/releases/med-cor-2020-07-29.htm


Figure 1. Examination of serum IFP35 in 112 individuals with COVID-19

(A) 150 individuals with COVID-19 were divided into group 1 and group 2 according to their blood draw time.

(B) The age distribution in healthy individuals and those with COVID-19 in group 1.

(C) Heatmap of blood parameters from 112 individuals with COVID-19 and Z score (Z = (x� m)/s) of blood parameters in individuals with critical, severe, ordinary,

and mild COVID-19. Each cell represents an individual, and a black cell means the data were not available. The cases of each group are listed in the heatmap in

descending order of IFP35 serum concentration.

(D and E) ELISA results of IFP35 (D) and IL-6 (E) in the sera of individuals with COVID-19 in group 1 (uninfected people, n = 40; not severely ill individuals, n = 29;

severely ill individuals, n = 83). Significance was calculated by nonparametric Mann-Whitney U test. ***p < 0.001, **p < 0.01; ns, no significance.

(F) ROC curve of IFP35, IL-6, TNF, PCT, and CRP comparing severely ill cases (n = 83) and not severely ill cases (n = 29). Area of ROC curve, 95% confidence

interval (CI), cutoff value, and sensitivity and specificity of the cut off value are shown in the table.
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biomarker indicating the severity of COVID-19 (Liu et al., 2020).

Our results showed that the serum IL-6 levels in not severely

ill and severely ill individuals were 14 ± 5 pg/mL and 66 ± 9

pg/mL, respectively (Figure 1E), which was consistent with the

previous report.

To evaluate the accuracy of IFP35 to predict the severity of

COVID-19, we obtained the ROC curves of IFP35 and other clin-

ically available biomarkers, including CRP, PCT, TNF, and IL-6.

As shown in Figure 1F, the area under the curve of IFP35 is

0.81. The optimal cutoff value of the serum IFP35 concentration

is 131.7 pg/mL (sensitivity, 81.93%; specificity, 75.86%), which

is comparable with those of CRP andPCT. These results showed

that the serum concentrations of IFP35 are correlated with the

severity of COVID-19, indicating that IFP35 has potential as a

clinical diagnostic marker.
Blood IFP35 is a biomarker of COVID-19
To study the characteristics of blood IFP35 as biomarker of

COVID-19, we performed a statistical analysis of the clinical pa-

rameters of the 112 individuals with COVID-19 in group 1. First,

our binary logistic regression analysis clearly showed that IFP35

was the main factor (p = 0.001) associated with the severity of

disease (Figure 2A). In addition, we performed principal-compo-

nent analysis (PCA) to study the correlation between serum

levels of IFP35 and disease severity. As shown in Figure 2B

and Table S6, two components, PC1 and PC2, are characterized

by the largest and second-largest eigenvalues. These two com-

ponents are responsible for 50.97% of the overall variance. PC1

comprised four main variables (CRP, LDH, IL-6, and neutrophils)

and was responsible for 39.06% of total variability. PC2

comprised the main variable IFP35 and was responsible for

11.91% of total variability (Table S7). Furthermore, our Spear-

man’s rank analysis showed that the correlation between

IFP35 and age (r = 0.04, p = 0.68), IL-6 (r = 0.05, p = 0.58),

CRP (r = 0.13, p = 0.19), and PCT (r = 0.04, p = 0.68) was not sig-

nificant (Figures 2C–2F). Thus, our results suggest that IFP35

serves as a biomarker of COVID-19 that is not related to previ-

ously reported biomarkers.
Blood IFP35 levels predict the outcome of individuals
with COVID-19
To examine whether serum concentrations of IFP35 change

during the course of the disease, we conducted a follow-up

study by randomly selecting eight individuals with COVID-19

in group 1 and measured the concentrations of IFP35 and IL-

6 in their sera before and after treatment (Table S3). Eight indi-

viduals who were diagnosed with severe pneumonia on admis-

sion had high serum levels of IFP35 and IL-6. After treatment,

both IFP35 and IL-6 decreased to a level comparable to those

in unifected donors (Figures 3A and 3B). The individuals’ condi-

tion was also confirmed by chest computed tomography (CT)

scanning. Before treatment, we observed multifocal ground-

glass opacities around the lungs, especially on the marginal

area of the lungs, which is characteristic of COVID-19 infection

(Guan et al., 2020; Liu et al., 2020; Zhou et al., 2020a). As shown

in Figure 3C, the lung lesions improved considerably after

treatment.
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Next we analyzed the correlation between IFP35 serum levels

and treatment outcome using 38 individuals in group 2 (Table

S2). In the sera of 11 deceased individuals in this group, the con-

centrations of IFP35 reached an average of 4,683 ± 1,233 pg/

mL. Notably, 10 of the 11 deceased individuals exhibited serum

IFP35 levels ranging from 1,046 pg/mL to 12,435 pg/mL, which

was above 950 pg/mL, the average level for severely ill individ-

uals in group 1 (Figure 3D). In contrast, the average level of serum

IFP35 in improved individuals was 137 ± 41 pg/mL, which was

close to those levels detected in uninfected donors. In contrast

to IFP35, IL-6 levels showed no clear correlation with treatment

outcome (Figure 3E). These results demonstrate that IFP35 is

related to development of disease and may be used as a marker

to predict prognosis.

SARS-CoV-2 and influenza virus infection promote
release of IFP35 in mouse models
Considering the possibility that clinical individuals are cross-in-

fected with multiple pathogens and various basic diseases, we

further studied release of IFP35 upon SARS-CoV-2 infection us-

ing human angiotensin-converting enzyme 2 transgenic mice

(HFH4-hACE2 in C3B6 mice) (Zhou et al., 2020b). The sera of

mice (n = 5) were collected 4 days after intranasal inoculation

with 53 the median lethal dose (5LD50) of SARS-CoV-2

(WIV04). As shown in Figures 4A and 4B, the concentrations of

serum mouse interferon-induced protein 35 (mIFP35) and

mouse interleukin-6 (mIL-6) in SARS-CoV-2-infected mice

reached 819.3 ± 295.5 pg/mL and 137.5 ± 52.89 pg/mL, respec-

tively. In contrast, the average levels of these two proteins in the

sera of uninfected hACE2 transgenic mice only reached 102 ±

59.93 pg/mL and 24 ± 1.74 pg/mL. In addition, we studied

release of IFP35 in influenza-infected mice. We inoculated

C57BL/6J mice (n = 5) with 2LD50 (2 3 106 plaque-forming units

[PFUs]) of the A/Puerto Rico/8/1934 (H1N1) virus and collected

their sera after infection.We found that the serum concentrations

of IFP35 in C57BL/6J mice were constrained at a relatively low

level under influenza virus infection within 48 h. They were

elevated significantly on the third day and increased gradually

over the first 7 days after infection (Figure S1B). The concentra-

tions of mIFP35 and mIL-6 in PR8 infected mice reached 1,024 ±

135 pg/mL and 135.8 ± 11.48 pg/mL 3 days after infection (Fig-

ures 4C and 4D). In mock-infected mice, they were only 118 ± 60

pg/mL and 23.69 ± 9.79 pg/mL, respectively. The process of

lung damage induced by PR8 was studied using hematoxylin

and eosin staining (Figure S1C). These results indicate that

SARS-CoV-2 and influenza virus infection result in elevated

serum levels of IFP35.

IFP35 has been reported to be released by macrophages

stimulated by LPS (Xiahou et al., 2017). However, it remains un-

clear whether they are released by macrophages or lung epithe-

lial cells during viral infection. Thus, A549 lung epithelial cells

and RAW264.7 macrophage were inoculated separately with

A/Puerto Rico/8/1934 (H1N1) virus (5 MOI). Phosphate-buffered

saline (PBS) and 100 ng/mL LPS were used as negative and

positive control, respectively. We found that IFP35 was

secreted 3 h after influenza infection (Figure S1A). As shown

in Figure 4E, we detected minimal amounts of IFP35 in A549

cell culture medium inoculated with PBS. In contrast, IFP35



Figure 2. Correlations between serum levels of IFP35 with disease severity and other clinical parameters

(A) Binary logistic regression analyses of clinical parameters associated with disease severity; severely ill cases (n = 83) versus not severely ill cases (n = 29).

(B) Principal-component analysis (PCA) of clinical parameters in 112 individuals with COVID-19. PC1 explains 39.06% of the variation, and PC2 explains 11.91%

of the variation. Color denotes disease status (severely ill, n = 83; not severely ill, n = 29).

(C–F) Spearman’s correlation analysis of serum level of IFP35 with age (C), IL-6 (D), CRP (E), and PCT (F). Correlations with r > 0.3, r < �0.3, and p < 0.01 were

considered significant.
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Figure 3. Blood IFP35 reflected the turnover

of individuals with COVID-19

(A andB) Serum IFP35 (A) and IL-6 (B) in 8 severely ill

individuals with COVID-19 before and after treat-

ment. Significance was calculated by two-tailed

Wilcoxon matched-pairs signed rank test (*p < 0.05,

**p < 0.01).

(C) Chest computed tomography (CT) in a severely

ill individual with COVID-19 before and after treat-

ment. The bilateral, multiple, patchy, ground-glass

opacities before treatment are indicated by red ar-

rows and were located in the same position after

treatment when the lesions were improved.

(D and E) IFP35 (D) and IL-6 (E) in the sera of in-

dividuals in group 2. Data from 11 deceased in-

dividuals and 26 improved individuals are shown as

orange dots and blue dots, respectively.
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increased up to 2,378 ± 339 pg/mL 6 h after infection and rose

to 3,588 ± 20 pg/mL 12 h after infection. We obtained similar re-

sults when using mouse macrophage RAW264.7 cells infected

with influenza virus (Figure 4F). A549 human lung epithelial cells

and RAW264.7 mouse macrophages released IFP35 protein

upon influenza virus infection.

The pro-inflammatory action of IFP35 in an influenza-
infected mouse model
We speculated that released IFP35 enhances the inflammatory

response during virus infection. To test this hypothesis, we built

an influenza virus-induced sepsis model by inoculating mice

intranasally with 2LD50 of PR8 virus. A group of 8-week-old

Ifp35�/� mice was studied using age- and sex-matched

C57BL/6J wild-type mice as a control. Wild-type and knockout

mice infected with influenza virus developed symptoms of pneu-

monia. The mice were then monitored daily for survival, weight

loss, and clinical signs of illness (e.g. lethargy, piloerection,
6 Cell Reports 37, 110126, December 21, 2021
ruffled fur, hunched posture, rapid shallow

breathing, and audible crackling) for

14 days. A clinical score ranging from

0 (no symptoms) to 5 (death or moribund)

was recordeddaily for eachmouseaccord-

ing to a previous study (Shirey et al., 2013).

Thebodyweight of Ifp35�/� andwild-type

mice reached the lowest value 7 and 8 days

after infection. The average body weight of

wild-type and Ifp35�/� mice decreased to

76.03% and 72.2% of that before infection,

respectively (Figure 5A). In contrast with a

limited difference in body weight loss,

Ifp35�/� mice showed mild clinical symp-

toms, as indicated by clinical scores in the

firstweekafterPR8 infection (Figure5B).Ac-

cording to the clinical score, Ifp35 knockout

delayed thepeak incidenceofmice fromday

7 today9.At themost severe stage, theclin-

ical scoreofwild-typemicewas4.22 (day7),

whereas the clinical score of Ifp35�/� mice

was 3.05 (day 9). The survival rate of
Ifp35�/� mice was 50% (6 of 12), which was higher than that of

wild-type mice (25%, 3 of 12) (Figure 5C).

To inspect lung injury caused by influenza virus, we performed

hematoxylin and eosin (H&E) staining of the lung tissues collected

on day 3. As shown in Figure 5D, the lung tissue of wild-typemice

was damaged severely following infection with influenza virus.

The alveolar space and alveolar septum were filled with fibrin

exudation. Lymphocyte and macrophage infiltration was

observed in multifocal lesions. Accumulation of these inflamma-

tory cells in the alveolar interstitiumcaused thickeningof the alve-

olar walls. In contrast, the lung tissue of Ifp35�/� mice appeared

to remain largely intact after infection, with only a small amount of

fibrin exudation detectable in the alveolar space. Bronchial

epithelial cells were slightly degenerated and desquamated.

The lung tissue of PBS-inoculated Ifp35�/� mice was intact,

and no lesions were observed. This appearance was similar

to that of PBS-inoculated C57BL/6Jwild-typemice (healthy con-

trols). The pathological score of lung tissue in Ifp35�/�



Figure 4. IFP35 was released in vitro and

in vivo upon virus infection

(A andB) IFP35 (A) and IL-6 (B) in the sera of hACE2

mice 4 days after SARS-CoV-2 (5LD50, 1.5 3 105

tissue culture infectious dose 50 [TCID50]/50 mL)

infection; n = 5.

(C and D) IFP35 (C) and IL-6 (D) in the sera of

C57BL/6J mice 3 days after PR8 (2LD50, 2 3 106

PFU) infection; n = 3.

(E and F) IFP35 released by A549 (E) and

RAW264.7 (F) cells, stimulated by PR8 (5 MOI).

LPS (100 ng/mL) and PBS were used as positive

and negative control, respectively.

Data are mean values ± SEM. Significance in (A)–

(D) was analyzed using unpaired Student’s t test.

Significance of (E) and (F) was conducted by

multiple-comparisons one-way analysis of vari-

ance (ANOVA). *p < 0.05, **p < 0.01, ***p < 0.001.
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mice decreased significantly (p < 0.01) compared with that of

wild-typemice (Figure 5E). Nextwemeasured the concentrations

of TNF and IL-6 in the sera of influenza virus-infected mice. Our

results showed that the mean values of serum TNF and IL-6 in

wild-typemicewere 578± 63pg/mLand255±105pg/mL, higher

than that in Ifp35�/�micewith 377 ± 39 pg/mL (p < 0.01) and 67 ±

11 pg/mL (p < 0.01), respectively (Figures 5F and 5G).

Because Ifp35�/� alleviated clinical symptoms and protected

the host from lethal influenza virus infection, we investigated

whether these effects were due to antiviral activity in Ifp35�/�

mice. We determined the replication levels of the progeny influ-

enza virus in mice using quantitative reverse-transcriptase poly-

merase chain reaction (qRT-PCR). As shown in Figure 5H, we

found that the mean values of viral genome RNA (vRNA)

(log10
(vRNA copies/g)) in wild-type and Ifp35�/� mice reached 7.83

and 8.31, respectively. Because there was little significant differ-

ence in the values of viral genome RNA (p = 0.1797) between

Ifp35�/� and thewild-type groups, we concluded that the protec-

tive effects of knockout resulted from inhibition of the pro-inflam-

matory response rather than from virus replication. Our results

are in agreement with a previous report showing that Ifp35 defi-

ciency causes reducedmorbidity inmousemodels of highly path-

ogenic H5N1 and pandemic H1N1 influenza virus infection by

decreasing production of specific cytokines and chemokines

but not affecting virus replication (Gounder et al., 2018).

Anti-IFP35 protects mice from SARS-CoV-2 and
influenza virus infection
To study whether released IFP35 exacerbated the severity of the

inflammatory response, we developed a neutralizing antibody
Cell
against IFP35 (anti-IFP35). The activity

of the antibody was tested in SARS-

CoV-2- and influenza virus-induced

sepsis models, using a mouse immuno-

globulin G (mIgG) as a negative control.

We developed a severe sepsis model

by infecting mice with 2LD50 of PR8 virus.

The process of the influenza virus

infected mouse model is shown in
Figure 6A. Briefly, on day �1, 1 day prior to virus infection, 8-

week-old C57BL/6J mice in the testing group (n = 12) and

control group (n = 12) were injected intravenously with 200 mg

anti-IFP35 and 200 mg mIgG, respectively. The mice were inoc-

ulated intranasally with 2 LD50 of PR8 virus on day 0. The mice

were administered the corresponding antibody daily for 5 suc-

cessive days. Each mouse was weighed, and the clinical symp-

toms mentioned above were scored daily for 2 weeks. As shown

in Figures 6B and 6C, mice treated with anti-IFP35 showed mild

symptoms with lower clinical scores throughout the 14 days af-

ter infection compared with mIgG-treated mice, although their

body weight loss failed to improve. At the end of the experiment,

75% (9 of 12) of the mice in testing group survived, whereas

25% (3 of 12) of the mice treated with mIgG survived (Figure 6D).

H&E staining showed that the lung tissue of virus-infected pos-

itive control and mIgG-treated mice was damaged severely and

lost the whole structure. The alveolar space and alveolar

septum were merged and filled with fibrin exudation, lympho-

cyte and macrophage infiltration, and hyaline membrane forma-

tion. However, the lung tissue of anti-IFP35-treated mice

remained largely intact, although we still detected multifocals

with collagen fibrin exudation, inflammatory cell infiltration,

and thickened alveolar walls (Figure 6E). The pathological score

of lung tissue in anti-IFP35-treated mice decreased significantly

(p < 0.01) compared with that of mIgG-treated mice (Figure 6F).

Furthermore, the serum TNF level in anti-IFP35-treated mice

was 221 ± 7 pg/mL, a significant decrease (p < 0.01) compared

with 356 ± 42 pg/mL in mIgG-treated mice (Figure 6G). Howev-

er, we failed to detect a significant difference in the number of

viral genome RNA copies between each group of mice,
Reports 37, 110126, December 21, 2021 7



Figure 5. Ifp35�/� mice have attenuated clinical symptoms after lethal influenza virus infection

(A–C) Body weight loss (percent) (A), clinical score (B), and survival rate (percent) (C) of C57BL/6J wild-type mice and Ifp35�/� mice infected with PR8 (2LD50);

n = 12.

(D) H&E staining of the lung tissue. Lymphocyte and macrophage infiltration in the multifocal lesions is indicated by black arrow. Fibrin exudation in the alveolar

space and alveolar septum is indicated by a red arrow. Degenerative and desquamated bronchial epithelial cells are indicated by a green arrow. Scale bars,

100 mm. The picture is shown as original magnifications 3100.

(E) The pathological score of the lung tissue in Ifp35�/� mice.

(F and G) Serum TNF and IL-6 (pg/mL) in mice 3 days after PR8 infection, detected by ELISA; n = 5.

(H) qRT-PCR results of PR8 viral genome RNA (nucleoprotein, NP) in the lung tissue of C57BL/6J wild-type mice and Ifp35�/� mice 3 days after infection; n = 6.

Data in (E)–(H) are mean values ± SEM. Significance in (A) and (B) was calculated with two-way ANOVAwith Sidak’s post-test. Significance in (C) was determined

using log rank test. Significance in (E)–(H) was assessed by Mann-Whitney U test. *p < 0.05,**p < 0.01, ***p < 0.001; ns, no significance.
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suggesting that anti-IFP35 minimally affected progeny virus

replication (Figure 6H).

Next we investigated the function of anti-IFP35 in COVID-19,

which was induced by an extremely high dose (5LD50) of SARS-

CoV-2. 24 8-week-old hACE2 male mice were divided randomly

into testing and control groups. As shown in Figure 7A, on day

0, each mouse was inoculated intranasally with 5LD50 of SARS-

CoV-2, which was determined to kill 100% of mice within

10 days. 24 h later, anti-IFP35 was administered daily intraper-

itoneally (i.p.) (250 mg per mouse from day 1 to day 3). 12 h later,

anti-IFP35 was administered every 12 h for 5 consecutive days
8 Cell Reports 37, 110126, December 21, 2021
(250 mg per mouse from day 3.5 to day 8) (Figure 7A). Each

mouse was weighed and scored daily for 2 weeks. In this

SARS-CoV-2-induced sepsis model, all mice administered

mIgG died within 10 days (Figure 7B). In addition, mice treated

with mIgG showed severe clinical symptoms with a clinical

score of 5 from day 6. These severe clinical symptoms

improved little in the late stages of infection (Figure 7C). In

this critical case, anti-IFP35 still protected 25% of mice (3 of

12) from SARS-CoV-2-induced lethality during the 14-day

period (Figure 7D). This result was consistent with the reduced

body weight loss and clinical scores of anti-IFP35-treated mice



Figure 6. Anti-IFP35 protected C57BL/6J mice from lethal influenza virus infection

(A) Schematic of the experimental protocol using anti-IFP35 against influenza infection.

(B–D) Body weight loss (percent) (B), clinical score (C), and survival rate (percent) (D) of anti-IFP35- or mIgG-treated mice under 23 106 PFU PR8 virus infection;

n = 12.

(E) H&E staining of the lung tissue. Scale bars, 100 mm.Multifocals with collagen fibrin exudation are indicated by a red arrow. Inflammatory cells are indicated by a

black arrow.

(F) The pathological score of the lung tissue in anti-IFP35-treated mice decreased.

(G) Serum TNF in anti-IFP35- or mIgG-treated mice infected with 2LD50 PR8 virus.

(H) PR8 viral genome RNA (nucleoprotein, NP) in the lung tissue of C57BL/6J mice; n = 3.

Data in (F)–(H) are mean values ± SEM. Significance in (B) and (C) was calculated with two-way ANOVAwith Sidak’s post-test. Significance in (D) was determined

using log rank test (*p < 0.05, **p < 0.01). Significance in (F)–(H) was assessed by Mann-Whitney U test (*p < 0.05, **p < 0.01, ***p < 0.001; ns, no significance).
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from day 6 after infection (Figures 7B and 7C). We also found

that the lung tissue of mIgG-injected control mice or virus-in-

fected control mice was damaged and lost its structure. How-

ever, the lung tissue of anti-IFP35-treated hACE2 mice

remained intact, with no visible lesions, and the appearance

of the alveoli was similar to those of PBS-inoculated control

mice (Figure 7E). The pathological score of lung tissue in anti-

IFP35-treated mice decreased significantly (p < 0.01) compared

with that of mIgG-treated mice (Figure 7F). Furthermore, we

failed to detect any significant difference for viral genome

RNA copies between the different groups, suggesting that

anti-IFP35 minimally affected progeny virus replication (Fig-

ure 7G). Our results demonstrated that anti-IFP35 alleviated
the clinical symptoms and protected the mice from lethal

SARS-CoV-2 or influenza virus infection, although the efficiency

is different for these two syndromes.

DISCUSSION

Here we identified IFP35 as a promising biomarker and thera-

peutic target for the syndromes induced by SARS-CoV-2 or influ-

enza virus. Our result showed that serum IFP35 increased in

individuals with COVID-19, especially in severe cases. In addi-

tion, we found that IFP35 was released by macrophages and

lung epithelial cells after SARS-CoV-2 or influenza virus infec-

tion. Administration of IFP35 neutralizing antibodies remarkably
Cell Reports 37, 110126, December 21, 2021 9



Figure 7. Anti-IFP35 protected hACE2 mice from lethal SARS-CoV-2 infection

(A) Schematic of the experimental protocol using anti-IFP35 against SARS-CoV-2 infection.

(B–D) Body weight loss (percent) (B), clinical score (C), and survival rate (percent) (D) of anti-IFP35- or mIgG-treated mice under 5LD50 (1.5 3 105 TCID50/50 mL)

SARS-CoV-2 infection; n = 12.

(E) H&E staining of the lung tissue. Scale bars, 100 mm. Inflammatory cells, fibrin exudation, and red blood cells blocked in the blood vessel are indicated by black,

red, and blue arrows, respectively.

(F) The pathological score of the lung tissue in anti-IFP35-treated mice.

(G) SARS-CoV-2 viral genome RNA (S gene) in the lung tissue of hACE2 mice 4 days after SARS-CoV-2 infection (5LD50); n = 3.

Data in (F and G) are mean values ± SEM. Significance in (B) and (C) was calculated with two-way ANOVA with Sidak’s post-test. Significance in (D) was

determined using log rank test. Significance in (F) and (G) was assessed by Mann-Whitney U test. *p < 0.05, **p < 0.01, ***p < 0.001; ns, no significance.
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alleviated severe pneumonia and reduced the fatality rate in

SARS-CoV-2- or influenza-infected mice.

We showed that the content of IFP35 in serum was correlated

positively with the condition of individuals infected with SARS-

CoV-2. Compared with the extensively used biomarkers in the

clinic, including CRP and PCT, IFP35 showed a comparable pre-

diction ability for the severity of COVID-19. Importantly, our re-

sults showed that IFP35 has a better predictive ability for the

outcome of severely ill individuals than IL-6, which is currently

used as a clinical biomarker of excessive inflammation in

COVID-19 (Del Valle et al., 2020). We speculate that the reason

might be that IL-6 reflects the level of the inflammatory response,

whereas IFP35 directly reflects the level of cellular and tissue

damage. Our PCA and Spearman’s rank correlation analysis

also showed that IFP35 is a kind of biomarker. For example,
10 Cell Reports 37, 110126, December 21, 2021
the Spearman’s rank correlation analysis results showed that

the serum content of IFP35 in individuals with COVID-19 does

not correlate well with CRP, PCT, or IL-6 levels. We propose

that combined application of IFP35 with other biomarkers might

enable a more accurate diagnosis of the severity of an individ-

ual’s condition.

We also found that IFP35 may serve as a therapeutic target in

severe COVID-19 and influenza infection. Although many immu-

nomodulatory drugs targeting specific cytokines, such as IL-6

and TNF antibodies, are available, there is no reliable clinical

study that confirms their effectiveness in treatment of COVID-

19. Our results showed that anti-IFP35 was effective in treating

the viral infection, at least in the animal model. We observed

that the therapeutic effect of IFP35 in severe influenza infection

was comparable with that of inhibitors of the S1P1 receptor,



Article
ll

OPEN ACCESS
one of the most promising target of immunotherapy for influenza

infection so far (Jia et al., 2018; Khalili et al., 2018; Oldstone et al.,

2013). In the SARS-CoV-2-infected mouse model, anti-IFP35

treatment saved 25% of the mice even with an extremely high

viral load. Because IFP35 can be detected at the early stage of

viral infection, early treatment is available to control the develop-

ment of excessive inflammatory responses.

Although it has been reported that the mRNA and protein

levels of TLR-4 increased under influenza virus infection (Dai

et al., 2017, 2018), there are controversial data and discussions

regarding the role of TLR-4 signaling in influenza infection,

whether it is beneficial or detrimental for survival (Shinya et al.,

2011; Shirey et al., 2013). However, the function of TLR-4 is

defined more clearly in COVID-19. First, our results showed

that most of our individuals with COVID-19 have elevated PCT,

which indicates that they have secondary bacterial infections.

In addition, it has been reported recently that the SARS-CoV-2

spike protein interacts with TLR-4, provoking an anti-bacterial-

like response at the very early stage of infection (Zhao et al.,

2021). More importantly, our previous studies showed that

IFP35 triggers the NF-kB signaling pathway and upregulates

the inflammation response through TLR-4 (Xiahou et al., 2017).

Therefore, we speculate that downregulated TLR-4 will be bene-

ficial for individuals with COVID-19.

Although our results showed that IFP35 possesses a number

of clinical strengths, the present study still has many questions

that should be addressed. For example, we found exceptions

where some severely ill individuals (15 of 83) have low serum

IFP35. Because IFP35 in severely ill individuals is mostly

released passively by dying cells, we speculated that serum

IFP35 in these severely ill individuals may be degraded by

various serum proteases in the bloodstream because these indi-

viduals have serious organ impairment. Thus, the stability of

blood IFP35 requires further investigation. In addition, elderly

people are at high risk for influenza- and SARS-CoV-2-related

morbidity and mortality. For example, Samy and Lim (2015)

claimed that ‘‘ageing is associated with increased pro-inflamma-

tory cytokine production and as a result, lung inflammation is

often present in elderly people.’’ Although we did not observe

a wide range of IFP35 increases in uninfected elderly people,

we did not avoid false negative results limited by the low sensi-

tivity of the currently available ELISA kit. Furthermore, we did

not conduct an in-depth investigation of the rational therapeutic

schedule for administration of IFP35 antibodies. Finally, we re-

ported that N-myc and STAT interactor (NMI), the homologous

protein of IFP35, also functions as pro-inflammatory DAMP dur-

ing bacterial infection (Xiahou et al., 2017). The role of NMI in

influenza and SARS-CoV-2 is still unclear. The differences and

crosstalk between NMI and IFP35 need to be studied.

Our results demonstrate that IFP35 is a promising target for

clinical diagnosis and treatment in severe influenza and SARS-

CoV-2 infection, providing a host factor deserving close atten-

tion in other emerging viral infectious diseases.

Limitations of the study
IFP35 was identified as a promising biomarker and as a thera-

peutic target during SARS-CoV-2 and influenza virus infection.

However, the therapeutic effects of a neutralizing antibody
against IFP35 were only determined in SARS-CoV-2- and influ-

enza virus-infected mouse models. They need to be determined

for treatment of affected individuals.
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Yingfang

Liu (liuyingf5@mail.sysu.edu.cn).

Materials availability
There are restrictions to the availability of IFP35 neutralizing antibody due to the preparation of monoclonal antibody against IFP35

which has the neutralizing activity.

Data and code availability
All the data reported in this paper will be shared by the lead contact upon request. This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines
Cell lines of A549 (ATCC, CRM-CRL-185), Vero E6 (ATCC�, CRL-1586) and MDCK (NBL-2) (ATCC, CCL-34) were purchased from

American Type Culture Collection (ATCC) and maintained in Dulbecco’s modified Eagle’s medium (DMEM, GIBCO, C11965500CP)

supplemented with 10% fetal bovine serum (FBS, GIBCO, 10270106). RAW264.7 cells (ATCC, TIB-71) were purchased from ATCC

and cultured in RPMI 1640 medium (GIBCO, C11875500BT).

Virus Strain
SARS-CoV-2 virus WIV04 strain was identified and isolated in Wuhan Institute of Virology, CAS. The virus was propagated in Vero

E6 cells. The virus titer was determined using tissue culture infectious dose 50 (TCID50) assay (Zhou et al., 2020b). Influenza A virus

A/Puerto Rico/8/1934 (H1N1) (PR8) was rescued from 8 plasmids using reverse genetic method (Hoffmann et al., 2000), propagated

in SPF chicken embryonic eggs (GuangdongWens Dahuanong Biotechnology Co., Ltd, Guangdong, China), and purified by sucrose

density gradient centrifugation. The virus titer was determined in MDCK cells by plaque assay (Yu et al., 2015).

Mice
All the Ifp35�/� mice are on the C57BL/6J background. 8-week-old sex-matched mice were used unless described otherwise. Wild-

typemice (C57BL/6J) were purchased fromGuangdongMedical Laboratory Animal Centre. Human angiotensin converting enzyme 2

(hACE2) transgenic mice were produced as previously described (Jiang et al., 2020). HFH4-hACE2 transgenic mice were maintained

under specific pathogen free (SPF) conditions approved by the Institutional Animal Care and Use Committee of Wuhan Institute of

Virology. Ifp35�/� homozygous knockout mice were produced as previously described (Xiahou et al., 2017). The mice were main-

tained under SPF conditions approved by the Institutional Animal Care and Use Committee of Sun Yat-Sen University.

Human Blood Samples
All the COVID-19 serum specimens were obtained from affiliated Tongji hospital, Tongji Medical College, Huazhong University of Sci-

ence and Technology. Sera were separated and stored at �80�C. The informed consents were obtained from all participants and

approved by the research ethics committee of Tongji Medical College, Huazhong University of Science and Technology
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(TJ-C20201103). Uninfected volunteers were recruited from Tongji hospital, Tongji Medical College, Huazhong University of Science

and Technology, and Guangdong Provincial Key Laboratory of Colorectal and Pelvic Floor Diseases, the Sixth Affiliated Hospital,

School of Medicine, Sun Yat-sen University (IRB [2020] 004). All the serum was separated and stored at �80�C.

Diagnosis and classification of patients
The COVID-19 patients (Table S1) were from affiliated Tongji hospital, Tongji Medical College, Huazhong University of Science and

Technology. The patients were diagnosed with SARS-CoV-2 infection on the basis of detecting viral nucleic acid in nasal swabs. The

patient’s condition was classified in accordance with the sixth edition of the Diagnostic and Treatment Plan for Novel Coronavirus

Pneumonia issued by the National Health Commission of the People’s Republic of China. Severely-ill patient was defined when

any of the following was met: dyspnea, respiration rate (RR)R 30 times/min; oxygen saturation by pulse oximeter% 93% in resting

state; partial pressure of arterial oxygen (PaO2) to fraction of inspired oxgen (FiO2) ratio % 300 mm Hg (l mm Hg = 0.133 kPa).

Severely-ill patient was defined when any of the following was met: respiratory failure and mechanical ventilation; shock; combine

with multi-organs failure and admitted in intensive care unit (ICU).

Ethics Statement
All the animal experiments were conducted in accordance with the Regulations for the Administration of Affairs Concerning Experi-

mental Animals approved by the State Council of the People’s Republic of China. All the experiments referred to SARS-CoV-2

viruseswere conducted in a biosafety level 3 laboratory, approvedby the Institutional Animal Care andUseCommittee ofWuhan Insti-

tute of Virology, Chinese Academy of Science, permission number WIVA05202007. The animal experiments of influenza virus were

approved by Institutional Animal Care and Use Committee, Sun Yat-Sen University, permission number SYSU-IACUC-2019-B066.

METHOD DETAILS

Reagents
Enzyme linked immunosorbent assay (ELISA) kits of hIFP35 (OKEH02088) was purchased from Aviva Systems Biology (USA), while

for mouse IFP35 (MOFI00328) from ELISA Genie (London, United Kingdom), for hIL-6 (430501) and hTNF(430201) from BioLegend

(USA), and for mTNF (430904) and mIL-6 (431304) from BioLegend (USA).

Anti-IFP35 preparation and activity test
IFP35 neutralizing antibody was self prepared and purified in the lab according to the ordinary hybridoma method (Zhang, 2012).

Briefly, C57BL/6J mice were immunized with human IFP35 protein. The spleen cells of the mice were collected and fused with

myeloma cells. The positive hybridoma cells were selected. Homogeneous hybridoma cells were proliferated and injected into

8-12 week old BALB/c female mice to produce the ascites antibody. The neutralizing activity of the antibody against IFP35 was

confirmed using LPS induced mouse sepsis mode.

The antibody in the crude ascites fluid was bound and purified from protein G Sepharose beads (17-0618-05, GE Healthcare) The

neutralizing activity of the purifiedmonoclonal antibodywas determined in LPS-induced C57BL/6J septic mousemodel (Grodzki and

Berenstein, 2010).

ELISA
ELISAwas conducted according to themanual instructions. Briefly, 100 ml of serially titrated standards were added, samples or blank

were diluted into the wells of pre-coated microplate. Each item had 2 replicates. The plate was covered with the lid and incubated at

37�C for 2 hours. The liquid was discarded and 100 ml of diluted biotinylated detector antibody were added into each well. The plate

was covered with lid and incubated at 37�C for 1 hour. The liquid was discarded and the plate was washed 3 times with 1 3 wash

buffer. 100 ml of diluted avidin-HRP conjugate was added into each well and incubated at 37�C for 1 h. The liquid was discarded and

the plate was washed 5 times with 1 3 wash buffer. 90 ml TMB substrate was added to each well and incubated for 15 - 30 min at

37�C. The plate was protected from light. 50ml of stop solution was added to each well and the OD450 absorbance was read with a

microplate reader (Hornbeck, 2015).

Cell stimulation
A549 cells or RAW264.7 cells were separately seeded into 12-well plates 24 h prior to the viral infection. The cells were washed twice

with PBS, then each cell type was inoculated with 5MOI PR8 virus. After 1 hour’s incubation, the cells were washed twice and sup-

plied with normal DMEM without FBS. Meanwhile, phosphate buffered saline (PBS) and 100 ng/ml LPS were used as negative and

positive control, respectively. The supernatant of the cells was collected at 6, 12 and 24 hours post stimulation, then applied for ELISA

analysis. The experiments were individually repeated for 3 times.

Viral genome RNA determination
The experiment of SARS-CoV-2 genome RNA quantification was performed as previously described (Jiang et al., 2020). Briefly, the

lung tissues of hACE2micewere homogenized in RNALater, viral genomeRNAwas isolated with QIAamp� 96 virus QIAcube�HT kit
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(QIAGEN). The S gene of SARS-CoV-2 was amplified with specific primers F: 50-CAATGGTTTAACAGGCACAGG-30, R: 50-CT
CAAGTGTCT GTGGATCACG-30. The lung tissues of C57BL/6J mice were homogenized in RNALater, and total RNA was extracted

using TRIzol� LS Reagent (Life technologies, USA).

Influenza A virus A/Puerto Rico/8/1934 (H1N1) (PR8) genome RNA was reverse transcribed with primer AGCAAAAGCAGG using

PrimeScript II 1st strand cDNA Synthesis Kit (Takara, 6210A). PR8 viral NP gene was amplified with specific primers F: 50-ATCACT-
CACTGAGTGACATC-30, R: 50-TCGTCCAATTCCACCAAT CA-30. The cDNA products were used as template for qPCR amplification

using SYBR Green Master Mix (Applied Biosystems, A25742). Ten microliter qPCR reaction system was consist of 5 ml 23 one step

SYBR green mix, 0.5 ml of each primer (10 mM), 2 ml cDNA template and 2 ml nuclease free water. Amplification was performed in the

following procedure: 50�C for 2 minutes, 95�C for 2 minutes followed by 40 cycles consisting of 95�C for 15 s and 60�C for 1 minute,

then the final 95�C for 15 s and 60�C for 1 minute. The reaction of quantitative PCR was performed on QuantStudio� 5 (Applied

Biosystems, Thermo Fisher Scientific). The data were analyzed by standard method (Jiang et al., 2020).

Lung Tissues Histopathology
H&E staining experiments were performed according to previous report (Feldman and Wolfe, 2014). All the mouse lung tissues were

fixed in 4% paraformaldehyde for 24 hours, embedded in paraffin and cut into 4 mm sections. Then all the sections were stained with

hematoxylin solution for 3-5 minutes, rinsed with tap water. Then the sections were treated with hematoxylin differentiation solution,

and rinsed with tap water. After that, the sections were treated with hematoxylin scott tap bluing, and rinsed with tap water. The sec-

tions were dehydrated in 85% ethanol for 5 minutes, followed by in 95% ethanol for 5 minutes. Finally, the sections were stained with

eosin dye for 5 minutes. After a series of dehydration, all the sections were sealed with neutral gum. Each section was examined un-

der the microscope, with the slides randomly read and examined for tissue damage, necrosis, and inflammatory cellular infiltration.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was assigned when P values were < 0.05 and the statistical method was indicated in the corresponding figure

legends. The Normally distributed measurement data were determined with unpaired Student’s t test. The Non-normal distributed

measurement data were determined by nonparametric Mann-Whitney U-test or Wilcoxon signed-rank test. Correlations between

clinical parameters were analyzed by spearman’s rank correlation coefficient. The statistical significance of differences for survival

rates was determined with Log rank test or Fisher’s exact test as described in figure legends. For all tests, P value < 0.05 was consid-

ered significant (*). p < 0.01, very significant (**). p < 0.001, extremely significant (***).
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