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Pulmonary Injury

Ning Ma,? Xingjie Li,>? Hongyu Jiang,>? Yulong Dai,® Guofeng Xu,® {©* Zongde Zhang**

alnflammation and Allergic Diseases Research Unit, The Affiliated Hospital of Southwest Medical University, Luzhou, Sichuan, China
bSchool of Basic Medical Sciences, Southwest Medical University, Luzhou, Sichuan, China

ABSTRACT Influenza A viruses cause severe respiratory illnesses in humans and ani-
mals. Overreaction of the innate immune response to influenza virus infection results
in hypercytokinemia, which is responsible for mortality and morbidity. However, the
mechanism by which influenza induces hypercytokinemia is not fully understood. In
this study, we established a mouse-adapted HON2 virus, MAQT, to evaluate the innate
immune response to influenza in the lung. MAO1 infection caused high levels of cyto-
kine release, enhanced pulmonary injury in mice, and upregulated CD83 protein in
dendritic cells and macrophages in the lung. Influenza virus neuraminidase (NA)
unmasked CD83 protein and contributed to high cytokine levels. Furthermore, we pro-
vide evidence that CD83 is a sialylated glycoprotein. Neuraminidase treatment
enhanced lipopolysaccharide (LPS)-stimulated NF-kB activation in RAW264.7 cells. Anti-
CD83 treatment alleviated influenza virus-induced lung injury in mice. Our study indi-
cates that influenza virus neuraminidase modulates CD83 status and contributes to
the “cytokine storm,” which may suggest a new approach to curb this immune injury.

IMPORTANCE The massive release of circulating mediators of inflammation is respon-
sible for lung injury during influenza A virus infection. This phenomenon is referred
to as the “cytokine storm.” However, the mechanism by which influenza induces the
cytokine storm is not fully understood. In this study, we have shown that neuramini-
dase unmasked CD83 protein in the lung and contributed to high cytokine levels.
Anti-CD83 treatment could diminish immune damage to lung tissue. The NA-CD83
axis may represent a target for an interruption of influenza-induced lung damage.
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nfluenza viruses are enveloped and embedded with hemagglutinin (HA) and neur-
aminidase (NA) on the surface (1). The genome of influenza virus is composed of
eight segments of negative-sense single-stranded RNA (ssRNA). Influenza viruses cause
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carbohydrate side chains on nascent virions (8). There is evidence that both influenza
virus and bacterial NA could modulate the innate immune response in dendritic cells
(DCs) and macrophages (9, 10). Moreover, the removal of sialic acid from glycoconju-
gates on the surface of monocytes and DCs enhances their response to innate stimula-
tors (11, 12). NA is known to contribute to lung disease by activating IL-18 and trans-
forming growth factor B (TGF-B) (13-15). However, the immunostimulatory role of NA
still needs to be further determined.

CD83 is a type | transmembrane glycoprotein that is highly and stably expressed by
mature DCs; it exists in two forms: membrane-bound CD83 is immunostimulatory,
while soluble CD83 (sCD83) is immunosuppressive (16). Administration of sCD83 has
been suggested to inhibit monocyte differentiation into DCs, alter the DC cytoskeleton,
prevent DC maturation, and reduce DC-mediated T-cell proliferation (17-21). sCD83
can also inhibit autoimmune diseases and allergic responses in mice (22, 23).
Furthermore, varicella-zoster virus and cytomegalovirus can modulate CD83 expression
on DCs (24, 25). Inhibition of CD83 alleviates systemic inflammation induced by herpes
simplex virus infection in mice (26). However, whether influenza A virus contributes to
hypercytokinemia via CD83 modulation has not been determined yet.

The cytokine storm is the main cause of the mortality of influenza virus infection.
However, mice deficient in the hallmark inflammatory cytokines TNF-g, IL-6, and CC che-
mokine ligand 2 are not protected from lethal H5N1 influenza virus infection (27). The
combination of an NA inhibitor with the immunomodulators celecoxib and mesalazine
reduces mortality in mice infected by influenza H5N1 virus (28). Moreover, sphingosine
analogs protect against the pathogenic influenza virus through hypercytokinemia inhibi-
tion in mice (29). However, new approaches that could curb hypercytokinemia during
influenza A virus infection still need to be identified.

In this study, we provide evidence that influenza A virus infection upregulates CD83
on the cell surface of DCs and macrophages in the lungs of mice. NA is involved in this
modulation of CD83, which contributes to hypercytokinemia. Anti-CD83 treatment
alleviates influenza virus-induced lung injury in mice. Our research suggests a new
approach for preventing and treating influenza A virus-induced lung injury.

RESULTS

Mouse-adapted influenza virus exhibits enhanced virulence in mice. Previously,
we and other groups have shown that avian influenza virus HON2 can establish infec-
tion in mice after adaptation (30-32); this could serve as a model to evaluate the host
immune response to influenza virus infection. To obtain mouse-adapted influenza virus
HIN2, we performed a series of lung passages of wild-type (wt) influenza virus HON2 in
mice (Fig. TA). After 10 passages, we obtained mouse-adapted influenza virus HON2,
referred to as MAO1. Mice suffered much more severe lung pathology after infection
with MAO1 (Fig. 1B and C). Furthermore, compared with wild-type influenza virus
HIN2, the lung virus titers of MAO1 were significantly enhanced (Fig. 1D). After infec-
tion with MAO1, the mortality rate was higher, and progressive weight loss was
observed in mice (Fig. 1E). In contrast, infection with wt avian influenza virus HON2 did
not cause obvious lung pathology in mice, was not lethal, and resulted in only slight
weight loss. To determine the molecular basis for the enhanced virulence of the HON2
virus during mouse adaptation, the complete genomes of MAO1 were sequenced.
Compared with wild-type HIN2, we observed the PB2 mutation 627(E—K), which is
characterized as a virulence determinant (Table 1). Next, we evaluated cytokine levels
in mouse lung after virus infection by quantitative PCR (Q-PCR). Both wt and MAO1
infection upregulated IFN-«, IFN-3, IFN-y, MCP-1, macrophage inflammatory protein
1a (MIP-1a), TNF-¢, IL-6, and IL-17A levels in the lung; however, these cytokine levels
were much higher in mice infected with MAO1 (Fig. 1F). MAO1 infection upregulated
IL-23 and IL-1; in contrast, wt influenza virus infection upregulated IL-22 (Fig. 1F).
TGF-B1 was not changed, whereas the regulatory cytokine IL-10 was decreased after
infection (Fig. 1F). Collectively, these data indicate that mouse adaptation to low avian
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FIG 1 Mouse-adapted influenza virus with enhanced virulence. (A) Scheme of mouse-adapted avian influenza HON2 virus generation. After 10 serial lung-
to-lung passages, avian influenza HON2 virus acquired profoundly affected virulence in wild-type (wt) C57BL/6 mice. Mice were infected with the avian
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TABLE 1 Nucleotide and amino acid substitutions during mouse adaptation

Protein Nucleotide alteration Amino acid substitution
PB2 1059(A—G)
1236(G—A)
1329(G—A)
1332(T—G)
1335(G—A)
1879(G—A) 627(E—K)
2173(T—0Q) 725(S—L)
2174(C—T) 725(S—L)
2175(G—Q) 725(5—L)
2193(G—A)
PB1 2007(A—Q)
PA 1040(A—Q) 347(D—Q)
1062(T—C)
1065(C—A)
1122(T—G) 374(1—M)
1126(T—CQ) 376(S—P)
2119(G—T) 707(V—F)
HA 27(A—G) 9(I—M)
700(T—A) 234(L—M)
761(G—T) 254(R—)
808(G—C)
1641(T—G) 547(C—W)
1648(A—T) 550(T—S)
1652(G—A) 551(S—N)
NP 974(G—A) 325(R—K)
1486(G—T) 496(D—Y)
NA 1128(C—@G)
1347(T—A)
1352(T—G) 451(V—Q)
NS 63(G—A)
M

influenza virus HON2 virulence could change its pathogenicity, with a higher mortality
rate and a stronger lung inflammatory response.

Influenza virus infection upregulates CD83 protein levels in the lung. To deter-
mine whether MAO1 infection induces innate immune cell activation in the lung, we
analyzed immune cell surface markers by flow cytometry. First, we tested whether
MAO1 infection could promote innate immune cell infiltration. MAO1 infection signifi-
cantly increased DC (CD11c*) and macrophage(F4/807) infiltration in the lung (see Fig.
S1A in the supplemental material). Next, we analyzed immune cell surface markers dur-
ing MAO1 infection. CD40 and CD86 were both upregulated on DCs and macrophages
in the lung during MAOT infection (Fig. S1B and C). Furthermore, we found that CD83
levels were upregulated (Fig. 2A) not only on DCs and macrophages but also on CD4",

FIG 1 Legend (Continued)

influenza HION2 virus as described in Materials and Methods. (B and C) Appearance of mouse lung (B) and H&E staining analysis of mouse lung tissue (C) 5 days
after infection with the control (PBS) and wt and mouse-adapted HIN2 viruses (n=3 mice per group). The percentages of inflammatory cells per area were
measured with the ImageJ program. ***, P<<0.001 (compared with PBS). (D) The lung virus titers of each group were analyzed by PFU. ***, P<<0.001 (compared
with PBS). (E) Survival (left) and body weight (right) of mice were recorded daily for 10days after infection (n=7 mice per group). *, P<0.05; **, P<0.01
(compared with the wt). (F) Q-PCR analysis of cytokine IFN-a, IFN-B, IFN-y, MCP-1, MIP-1e, TNF-a, IL-6, IL-13, IL-17A, IL-22, IL-23, IL-10, and TGF-8 expression
levels in the lungs of wt and mouse-adapted HIN2-infected mice. *, P<0.05; **, P<<0.01; ***, P<<0.001; NS, not significant (compared with PBS). Data are
presented as means = SD; P values were calculated using two-tailed Student's t test. The experiments depicted in this figure have been reproduced three times.
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FIG 2 Influenza virus modulates CD83 in the lung. (A) Wild-type C57BL/6 mice were infected with PBS and mouse-adapted HON2 (MAO1) for 5days (n=5
mice per group). Immunofluorescence analysis of CD83 (red) and nuclear (DAPI) (blue) staining in mouse lung tissue of each group was performed. (B and
C) The percentages of CD83-positive cells in lung dendritic cells (CD11c*) and macrophages (F4/80*) (B) as well as T cells (CD4* and CD8") and B cells
(B220") (C) were analyzed by flow cytometry. (D) Q-PCR analysis of CD83 mRNA levels in the lungs of PBS- and MAOT-infected mice. (E) RAW264.7 cells
were stimulated with MAOT (50 ul) or heat-inactivated MAO1 (50 ul) for 3 h. (F) RAW264.7 cells were stimulated with MAO1 (50 ul) or MAO1 treated with UV
for 0 h, 1 h, 2 h, 5 h, and 10 h (50ul). The percentages of CD83-positive cells were analyzed by flow cytometry. *, P<0.05; **, P<<0.01; ***, P<0.001.
These data are representative of results from three independent experiments and presented as means * SD; P values were calculated using two-tailed
Student’s t test. The experiments depicted in this figure have been reproduced two to three times.
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CD8* T, and B220* B cells (Fig. 2B and C). However, CD83 levels were more prominent
on DCs, consistent with previous reports that CD83 is mainly expressed on DCs (33).
Moreover, we demonstrated that MAO1 infection-induced CD83 upregulation was not
due to mRNA levels, as CD83 mRNA was decreased in the lung during MAO1 infection
(Fig. 2D). Collectively, these data indicate that influenza virus infection increases CD83
levels in the lung.

NA unmasks CD83 on the cell surface and enhances cytokine production. Next,
we investigated the mechanism by which influenza virus infection increases CD83 lev-
els on DCs and macrophages. First, we tested whether influenza virus could upregulate
CD83 in macrophages in vitro. Infection of RAW264.7 cells with MAO1 increased CD83
levels (Fig. 2E). However, both heat-inactivated and UV-inactivated MAO1 lost the abil-
ity to upregulate CD83. These data implied that a heat-sensitive component other than
viral RNA from influenza virus exerts its effects on CD83 (Fig. 2E and F). CD83 is a type |
transmembrane glycoprotein and has been suggested to be a sialic acid-binding Ig-
like lectin adhesion receptor (34). As CD83 mRNA was decreased and the CD83 protein
signal was detected more strongly by flow cytometry in the lung during MAO1 infec-
tion, we postulated that NA from influenza virus may be involved in this process. To
test this, purified NA protein from influenza virus HON2 was added to cultured bone
marrow dendric cells (BMDCs), which increased the CD83 signal on BMDCs (Fig. 3A)
and RAW264.7 cells (Fig. 3D). Bacterial NA from Clostridium perfringens also possessed
the ability to increase the CD83 signal on BMDCs (Fig. 3A). C. perfringens NA treatment
also upregulated the CD83 signal on CD4*, CD8*, B220*, and CD11c* cells from
mouse spleen (Fig. S2). However, CD40, CD80, and CD86 were not upregulated on
RAW264.7 cells after influenza virus NA treatment (Fig. 3B). Furthermore, NA from influ-
enza virus H5N1 also increased the CD83 signal on macrophages, and this effect was
enhanced with higher concentrations of NA (Fig. 3C). However, the influenza virus NA-
induced CD83 signal increase was not due to changed total CD83 protein levels in
cells, as Western blot quantifications of CD83 levels were similar between groups (Fig.
3E). Heat combined with repeated freezing and thawing inactivated influenza virus NA
and diminished its ability to improve the CD83 signal on macrophage cells (Fig. 3F).
These data indicate that NA specifically targets CD83 and modifies its status on the cell
surface. Next, we tested the cytokines and chemokines affected by NA. Infection of
RAW264.7 cells by both wt and MAO1 influenza virus stimulates the production of IL-6,
IL-18, and MCP-1; however, MAO1 exhibited a stronger effect on these cytokines (Fig.
4A). Incubation of BMDCs with HON2 NA upregulated the expression of IL-6, IL-18,
MIP-1¢, and MCP-1 (Fig. 4B), consistent with a previous report that NA is an inducer of
inflammation (12). Next, we tested whether NA can enhance cytokine production after
stimulation with poly(l-C), considering that the influenza virus genome is composed of
RNA. Both H5N1 and H9N2 NA treatments enhanced the poly(l-C)-induced production
of the cytokines IL-6, IL-13, and MCP-1 on RAW264.7 cells. (Fig. 4C). Freeze-thaw-inacti-
vated NA lost the ability to stimulate these cytokines (Fig. 4D). As we have shown that
NA can upregulate the CD83 signal on the cell surface, we then postulated whether in-
hibiting CD83 could inhibit the cytokine response of RAW264.7 cells in the presence of
NA. The anti-CD83 antibody was added during RAW264.7 cell stimulation with poly(l-C)
and NA. CD83 inhibition decreased IL-6 and MCP-1 levels in cells in vitro (Fig. 4E).
Collectively, these data indicate that NA targets CD83 on the cell surface and enhances
cytokine production in vitro.

CD83 is a sialylated glycoprotein. Next, we examined whether CD83 is a sialylated
glycoprotein. We used biotinylated Sambucus nigra lectin (SNA) and Maackia amurensis
lectin | (MAL) to probe sialic acid modification on the CD83 protein. SNA binds prefer-
entially to sialic acid attached to terminal galactose in a-2,6 and, to a lesser degree,
a-2,3. However, MAL appears to bind sialic acid via an a-2,3 linkage (35). Both SNA and
MAL bind to purified mouse CD83 protein (Fig. 5A). However, the binding activity of
SNA and MAL was severely reduced in the presence of MAO1 (Fig. 5B). In contrast,
heat-inactivated MAO1 lost the ability to quench the binding activity (Fig. 5B). Next, we
tested the influence of NA and MAOT on the SNA-binding activity of RAW264.7 and
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spleen cells. SNA binding was decreased and the CD83 signal was increased in the
presence of NA and MAO1 on RAW264.7, spleen, and spleen CD11c* DCs (Fig. 5C and
D). This phenomenon was also observed in immune and F4/80 cells from the lung af-
ter MAO1 infection (Fig. 5E). These data hint at the possibility that CD83 is sialylated
and sequestered on the surface of cells.

Anti-CD83 treatment alleviates influenza virus-induced lung injury in mice.
Next, we tested whether inhibiting CD83 could reduce influenza virus-induced lung
injury. Injection of anti-CD83 antibody and the NA inhibitor oseltamivir decreased
weight loss in mice during MAO1 infection (Fig. 6A). Furthermore, we found that after
MAO1 infection, CD83 levels were downregulated by oseltamivir treatment on DCs
(CD11c*) and macrophages (F4/80%) in the lung (Fig. S3). Next, cytokine levels of IFN-
B, MCP-1, IL-6, MIP-1«, and TNF-a were decreased by anti-CD83 antibody and oselta-
mivir in mice (Fig. 6B). Consistent with the cytokine levels, influenza-induced lung
injury was alleviated by anti-CD83 antibody and oseltamivir (Fig. 6C). Treatment with
anti-CD83 antibody and oseltamivir also reduced lung viral titers in MAO1-infected
mice (Fig. 6D). Next, we tested whether NA could alter NF-kB activation. NA enhanced
lipopolysaccharide (LPS)-stimulated NF-kB activation on RAW264.7 cells, as the phos-
phorylation of IkB-« and NF-kB P56(S536) was increased (Fig. 6E). However, the anti-
CD83 antibody inhibited the phosphorylation of NF-kB stimulated by LPS and MAO1
(Fig. 6E and F). These data indicate that CD83 inhibition can alleviate influenza virus-
induced lung injury in mice.

DISCUSSION

Influenza A virus infection causes the hyperrelease of inflammatory mediators, which
leads to lung injury. However, the mechanisms by which influenza induces hypercytoki-
nemia are not fully understood. In this study, we obtained a highly pathogenic HON2 virus
(MAO01) through serial lung-to-lung passages of wt influenza virus HON2 in mice. MAO1
infection upregulated cytokine, chemokine, and CD83 levels in the lung. Furthermore, we
demonstrated that CD83 is a sialylated glycoprotein and that NA can unmask CD83 on
the cell surface and enhance cytokine production. Anti-CD83 treatment decreased cyto-
kine levels and alleviated influenza virus-induced lung injury in mice. This research may
suggest a new approach to reduce influenza virus-induced lung injury.

The influenza A virus subtypes H5N1 and H1N1 cause severe infection in humans
and animals and are recognized as highly pathogenic influenza viruses (36). These
subtypes easily infect mice with high pathogenicity and could serve as a good model
to evaluate influenza-induced hypercytokinemia and lung injury (37, 38). However, ex-
perimental studies of these subtypes have been restricted to laboratories with high
biosafety levels, which limits potential research. In contrast, the HIN2 subtype nor-
mally causes only slight pathogenicity in humans and animals and is thus recognized
as a low-pathogenicity influenza virus (39, 40). However, after adaptation, HON2 can
gain the ability to cause severe infection in mice (30-32). In this study, we generated
the MAO1 virus by serial lung-to-lung passages of wt influenza virus HON2 in mice.
MAO1 infection caused higher mortality rates and stronger lung inflammatory
responses in mice. As such, the MAO1 virus could serve as a model virus to investigate
influenza-induced hypercytokinemia and lung injury in mice under broader laboratory
conditions.

FIG 3 Legend (Continued)
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analyzed by flow cytometry. (B) RAW264.7 cells were incubated with HON2-Neu (1 ug/ml) and LPS (100 ng/ml) for 3 h. The percentages of CD83-, CD80-,
CD40-, and CD86-positive cells were analyzed by flow cytometry. (C) RAW264.7 cells were stimulated with 1ug/ml HIN2-Neu, 1 ug/ml H5N1-Neu, and
2 ng/ml H5N1-Neu (NA protein from H5N1) for 3 h. The percentage of CD83-positive cells was analyzed by flow cytometry. **, P<0.01; ***, P<<0.001; NS,
not significant (compared with PBS). (D) Immunofluorescence analysis of CD83 (red) and nuclear (DAPI) (blue) staining in RAW264.7 cells stimulated with
H5N1-Neu (2 ug/ml) for 3 h. (E) Western blot analysis of CD83 protein levels in RAW264.7 cells that were treated with HIN2-Neu (1 ug/ml) and H5N1-Neu
(1 wg/ml) for 3 h. (F) RAW264.7 cells were incubated with HON2-Neu (1 nwg/ml) and inactivated HON2-Neu (1 ug/ml) for 3 h. The percentage of CD83-
positive cells was analyzed by flow cytometry. *, P<0.05 (compared with HIN2-Neu). Data are representative of results from three independent
experiments and presented as means = SD; P values were calculated using two-tailed Student’s t test. Data presented in this figure have been reproduced

at least three times.
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FIG 4 Neuraminidase enhances cytokine production. (A) Q-PCR analysis of cytokine MCP-1, MIP-1«, TNF-q, IL-6, IL-18, and IFN-B expression levels in
RAW264.7 cells treated with PBS (50 ul), wild-type HON2 (WT) (50 ul), and mouse-adapted HIN2 (MAOQ1) (50ul) for 12 h. *, P<0.05; **, P<0.01; ***,
P <0.0071 (compared with PBS). (B) Q-PCR analysis of cytokine MCP-1, MIP-1¢, IL-6, and IL-18 expression levels in RAW264.7 cells treated with 1 ug/ml and
2 ng/ml HIN2-Neu for 12 h. *, P<0.05; **, P<0.01; ***, P<<0.001 (compared with PBS). (C) Q-PCR analysis of cytokine MCP-1, IL-6, and IL-1 expression
levels in RAW264.7 cells treated with 2.5 wg/ml H5N1-Neu, 2.5 ug/ml HIN2-Neu, and 2.5 ug/ml Neu plus 20 ug/ml poly(l-C) for 12 h. *, P<0.05; **, P<0.01;
NS, not significant (compared with H,0). (D) Q-PCR analysis of cytokine MCP-1, IL-6, and IL-13 expression levels in RAW264.7 cells treated with poly(l-C),
HIN2-Neu, inactivated H9N2-Neu, HON2-Neu plus poly(l-C), and inactivated HIN2-Neu plus poly(l-C) for 12 h. The concentration for each stimulation is
described above. ***, P<0.001 (compared with HIN2-Neu). (E) Q-PCR analysis of cytokine MCP-1, IL-6, and IL-13 expression levels in RAW264.7 cells
treated with HON2-Neu, poly(I-C), HON2-Neu plus poly(l-C), HIN2-Neu plus poly(l-C), and anti-CD83 antibody (Ab) (4 or 8 wg/ml) for 12 h. The concentration
for each stimulation is described above. *, P<0.05; **, P<0.01; ***, P<<0.001; NS, not significant [compared with Neu plus poly(l-C)]. Data are presented as
means * SD; P values were calculated using two-tailed Student’s t test. The experiments depicted in this figure have been reproduced three times.

Hypercytokinemia, the so-called “cytokine storm,” is the key factor of pulmonary
damage during influenza virus infection. In this study, we have demonstrated that
both wt and MAO1 infections upregulate IFN-«, IFN-8, IFN-y, MCP-1, MIP-1¢, TNF-¢, IL-
6, and IL-17A levels in the lung; however, this cytokine storm was much more promi-
nent in a mouse infected with MAO1. The stronger MAOT-induced cytokine storm
correlated with reduced survival rates and excess lung pathologies in mice. IL-10 is a
pleiotropic cytokine with important immunoregulatory functions and is produced by a
variety of cell types, including macrophages, monocytes, T cells, and B cells (41). IL-10

February 2021 Volume 95 Issue3 €01753-20 jviasm.org 9


https://jvi.asm.org

Ma et al. Journal of Virology

A B C Unstained PBS . MAO01 2 6
% w0 -
SNA immobilized MAL immobilized ) - EP
SNA MAL faleded e - “ 00" s . T
M
immobilized immobilized Z 1. £ 12 = 0.65 s 442 " s £n
= 2 = £ *kk = N e & £
E *kk E 1. Kkk % X % 1. o zon: 2 2"": : 20-
S = - - = 100 1002 100 oos 2
(IRE = T T g O o o o ol @
~ ~4 < s 0 1o o e e
g g g o s 0 —_—
£ 1 £ 2 £ s s * K *
3 2 S o. g 0. e - “ =
= 2 6, 2 2 2 3., xxx p
2 0 2 = = 0 i % _=
EN 2 0 - 0 e ¢
< < o 0. 092 1 131 521 20 6.8 R
o o SNA: + + + + MAL:+ + + + 100 " 100 2,
SNA:+  + MAL:+  +  opelt DL D83 4 4 4 “ = 3
CD83:— +  CD8:— +  yiao MADL: ’ i 8 . o
= = HE = S i d-* -+ = NI T W w10 w10 o e 1o e O Q@é@ >
Inactivated _ .- nactivated _ = & >
e
_MAO1: + -MAOL: * ERA3+ 5’\ 3 A
&
D Unstained PBS MAO1 . m E Unstained PBS MAO01 ey AEE
E: [2d kdad
i I ook 1 SO r\ 2w — 500 y"‘ K - A 2
r | 3 | w00 I w0 A )
| sor f - | e wi | I N M
2k A a [ g o ]
,1 | 128 e 822 | 1658 :g ~ -g
wd N 2k ) £ s
\ 20x = A = » <
s A y \ P z
b @ o B0l @ o
2 5
& 10, KA 2 0

fl , ,

|

[ 036 {
[ wd
o ) |
A y
r,J \ y \
¥ 2 ¢ . s ' ~
(T AR T T T FC O T T P T L T I T T

— > CD83+

&
CD383+ positive cells %
g g 2
E | "

2
*
*
*

CD83+ positive cells %
g 8 28 8
h- |* L|
N
2 &
o 3 &

SNAbinding cells %

CD11c+

s

F4/80+
Z
>
+

‘ 034
|
\

BERESEE R
El'

CD83+ positive cells % SNAbinding cells %

CD83+ positive cells %
S £ 8 8
QE
\\\
—
/"l"
=
‘\‘:‘\
b
T
li

\

B,
»‘gﬁ;tﬁ\ (T P P TN P (M i L P P D—«“—g‘@f"bﬁ‘
o »

do e o Ty LI T o e e © oy
CD83+

— CDS83+ R

FIG 5 CD83 is a sialylated glycoprotein. (A) SNA (20 ug/ml) and MAL (20 ug/ml) were immobilized on ELISA plates. After blocking the plate with binding
buffer, CD83-Fc protein (10 ug/ml) was added to the plate in triplicates, and the plate was incubated for 3 h. Binding was detected as described in
Materials and Methods. ***, P < 0.001 (compared with no CD83). (B) After SNA and MAL were coincubated with CD83 protein, MAOT (50 ul) or heat-
inactivated MAO1 (50 wl) was added to the plate, and the plate was incubated for an additional 3 h. ***, P < 0.001 (compared with MAO1). (C) RAW264.7
cells were stimulated with HIN2-Neu (1 wg/ml) and MAO1 (50 ul) for 3 h. The percentages of CD83-positive cells and SNA-binding cells were analyzed by
flow cytometry. ***, P < 0.001 (compared with PBS). (D) Wild-type C57BL/6 mice were infected with PBS and MAO1 for 5days (n=5 mice per group). Flow
cytometry analyses of the percentages of CD83-positive cells and SNA-binding cells in infected mouse spleen cells and spleen CD11c* dendritic cells were
performed. *, P < 0.05; ***, P < 0.001 (compared with PBS). (E) Flow cytometry analysis of the percentages of CD83-positive cells and SNA-binding cells in
infected mouse lung cells and lung F4/80" macrophages. *, P < 0.05; ***, P < 0.001 (compared with PBS). These data are presented as means = SD; P
values were calculated using two-tailed Student’s t test. Data presented in this figure have been reproduced at least three times.

inhibits the expression of proinflammatory cytokines such as IL-1 and TNF-a. During influ-
enza virus infection, IL-10 produced in the lung regulates pulmonary inflammation and
acts as an anti-inflammatory cytokine (42). In this study, we have shown that both wt
HIN2 and MAOT1 infections reduce IL-10 levels in the lung. Moreover, infection with wt
HIN2 but not MAOT induces IL-22. IL-22 belongs to the IL-10 family that is produced by T
helper 17 (Th17), ¥6 T, NKT, and innate lymphoid cells (43). IL-22 is essential for epithelial
regeneration, repair, and inflammatory protection during influenza virus infection (44, 45).
In this study, we have demonstrated that the influenza virus NA protein unmasks CD83
on the cell surface and contributes to an enhanced cytokine response. However, whether
NA and CD83 can modulate IL-10 and IL-22 production warrants further investigation.
Influenza virus-induced hypercytokinemia may involve multiple mechanisms. The
genome of influenza virus is composed of ssRNA and acts via pathogen-associated mo-
lecular patterns. The replication of the viral genome generates Z-RNA inside cells that
is detected by Z-DNA/RNA-binding protein 1 in the nucleus, which triggers receptor-
interacting serine/threonine protein kinase 3-mediated pathways of apoptosis and
mixed-lineage kinase domain-like pseudokinase-dependent necroptosis in infected
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Infected mice were intraperitoneally injected with PBS, oseltamivir phosphate (Ose) (3 mg/mouse), and anti-CD83 antibody (CD83 Ab) (40 wg/mouse) twice
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analyzed by PFU. *, P<0.05; ***, P<<0.001 (compared with PBS). (E) RAW264.7 cells were incubated with LPS (100 ng/ml), LPS plus HON2-Neu (1 ng/ml),
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presented as means = SD; P values were calculated using two-tailed Student’s t test. The experiments depicted in this figure have been reproduced two to
three times.
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cells (46). Both of these pathways could activate innate host immune responses, con-
tributing to hypercytokinemia. The NA protein exerts several actions on influenza vi-
rus-induced pathogenicity. NA inhibitors (i.e., oseltamivir and zanamivir) represent the
most effective therapy for patients (47, 48). Influenza virus infection induces broadly
cross-reactive and protective NA-specific antibodies in humans (49). These antibodies
robustly inhibit the enzymatic activity of NA, protecting mice from lethal influenza vi-
rus infection. In this study, we have demonstrated that the sialidase activity of NA
unmasks CD83 on the cell surface and enhances cytokine production. NA treatment
could enhance LPS-stimulated NF-kB activation.

CD83 is expressed by a great variety of cell types but mainly by activated immune
cells such as dendritic, B, and T cells. The expression of CD83 is important for DC pheno-
type and function (50). The homotypic interaction of CD83 regulates DC activation via
mitogen-activated protein kinase (MAPK) by inhibiting p38«a phosphorylation (21). Anti-
CD83 antibody would presumably block this homotypic interaction. NA treatment may
induce this homotypic interaction of CD83. A plethora of distinct viruses could regulate
CD83 expression levels and thus change the DC function. Herpesviruses are capable of
establishing latency and have acquired immune evasion mechanisms through targeting
CD83 (51). Varicella-zoster virus can selectively inhibit CD83 expression on DCs upon
infection (24). In contrast, Epstein-Barr virus was found to promote the expression of
CD83 on B cells (52). In this study, we have found that the NA protein from influenza vi-
rus could unmask CD83 on DCs and macrophages, promoting the cytokine response.

Collectively, our research reveals a new mechanism of the influenza-induced cyto-
kine storm. NA acts as a stimulator of the innate immune response induced by influ-
enza virus infection. NA induced an immune overreaction by unmasking CD83 protein
on the cell surface of DCs and macrophages. Therefore, inhibiting CD83 could alleviate
influenza virus-induced hypercytokinemia and pulmonary injury in mice.

MATERIALS AND METHODS

Ethics statement. All animal experiments were performed according to the recommendations out-
lined in the Guide for the Care and Use of Laboratory Animals (53). All research animal protocols were
approved by the Institutional Animal Care and Use Committee at the Model Animal Research Center,
Nanjing University (animal protocol number AP#ZZDO01).

Reagents. The following reagents were purchased: oseltamivir phosphate (Aladdin); mouse CD83/
HB15 protein (Fc tag), Clostridium perfringens neuraminidase (NA) (His tag), influenza virus A HON2 (A/
Hong Kong/1073/99) neuraminidase (His tag), and influenza virus A H5N1 [A/Thailand/1(KAN-1)/2004]
neuraminidase (His tag) (Sino Biological); poly(l-C) and LPS (InvivoGen); and Maackia amurensis lectin |
(MAL) and Sambucus nigra (elderberry bark) lectin (SNA) (Vector Laboratories).

Virus and mice. HIN2 influenza virus A/chicken/China/AV1534/2011(H9N2) (54) with pandemic
potential was purchased from the China Veterinary Culture Collection Center (CVCC). Virus stocks (wt)
were propagated in the chorioallantoic cavity of 10-day-old pathogen-free embryonated chicken eggs
for 48 h at 37°C. The lyophilized powder of the HIN2 influenza virus from the CVCC was dissolved in
1 ml sterile phosphate-buffered saline (PBS) and stored at —80°C. Mouse-adapted HIN2 virus (MAO1)
was propagated in the mouse lung for 48 h to 72 h. The titers of virus fluid were tested using PFU.
C57BL/6 mice were purchased from the Nanjing Biomedical Research Institute of Nanjing University.

Mouse-adapted HIN2 virus (MAO1). Female 6-week-old C57BL/6 mice were intranasally inoculated
with 50 ul wt HON2 virus fluid (~2.67 x 10 PFU/ml) under light anesthesia with an intraperitoneal injec-
tion of pentobarbital sodium. After 2 days, the mouse lungs were harvested and homogenized with 1 ml
of PBS containing 100 U/ml penicillin and 100 wg/ml streptomycin; 50 ul of the centrifuged supernatant
was used as the inoculum for the next passage. After 10 passages, a mouse-adapted variant of avian
influenza virus HON2 acquired mutations with profoundly affected virulence.

RNA isolation, RT-PCR amplification, and sequencing. Viral RNA was extracted from the lungs of
virus-infected mice using the TIANamp virus RNA kit (catalog number U8106; Tiangen) according to the
manufacturer’s protocol. Reverse transcription (RT) was performed with the PrimeScript RT reagent kit
with gDNA Eraser (catalog number RR047A; TaKaRa), using the Uni12 primer (AGC AAA AGC AGG). After
reverse transcription, PCR amplification of cDNA was directed by Platinum Hot Start PCR 2x master mix
(catalog number 13000-012; Invitrogen). After agarose gel electrophoresis, the PCR products were
excised and purified with a FastPure gel DNA extraction minikit (catalog number DC301-01; Vazyme).
After purification, The PCR products were subjected to sequence analysis by Sangon Biotechnology Co.,
Ltd. (Shanghai, China).

Virus titer analysis. MDCK cells were seeded at 5 x 10° cells per well in 6-well plates. After 12 h of
culture, the cells were washed twice with 1 ml of PBS, and 500 ul of the virus dilution was added to each
well (before infection, 10-fold serial dilutions of the virus were prepared for each group). The virus was
adsorbed to the cells for 1 h at 37°C. After adsorption, the supernatant was removed, and each well was
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washed with 2ml of PBS. Two milliliters of agarose plaque assay medium was added, and the plates
were incubated at 37°C for 72 h. After incubation, stationary liquid (acetic acid-methanol-water, 1:4:5)
was added at 2ml per well, and the plates were incubated at 37°C for 1 h. The agarose overlay was
removed, crystal violet (1%, wt/vol) was added at 1ml per well, and the plates were incubated for
10 min. The plates were washed by submersion in a water bath until all excess crystal violet was gone.
Plaques were counted, and the PFU per milliliter were calculated. MDCK cells were kindly provided by
the Stem Cell Bank, Chinese Academy of Sciences.

Experimental infection of mice. To test the different pathogenicities of wt HON2 virus and MAO1 in
vivo, mice were inoculated with 50 ul (~2.67 x 10° PFU/ml) of virus fluid and the same amount of PBS
(the mock control). Body weight and survival were recorded for 10 days after inoculation. Tissue speci-
mens of the lung were collected from mice for subsequent analysis on day 5 postinoculation. The possi-
bility that CD83 inhibition could reduce influenza virus-induced lung injury was tested. The virus fluid of
MAO1 was inoculated as described above. Inoculated mice were treated with oseltamivir phosphate
(3 mg/mouse), soluble CD83 (40 ng/mouse), or anti-CD83 antibody (40 ng/mouse) twice daily for 5 days
by intraperitoneal injection. Oseltamivir was used as a positive control.

BMDC culture. DCs were generated from bone marrow (BM) cells obtained from 5- to 7-week-old
wt C57BL/6 mice. Briefly, BM cells were flushed out from femurs and tibias. BM cells were cultured in
complete culture medium (RPMI 1640 supplemented with 10% fetal bovine serum [FBS], 25 mM HEPES,
5mM B-mercaptoethanol [3-ME], and antibiotics; HyClone) containing 10 ng/ml granulocyte-macro-
phage colony-stimulating factor (GM-CSF) and 10 ng/ml IL-4 (Peprotech).

FACS analysis and antibodies. Cultured RAW264.7 and BMDCs were washed and suspended in fluo-
rescence-activated cell sorter (FACS) buffer (PBS, 2% FBS), incubated with fluorochrome-coupled agents
for 30min at 4°C, and then washed in FACS buffer. Data were obtained with the Acea NovoCyte series
flow cytometer and analyzed using FlowJo software v9.6 (FlowJo, Ashland, OR, USA). The following anti-
murine antibodies were purchased from eBioscience and used for flow cytometric analysis: CD83 (clone
Michel-19), CD11c (N418), F4/80 (BM8), CD4 (RM4-5), CD8 (53-6.7), B220 (RA3-6B2), CD40 (HM40-3), CD80
(16-10A1), CD86 (GL1), CD3 (17A2), and major histocompatibility complex class [l (MHCII) (M5/114.15.2).

Enzyme-linked immunosorbent assay. The lectin of sialic acids SNA (20 ug/ml) and MAL (20 g/
ml) was immobilized on enzyme-linked immunosorbent assay (ELISA) plates at 4°C overnight. After
blocking the plate with binding buffer, CD83-Fc protein (10 wg/ml) was added to the plate well in tripli-
cate and incubated with SNA and MAL for 3 h at 37°C. Subsequently, MAO1 (50 ul) and heat-inactivated
MAO1 (50 ul) were added to the plate, and the plate was incubated for an additional 3 h. The plate was
washed twice with PBS and then incubated with the primary antibody CD83 (catalog number PA5-
47138; Invitrogen) (1:100) at 37°C for 1 h. After washing, horseradish peroxidase (HRP)-labeled secondary
antibodies (Southern Biotech) were added. TMB (3,3',5,5'-tetramethyl benzidine) reagent (BioLegend)
was used for color development, and the optical density was read at 450 nm.

Histological analysis. The lung tissues of mice inoculated with wt HON2 and MAQ1 were harvested
on day 5 postinoculation, fixed in 10% neutral buffered formalin for 24 h at room temperature, and then
embedded in paraffin. The tissue samples were then cut into 5-um sections and subjected to standard
hematoxylin and eosin (H&E) staining. The percentages of inflammatory cells per area were measured
with the ImageJ program.

Immunofluorescence staining. Next, we analyzed CD83 expression in NA-treated RAW264.7 cells and
avian influenza virus-infected mouse lung. RAW264.7 cells were cultured in 24-well plates with glass cover-
slips and stimulated with HSN1 neuraminidase (H5N1-Neu) for 3 h. Subsequently, RAW264.7 cells and lung
tissue sections from infected mice were fixed with 4% formaldehyde at room temperature. After blocking
with 1% bovine serum albumin (BSA), the samples were incubated with the CD83 primary antibody (cata-
log number PA5-47138; Invitrogen) (1:100) at 4°C overnight. The following day, the samples were incu-
bated with the secondary antibody Alexa Fluor 555 donkey anti-goat IgG (catalog number A-21432; Life
Technologies) (1:200). 4',6-Diamidino-2-phenylindole (DAPI) was used for nuclear staining. Images were
obtained with an Olympus FV1000 confocal microscope (Olympus, Tokyo, Japan) with a constant exposure
time. RAW264.7 cells were kindly provided by the Stem Cell Bank, Chinese Academy of Sciences.

Western blotting. RAW264.7 cells were collected and lysed on ice with radioimmunoprecipitation
assay (RIPA) buffer (catalog number 87787; Thermo Fisher Scientific) containing a protease/phosphatase
inhibitor cocktail (catalog number 78420; Thermo Fisher Scientific) and 1 mM phenylmethylsulfonyl fluo-
ride (PMSF) (catalog number ST506; Beyotime) for 10 min. Cell lysates were then centrifuged at
12,000 x g (4°C) for 15 min, and the supernatant was collected to determine the protein concentration
using a bicinchoninic acid assay kit (catalog number P0012; Beyotime). Samples were then mixed with
5x SDS-PAGE sample buffer (catalog number P0015L; Beyotime) and heated to 95°C for 5min.
Subsequently, samples were loaded onto a 10% gel, separated by electrophoresis, and transferred onto
polyvinylidene difluoride membranes (catalog number ISEQ00010; Merck Millipore). After blocking with
5% nonfat dry milk in Tris-buffered saline and Tween 20 for 1 h at room temperature, the membranes
were incubated with CD83 primary antibody (catalog number SC-55535; Santa Cruz Biotechnology)
(1:1,000), an NF-kB pathway sampler kit (catalog number 9936T; CST) (1:1,000), and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (catalog number AF0006; Beyotime) (1:1,000) at 4°C overnight.
After washing with Tris-buffered saline and Tween 20 three times, the secondary antibodies were
applied to the membranes for 2 h. Membranes were imaged using the ChemiDoc Touch system with
the Clarity Western ECL substrate (catalog number 170-5061; Bio-Rad).

Quantitative real-time PCR. Total RNA was extracted using the RNA simple total RNA kit (catalog
number DP419; Tiangen) and reverse transcribed using the QuantScript RT kit (catalog number KR103;
Tiangen). RT-PCR was performed on a LightCycler 480 instrument, using SuperReal PreMix Plus (SYBR
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green) (catalog number FP205; Tiangen). PCR primers of mouse genes were purchased from OriGene.
GAPDH was used as an internal control. Measurements for all reactions were performed in triplicate. The
results were analyzed using comparative critical threshold (AAC,) methods in the Q-PCR software
program.
Statistical analysis. The statistical analysis was performed using GraphPad Prism (GraphPad
Software, San Diego, CA). All graphs show means with standard deviations (SD). Statistical significance
was determined by two-tailed Student’s t test. A P value of less than 0.05 was considered statistically sig-
nificant (*, P < 0.05; **, P < 0.01; ***, P < 0.001; NS, not significant).
Data availability. Gene sequences (MA0O1) determined in this study have been submitted to
GenBank. The GenBank accession numbers are MT939243, MT939296, MT939317, MT939432, MT939437,
MT939439, MT939462, and MT939481.
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