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Disparate macrophage responses are linked
to infection outcome of Hantan virus in
humans or rodents
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% Check for updates Hantaan virus (HTNV) is asymptomatically carried by rodents, yet causes lethal

hemorrhagic fever with renal syndrome in humans, the underlying mechan-
isms of which remain to be elucidated. Here, we show that differential mac-
rophage responses may determine disparate infection outcomes. In mice, late-
phase inactivation of inflammatory macrophage prevents cytokine storm
syndrome that usually occurs in HTNV-infected patients. This is attained by
elaborate crosstalk between Notch and NF-kB pathways. Mechanistically,
Notch receptors activated by HTNV enhance NF-kB signaling by recruiting
IKKB and p65, promoting inflammatory macrophage polarization in both
species. However, in mice rather than humans, Notch-mediated inflammation
is timely restrained by a series of murine-specific long noncoding RNAs tran-
scribed by the Notch pathway in a negative feedback manner. Among them,
the Inc-ip65 detaches p65 from the Notch receptor and inhibits p65 phos-
phorylation, rewiring macrophages from the pro-inflammation to the pro-
resolution phenotype. Genetic ablation of Inc-ip65 leads to destructive HTNV
infection in mice. Thus, our findings reveal an immune-braking function of
murine noncoding RNAs, offering a special therapeutic strategy for HTNV
infection.

Hantaviruses are zoonotic pathogens distributed worldwide and have
drawn public concern with the newly reported possibility of super
spread'. They encompass at least 58 distinct genotypes classified in the
genus Orthohantavirus, among which the Old World and New World
lineages lead to two diseases in humans, namely, hemorrhagic fever
with renal syndrome (HFRS) prevailing in Eurasia and hantavirus pul-
monary syndrome (HPS) in the Americas, respectively>*. Hantaan virus
(HTNV), the prototype hantavirus naturally hosted by striped field

mice (A. agrarius), is transmitted to humans by the contaminated
secreta or excreta, causing severe HFRS with a case fatality rate of
15%*°. HTNV virions contain three negative single-stranded RNA gen-
ome segments encoding the nucleocapsid protein (NP), glycoprotein
precursor, and viral RNA-dependent RNA polymerase, respectively®.
Previous studies have demonstrated that cytokine storm syndrome
contributes to the pathogenesis of HFRS’'°, while only slight immu-
nopathologic injury can be detected in natural reservoirs’ ™, Less is
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known about the mechanisms determining the magnitude of host anti-
hantaviral responses.

Macrophages and their precursor monocytes belong to the host
mononuclear phagocyte system (MPS), constituting the first defense
line against microbial infection. Emerging evidence indicates that
macrophages maintain high plasticity and heterogeneity, serving as a
rheostat for immune actions'*. Macrophage polarization is regulated
by various cytokines or surveillance receptors” . Stimulation by Thil
cytokines or pathogen-associated molecular patterns strengthens the
classical inflammatory status of macrophage (M1) through the Statl or
NF-kB pathway. In contrast, Th2 cytokines or glucocorticoids can
convert macrophages to an alternative pro-resolution state (M2) by
activating Stat3 or GATA3. Similarly, the monocyte subsets are classi-
fied into classic, inflammatory (Ml-like) or patrolling (M2-like)
pattern''. Perturbing the MPS state transition contributes to the
pathogenesis of multiple infectious diseases’®”. Recent studies
reported that human monocytes and macrophages might be a deter-
minant of hantavirus pathogenicity’>*, while their role in rodents
remains ambiguous.

Notch signaling is an evolutionarily conserved development
pathway in vertebrates, and recent researches indicate it exerts
pleiotropic action in immune regulation®?°. Mammalian Notch ligands
include Delta-like and Jagged family members that interact with Notch
receptors and promote their cleavage by y-secretase, releasing the
Notch intracellular domain (NICD). NICD translocates into the nucleus
and binds to transcription factor (TF) RBP-J, enabling the expression of
HES or HEY family members?. The dual effects of Notch signaling on
macrophage polarization have been reported with a complex but
elaborate mechanism in inflammatory diseases** .. The Notch and TLR
pathways cooperated synergistically to reinforce M1 activation by
enhancing the synthesis and IRF8 and promoting the production of
TNFa, IL-6, and IL-12*°°. On the other hand, the Notch pathway was
indispensable for the expression of a series of M2 genes in chitin- or
lymphocyte-derived DNA stimulation models?®**?". Several studies
have discovered that activation of the Notch pathway in monocytes or
macrophages participates in the pathogenesis of acute viral infection,
including the Dengue virus (DENV) and influenza A virus (IAV)
infection®®, but the exact mechanisms have been largely
underexplored.

NF-kB is a family of TFs that influence a broad range of physio-
logical and pathological processes™. In the resting state, p65 is bound
and sequestered by the inhibitor of NF-kB (IkB) in the cytoplasm. Upon
infection or stress conditions, IkB proteins are phosphorylated by the
IkB kinase (IKK) complex and undergo subsequent degradation, which
releases p65 and potentiates its phosphorylation®. Phosphorylated
p65 translocates into the nucleus and induces the expression of
inflammatory cytokines, and aberrant p65 activation is highly involved
in the cytokine storm syndrome during viral or bacterial sepsis®**’. The
role of NF-kB signaling seems to be controversial during hantaviral
infection. HTNV infection could trigger TLR4-dependent and p65-
mediated inflammatory responses, which are responsible for endo-
thelial dysfunction and viral pathogenicity®®***. Nevertheless, it has
been reported that the NP of HTNV could interact with the karyopherin
importin «, blocking the nuclear translocation of inflammatory
TFs™™*. It is opaque whether there exists a disparate modulatory
pattern of NF-kB pathway between different species.

Currently, increasing evidence suggests that long noncoding
RNAs (IncRNAs) are critical immune regulators by acting as the mod-
ification switcher (e.g., Inc-DC), location guider (e.g., lincRNA-Cox2), or
aggregation scaffolder (e.g., NEAT1)*. Lnc-DC directly binds to and
prevents Stat3 dephosphorylation by SHPI, facilitating human den-
dritic cell differentiation*’. LincRNA-Cox2 enhances the occupancy of
RNA polymerase Il on the /l6 promoter to facilitate IL-6 production*®.
NEATI recruits transcriptional suppression proteins to form para-
speckle, strengthening the expression of pattern recognition

receptors (PRRs) or cytokines™*. It is worth noting that IncRNAs
possess relatively low sequence conservation across species. Several
IncRNAs are exclusively transcribed in rodents instead of humans,
among which there are Inc-lsm3b and Inczc3h7a that regulate the RIG-
I-mediated antiviral responses®®”; additionally, another batch of
human-specific immune gene-priming IncRNAs (IPLs) have been
recently identified, which could facilitate the H3K4me3 epigenetic
priming of chemokine genes*’.

In this study, we demonstrate that disparate macrophage
responses determine the outcome of HTNV infection in humans or
rodents. The Mi-triggered cytokine storm contributes to HFRS
pathogenesis in human patients, whereas the late-phase inactivation of
M1 curbs inflammation in rodents. Furthermore, we find that the
murine macrophage phenotype is reprogrammed by HTNV through
the Notch-IncRNA-p65 axis. HTNV infection promotes NICD release,
which assist the p65-mediated M1 polarization. Whereafter, a cluster of
Notch-downstream murine-specific IncRNAs, including IncRNA
30740.1 (termed Inc-ip65), could efficiently restrain M1 activation.
Loss- and gain-of-function assays show that Inc-ip65 targets p65 and
inhibits its phosphorylation at S276, S529 and S536. Ablation of Inc-
ip65 led to lethal HTNV infection in rodents. Taken together, our study
sheds light on how HTNV elicits discriminative immune responses
between rodents and humans, offering potential therapeutic strategies
against HFRS and other inflammatory diseases.

Results

Hyperactivation of inflammatory monocytes contributes to
cytokine storm syndrome in HFRS patients

The monocyte subsets displayed a unique alteration pattern in HFRS
patients. Individuals with HTNV infection possessed a higher propor-
tion of M1-like monocytes (CD14"* CD16") but a relatively lower M2-like
percent (CD14" CD16™) than those with Japanese encephalitis virus
(JEV), hepatitis B or C virus (HBV or HCV) infection (Fig. 1a, Supple-
mentary Fig. 1a). The monocytes were rapidly mobilized at the acute
stage of HFRS (Fig. 1b, ¢, Supplementary Fig. 1b). Stratification analysis
showed that it was not the MlI-like subsets across the whole clinical
stages, but the proportion of them at the acute stage, that positively
correlated with the disease severity (Fig. 1d, e). No relationship
between M2-like monocytes with patient conditions was found (Sup-
plementary Fig. 1c). Additionally, the percentage of regulatory T (Treg)
cells, but not Thl, Th2, or Thl7, correlated with disease severity
(Supplementary Fig. 1d, e), which coincided with previous studies'®*.
Based on the Bio-Plex system, we identified twenty upregulated cyto-
kines in the severe/critical patients compared with those of mild/
moderate or healthy individuals, among which there were TNFa, IL-8
and IL-10 (Fig. 1f). Then we wondered whether the monocyte subsets
were associated with the patient immunophenotype. Intriguingly, the
Ml-like monocytes in HFRS patients were characterized by high
expression of TNFa, IL-8, IL-10 and HLA-DR (Supplementary Fig. 2a),
suggesting that they might lead to a compounded inflammatory
response. Moreover, it was the TNFa" monocytes that correlated with
HFRS severity (Fig. 1g, Supplementary Fig. 2b, c). The TNFa" IL-10°
monocytes, as well as TNFa" IL-10° and TNFx' IL-10° monocytes,
showed persistent activation in the severe/critical group (Fig. 1h).
These data indicated that excessive inflammation in HFRS might be
incriminated with the dysregulated monocyte patterns.

Late-phase inactivation of inflammatory macrophages occurs in
rodents rather than in humans

Considering undue inflammatory responses drive HFRS progression,
we hypothesized whether this pathological process is discrepant in
rodents. A. agrarius mice were captured in the Weihe Plain of China,
where HTNV was prevailing (Supplementary Table 1). HTNV main-
tained a high replication level in rodent lungs (Supplementary Fig. 3a),
which was consistent with previous studies®**. Based on the viral RNA
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Fig. 1| Inflammatory monocytes trigger TNFa-centered cytokine storm in
HFRS patients. a The monocyte phenotype measured by flow cytometry from
PBMCs of patients with different virus infections (acute phase for HTNV infection/
n =20, febrile phase for JEV infection/n =15, and chronic phase for HBV/n =18, or
HCV infection/n = 18) or healthy individuals (n = 12). HTNV group as control (vs.JEV,
HBV or HCV), for M1-like monocytes, p = 0.0156/ < 0.0001/ = 0.0006; for M2-like
monocytes, p = 0.1917/0.0213/0.001; for classic monocytes, p = 0.7341/0.7878/
0.2571. Gating strategy is shown in Supplementary Fig. 1a. b Overview of disease
stages and severity classification for HFRS. The patient sample number of each
disease course with different severity for (c-g) has been listed. ¢ The monocyte
(CD11b*CD11c") percentage measured by flow cytometry in HFRS patients. Healthy
group as control, p<0.001 (vs. febrile stage)/< 0.001 (vs. hypotensive stage)/
=0.0002 (vs. oliguric stage). Gating strategy is shown in Supplementary Fig. 1b. The
relationship between the proportion of M1-like monocytes (measured by flow
cytometry) and HFRS severity (Mild/Moderate vs. Severe/Critical) is analyzed either
across the whole disease stage (d, p=0.0787) or at distinct disease phases

14d 1d 4d 7d 10d 14d 1d 4d 7d 10d 14d

(e, p=0.0237, at febrile stage/0.0218, at hypotensive stage/0.1251 at oliguric stage/
0.8627 at diuretic stage). Gating strategy is shown in Supplementary Fig. 1a.

f Heatmap of the 40-multiplex array. Upregulated cytokines are marked red

(p <0.05). The exact p value of each group is shown in the Source Data File. g The
secretion of TNFa, IL-10 and IL-8 in monocytes measured by flow cytometry at the
acute stage of HFRS. Mild/Moderate vs. Severe/Critical, p < 0.0001 (TNF«" IL-10" IL-
8)/<0.0001 (TNFo* IL-10" IL-8)/ = 0.0402 (TNFa" IL-10" IL-8))/ = 0.1711 (TNFa IL-10*
IL-8")/ = 0.8487 (TNFa IL-10" IL-8")/ < 0.0001 (TNF«' IL-10" IL-8)/= 0.6775 (TNFa" IL-
10' IL-8") of different monocyte phenotypes. Gating strategy is shown in Supple-
mentary Fig. 2b, c. h Dynamic alteration of HFRS monocyte subsets detected by
flow cytometry along with disease progression. Gating strategy is shown in Sup-
plementary Fig. 2b, c. Data are shown as the mean + SD. Analysis is performed using
one-way ANOVA (a, ¢, Dunnett’s multiple comparisons test), or two-sided unpaired
Student’s ¢ test (d-g). *p < 0.05, *p < 0.01, **p < 0.001; NS no significance. Source
data are provided as a Source Data file.

level and host antibody production, the rodent disease phases were
classified as HTNV infection negative stage (HINS), early stage (HIES),
progressive stage (HIPS), and clearance stage (HICS) (Fig. 2a). Six
inflammatory cytokines, especially TNFa and IP-10, elevated at the
HIES and then declined at the HIPS (Fig. 2b), indicating that the murine
immune system was transiently activated but timely controlled post
HTNV infection. To note, murine alveolar macrophages (AMs), ori-
ginally scattered in the lung tissue at the HINS, were recruited to
alveolar capillaries and distributed surrounding the HTNV-infected
endothelial cells (Supplementary Fig. 3b). To evaluate the macrophage
polarization state, NF-kB and JAK/STAT pathways in AMs were detec-
ted. Intriguingly, although the total expression level of p65 increased,
its phosphorylation level peaked at the HIES but collapsed overtly at
the HIPS (Fig. 2¢). Contemporaneously, the phosphorylation of Statl
was maintained at a relatively high level at both the HIES and HIPS
(Fig. 2c). These findings implied that HTNV might dynamically

manipulate murine macrophage reprogramming via NF-kB signaling
in vivo.

Although the M1 activation in A. agrarius mice was elaborately
controlled, it remained uncertain whether this process was beneficial
for hosts against hantaviral infection. To answer this question, clo-
dronate liposomes (clophosome) were applied to eliminate mono-
cytes and macrophages in vivo™. In terms of the lethal infection model
of neonatal mice by HTNVY, treatment with clophosome or the TNFa
neutralizing antibody at the early stage (namely 1 day post infection/
dpi), but not the progressive stage (namely 5 dpi), could effectively
improve the disease outcome (Supplementary Fig. 4a, b). In terms of
the asymptomatic infection model of adult mice by HTNV", we found
that pre-treatment of clophosome promoted the onset of disease
(Supplementary Fig. 4¢), in which mice showed weakened TNFa pro-
duction with high viral loads (Supplementary Fig. 4d). Similar results
were also observed in the RIG-I”" mouse model (Supplementary
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Fig. 2 | Differential immune status in rodents versus humans might be deter-
mined by distinct macrophage responses against HTNV Infection. a Natural
infection phases of HTNV in A. agrarius mice defined based on the assessment of
HTNV-S and anti-NP IgG in the lung tissue. b Cytokine production measured by
ELISA in lung tissues (n =20 in each group). HIES as control (vs. HIPS), p = 0.0092
(TNFx)/0.003 (IP-10)/0.5973 (MCP-1)/0.0275 (IFN&)/0.0084 (IL-18)/0.0011 (IL-10).
HINS as control (vs. HIES, HIPS or HICS), p =0.0002/0.8384/0.9844 (TNFa);
p=0.0409/>0.9999/=0.4072 (IP-10); p = 0.0032/ 0.0203/0.937 (MCP-1);
p<0.0001/ =0.0145/ = 0.4273 (IFNa); p = 0.9233/0.0069/0.1034 (IL-1B);
p=0.5576/<0.0001/ = 0.9844 (IL-10). ¢ Representative immunoblot analysis of
three independent experiments for p65 and Statl in AMs from field mice with

various disease stages. d Representative immunoblot analysis of three independent
experiments for p65 and Statl in mBMDM or hMDM from O to 36 hpi with an MOI of
1. (e and f) Representative immunoblot analysis of three independent experiments
for TFs located in the cytoplasm or nucleus from mBMDM (E) or hMDM (F) at an
MOI of 1 for HTNV infection. Data are shown as the mean + SD for animal samples.
Data are representative of three independent experiments. Analysis of different
groups is performed with two-sided unpaired Student’s ¢ test, or one-way ANOVA
(Dunnett’s multiple comparisons test). *p < 0.05, **p < 0.01, **p < 0.001; NS no
significance. Molecular weight markers are shown to the left of the blots in kDa, and
antibodies used are indicated to the right. Source data are provided as a Source
Data file.

Fig. 4c, d). In brief, monocytes/macrophages might act as destroyers in
the high-lethal neonatal mouse model but as defenders in the non- or
low-lethal adult mouse model against HTNV infection.

To address the specific role of MPS, primary monocytes or mac-
rophages from mice or humans were extracted and subjected to HTNV
infection in vitro. TNFa generated from the murine bone marrow-
derived macrophages (mBMDM) and peritoneal macrophages
(mPM¢) increased from O to 24 h post infection (hpi) and then
decreased, the production of which showed continuous elevation in
the human monocytes (hMo) or monocyte-derived macrophages
(hMDM) (Supplementary Fig. 4e), revealing a discrepant proin-
flammatory identity of MPS in different species. On the other hand,
murine and human macrophages exhibited analogous antiviral func-
tions (Supplementary Fig. 4f). As for the inflammatory pathway
alteration, phosphorylated p65 (S276, S468, S529, and S536) increased
from O to 24 hpi and then decreased in mBMDM, the activation pattern
of which was different from that in hMDM (Fig. 2d). Consistently, the
amount of p65 in the nucleus (Fig. 2e, f), as well as its DNA binding
capacity (Supplementary Fig. 4g), also displayed a fluctuating trend in
mBMDM rather than hMDM. Nevertheless, the activation schema of
some other pivotal TFs, which mediated the polarization of M1 (e.g.,
Statl and IRF5) or M2 (e.g., IRF4), did not differ between mBMDM and
hMDM (Fig. 2e, ).

To confirm the distinct reprogramming process by HTNV, further
experiments were performed based on macrophage cell lines. The
TNFa or IFNa production pattern in murine RAW264.7 and MH-S cells,
or human THP-1-derived cells, was identical to the primary cells
(Supplementary Fig. 5a). The p65 transcription activity during HTNV
infection, detected by the dual-luciferase reporter assays (Supple-
mentary Fig. 5b, ¢) or the NF-kB-DNA binding assays (Supplementary
Fig. 5d), also displayed a late-phase inactivation model in RAW264.7
rather than THP-1-derived cells. To directly assess the p65 activation
status, the phosphorylation and subcellular localization of p65 were
assessed. Phosphorylated p65 increased from O to 24 hpi and then
decreased in RAW264.7 cells, which persistently accrued in THP-1-
derived cells (Supplementary Fig. 5e). Based on the live cell imaging
system, we found that the amount of p65 in the nucleus was sig-
nificantly reduced in RAW264.7 from 24 to 35 hpi, differing from that in
the THP-1-derived cells (Supplementary Fig. 5f). All these data verified
the late-phase inactivation of p65 by HTNV in murine rather than
human macrophages.

Macrophage reprogramming by HTNV confers rodents with
resistance against secondary sepsis

A significant association of secondary bacterial sepsis with hantavirus
disease severity has been reported recently’® . Considering the late-
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Fig. 3 | Late-phase Inactivation of Rodent M1 by HTNV Alleviates Immuno-
pathogenesis Caused by Secondary Bacterial Sepsis. a, b The mBMDM are pre-
infected with HTNV (MOI =1) for 36 h and then stimulated with LPS (2.5 ng/ml). Cell
lysates or supernatants at 6 h or 12 h post LPS stimulation are collected for p65
pathway (a, representative immunoblot image) or cytokine (b, n =4, ELISA)
detection, respectively. Mock+LPS vs. HTNV (36pi) + LPS in (b), p=0.005 (6 h)/
0.0015 (12 h)/0.0217(24 h) for TNFa; p = 0.0364 (12 h)/0.0176 (24 h) for IL-6;
p=0.0213 (12 h)/0.0003 (24 h) for MCP-1; p=0.0039 (12 h)/0.008 (24 h) for ROS.
¢ Survival and weight loss data of mice with initial HTNV infection (intramuscular
injection/i.m., 8 x 10° TCIDs0/g) and subsequent LPS challenge (intraperitoneal
injection/i.p., 5 mg/kg). For PBS challenge, n = 8; for LPS challenge, n=12 in each
group. Mock + LPS vs. HTNV-7dpi + LPS, p = 0.003 for survival data, p = 0.0011 for
weigh loss data at 10 d. d Serum TNFa or IL-6 concentration measured by ELISA
from (c) at one day post LPS challenge (n = 5). Mock + LPS as control, p = 0.0281 (vs.

HTNV-3dpi+LPS)/0.0091 (vs. HTNV-7dpi+LPS) for TNFa, p = 0.0047 (vs. HTNV-3dpi
+LPS)/0.0001 (vs. HTNV-7dpi+LPS) for IL-6. Representative flow cytometric images
for Mi-like monocytes (Ly6C* CCR2") (e) and M1 AMs (F4/80" TNF«®) (f) from (c) at
one day post-LPS challenge. Related statistical analysis is shown in Supplementary
Fig. 6d, e, respectively. g Representative haematoxylin and eosin (H&E) staining
images of mouse tissues from (c) at one day post-LPS challenge. Scale bars, 200 pm.
Data are shown as the mean + SEM. Data are representative of three independent
experiments. Analysis is performed using two-sided unpaired Student’s ¢ test (b and
weight loss comparison in c¢), one-way ANOVA (c, Dunnett’s multiple comparisons
test), or survival curve comparison (survival comparison in ¢, log-rank
[Mantel-Cox] test). *p < 0.05, **p < 0.01, **p < 0.001; NS no significance. Molecular
weight markers are shown to the left of the blots in kDa, and antibodies used are
indicated to the right. Source data are provided as a Source Data file.

phase inactivation of M1 in rodents, we wondered whether this process
could protect hosts against bacterial sepsis. To address this question, a
sequential challenge model was established both in vitro and in vivo.
Pre-infected with HTNV for 36 h could hinder the LPS-induced p65
phosphorylation, during which the activation of IKBa and IKKa/3 were
not affected (Fig. 3a). The LPS-induced production of proinflammatory
cytokines (e.g., TNFa and IL-6), chemokines (e.g., MCP-1), and anti-
microbial ROS, but not the IL-1B and IL-10, was suppressed in the
HTNV-36 hpi group (Fig. 3b). However, the p65 activation and cytokine
generation post LPS stimulation were strengthened in the HTNV-12 hpi
group (Supplementary Fig. 6a, b). These findings suggested that the
late-phase inactivation of M1 by HTNV could prohibit the LPS-triggered
inflammation, possibly through a p65-dependent manner.

Next, we investigated whether HTNV could affect LPS-induced
Gram-negative sepsis in vivo. To define the HTNV infection phase
in vivo, the dynamics of viral proteins and cytokines were measured.
We found that HTNV NP and TNFa production maintained at com-
paratively high levels at 3 dpi and then declined remarkably at 7 dpi
(Supplementary Fig. 6¢). The mice at the late-infection phase (7 dpi),
but not the early phase (3 dpi), were protected from the subsequent
LPS challenge (Fig. 3c). The LPS-stimulated serum TNFa and IL-6 pro-
duction (Fig. 3d), as well as the hyperactivation of M1-like monocytes in
peripheral blood (Fig. 3e, Supplementary Fig. 6d), Ml-type AMs in
lungs (Fig. 3f, Supplementary Fig. 6e), and tissue immunopathology
(Fig. 3g), was attenuated in the HTNV-7 dpi group but aggravated in the
HTNV-3 dpi group. These results indicated that HTNV infection might

Nature Communications | (2024)15:438



Article

https://doi.org/10.1038/s41467-024-44687-4

alter mouse susceptibility to LPS-induced sepsis. Furthermore, the
cecal slurry (CS)-induced polymicrobial sepsis model was established
post HTNV infection. We found that late-phase infection (7 dpi), or the
clophosome treatment, could defend mice against lethal CS challenge
(Supplementary Fig. 7a). Compared with the mock group, the patho-
logical injury of lung tissues (Supplementary Fig. 7b), and the gen-
eration of proinflammatory cytokines in mouse serum (Supplementary
Fig. 7c) were distinctively improved either in the HTNV-7dpi or clo-
phosome group. No synergic protective effects of HTNV infection and
clophosome application were found against secondary polymicrobial
sepsis (Supplementary Fig. 7a-c). Additionally, pre-infected HTNV
suppressed CS-induced M1 activation by inhibiting the expression of
TNFq, IL-6, IL-1B, and Nos2 (Supplementary Fig. 7d), and enhanced the
expression of M2-related genes such as Arg-1, Chil3, and Retnla (Sup-
plementary Fig. 7e). These findings signified that late-phase inactiva-
tion of inflammatory macrophages by HTNV might defend rodents
against lethal polymicrobial toxicity.

Notch signaling blocks p65 activation and rewires the murine
macrophage phenotype at the late HTNV infection stage

The RNA-seq data confirmed the late-phase inactivation of inflam-
matory macrophages (M1) and the reactivation of the pro-resolution
phenotype (M2) (Fig. 4a-i). GO and KEGG analysis indicated that the
PRR and Notch signaling changed significantly and displayed a
nonlinear alteration pattern with infection (Supplementary Fig. 8a,
b). Further RNA interfering and knockout experiments revealed that
it was the Notch pathway, but not the TLR, RIG-I, or type I IFN sig-
naling, that controlled the late-phase downregulation of TNFa
(Supplementary Fig. 8c-i, ii). To note, RBP-J knockout in macro-
phages contributed to continuous TNFa production, while NICD
overexpression could not affect TNFa release (Supplementary
Fig. 8c-iii). Then there was one possibility that RBP-J and downstream
genes probably launched negative feedback against NICD-mediated
M1 polarization. To verify our hypothesis, the dominant negative
form of RBP-J (R218H)*> and the y-secretase inhibitor (DAPT/GSI-IX)*°
were used. The overexpression of R218H, which competitively bon-
ded with NICD and blocked endogenous RBP-J activation, remarkably
reinforced TNFa production (Supplementary Fig. 8c-iii). The appli-
cation of DAPT before infection, but not at the late infection stage,
suppressed TNFa production (Supplementary Fig. 8c-iv). These
results suggested that murine Notch signaling might dynamically
rewire macrophage phenotype.

To decipher the specific Notch activation pattern, the production
and subcellular localization of Notch proteins were measured. During
the natural HTNV infection process, Notch-related genes in mBMDM
were upregulated along with infection, while at the late infection stage
(from 24 to 48 hpi), the M1- but not M2-related genes showed a des-
cending trend (Supplementary Fig. 9a). Of note, though the total
expression of Notch proteins increased (Supplementary Fig. 9b), the
NICD firstly accumulated in the cytoplasm (O to 24 hpi) and then
translocated into the nucleus (24 to 48 hpi) (Supplementary Fig. 9¢c, d).
This activation pattern was also validated in vivo, which meant that
NICD was stockpiled in the cytoplasm of AMs, Kupffer cells (KCs),
kidney or spleen macrophages at 3 dpi and shifted to the nucleus at 7
dpi (Supplementary Fig. 10). These data indicated that HTNV might
trigger early incomplete (without target gene expression) but later
complete (with target gene activation) Notch signaling in murine
macrophages.

The next question was how murine Notch signaling modulates
the late-phase passivation of M1. RNA-seq results showed that most
Ml-related genes were upregulated at the late infection stage in RBP-
J° mBMDM (Fig. 4a-ii), which was further confirmed by qRT-PCR
(Supplementary Fig. 11a). RBP-J*© mBMDM showed robust pro-
inflammatory and antigen-presenting function at the late HTNV
infection phase, for that the production of TNFa, IL-6 and IL-12, as

well as the expression of CD80 and CD86, was remarkably
strengthened at 36 hpi (Fig. 4b, Supplementary Fig. 11b). RBP-J*°
mBMDM also displayed enhanced phagocytosis, chemotaxis and
anti-microbial function at 36 hpi (Supplementary Fig. 11c-e). More-
over, RBP-J**® mBMDM maintained an increased extracellular acid-
ification rate (ECAR, an indicator for Mil-related glycolysis®®) but a
decreased oxygen consumption rate (OCR, an indicator for M2-
related mitochondrial respiration®) than the WT group at the late
phase (Supplementary Fig. 11f). Previous studies showed that the
Notch pathway affected the mitochondrial function®, and here, we
also found that RBP-J**°* mBMDM possessed a large number of
damaged mitochondria (Supplementary Fig. 11g), which might par-
tially explain why Notch could manipulate the metabolic repro-
gramming of macrophages. These data suggested that the Notch
pathway determined the late-phase immunophenotype switch of
macrophages.

Considering that the NF-kB pathway contributed to the mito-
chondria quality control®® and the late-phase inactivation of M1 (Fig. 2),
we wondered whether Notch-mediated macrophage reprogramming
was p65-dependent. The increased phosphorylation of p65, but not
Statl, was found in the RBP-J*** mBMDM from 36 to 48 hpi (Fig. 4¢).
Consistently, the real-time live-cell imaging system confirmed sus-
tained nucleus aggregation of p65 in the RBP-J*** mBMDM from 24 to
36 hpi, during which p65 was shifted to the cytoplasm in the WT group
(Fig. 4d). These results substantiated that the murine Notch pathway
might inhibit M1 polarization at the late infection stage by turning off
NF-kB signaling in vivo. To evaluate whether this process was beneficial
in vivo, neonatal and adult mouse models were utilized. RBP-J*°
suckling mice showed an early onset of disease than the WT mice
(Fig. 4e), which was associated with more severe inflammatory
responses but not viral loads (Supplementary Fig. 11h). Intriguingly,
RBP-J*° adult mice were susceptible to high-dose HTNV challenge
(Fig. 4f, g), and they also showed aggravated TNFa responses and
uncontrolled hantaviral replication at 7 dpi (Supplementary Fig. 11i).
Additionally, worsen pathological changes in the RBP-J*° spleens at
7 dpi, which were accompanied by hyperactivation of p65 (Fig. 4h, i).
The reinforced activation of signaling triggered via p65, c-Jun N-
terminal kinase (JNK), c-Jun N-terminal kinase (ERK) or IRF5 was also
found in the RBP-J*° spleens at 7 dpi (Fig. 4j). These in vivo models
suggested that the RBP-J-mediated late-phase inactivation of murine
inflammatory macrophages played a protective role against HTNV
infection.

Notch activation pattern differs in human macrophages and
promotes Ml-mediated inflammation

Another noteworthy question was whether there existed a discrepant
Notch activation pattern in human macrophages. Most Notch-related
genes and proteins increased post HTNV infection in hMDM from O
to 36 hpi (Fig. 5a, b), during which the NICD was continuously gen-
erated and translocated into the nucleus (Fig. 5c, d). These results
indicated that the Notch pathway was completely activated in human
macrophages throughout the infection stage. Hindering NICD gen-
eration with DAPT could constrain the phosphorylation of p65 rather
than p-JNK or p-ERK, which would also facilitate HTNV replication at
the late infection stage (36-48 hpi) (Fig. 5e), suggesting that Notch
signaling might consolidate the human M1 polarization process.
Consistently, DAPT restrained the secretion of various proin-
flammatory cytokines at 48 hpi (Fig. 5f), during which the expression
of manifold Ml-related genes was downregulated while M2-related
genes were strengthened (Fig. 5g, h). Furthermore, we found that the
activation level of Notch signaling in monocytes was associated with
disease severity (Supplementary Fig. 12). These data collectively
demonstrated that Notch signaling showed a distinct activation
pattern in humans versus mice, which promoted an Ml-mediated
cytokine storm in HFRS patients.
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Fig. 4 | Murine Notch Signaling Contributes to the Late-phase Inactivation of
M1 by Inhibiting p65 Activation. a Heatmap showing major genes associated with
mBMDM polarization based on the RNA-seq data (MOl =1, n=3). Various time
points post HTNV infection (i); RBP-J*° vs. WT mBMDM at 36 hpi (ii).

b Proinflammatory cytokine secretion detected by flow cytometry at 36 hpi

(MOI =1, n=4). Statistical analysis is shown on the left, and gating strategy is shown
on the right. WT vs. RBP-J*° at 36 hpi, p = 0.0003 (TNFa)/ < 0.0001 (IL-6)/ < 0.0001
(IL-12). ¢ Representative immunoblot analysis of three independent experiments
evaluating the activation of Ml-related TFs at the late infection stage (MOI=1).

d Representative live cell imaging of three independent experiments depicting the
translocation of GFP-p65 in the cytoplasm or nucleus from the WT and RBP-J<°
mBMDM (n =3). Scale bars, 10 pm. e Survival data for HTNV-challenged 4-day
neonatal mice (i.p., 8 x 10° TCIDso/g) (n=10 for WT, n =8 for RBP-J%°). P=0.0012.
f Survival data for HTNV-challenged 8-week-old adult mice doses (i.p., 8 X 10° to

8 x10” TCIDso/g). The mice number of each group is shown in the figure symbols.
WT vs. RBP-J%°, p=0.0979 (8 x 10° TCIDs0/g)/0.009 (8 x 10° TCIDs0/g)/0.0172

(8 X107 TCIDso/g). g Weight loss analysis of () (i.p., 8 x 10° TCIDs¢/g). WT (n=10) vs.
RBP-J° (n=12), p = 0.0071/0.0028/0.0057/0.0123/0.0286/0.0205 for 8-13 dpi,
respectively. h Morphological alteration of spleens at 3 dpi or 7 dpi (i.p., 8 x10°
TCIDso/g, n=5). i Representative H&E (scale bars, 500 pm) (-i), TUNEL (scale bars,
500 pm) (-ii) and immunofluorescent staining (scale bars, 20 pm) (-iii) of spleen
tissues from (h). Triangles mark the cytoplasmic location of p65, and arrows show
the nuclear location of p65 in F4/80" macrophages. j Representative immunoblot
analysis of three independent experiments evaluating the activation of p65, JNK,
ERK and IRF5 from (h) (n=3). Animal data are shown as the mean + SD, and the cell
data as the mean + SEM. Results are representative of three independent experi-
ments. Analysis is performed using two-sided unpaired Student’s ¢ test (b, g), or
survival curve comparison (e, f, log-rank [Mantel-Cox] test). *p < 0.05, **p < 0.01,
***p < 0.001; NS no significance. Molecular weight markers are shown to the left of
the blots in kDa, and antibodies used are indicated to the right. Source data are
provided as a Source Data file.

Murine-specific LncRNAs downstream of notch signaling retrain
M1 polarization

It is ambiguous why Notch signaling regulates macrophage polariza-
tion differently in mice versus humans. Considering that this pathway
is highly conserved, we wondered whether there existed some other
transcripts controlled by Notch. The RNA-seq analysis identified

ninety-seven murine-specific IncRNAs in HTNV-infected RBP-J%°
mBMDM (Fig. 6a and Supplementary Data 1), most of which main-
tained potential protein binding capacity according to the RBPDB
database®” (Supplementary Data 2). Thirty-one IncRNAs were con-
firmed through qRT-PCR, among which eight IncRNAs (namely,
22387.1, 30740.1, 30928.1, 60100.1, 59654.1, 57001.1 and 11443.1)
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showed a fold change of more than two at the late phase (36 to 72 hpi)
of HTNV or Dengue virus 2 (DENV2) infection (Fig. 6b, Supplementary
Fig. 13a). Silencing 22387.1, 30740.1 and 30928.1 conspicuously con-
solidated TNFa production (Fig. 6c¢-(i), Supplementary Fig. 13b, c),
possibly by enhancing the NF-kB pathway activation (Fig. 6¢-(ii), Sup-
plementary Fig. 13d). These data suggested that these three IncRNAs
might act as negative feedback for M1 polarization.

Then, the biological features of these IncRNAs were analyzed.
Sequence-based bioinformatic analysis®® showed that they had low
coding capability (Supplementary Fig. 14a), and conservation analysis

based on the UCSC Genome Browser database® indicated that they
were murine-specific (Supplementary Fig. 14b). The tissue expression
evaluation suggested that they were transcribed endogenously in
diversified tissues (Supplementary Fig. 14c). The fluorescence in situ
hybridization assay (FISH) showed that 30740.1 and 30928.1.1 were
mostly distributed in the cytoplasm, while 22387.1 was located both in
the cytoplasm and nucleus (Supplementary Fig. 14d). There existed
RBP-J-binding DNA sequences among the upstream region of their
transcription site (Supplementary Fig. 15a). Inhibiting the Notch
pathway via DAPT would hinder these IncRNAs’ expression, while

Nature Communications | (2024)15:438



Article

https://doi.org/10.1038/s41467-024-44687-4

Fig. 5 | Notch pathway activates differently in human macrophages and pro-
motes M1-mediated HFRS pathogenesis. a qRT-PCR analysis of Notch pathway-
related genes in HTNV-infected hMDM (MOI =1, n = 4). Notchl, p = 0.0166 (O vs. 24
hpi)/ < 0.001(0 vs. 48 hpi); Notch2, p < 0.0001 (O vs. 48 hpi); Notch4, p < 0.0001 (O
vs. 24 or 48 hpi); DIl1, p < 0.0001 (O vs. 24 or 48 hpi); DII3, p<0.001 (O vs. 24 or
48 hpi); Jagged1, p < 0.0001 (O vs. 48 hpi); Hesl, p=0.0035(0 vs. 24 hpi)/ < 0.0001
(0 vs. 48 hpi); Heyl, p=0.0004 (O vs. 24 hpi)/ < 0.001 (O vs. 24 hpi).

b Representative immunoblot analysis of three independent experiments for the
Notch pathway in HTNV-infected hMDM (MOI =1). ¢ Representative immunoblot
analysis of three independent experiments for the NICD in the cytoplasm or
nucleus in HTNV-infected hMDM (MOI =1). d Representative immunofluorescent
analysis of three independent experiments for NICD localization in HTNV-infected
hMDM (MOI =1). e Representative immunoblot analysis of three independent

experiments for phosphorylated p65, ERK or JNK in HTNV-infected hMDM that are
pretreated with DMSO or DAPT (50 umol/L) for 12 h. f Supernatant cytokine con-
centration detected by ELISA from (e). DMSO vs. DAPT (48 hpi), p = 0.0012 (TNFx)/
0.0099 (IL-1B)/0.0117 (IL-6)/0.0004 (MCP-1)/0.7738 (IFNa). qRT-PCR analysis of
M- (g) or M2-related (h) gene expression in hMDM from (e). In (g), p=0.0048
(Tnf)/ 0.0112 (1b)/0.0028 (N0s2)/0.0019 (Ccl2); In (h), p = 0.0003 (/l10)/0.0028
(Tgfb)/0.003 (Agrl)/ < 0.0001 (MrcI). Data are shown as the mean + SEM, and are
representative of three independent experiments. Analysis is performed using one-
way ANOVA (a, Dunnett’s multiple comparisons test), or two-sided unpaired Stu-
dent’s t test (f-h). *p < 0.05, **p < 0.01, **p < 0.001; NS no significance. Molecular
weight markers are shown to the left of the blots in kDa, and antibodies used are
indicated to the right. Source data are provided as a Source Data file.

motivating Notch pathway by adding mDII1 would enhance their
transcription (Supplementary Fig. 15b). RBP-J knockout blocked
IncRNA expression, while replenishing RBP-J, instead of R218H, res-
cued this process (Fig. 6d-(i)). These data confirmed that the three
IncRNAs were regulated by the Notch pathway. Moreover, silencing
TLR3 and TLR4, but not RIG-1 and MDA, inhibited these IncRNAs
transcription at 36 hpi (Fig.6d-(ii)). Other RNA viruses such as Sendai
virus (SeV), vesicular stomatitis virus (VSV) and enterovirus 71 (EV71),
but not DNA viruses such as herpes simplex virus type 2 (HSV-2), could
propel the expression of these IncRNAs (Fig. 6e). The IncRNA expres-
sion was also correlated with viral MOIs (Supplementary Fig. 15c), and
could be activated by TLR3 (polylC) or TLR4 agonist (LPS) (Supple-
mentary Fig. 15d). Taken together, these murine IncRNAs might be
involved in multiple RNA virus infection processes.

To fully investigate the role of these IncRNAs, locked nucleic acids
(LNAs) were applied to intervene in their expression (Supplementary
Fig. 15e). In the LNA-NC (negative control) group, the macrophage
phenotype showed a switch from the pro-inflammation to the pro-
resolution pattern at 36 hpi, while silencing 22387.1, 30740.1 or
30928.1 could significantly hinder such transition (Fig. 6f). The abla-
tion of IncRNAs promoted the proinflammatory and antiviral capacity
by upregulating the CCR7* IL-6" (Fig. 6g) and reducing the CCR2"
CX3CRI" macrophage proportion (Fig. 6h). Notably, silencing these
IncRNAs impaired the chemotactic ability, but improved the phago-
cytosis and antigen-presenting function of macrophages (Supple-
mentary Fig. 15f-h). Furthermore, the expression of CD206 (M2
marker) was decreased in the knockdown group (Supplementary
Fig. 15i), and the metabolic process was also converted to the Mil-
related glycolysis type in the LNA-interfering group (Supplementary
Fig. 15j). Similar results were acquired using siRNAs (Supplementary
Fig. 15k-m). On the other hand, compensating these IncRNAs might
partially offset the pro-ML1 effects (Supplementary Fig. 15n), verifying
the negative feedback launched by these IncRNAs. In brief, the cluster
of RBP-J-targeted IncRNAs facilitated macrophage transformation
from a pro-inflammatory to a pro-resolutory phenotype at the late
HTNV infection phase.

Lnc-ip65 obstructs M1 polarization by interacting with and
inhibiting p65 phosphorylation

To investigate how murine-specific IncRNAs restrain M1 activation, the
gain of and loss of function experiments were performed. Reinforced
expression of these IncRNAs could separately or simultaneously
repress p65 or Statl phosphorylation at 24 hpi, while the ablation of
them enhanced p65 and Statl activation at 36 hpi (Supplementary
Fig. 16a). Notably, intervening in IncRNA expression could not affect
the phosphorylation of IKKa/B and IkBa (Supplementary Fig. 16a),
indicating that they might directly regulate p65 activity. Based on RNA-
binding protein immunoprecipitation (RIP) experiments, we found
that IncRNA 30740.7 and 30928.1 could interact with p65 under either
overexpressing or natural infection conditions (Fig. 7a, b). Considering
that the fold change of 30740.1 is more substantial than 22387.1 or

30928.1 against viral infection (Fig. 6e), we mainly focused on the
function of 30740.1(termed Inc-ip65).

RNAScope experiments suggested that Inc-ip65 colocalized with
p65 at the resting status (O hpi) or late HTNV infection stage (36 hpi) in
mBMDM, during which nearly no p65 in the nucleus could be detected;
however, at the early phase (24 hpi), the Inc-ip65 expression was
decreased, during which p65 was accumulated in the nucleus (Sup-
plementary Fig. 16b). The interaction between Inc-ip65 and p65 has
also been confirmed in RAW264.7 cells post HTNV/DENV infection
(Fig. 7c) or polylC/LPS stimulation, with different FISH probes target-
ing Inc-i65 (Supplementary Fig. 16¢). Ablation of Inc-ip65 promoted the
p65 phosphorylation at 36 hpi, principally at S276, S529 and S536 (but
not S468) (Fig. 7d). Similar results were detected with the live-cell
imaging system (Fig. 7e). To investigate the exact interaction region of
p65 with Inc-ip65, different mutants of p65 were constructed accord-
ing to the potential RNA-binding domain (Supplementary Fig. 16d).
The 1-549, 1-300, 401-549 and 401-500 amino acid (aa) segments of
p65, but not the 1-260 and 301-400 aa segments, could interact with
Inc-ip65 as measured by RIP (Fig. 7f), and the interaction relationship
was further verified by RNAScope experiments (Fig. 7g). The results
suggested that Inc-ip65 was possibly absorbed to the region adjacent
to phosphorylation points (5276, S529 and S536), which would inter-
fere with their phosphorylation process through conformational hin-
drance. To validate whether this steric effect makes an impact,
competitive experiments were implemented by exogenously expres-
sing p65 (401-500 aa). As expected, p65 (401-500 aa) could recruit
and remove the negative effects of Inc-ip65, strengthening endogen-
ous p65 phosphorylation and its translocation into the nucleus (Sup-
plementary Figs. 16e, 17f).

To unearth the functional region of Inc-ip65, the secondary
structure and relative thermodynamic free energy were analyzed
with RNAfold’®, and different truncated segments were designed and
constructed based on the structural stability (Supplementary
Fig. 17a). We found that the middle part of Inc-ip65 (1001-2000
nucleotides/nt) could notably hinder p65 phosphorylation at S529
and S536, and the head region of Inc-ip65 (1-1000 nt) seemed to
exert better inhibitory effects on S276 phosphorylation, both of
which could not affect the T254 and S311 phosphorylation of p65 or
the activation of IkBa at 24 hpi (Fig. 7h). RNAScope proved that it was
the head or middle region of Inc-ip65 that interacted with p65 and
restrained its translocation into the nucleus in HTNV-infected mac-
rophages (Fig. 7i). Functionally, exogenous expression of the head or
middle region of Inc-ip65 weakened TNFa but strengthened IL-10
mRNA transcription (Fig. 7j, Supplementary Fig. 17b). The IncRNA-
protein interaction propensity was computed with catRAPID omics”,
and the results predicted that the head and middle part of Inc-ip65
might bind to p65 (Supplementary Fig. 17c). RIP results confirmed
that the head and middle region of Inc-ip65 bound to the p65 (1-300
aa) and p65 (401-500 aa), respectively (Fig. 7k), proving the
hypothesis that Inc-ip65 was attached to the nearby serine area and
exerted steric effects.
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Lnc-ip65 deficiency aggravates systemic inflammation and sen-
sitizes mice to HTNV infection

To further elucidate the protective role of Inc-ip65 against HTNV
infection, Inc-ip657" mice were generated with the CRISPR/Cas9 tech-
nology (Supplementary Fig. 18a). There were no evident physiological or
behavioral differences for neonatal or adult Inc-ip657~ mice compared
with their WT littermates, while the transgenic mice showed a shortened

lifespan (Supplementary Fig. 18b). For the neonatal challenge model, the
disease course in the Inc-ip657 group was characterized by early onset
and prompt death (Supplementary Fig. 18c). For the adult challenge
model, Inc-ip657" mice were susceptible to HTNV infection, as they
showed high fatality and severe weight loss than WT mice, which could
be partially rescued through anti-TNFa antibody treatment (Fig. 8a).
Continuously high concentrations of serum TNFa and IL-6 at the early
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Fig. 6 | Murine notch pathway prevents M1 hyperactivation by inducing inhi-
bitory LncRNAs. a Heatmap of murine-specific IncRNAs that were differentially
expressed in RBP-J*° compared with WT mBMDM at 36 hpi (n =3). False discovery
rate (FDR) < 0.01. b qRT-PCR analysis of the indicated IncRNAs on chromosomal
19 (Chr19) in HTNV- or DENV2-infected mBMDM from O to 72 hpi (MOl =1, n=35).
¢ ELISA analysis of TNFa secretion from mBMDM (-i) and luciferase detection of
NF-kB activity in RAW264.7 cells (-ii) at 36 hpi (MOl =1, n=35). In (i) or (-ii), NC-36
hpi as control, p<0.0001 (vs. si-22387.1, si-30740.1 or si-30928.1). d qRT-PCR
analysis of indicated IncRNAs in HTNV-infected mBMDM (MOI =1, at 36 hpi) either
overexpressing RBP-J/R218H (-i), or underwent RNAi experiments for 24 h (-ii). In
(-i), WT as control, p < 0.0001 (vs. RBP-J° or RBP-J*© + 218H) for IncRNA 22387.1,
30740.1 or 30928.1; In (-ii), NC as control, p < 0.0001 (vs. si-TLR3)/ = 0.0101 (vs. si-
TLR4) for IncRNA 22387.1, p = 0.0006 (vs. si-TLR3)/0.0005 (vs. si-TLR4) for IncRNA
30740.1, p=0.0003 (vs. si-TLR3)/ = 0.0194 (vs. si-TLR4) for IncRNA 30928.1. e qRT-
PCR analysis of the indicated IncRNAs in mBMDM post various virus infections
(MOI=0.1). SeV infection, p <0.0001 (0 vs. 72 h) for IncRNA 22387.1, p <0.0001
(0 vs. 48 or 72 h) for IncRNA 30740.1, 30928.1 or NEATL; VSV infection, p < 0.0001
(0 vs. 72 h) for IncRNA 22387.1, p < 0.0001 (O vs. 48 or 72 h) for IncRNA 30740.1,
p=0.0003 (0 vs. 48 h)/ < 0.0001 (O vs. 72 h) for IncRNA 30928.1, p <0.0001

(0 vs. 24 or 48 h)/=0.0003 (0 vs. 72 h) for IncRNA NEATL; EV71 infection,
p=0.0054 (0 vs. 48 )/0.0002 (0 vs. 72 h) for IncRNA 22387.1, p < 0.0001 (O vs.
72 h) for IncRNA 30740.1 or 30928.1, p < 0.0001 (0 vs. 48 or 72 h) for IncRNA NEATL;
HSV-2 infection, p=0.0003 (O vs. 24 h)/ < 0.0001(0 vs. 48 or 72 h) for IncRNA
NEATL. (f to h) Flow cytometry analysis of the indicated markers in NICDST0"floxed
mBMDM that underwent RNAi experiments and subsequent HTNV infection
(MOI =1, n=4). Statistical analysis is shown at the bottom line. LNA-NC as control
vs. LNA-22387.1, 30740.1 or 300.0117 for TNFa" IL-107; in the 36 hpi group of (f)(-i),
p=0.0005/<0.0001/<0.0001 for TNFa' IL-10%, p = 0.0484/ 0.0115/ 0.6998 for
TNFa' IL-10%, p = 0.0004/ 0.002/ 0.0117/ < 0.0001 for TNFa* IL-10’; in group A of (f)-
(i), p < 0.0001 for different group comparison; in group B of (f)-(ii), p < 0.0001/
=0.0003/<0.0001 for NP*iNOS’, p = 0.0003/0.0172/0.0581 for NP iNOS"; in group
C of f-(ii), p < 0.0001 for different group comparison; in (g), p=0.0002/ 0.0006/
<0.0001; in (h), p<0.0001 for different group comparison of CX3CR1" CCR2"
group. Data are shown as the mean + SEM, and are representative of three inde-
pendent experiments. Analysis is performed using one-way ANOVA (Dunnett’s
multiple comparisons test). *p < 0.05, *p < 0.01, **p < 0.001. Molecular weight
markers are shown to the left of the blots in kDa, and antibodies used are indicated
to the right. Source data are provided as a Source Data file.

infection course, as well as low IL-10, were detected in Inc-ip657 mice
(Fig. 8b), suggesting that excessive inflammatory responses occurred
and might contribute to the lethal pathogenesis.

Then, the host systemic inflammatory injuries of transgenic mice
post HTNV infection were evaluated. Proinflammatory cytokine pro-
duction was significantly consolidated in lung tissues from the Inc-
ip657" mice (Supplementary Fig. 18d), and massive immunocyte infil-
tration and deteriorated apoptosis were detected (Fig. 8c-(i), c-(ii)). The
Inc-ip657~ AMs showed more NICD production, iNOS expression, p65
and Statl in the nucleus by immunofluorescent assays (Fig. 8c-(iii), c-
(iv)). The phosphorylation of p65 and Statl was reinforced in Inc-ip65-
deficient AMs by immunoblot analysis (Fig. 8d). Intriguingly, although
the AMs of Inc-ip657" mice displayed enhanced inflammatory and
antiviral phenotypes, HTNV replication was not limited in alveolar
epithelial and interstitial cells (Fig. 8c-(v)). Similar results were detected
in Inc-ip657 livers (Fig. 8c, d, Supplementary Fig. 18d). In the Inc-ip65™
spleens, proinflammatory cytokine production was slightly increased at
6 dpi (Supplementary Fig. 18d), while the pathological section indicated
a prominent white pulp reduction and tissue apoptosis (Supplementary
Fig. 19a-(i), a-(ii)). Likewise, knocking out Inc-ip65 forced M1 macro-
phage polarization and restricted viral replication in spleens, in which
M2 macrophage activation was largely blocked (Fig. 8e, Supplementary
Fig. 19a, b). Augmented inflammatory responses were also found in
murine kidneys (Supplementary Figs. 18d, 19a), while the alterations in
hearts or brains seemed to be insubstantial (Supplementary Figs. 18d,
20). The overall inflammation score evaluation in various organs sug-
gested that there were more serious immunopathological alterations
for alterations in the lung, liver and spleen in Inc-ip65”" mice than in WT
mice at 6 dpi (Supplementary Fig. 19¢).

Additionally, murine heat and mechanical hypersensitivity, highly
related to the TNFa-induced inflammation, were measured at different
time points post HTNV challenge. We found that the responsive
latency or threshold was decreased in the Inc-ip657 mice (Fig. 8f),
which hinted that Inc-ip65 knockout might aggravate host inflamma-
tion. Finally, classical sepsis models were established, and we found
that Inc-ip657~ mice were susceptible to LPS or CS challenge (Fig. 8g),
which indicated that deteriorated inflammation occurred in Inc-ip657
mice. Taken together, the in vivo data indicated that Inc-ip65 played a
critically protective role in maintaining host immune homeostasis
against HTNV infection.

NICD activates NF-kB signaling by recruiting IKKf and p65,
which is blocked by Lnc-ip65

Since murine Notch signaling was initially activated upon HTNV
infection in both murine and human macrophages, we were curious

about the role of NICD in macrophage polarization. Previous studies
have shown complicated crosstalk between the Notch and NF-kB
pathways’ (Supplementary Fig. 21a), and here, we found that NICD
directly bound to p65 and IKKB, but not IkBa through coimmuno-
precipitation experiments (Supplementary Fig. 21b). This interaction
process could also be detected during the HTNV infection process
(Supplementary Fig. 21c). To determine whether NICD participated in
HTNV-triggered activation of the NF-kB pathway at the early infection
phase, NICD was exogenously expressed in RBP-J° mBMDM, in which
the negative regulation caused by Notch downstream IncRNAs was
blocked. Overexpressing NICD in RBP-J**° mBMDM promoted the
phosphorylation and degradation of IkBax even at a low challenge dose
of HTNV (Supplementary Fig. 21d-(i)), in which the DNA-binding
activity of NF-kB and the production of TNFa were enhanced (Sup-
plementary Fig. 21e). Alternatively, suppressing NICD generation with
DAPT weakened p65 phosphorylation against HTNV infection (Sup-
plementary Fig. 21d-(ii)), in which NF-kB activity and TNFa expression
were also downregulated (Supplementary Fig. 21f). These data sug-
gested that NICD might facilitate the interaction between IKKp
and p65.

To make clear the exact interaction domains, truncated NICD, p65
or IKKB was constructed based on the intrinsic domains (Supple-
mentary Fig. 22a). In terms of the interaction between NICD and p65,
we found that NICD could interact with truncated p65 containing (aa
1-300) or (aa 401-549) (Supplementary Fig. 22b), and p65 bond to the
ankyrin (ANK) repeat domain of NICD (Supplementary Fig. 22c).
Regarding the interaction of NICD with IKK(, we found that NICD
could pull down IKKB mutants containing serine/threonine protein
kinase catalytic (STKc) domains (Supplementary Fig. 22d), and IKK[3
collaborated with the RAM or ANK domain of NICD (Supplementary
Fig. 22e). Considering that Inc-ip65 binds to the (aa 1-300) and (aa 401-
549) of p65, where there exists the interaction between p65 and NICD,
we wondered whether Inc-ip65 negatively influenced the NICD-p65
interaction. Expectedly, the full length of Inc-ip65, as well as the head
or middle region of Inc-ip65, could significantly detach p65 from NICD
without affecting the NICD-IKKp interaction (Supplementary Fig. 22f).
We also found that HTNV-induced Notch signaling was also crucial for
early-phase activation of inflammatory macrophages in humans
(Supplementary Fig. 22g). Replenishing murine-specific Inc-ip65 could
conspicuously prohibit p65 and Statl phosphorylation, and con-
solidate the activation of Stat3 and IRF4 in hMDM (Supplementary
Fig. 22h). The release of proinflammatory cytokines, especially TNFa,
IL-6 and IL-8, was prominently decreased in human macrophages once
Inc-ip65 was exogenously expressed, in which IL-10 production was
enhanced but IFNa generation remained unchanged (Supplementary
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Fig. 7 | Head and middle region of Lnc-ip65 binds to p65 hinders its phos-
phorylation. a, b RIP experiments assessing the interaction between indicated
IncRNAs and crucial TFs. Samples are acquired from the mBMDM exogenously
expressing the indicated proteins and IncRNAs (a, n=4) or in HTNV-infected
mBMDM from O hpi to 48 hpi (b, n=4). ¢ Representative immunofluorescent
analysis of three independent experiments for Inc-ip65 with different probes (FISH,
probe 1 targeted to the 1-1000 nt, and probe 2 to 1001-2000 nt) and GFP-65 in
RAW264.7 cells at 36 hpi (MOI =1). Scale bars, 50 pm. d Representative immunoblot
analysis of three independent experiments for protein phosphorylation in WT and
Inc-ip657~ mBMDM (MOI = 5). e Representative live cell imaging of three indepen-
dent experiments depicting the translocation of GFP-p65 in WT and Inc-ip657
mBMDM (MOI =1). Live cell imaging is recorded from 24 to 36 hpi. Scale bars,

10 pm. f Immunoblot confirmation for truncated p65 expression (upper) and RIP
analysis for the interaction of truncated p65 with Inc-ip65 in RAW264.7 cells (bot-
tom). g Representative immunofluorescent analysis of three independent experi-
ments for RAW264.7 cells overexpressing p65 mutants and Inc-ip65. The co-

—Head— —Middle——Tail — —Head— —Middle— —Tail —

localization of truncated p65 and Inc-ip65 is shown with overexposure. Scale bars,
10 um. h Representative immunoblot analysis of three independent experiments
for p65 and IkBa in RAW264.7 cells that were exogenously expressed with different
Inc-ip65 mutants at 24 hpi with an MOI of 5. i Representative immunofluorescent
analysis of three independent experiments for the subcellular localization of myc-
p65 and Inc-ip65 mutants in HTNV-infected RAW264.7 cells (MOI = 5, 24 hpi). Scale
bars, 10 pm. j qRT-PCR analysis for TNFa mRNA expression from (h). Vector as
control (vs. 1-3514, 1-1000, 1-500, 501-1000, 1001-2000, 1001-1500 or
1501-2000), p < 0.0001/ = 0.0024/ = 0.0004/ = 0.0028/<0.0001/ < 0.0001/
<0.0001. k RIP analysis for the interaction of truncated p65 with Inc-ip65 mutants in
RAW264.7 cells. Data are shown as the mean + SEM, and are representative of three
independent experiments. Analysis is performed using one-way ANOVA (Dunnett’s
multiple comparisons test). *p < 0.05, **p < 0.01, **p < 0.001. Molecular weight
markers are shown to the left of the blots in kDa, and antibodies used are indicated
to the right. Source data are provided as a Source Data file.
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Fig. 23a, b). These results indicated that compensating for Inc-ip65,
which possibly rewired the macrophage phenotype from M1 to M2,
might be a potential anti-inflammatory therapeutic strategy in HFRS
patients.

HTNV NP facilitates Notch-mediated M1 activation and exacer-
bates disease progression

It was unclear how HTNV infection activates Notch signaling. Bioin-
formatic analysis by P-HIPSTer” indicated that the viral proteins of
HTNV could not interact with the Notch components (Supplementary
Fig. 23c). Nevertheless, we found that direct NP stimulation, but nei-
ther exogenously expressing viral RNAs nor treatment with virus-like
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particles (VLPs) as we previously constructed™”, could promote the
expression Hesl and the generation of NICD (Fig. 9a-(i), a-(ii)). DAPT
inhibited NP-induced inflammatory gene expression (Fig. 9a-(iii)),
suggesting that NP might trigger M1 activation via the Notch pathway.
As no similar domains were found between HTNV NP and Notch
ligands, NP might indirectly motivate Notch signaling, possibly
through the TLR pathway, as previously reported®.

To evaluate the relationship between NP and host pathogenesis,
serum NP was detected in HFRS patients. NP production was positively
associated with disease severity and the percentage of Mi-like mono-
cytes (Fig. 9b), suggesting that HTNV NP contributed to HFRS patho-
genesis. A series of non-neutralizing antibodies against NP were
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Fig. 8 | Exacerbated inflammation and tissue injury correlate with disease
progression in HTNV-infected Lnc-ip65”~ mice. a Survival (-i) and weight loss
(-ii) data for 8-week-old WT or Inc-ip65~~ mice with a high HTNV challenge dose
(i.m., 8 x10” TCIDso/g). The Inc-ip65~ mice are treated with IgG or TNFa
neutralizing antibody (5 pg/g) every two days from 3 dpi. The mice number of
each group is shown in the figure symbols. In (a)-(i), WT as control, p=0.0108
(vs. Lnc-ip6577)/0.0057 (vs. Lnc-ip657~+IgG); Lnc-ip657~ as control, p=0.4372
(vs. Lnc-ip657 +anti-TNFa). In (a)-(ii), WT vs. Lnc-ip657", p=0.0302, 0.013,
0.0241 of 2, 8, 12 dpi, respectively. b Serum cytokine concentration measured
by ELISA from O to 8 dpi (n=5). For TNFa, p = 0.0031, 0.0157, 0.0004 or 0.0018
from 2 to 8 dpi, respectively; for IL-6, p < 0.0001, = 0.0031 of 6 and 8 dpi,
respectively; for TNFa, p = 0.0306, 0.0051, 0.0011 or 0.0177 from 2 to 8 dpi,
respectively. c Representative H&E (scale bars, 500 um for the upper and 50 um
for the bottom) (-i), TUNEL (scale bars, 500 pm) (-ii) and immunofluorescent
staining (scale bars, 50 pm) (-iii to -iv) of three independent experiments for the
lung (left) and liver (right) tissues at 6 dpi. Arrows show the infiltrated lym-
phocytes (-i), the F4/80* macrophages marked by iNOS* NICD*(-iii), p-p65*(-iv),

or NP*(-v). d Representative immunoblot analysis of three independent
experiments for the phosphorylation of p65 and Statl in AMs (left) or KCs
(right). e Representative flow cytometry analysis of macrophage polarization in
the spleens. Related statistical analysis is shown in Supplementary Fig. 19b
(n=4). f Heat and mechanical hypersensitivity of WT and Inc-ip65” mice
(n=7).WT vs. Lnc-ip65™, for heat data, p = 0.0006, 0.0012, 0.007 or 0.0262 of
4, 6, 28 or 30 dpi, respectively; for mechanical data, p = 0.0437 of 4 dpi.

g Survival data for WT or Inc-ip657 mice treated with LPS (i.p., 5 mg/kg) or CS
(i.p., 0.6 mg/g). The mice number of each group is shown in the figure symbols.
WT +LPS vs. Lnc-ip657+LPS, p = 0.0334; WT + CS vs. Lnc-ip657+CS,
p=0.0387. Data are shown as the mean £ SD, and are representative of two
independent experiments. Analysis is performed mainly with the survival curve
comparison (a-(i), g, log-rank [Mantel-Cox] test), two-sided unpaired Student’s
t test (a-(ii), b), or Mann-Whitney U test (f). *p <0.05, **p < 0.01, ***p < 0.001.
Molecular weight markers are shown to the left of the blots in kDa, and anti-
bodies used are indicated to the right. Source data are provided as a Source
Data file.

screened as we previously reported”, and we found that 1A8 could
efficiently reverse NP-mediated M1 activation by restraining TNFa and
iNOS production (Fig. 9c). To ensure the functional epitope, different
truncated NP proteins were applied. The 0.3NP (0-100 aa) could mimic
the pro-Ml effects of 1.3NP (full length), which could be blocked by 1A8
or DAPT (Fig. 9d). Notably, 1A8 treatment improved the survival curve
of the lethal neonatal mouse model (Fig. 9e). For 1A8-treated mice, the
activation of MIl-like monocytes in blood and inflammatory macro-
phages in spleens were impeded (Supplementary Fig. 23d). The ther-
apeutical effects of the neutralizing antibody 3D8 would be impaired if
it was applied later than 5 dpi; however, it was noteworthy that com-
bined application of 1A8 with 3D8 at 5 dpi could protect neonatal mice
from lethal HTNV challenge (Supplementary Fig. 23e). The data sug-
gested NP might promote Notch-mediated M1 activation and exacer-
bate disease progression, while the non-neutralizing antibodies
against NP might ameliorate HTNV-induced immunopathogenesis.

Discussion
Numerous negative modulators of the NF-kB pathway, such as the
deubiquitinase TNFAIP3/A207°, ubiquitin ligase SOCS-17, a group of
miRNAs” and a few IncRNAs*°, etc., have been identified as potent
anti-inflammatory molecules. However, it is unknown whether dis-
tinctive regulatory mechanisms exist for NF-kB signaling between dif-
ferent species. In this study, we reported that several murine-specific
IncRNAs controlled by the Notch pathway, particularly Inc-ip65, formed
anegative feedback loop to prohibit sustained or excessive activation of
the NF-kB pathway in macrophages (Supplementary Fig. 24).
Hantaviruses have drawn worldwide attention as emerging zoo-
notic viruses. Although it is universally acknowledged that the patho-
genesis of HFRS or HPS caused by hantaviruses is highly involved in
immoderate immune responses®®?, the key regulator that governs the
initiation and conversion of host inflammation remains unclear. Pre-
vious researchers have observed massive NK-cell expansion and
activation®, as well as uncontrolled virus-specific T-cell responses®, in
hantavirus disease progression, which might directly execute tissue-
destructive effects but not manipulate the inflammatory status.
Moreover, the relationship between Treg cells and hantaviral immu-
nopathogenesis is still under debate®**¢, Herein, we found that acti-
vated inflammatory monocytes or macrophages, but not some other
T-cell subsets, showed a correlation with HFRS disease severity and
proved that their hyperactivation triggers a TNF-a-centered cytokine
storm and leads to the turbulence of the T-cell response. Another
intriguing question is why hantaviruses do not cause lethal infection in
rodent reservoirs>* %, Previous studies have shown that hantavirus
might interrupt host IFN production by various strategies®*°, resist
TRAIL-mediated cell death”, disturb virus-specific CTL-associated
pathogen clearance’> and promote Treg-associated immune

suppression’?*, thus resulting in viral persistence in rodents. Little is
known about why excessive inflammation is prevented in hantavirus-
infected mice. We identified the differential macrophage phenotype
rewired by HTNV, which was consistent with previous studies***, and
further demonstrated that the Notch-IncRNA-p65 pathway constrains
the magnitude of inflammatory responses in mice versus humans,
adding special insights into the immunological mechanisms and
identifying new possible targets for intervention.

Recent evidence suggests that Notch signaling is an important
modulator of macrophage-mediated immune responses®>°%, while the
downstream molecular mechanisms, particularly during acute viral
infection, largely remain elusive. JEV induces the expression of the
miRNA let-7a/b, which activates the Notch-TLR7 pathway and enhances
microglia-mediated neuroinflammation®. DENV upregulates the
expression of Notch ligands through IFN signaling in monocytes and
macrophages, which further modulates host Thl/Th2 differentiation
during the adaptive immune response but does not affect viral
replication®. 1AV challenge elicits Notch ligand DII1 expression on
macrophages through RIG-l but not the TLR3-TRIF pathway, the
blockage of which with GSI would result in higher mortality caused by
excessive inflammation and impaired production of IFN-y in lungs post
IAV infection®. These data show that Notch signaling might exert either
pro- or anti-inflammatory effects by rewiring macrophages during viral
diseases, while it was unclear how Notch played a dual role and which
factor determined the ultimately deleterious effect. We report that the
murine Notch pathway is dynamically activated by HTNV, which will
rewire the macrophage phenotype at different infection phases. At the
early infection stage, NICD accumulates in the cytoplasm and facilitates
p65 phosphorylation by interacting with both p65 and IKKp, thus pro-
moting M1 polarization. At the late infection stage, NICD translocates
into the nucleus and induces various murine-specific IncRNAs, among
which Inc-ip65 binds to and suppresses p65 phosphorylation, repro-
gramming macrophages from the M1 to the anti-MI state.

Cytoplasmic IncRNAs have previously been reported to be vital
immune regulators that affect mRNA stability and translation or
influence protein function’*®, LncRNA Srosl stabilized Statl mRNA in
macrophages by blocking the interaction of Statl mRNA with RBP
CAPRINI, promoting IFN-y-STAT1-mediated M1 polarization®. Nuclear
Malatl suppressed IFN production by inhibiting the cleavage of TDP43
to TDP35, which stabilized the Rbckl pre-mRNA and promoted the
proteasomal degradation of IRF3 upon viral infection'®. LncRNA-GM
promoted macrophage antiviral responses by binding to and relieving
the suppression of GSTM1 on TBK1 activity'®. It is unknown whether
IncRNA expression is specifically induced by certain stimuli or con-
trolled by classic signaling pathways. Here, a number of IncRNAs were
found to be downstream of the Notch pathway, which negatively
affected NICD-mediated NF-kB activation, thus reprogramming

Nature Communications | (2024)15:438

14



Article

https://doi.org/10.1038/s41467-024-44687-4

, b c
(i) [ Hes1 mRNA ] [ TNFa mRNA ]
20 * * ' ks " TNFa iNOS
Tasd g 1 Healthy PMSO\  144% -1
3 T 10 + (n=6) Wy :
< : | E .
EERE T X Mild! . . PMSONP  41.3% 61.2%
f 4 Moderate M «
e o : E3 n=10) =0.0104
2054 5 . (n=10) L le P DAPT+NP  25.6% 39.6%
E - Severe/ aa Ok B
Critical
00 3 i 1T A I i B (n=10) fTrTr NPraGZ  saa% __70.3%
Q Q &
FIISITEE @ FIRS]S S LG @ ~
FELSE R FEL & B PIN Value (NP) NP*Y\*{ 20.8% O\ 315%
& &S & &S N
F F P ‘
€ € a0’ 0 10° w0t 10° 10° 0 10° 10t 10°
(ii) & (iii) sk kkk
N .
&b é\; [ M1 Markers | (ii) 407 o M1-like Mo 80
W DMSO ' DMSO+NP [ DAPT+NP i . =
wa ¥ L FLY 5 © 25 sokok g 0 = M2-like Mo £ 60 .
3 5 *p=0.0235 17}
20| e i ncp 320 H . oo Q 40 .
N 3 * 5 — = T2
— o L[] L[]
a5 N 5 10 aem 8 p-0.2889 o
2 o [
90 g < T it . 3 o
mon E I T it ERREX
& 0 0 2 4 6 FHEE
3 R WE® & e cAPoH Tnf 16 Ccl2  Nos2 PIN Value (NP) °
d e
Heated HTNV | HTNV | 13NP | 07NP | 03NP__ | 0.3NP+1A8 | 0.3NP+DAPT |  ppeated HTNV [0.7NP [ 0.3NP+1A8 :::_‘::3?41";“(‘["_('1‘::1)
! 1 | BHTNV [ 0.3NP [ 0.3NP+DAPT « HTNV#1AS (n=1d
o 37.6 17 01.3NP (n=14)
e £ 50 . .
e ; : 100
! TNFa 2 .. . z
© CD80 840 - . g
W 0 P 0 0 0 0 0 0 0 0 0 2 00 10 1 e 00 0 0 o 0 0 0 0 G ]
30 &
10 o — 50
o . g
8 - 2
o 8.89 133 174 || £ 20 . 3 =
8 a ok
5 10 i o
w'{ CX3CR1 i z ., 5 10 15 20 25dpi
D14
c CD80*TNFa*

LR R R R R T R R T R IR TR

Fig. 9 | HTNV NP promotes M1 polarization by activating the notch pathway
and accelerates disease procession. a qRT-PCR analysis of Hesl (-i) or TNFa (-ii),
and immunoblot analysis for NICD (-iii). The mBMDM are infected with HTNV
(MOI =1), treated with heat/Co®°-devitalized HTNV (MOI =5), transfected with viral
RNAs or stimulated with viral proteins (NP, 1 pg/ml; VLP, MOI = 5). qRT-PCR analysis
of inflammatory genes in NP-stimulated mBMDM with DPAT pre-treatment (-iv).
Mock as control, in the left part of (a)-(i), p = 0.0167 (vs. HTNV) or 0.0008 (vs. NP); in
the right part of a-(ii), p < 0.0001 (vs. HTNV, Heated HTNV, Co60-HTNV, NP or VLP).
DMSO + NP vs. DAPT + NP, in (a)-(iii), p < 0.0001 (Tnf)/ = 0.002 (ll6)/ = 0.0025(Ccl2)/
<0.0001 (Nos2). b (-i) Serum NP production in HFRS patients with distinct disease
severity detected by ELISA. The sample number of each group is shown in the figure.
(-ii) The correlation of HFRS patient serum NP with the M1- or M2-like monocyte
percentage (n=20). The exact P values are shown in the figure. ¢ Flow cytometry
analysis of TNFo" or iNOS* mBMDM at 24 h post-NP stimulation (5 pg/ml) (n =4). The
mBMDM are pretreated with DAPT for 12 h and then subjected to NP stimulation.
The NP (5 pg/ml) is co-incubated with control antibody 4G2 (the flavivirus group

CD14*CX,CR1*

antibody, 50 ng/ml) or anti-NP antibody 1A8 (50 ng/ml) for 2 h at room temperature
and then added to stimulate mBMDM. DMSO + NP vs. DAPT + NP, p=0.0026
(TNFx)/0.0014 (iNOS); NP +4G2 vs. NP +1A8, p=0.0002 (TNFa)/ < 0.0001 (iNOS).
d Flow cytometry analysis of CD80" TNFa" or CD14* CX3CR1* mBMDM at 36 h post-
HTNV infection or NP stimulation. The truncated NP peptides are constructed and
purified with the baculovirus system. e Survival data for 4-day-old neonatal mice
challenged with HTNV (i.p., 8 x 10° TCIDso/g) and then treated with 4G2 or 1A8
(0.25 pg/g) from 1 dpi to death (every two days). HTNV + 4G2 vs. HTNV + 1A8,
p=0.0061. Data are shown as the mean + SEM, and are representative of two inde-
pendent experiments. Analysis is performed mainly with one-way ANOVA (a-(i),
Dunnett’s multiple comparisons test), two-sided unpaired Student’s ¢ test (a-(iii), c),
or the survival curve comparison (e, log-rank [Mantel-Cox] test). *p < 0.05,

*p < 0.01, **p < 0.001. Molecular weight markers are shown to the left of the blots in
kDa, and antibodies used are indicated to the right. Source data are provided as a
Source Data file.

macrophage polarization. Mechanistically, Inc-ip65 was directly bound
to the protein domains of p65 that were adjacent to its phosphoryla-
tion sites, whose conformational hindrance might disturb the NICD-
bridged interaction of p65 with IKKB and block the S276, S529 and
S536 phosphorylation of p65. This finding shed light on a new
mechanism of IncRNAs in immunoregulation.

Moreover, two potential intervention tactics for HFRS were pro-
posed in this study. On the one hand, murine-specific IncRNAs were
found to hinder immoderate inflammation both in mice and human
macrophages, which suggested that applying negative regulons from
other species might be a potential therapy choice for patients. On the
other hand, the non-neutralizing antibody against NP could incom-
pletely improve host conditions in HTNV-infected neonatal models,
possibly by attenuating macrophage-mediated inflammation, which
would also prolong the effective therapeutic window of neutralizing
antibodies. This indicated that the combination of antibodies against
different viral proteins, not only neutralizing antibodies, might achieve
better clinical efficacy.

Collectively, we demonstrated the differential macrophage
responses against HTNV infection in mice versus humans, and the late-

phase inactivation of inflammatory macrophages in mice prohibited
the cytokine storm and protected them from secondary endotoxin
sepsis. Murine Notch signaling dynamically rewired the macrophage
phenotype by producing NICD and IncRNAs, of which Inc-ip65 could
inhibit the NF-kB pathway and impel an anti-M1 status. Blocking Notch
activation to prevent M1 activation at the early stage, or applying Inc-
ip65 to restrain hyperactivation of M1 at the late stage, might be
effective for the control of inflammation and NF-kB-associated auto-
immune diseases.

Methods

The research methods applied in this study followed the guidelines of
the World Medical Association’s Declaration of Helsinki and sub-
sequent revisions, and the study was reviewed and approved by the
ethics committee of the Fourth Military Medical University, and the
ethics committee of Tangdu Hospital.

Human samples and murine experiments
Study participants. This study was approved by the Institutional
Review Board of Tangdu Hospital (TDLL-2016323). Peripheral blood
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samples and related medical records were collected from two hundred
thirty-six hospitalized patients aged from 18 to 35 years old at the
Department of Infectious Disease, Tangdu Hospital, from October
2016 to March 2018 (HFRS patients, n=185; Japanese encephalitis
patients, the febrile phase, n=15; hepatitis B patients, confirmed
chronic infection for more than one-year, inactive phase without liver
cirrhosis and antiviral therapy, n=18; hepatitis C patients, confirmed
chronic infection for more than one-year, inactive phase without liver
cirrhosis and antiviral therapy, n=18). All patients were Han Chinese,
and the proportion of males to females nearly equalled 1:1. The diag-
nosis of HFRS or Japanese encephalitis was made based on typical
symptoms and signs as well as IgM and IgG antibody positivity against
HTNV or JEV in the serum as assessed by ELISA by the Department of
Clinical Laboratory, Tangdu Hospital. The diagnosis of chronic HBV or
HCV infection was confirmed by viral RNA detection with qRT-PCR.
The definition of HFRS phases, classification of disease severity and
exclusion criteria were previously described*"'®. In brief, based on the
classically defined 5 stages of HFRS, we classified the HFRS patients in
this study into acute phase (including febrile and hypotensive), oli-
guric, diuretic and convalescent phase (Fig. 1b). In general, samples
were collected at 3-6 days for the febrile or hypotension stage,
7-12 days for the oliguric stage, 13-18 days for the diuretic stage and
after 18 days for the convalescent stage. The phase within 8 days from
the fever onset to the early oliguric stage was typically defined as the
acute or early phase of the disease. HFRS disease severity was classified
on the basis of clinical and laboratory parameters used in the diag-
nostic criteria for HFRS in China as (1) mild,mild renal failure without
an obvious oliguric stage; (2) moderate, obvious symptoms of uremia,
effusion (bulbar conjunctiva), hemorrhage (skin and mucous mem-
brane), and renal failure with a typical oliguric stage; (3) severe, severe
uremia, effusion (bulbar conjunctiva and either peritoneum or pleura),
hemorrhage (skin and mucous membrane), and renal failure with oli-
guria (urine output, 50-500 mL/day) for <5 days or anuria (urine
output, <50 mL/day) for <2 days; and (4) critical, for those with >1 of
the following symptoms during severe disease: refractory shock,
visceral hemorrhage, heart failure, pulmonary edema, brain edema,
severe secondary infection, and severe renal failure with either oliguria
(urine output, 50-500 mL/day) for >5 days, anuria (urine output,
<50 mL/day) for >2 days, or a blood urea nitrogen level of
>42.84 mmol/L. For the purpose of this study, mild and moderate were
considered to be one group, severe and critical were considered to be
another group. Additionally, to control for potential confounders, we
excluded HFRS patients with autoimmune diseases, viral hepatitis,
hematological diseases, diabetes, cardiovascular diseases, and other
kidney or liver diseases.

The clinical blood samples of healthy individuals between the
ages of 20 and 35 years were obtained from the Blood Transfusion
Department of Tangdu Hospital (n=>55) in agreement with institu-
tional ethics regulations. To obtain human monocyte-derived macro-
phages (hMDM), peripheral blood mononuclear cells (PBMCs) were
first enriched by Ficoll (TBDscience) from peripheral blood density
gradient centrifugation. Then, human monocytes were magnetically
purified from PBMCs with negative selection beads (EasySep™ Human
Monocyte Isolation Kit, StemCell). Finally, monocytes were primed
with recombinant human macrophage colony-stimulating factor (M-
CSF) (15 ng/ml, PeproTech) with medium exchange every other day for
a week to generate hMDM. Alternatively, the PBMCs were laid into
Petri dishes for 4 h, and the supernatant cells were collected to acquire
the monocyte-removed PBMCs.

Animal models. All procedures involving mice were reviewed and
approved by the ethics committee of the Fourth Military Medical
University, and the ethics committee of Tangdu Hospital. The epide-
miological data of the field mice were collected from the Shaanxi
Provincial Notifiable Disease Surveillance System in collaboration with

the research team of Pengbo Yu, which was authorized by the
government®, For the capture, traps were placed outdoors (set as four
parallel lines of 25 traps each and spaced intervals of 5 meters). A.
agrarius mice were removed from the traps once captured for further
investigation. According to the standard measurement for HTNV
infection in rodents'”'%, the lung tissues were acquired for analysis.
Mouse samples weighing 22-28 g and without apparent trauma and
skin infection were included for analysis. Only male adult A. agrarius
mice were used, and the rest were euthanized by CO, inhalation. To
better illuminate the natural infection process of hantaviruses in field
mice, the disease phases were classified as HINS (HTNV S/viral RNA:
negative, anti-NP IgG/antibodies against viral protein: negative), HIES
(HTNV S: positive, anti-NP IgG: negative), HIPS (HTNV S: positive, anti-
NP IgG: positive), and HICS (HTNV S: negative, anti-NP IgG: positive)
according to the assessment results of viral RNA and host anti-
hantaviral antibody in lungs (Fig. 2a). The lung tissues of captured A.
agrarius mice were acquired for viral RNA or anti-NP IgG detection by
RT-PCR or ELISA, respectively (details were shown in the following).
The viral RNA assessment was evaluated as positive if the Cq (quanti-
fication cycle) value of HTNV S segments was lower than 30, as we
described previously'®. In brief, virus RNA was extracted using Pure-
linkTM Viral RNA/DNA Kits (Invitrogen Life Technologies), according
to the manufacturer’s instructions. The SuperScript Il Platinum One-
Step Quantitative RT-PCR System kit (Invitrogen Life Technologies)
was used for the real-time RT-PCR assay. The primers and probe were
designed on the basis of the sequence alignment of the S segment of
the HTNV standard strain 76-118 (NC_005218) and two hantaan virus
strains obtained from Shaanxi Province: Al16(AF288646.1) and
84FLi(AY017064). The anti-NP IgG assessment was evaluated as posi-
tive if the P/N (positive versus negative) value was higher than 2.1, as we
described previously'*. In brief, anti-NP IgG was coated on microplates
in 0.1M sodium carbonate bicarbonate buffer (pH 9.0) at 4 °C over-
night. Samples were incubated on the microplates at 37 °C for 2 h. HRP-
conjugated 1A8 was used as the detection antibody. The absorbance of
the color reaction developed using TMB was measured at 450 nm. An
absorbance was required and positive/negative (P/N)>2.1 was con-
sidered significant.

Except for the A. agrarius captured from the field (also termed as
the field mice), the strain of mice in this study, including the wild type
or transgenic mice, is C57BL/6). The C57BL/6) mice (6- to 8-week-old
male adult mice weighing 20-22 g or four-day-old neonatal mice) were
provided by the Experimental Animal Center of Fourth Military Med-
ical University. All animals were housed in standard cages in a tem-
perature- and humidity-controlled environment on a 12-h light/dark
cycle (temperature: 23 +1°C; relative humidity: 50-60%) with free
access to water. Mice were euthanized by CO, inhalation at the
appropriate time during the study and tissue samples were removed
for further experiments. The numbers of mice are indicated in the
figure or figure legends for each experiment.

WT and transgenic mice were bred under specific pathogen-free
conditions in the animal facilities belonging to the School of Basic
Medical Sciences and housed in groups of up to four mice. The Inc-
ip65-deficient mice were generated using the CRISPR/Cas9 system in
the C57BL/6) background, the sgRNA targeting sequences of which are
shown in Supplementary Fig. 18a. The Inc-ip65 targeting vector was
electroporated into C57BL/6] mouse embryonic stem (ES) cells, fol-
lowed by double drug selection. Positive ES cell clones were expanded
and injected into C57BL/6) blastocytes to generate chimeric offspring.
The offspring mice were examined by genotyping PCR using the pri-
mers shown in Supplementary Fig. 18a.

All animals received care according to institutional guidelines and
were randomly assigned to the control or treatment group. For HTNV
infection, mice were intramuscularly injected with HTNV (8 x10°
TCIDso/g, 8 x10° TCIDso/g, or 8 x10° TCIDso/g). The HTNV titer was
measured by In-cell Western assays as we previously described'®. In
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brief, for In-cell Western assays, cells grown in specific 96-well plates
(transparent bottom) until they reached 60-70% confluency were
treated as indicated and then fluxed with 4% paraformaldehyde (PFA)
at selected time intervals post-infection for the ICW assay. Then, the
cells were permeabilized with 0.25% Triton X-100 for 15 min at room
temperature (RT) and blocked with LI-COR Odyssey Blocking Solution
(LI-COR Biosciences) for 30 min. Cells were incubated at 4 °C over-
night with indicated mouse monoclonal antibodies against NP or Gn
which were pre-mixed with a rabbit IgG antibody against Tubulin. After
five washes with DPBS, the cells were stained with a goat anti-mouse
IgG IRDye TM 800 antibody and a goat anti-rabbit IgG IRDye TM 680
antibody at room temperature for 2 h. The microplates, which could be
preserved from light at 4 °C for at least 6 months, were scanned with
the Odyssey CLx Infrared Imaging System (LI-COR Biosciences), and
the integrated fluorescence intensities representing the protein
expression levels were acquired using the software provided with the
imager station (Odyssey Software Version 3.0, LI-COR Biosciences).
The relative amount of NP protein was obtained by normalizing to
endogenous Tubulin in the experiments. For HTNV titer measurement,
A549 cells grown in microplates until they reached 60-70% confluency
were incubated with gradient diluted HTNV, which was propagated in a
BALB/c mouse brain and then in Vero E6 cells, at 37 °C for 90 min.
Then, the A549 cells were washed with DPBS (HyClone) and cultured in
DMEM with 10% FBS. At 48 h post-infection, the ICW assay were per-
formed to detect the amount of HTNV NP; positive/negative (P/N)
responses >2.1 were considered significant. The viral titer was calcu-
lated as the TCIDsq using the Reed and Muench formula. For monocyte
and macrophage depletion, mice were intraperitoneally injected with
clophosome (10 pl/g). For antibody treatment, mice were intraper-
itoneally injected with 1A8, 3D8, or 4G2 (0.25 pg/g). For the bacterial
sepsis challenge, mice were intraperitoneally injected with LPS (5 mg/
kg) or CS (0.6 mg/g).

In vitro experiments

Cell culture. THP-1, Vero E6, bEnd.3, NIH/3T3, RAW264.7, and MH-S
cells were cultured in DMEM (HyClone) supplemented with 10% (v/v)
fetal bovine serum (FBS, Gibco). Cell source is shown in Supplementary
Table 4. The suspension THP-1 cells were stimulated with PMA (25 ng/
ml, Sigma-Aldrich) for 24 h to differentiate into adherent macro-
phages. RAW264.7 and THP-1 cells stably expressing GFP-p65 and RFP-
IkBax were constructed with a lentivirus system and screened with
puromycin and neomycin sequentially.

Primary macrophage acquisition. To generate murine bone marrow-
derived macrophages (mBMDM), the femur and tibia were removed
from sacrificed adult mice. The bones were first rinsed with sterile
phosphate-buffered  saline (PBS) containing 0.1%  (v/v)
penicillin-streptomycin (P/S) solution. Subsequently, the bone
marrow was flushed with Roswell Park Memorial Institute 1640 (RPMI
1640, HyClone) containing 10% FBS and 0.1% P/S and filtered with a
cell strainer (70 mm). Cells were resuspended in RPMI 1640 after
centrifugation and then primed with M-CSF (20 ng/ml, PeproTech)
with medium exchange every other day for four days to
generate mBMDM.

Mouse peritoneal macrophages (mPMg) were isolated from the
peritoneal cavities of mice 3 d after injection with thioglycolate med-
ium and were cultured in DMEM supplemented with 10% FBS. After 2 h,
nonadherent cells were removed by thorough washing, and adherent
cells (mPM) were infected.

To harvest mouse alveolar macrophages (AMs), bronchoalveolar
lavage was performed. The vein catheter (27G) was installed into the
trachea through a small incision after sacrificing the adult mice, and
then PBS with EDTA (2 mM) was administered to unfold the lung tissue
and retrieve the cells in suspension. Cells were centrifuged and seeded
into cell culture dishes and stimulated with GM-CSF (20 ng/ml,

PeproTech) for 24 h, and finally, the adherent cells (AMs) were col-
lected for further experiments.

Kupffer cells (KCs) were extracted as described previously
brief, adult mice were sacrificed and underwent liver perfusion with
Hank’s balanced salt solution (HBSS, HyClone) (from 3 ml/min to 7 ml/
min). The excised liver tissues were digested with RPMI 1640 con-
taining 0.1% (v/v) type IV collagenase (Sigma-Aldrich) and bathe-
watered. Following digestion, the liver homogenate was filtered and
centrifuged to acquire the cell suspension. KCs were further separated
from hepatocytes and other sinusoidal cells by gradient centrifugation
(300g, 50g, and 300 xg for S5min at 4°C) and then purified from
satellite cells with the method of selective adherence to plastic.

107,108 In

Transfection. The indicated plasmids were transfected into NIH/3T3
cells using JetPEl reagents (Polyplus). siRNA transfection was per-
formed with Lipofectamine 2000 (Invitrogen) at 24 h before infection,
the sequences of which are shown in Supplementary Table 2. For LNA-
mediated RNAi, the LNAs were directly added to the medium of
mBMDM (50 nM, the short oligonucleotides would be taken up natu-
rally by cells). The exogenous expression of plasmids in murine mac-
rophages relied on electrotransfection with Neon™ transfection
system instruments (Invitrogen, Cat# MPKS5000). The virus strains
used in this paper were preserved in our lab and propagated in Vero
E6 cells.

Viral infection. HTNV strain 76-118 (24th generation), as well as DENV2
(31th generation), SeV (12th generation), VSV (17th generation), EV71
(21th generation) and HSV-2 (9th generation), was propagated in mice
brain and then in Vero E6 cells. The infection of HTNV, DENV2, SeV,
VSV, EV71 and HSV-2 was performed as previously described™*'>, In
brief, Cultured cells were infected with the indicated multiplicities of
infection (MOI) of HTNV or other viruses. After 2h, the virus-
containing medium was discarded, and the cells were washed thor-
oughly with the sterile medium and replaced with culture medium. As
a control, cells were incubated with culture supernatant from unin-
fected Vero E6 cells, which were referred to as mock-infected cells.

Live cell imaging. RAW264.7 or THP-1 (primed by PMA) cells stably
expressing GFP-p65 and RFP-IkB, as well as the WT, RBP-J%° or Inc-
ip657~ mBMDM transiently expressing these proteins through electro-
transfection, were seeded into 35 mm p dishes (ibidi, Cat# 81156) and
infected with HTNV (MOI = 1). At the late infection stage, the p-dish was
transferred to the climate chamber (37 °C, 5% CO,), which was con-
nected to the Live Cell Station (AIR-HD25, Nikon). Fluorescent (GFP
and RFP filter) images were chosen randomly and acquired with a 40x
objective every 10 min from 24 hpi to 36 hpi. Single images were then
merged, and movies were recorded with the Imaging Software NIS-
Elements F Ver4.60.00 (Nikon). Representative visual fields were
selected and m for each group, and the representative view is shown in
figures or videos.

Macrophage function

Immunophenotype. To evaluate the in vitro phagocytosis capacity of
mBMDM, FAM-labeled RNAs (22 bp, GenePharma) were added to WT
or RBP-J*© mBMDM at 36 h, or the LNA-pretreated WT mBMDM at 36 h
(MOI=1, 3 pg RNAs/2.5 x 10° cells). The FAM* macrophages were under
a fluorescence microscope at 24 h post-treatment. For assessment of
the chemotaxis ability of macrophages, the mBMDM and bEnd.3 cells
were added to the middle and bottom layers of the transwell plate
(6.5mm Transwell® with 5.0um pore polycarbonate membrane,
Corning), and HTNV was added to the intervals between them at an
MOI of 1. The number of migrating macrophages on the back of the
middle layer (the region towards the bottom) was counted through
crystal violet staining at 24 hpi. The antigen-presenting ability was
measured by the expression of CD80 and CD86 through flow
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cytometry. The immunoregulatory function was detected by the pro-
duction of cytokines or chemokines with ELISA or qRT-PCR. To assess
the antimicrobial ability, cellular ROS production was detected with
DCFDA/H2DCFDA. In brief, mBMDM with the indicated treatments
were harvested and seeded into a dark, clear bottom 96-well micro-
plate and stained by incubating with DCFDA Solution (100 ul/well) for
45 min at 37 °C in the dark. The plate was measured immediately on a
fluorescence plate reader at Ex/Em =485/535 nm in endpoint mode.

Metabolic phenotype. Mitochondrial respiration (oxygen consump-
tion rate, OCR) and glycolysis (extracellular acidification rate, ECAR)
were measured in mBMDM. WT and RBP-J%*° mBMDM or LNA-
pretreated mBMDM were seeded into a Seahorse XFe96 culture
plate (Agilent Technologies) and analyzed at 36 hpi on a Seahorse
XFe96 Analyser (Agilent Technologies). To assess OCR, oligomycin
(1 M), FCCP (0.75 pM), antimycin A (1 tM) and rotenone (2 pM) were
added at the indicated time points. To measure ECAR, glucose
(10 mM), oligomycin (1puM), and 2-DG (50 mM) were added at the
indicated time points. The assay protocols were designed, and the data
were analyzed using Seahorse Wave desktop software (Version: 2.6,
Agilent).

Mitochondria pathophysiology. The number and morphological
changes in mitochondria were analyzed with transmission electron
microscopy (TEM). The HTNV-infected WT or RBP-J*° mBMDM at the
indicated time points were harvested and fixed with 2.5% glutar-
aldehyde on ice for 2 h, which was followed by fixation in 2% osmium
tetroxide. Then, the cells were dehydrated with sequential washes in
50%, 70%, 90%, 95%, and 100% ethanol. Areas containing cells were
mounted and thinly sliced. Sections were photographed using a Hita-
chi HT7700 transmission electron microscope (Hitachi), and the ima-
ges were processed with a Hitachi TEM system.

RNA-seq, transcriptomic, and LncRNA data analysis

Library construction and sequencing. Total RNA was extracted from
WT mBMDM at 0, 12, 24, or 36 hpi, as well as WT and RBP-JCKO
mBMDM at 36 hpi, using TRIzol (Invitrogen). Ribosomal RNA was
removed using the Ribo-Zero™ kit (Epicentre Biotechnologies). Frag-
mented RNA (the average length was approximately 200 bp) was
subjected to first-strand and second-strand cDNA synthesis followed
by adaptor ligation and enrichment with a low cycle according to the
instructions of the NEBNext® Ultra™ RNA Library Prep Kit for lllumina
(NEB). The purified library products were evaluated using the Agilent
2200 TapeStation and Qubit®2.0 (Life Technologies). The libraries
were paired-end sequenced (PE150, sequencing reads were 150 bp) at
Guangzhou Ribo Biotechnology (Guangzhou, China) using the Illu-
mina HiSeq 3000 platform.

Preprocessing of sequencing reads and quality control. To remove
trailing sequences below a Phred quality score of 20 and achieve uni-
form sequence lengths for downstream clustering processes, raw fastq
sequences were treated with Trimmomatic tools (v 0.36) using the
following options: TRAIL-ING: 20, MINLEN: 235 and CROP: 235.
Sequencing read quality was inspected using FastQC software. Adapter
removal and read trimming were performed using Trimmomatic.
Sequencing reads were trimmed from the end (base quality less than
Q20) and filtered by length (less than 25).

Quantification of gene expression level. Paired-end reads were
aligned to the mouse reference genome mm10 with HISAT2. HTSeq vO.
6.0 was used to count the read numbers mapped to each gene. The
whole sample expression levels were presented as the expected
number of reads per kilobase of transcript sequence per million base
pairs sequenced (RPKM), which is the recommended and most com-
mon method to estimate the level of gene expression.

Identification of new LncRNAs. The raw data were first filtered to
remove low-quality reads, and then the clean data that passed repe-
ated testing was assembled using StringTie based on the reads mapped
to the reference genome. The assembled transcripts were annotated
using the gffcompare program. The unknown transcripts were used to
screen for putative IncRNAs. Putative protein-coding RNAs were fil-
tered out using a minimum length and exon number threshold.
Transcripts with lengths greater than 200 nt with predicted ORFs
shorter than 300 nt were selected as IncRNA candidates. They were
subjected to further screening using CPC/CNCI/Pfam to distinguish
the protein-coding genes from the noncoding genes.

Differential expression analysis. The statistically significant differ-
entially expressed genes were obtained by an adjusted p value
threshold of <0.05 and |log2(fold change) |>1 using DEGseq software.
Finally, a hierarchical clustering analysis was performed using the R
language package gplots according to the RPKM values of differential
genes in different groups. Colors represent different clustering infor-
mation, such as similar expression patterns in the same group,
including similar functions or participation in the same biological
process.

GO terms and KEGG pathway enrichment analysis. All differentially
expressed mRNAs were selected for GO and KEGG pathway analyses.
GO was performed with KOBAS 3.0 software. GO provides label clas-
sification of gene function and gene product attributes (http://www.
geneontology.org). GO analysis covers three domains: cellular com-
ponent (CC), molecular function (MF) and biological process (BP). The
differentially expressed mRNAs and the enrichment of different
pathways were mapped using the KEGG pathways with KOBAS
3.0 software.

Molecular analyses

Antibodies. For flow cytometry assays, Alexa Fluor® 488 Rat Anti-
Mouse IL-6 (MP5-20F3) (BD Biosciences; Cat# 561363; RRID:
AB 10694253); Alexa Fluor® 647 Rat Anti-Mouse CD14 (rmC5-3) (BD
Biosciences; Cat# 565743; RRID: AB 2739340); Alexa Fluor® 647 Rat
Anti-Mouse CD206 (MR5D3) (BD Biosciences; Cat# 565250; RRID:
AB_2739133); APC-Cy™7 Mouse Anti-Human CD16 (3G8) (BD Bios-
ciences; Cat# 557758; RRID: AB_396864); APC-Cy™7 Mouse Anti-
Human CD3 (SK7) (BD Biosciences; Cat# 557832; RRID: AB_396890);
APC-Cy™7 Rat Anti-CD11b (M1/70) (BD Biosciences; Cat# 557657; RRID:
AB 396772); APC-R700 Mouse Anti-Human IL-17A (N49-653) (BD
Biosciences; Cat# 565163; RRID: AB 2739087); BB515 Mouse Anti-
Human CD4 (RPA-T4) (BD Biosciences; Cat# 564419; RRID:
AB_2744419); BB700 Hamster Anti-Mouse CDI1IC (HL3) (BD Bios-
ciences; Cat# 566505; RRID: AB 2869773); BB700 Rat Anti-Mouse
CD197 (CCR7) (4B12) (BD Biosciences; Cat# 566462; RRID:
AB 2744307); BB700 Rat Anti-Mouse TNF (MP6-XT22) (BD Bios-
ciences; Cat# 566511; RRID: AB 2869775); BUV661 Mouse Anti- Human
HLA-DR (G46-6) (BD Biosciences; Cat# 612980); BV421 Mouse Anti-
Human RORyt (Q21-559) (BD Biosciences; Cat# 563282; RRID:
AB_2738114); BV421 Rat Anti-Human and Viral IL-10 (JES3-9D7) (BD
Biosciences; Cat# 564053; RRID: AB 2738566); BV421 Rat Anti-Mouse
CX3CR1 (Z8-50) (BD Biosciences; Cat# 567531); BV480 Rat Anti-Mouse
F4/80 (T45-2342) (BD Biosciences; Cat# 565635; RRID: AB 2739313);
BV510 Mouse Anti-Human CD14 (M@P9) (BD Biosciences; Cat#
563079; RRID: AB_2737993); BV510 Mouse Anti-Human IFN-y (B27) (BD
Biosciences; Cat# 563287; RRID: AB_2738118); BV605 Mouse Anti-
Human CD206 (19.2) (BD Biosciences; Cat# 740417, RRID:
AB 2740147); BV605 Mouse Anti-Human CD25 (2A3) (BD Biosciences;
Cat# 562660; RRID: AB_2744343); BV605 Rat Anti-Mouse CD192
(CCR2) (475301) (BD Biosciences; Cat# 747969; RRID: AB_2872430);
BV650 Mouse Anti-Human CDllc (B-ly6) (BD Biosciences; Cat#
563404; RRID: AB 2732048); FITC Mouse Anti-HTNV NP (1AS8)
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(Prepared by our Lab); FITC Rat Anti-Mouse IL-10 (JES5-16E3) (BD
Biosciences; Cat# 554466; RRID: AB_395411); FITC Rat Anti-Mouse Ly-
6C (AL-21) (BD Biosciences; Cat# 561085; RRID: AB_394628); FITC Rat
Anti-Mouse TNF (MP6-XT22) (BD Biosciences; Cat# 561064; RRID:
AB_395379); FITC Mouse Anti-Human CD11b (ICRF44) (BD Biosciences;
Cat# 562793; RRID: AB 1645544); PE Hamster Anti-Mouse CD80 (16-
10A1) (BD Biosciences; Cat# 561955; RRID: AB_395039); PE Mouse anti-
Human FoxP3 (236A/E7) (BD Biosciences; Cat# 560852; RRID:
AB_10563418); PE Mouse Anti-Human IL-8 (G265-8) (BD Biosciences;
Cat# 554720; RRID: AB_395529); PE Rat Anti-Mouse CD86 (GL1) (BD
Biosciences; Cat# 561963; RRID: AB_10896971); PE Rat Anti-Mouse F4/
80 (T45-2342) (BD Biosciences; Cat# 565410; RRID: AB_2687527); PE
Rat Anti-Mouse IL-12 (p40/p70) (C15.6) (BD Biosciences; Cat# 554479;
RRID: AB_395420); PE Rat Anti-mouse iNOS (CXNFT) (Thermo Fisher;
Cat# 12-5920-82; RRID: AB_2572642); PE-Cy™7 Mouse Anti-GATA3
(L50-823) (BD Biosciences; Cat# 560405; RRID: AB_1645544); PerCP-
Cy™5.5 Mouse Anti-Human TNF (MAbIl) (BD Biosciences; Cat#
560679; RRID: AB_1727579); PerCP-Cy™5.5 Mouse Anti-T-bet (04-46)
(BD Biosciences; Cat# 561316; RRID: AB_10611726). For flow cytometry,
antibodies are added 1pl per 10° cells. Respective antibodies are
shown in the Supplementary Table 4.

For immunoblot and immunofluorescent measurements, Anti-NF-
KB p65 Antibody (Abcam; Cat# abl16502; RRID: AB 443394); Anti-
activated Notchl Antibody (NICD) (Abcam; Cat# ab8925; RRID:
AB_306863); Anti-CD34 Antibody [EP373Y] (Abcam; Cat# ab81289;
RRID: AB_1640331); Anti-DDDDK Tag (Binds to FLAG® tag sequence)
Antibody [F-tag-01] (Abcam; Cat# ab18230; RRID: AB_444336); Anti-
ERK1 + ERK2 (phospho T202 +Y204) Antibody [ERK12T202Y204-Al1]
(Abcam; Cat# ab278538); Anti-ERK1+ERK2 Antibody [EPR17526]
(Abcam; Cat# ab184699; RRID: AB_2802136); Anti-F4/80 Antibody [CI:
A3-1] (Abcam; Cat# ab6640; RRID: AB_1140040); Anti-GAPDH Anti-
body [6C5] (Abcam; Cat# ab8245; RRID: AB_2107448); Anti-GFP Anti-
body (Abcam; Cat# ab290; RRID: AB_303395); Anti-HA Tag Antibody
(Abcam; Cat# ab9110; RRID: AB_307019); Anti-IKKa + IKKB (phospho
S180 + S181) Antibody (Abcam; Cat# ab55341; RRID: AB_883038); Anti-
IKKa + IKKP Antibody [EPR16628] (Abcam; Cat# ab178870); Anti-iNOS
Antibody [EPR16635] (Abcam; Cat# ab210823; RRID: AB 2861417);
Anti-IRF4 Antibody (Santa Cruz Biotechnology; Cat# sc-48338; RRID:
AB_627828); Anti-IRF5 Antibody [EPR17067] (Abcam; Cat# ab181553;
RRID: AB_2801301); Anti-IkB o (phosphoS36) Antibody [EPR6235(2)]
(Abcam; Cat# ab133462; RRID: AB_2801653); Anti-lkBa (phospho S32)
Antibody [EPR3148] (Abcam; Cat# ab92700; RRID: AB_10562951); Anti-
IkBa Antibody [E130] (Abcam; Cat# ab32518; RRID: AB_733068); Anti-
Jaggedl Antibody (Abcam; Cat# ab7771; RRID: AB_2280547); Anti-
Jagged2 Antibody [EPR3646] (Abcam; Cat# ab226814); Anti-JNK1
(phospho T183/Y185) Antibody [EPR20763] (Abcam; Cat# ab215208);
Anti-JNK1 Antibody [EPR17557] (Abcam; Cat# ab199380); Anti-Lamin B1
Antibody (Abcam; Cat# ab16048; RRID: AB_443298); Anti-Myc Tag
Antibody [9E10] (Abcam; Cat# ab32; RRID: AB_303599); Anti-NF-kB
p65 (phospho S276) Antibody (Abcam; Cat# abl194726); Anti-NF-kB
p65 (phospho S468) Antibody (Abcam; Cat# ab31473; RRID:
AB_881299); Anti-NF-kB p65 (phospho S529) Antibody (Abcam; Cat#
ab97726; RRID: AB_10681170); Anti-NF-kB p65 (phospho S536) Anti-
body (Abcam; Cat# ab86299; RRID: AB_1925243); Anti-Notchl Anti-
body [EP1238Y] (Abcam; Cat# ab52627; RRID: AB_881725); Anti-Notch2
Antibody (Abcam; Cat# ab137665); Anti-Notch3 Antibody (Abcam;
Cat# ab23426; RRID: AB_776841); Anti-STAT1 (phospho S727) Anti-
body [EPR3146] (Abcam; Cat# abl109461; RRID: AB_10863745); Anti-
STAT1 (phospho Y701) Antibody (Abcam; Cat# ab30645; RRID:
AB_779082); Anti-STAT1 Antibody (Abcam; Cat# ab47425; RRID:
AB_882708); Anti-STAT3 (phospho S727) Antibody [E121-31] (Abcam;
Cat# ab32143; RRID: AB_2286742); Anti-STAT3 (phospho Y705) Anti-
body [EPR23968-52] (Abcam; Cat# ab267373); Anti-STAT3 Antibody
[EPR787Y] (Abcam; Cat# ab68153; RRID: AB 2889877); Anti-Tubulin
Antibody (Abcam; Cat# ab6046; RRID: AB_2210370); Donkey Anti-Goat

IgG H&L (Cy3 ®) (Abcam; Cat# ab6949; RRID: AB_955018); FITC Anti-
NF-kB p65 (phospho S536) Antibody [NFKBp65S536-B7] (Abcam; Cat#
ab278631); Goat Anti-Mouse IgG H&L (Cy3 ®) (Abcam; Cat# ab97035;
RRID: AB_10680176); Goat Anti-Mouse IgG H&L (CyS5 ®) (Abcam; Cat#
ab6563; RRID: AB_955068); Goat Anti-Rabbit IgG H&L (Cy3 ®) (Abcam;
Cat# ab6939; RRID: AB_955021); Goat Anti-Rabbit IgG H&L (Cy5 ©)
(Abcam; Cat# ab6564; RRID: AB 955061); Human/Mouse/Rat RelA/NF
KB p65 Antibody (R&D Systems; Cat# AF5078; RRID: AB_2179033);
IRDye® 680RD Goat Anti-Mouse IgG (H + L) (LI-COR; Cat# 925-68070;
RRID: AB_2651128); IRDye® 800CW Goat Anti-Rabbit IgG (H+L) (LI-
COR; Cat #926-32211; RRID: AB_621843); Mouse monoclonal Anti-
HTNV Gn (Gn-1) (Prepared by our Lab); Mouse monoclonal Anti-HTNV
NP (1A8) (Prepared by our Lab); Mouse/Rat Notchl Antibody (R&D
Systems; Cat# AF1057; RRID: AB_2153372); Phospho-NF-kB p65/RelA-
S276 Rabbit pAb (ABclonal; Cat# AP0123; RRID: AB_2771505); Phospho-
NF-kB p65/RelA-S468 Rabbit pAb (ABclonal; Cat# AP0446; RRID:
AB_2771508); Phospho-NF-kB p65/RelA-S529 Rabbit pAb (ABclonal;
Cat# AP0944; RRID: AB_2863855); Phospho-NF-kB p65/RelA-S536
Rabbit pAb (ABclonal; Cat# AP0475; RRID: AB_2771511); Rabbit Anti-Rat
IgG H&L (FITC) (Abcam; Cat# ab6730; RRID: AB_955327). For immu-
noblot, antibodies are diluted as 1:1000; for immunostaining, anti-
bodies are diluted as 1:200. Respective antibodies are shown in
Supplementary Table 4.

Flow cytometry (FCM). The monocytes or T cells from HFRS
patients underwent intracellular cytokine staining immediately,
while for the in vitro experiments, the secretion inhibitors are used
to precisely measure cytokine production. Generally, Fcyll/III
receptors of monocytes and macrophages were blocked with anti-
CD16/32 antibody (BD Bioscience) before staining the cell surface
markers, and brilliant stain buffer (BD Bioscience) was applied
prior to staining intracellular cytokines. For the TFs (FoxP3, RORyt,
GATAS3, and T-bet) in T cells from healthy or patient PBMCs, the BD
Pharmingen™ TF Buffer Set was applied. The cells were manipu-
lated in FCM buffer during the FCM assays, which included PBS
containing 2% FBS (Gibco) and 2mM EDTA. For in vitro assays,
cells were enzymatically detached with Trypsin-EDTA solution
(Solarbio) and subsequently washed and processed with FCM
buffer. For the FCM detection of macrophages in spleens, the
single-cell suspension of the spleen tissue was acquired through
gentle grinding and filtration with a 70 um cell strainer, and the
erythrocytes were lysed with RBC lysis buffer (Gibco). The main
procedure was as follows: Cell acquisition> Fc receptor block~>
Surface marker staining> Permeabilization and fixation~ brilliant
stain buffer treatment~ intracellular iNOS or cytokine staining~>
Compensation adjustment with beads> Samples were analyzed
with a BD FACSCalibur™ 3-laser flow cytometer or BD FACSCanto
10-laser flow cytometer (cell number =10,0000/group). Finally,
the data were processed with FlowJo v10 (TreeStar). Respective
antibodies are shown in the Supplementary Table 4.

Bio-plex multiplex immunoassay. The serum samples were cen-
trifuged at 16,000 x g for 15 min at 4 °C and then diluted (for serum,
sample diluent HB, 1:4; for cell supernatants, culture media, 1:5). After
preparing standards, controls and samples, the Bio-plex multiplex
immunoassay was conducted as the workflow showed: prewetting
wells> Adding the magnetic beads containing the antibodies against
various cytokines and chemokines (50 pl, forty kinds of cytokines and
chemokines)> Adding the sample/standard/control (incubation on a
shaker at 120 x g for 1h at RT)»> Adding biotinylated detection anti-
bodies containing the phycoerythrin fluorescent reporters (25pul,
incubation on shaker at 120 x g for 30 min at RT)> Adding streptavidin-
PE (50 pl, incubation on shaker at 120 x g for 10 min at RT)~> Resus-
pending in assay buffer (125 pl, shaking at 120 x g for 30 s)> Acquiring
data on Bio-Plex system (Bio—-Rad).
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Enzyme-linked immunosorbent assay (ELISA). Sandwich ELISA was
applied to detect HTNV NP as we previously described'*. Briefly, the
ani-NP mouse monoclonal antibody 1A8 was coated on microplates in
0.1 M sodium carbonate bicarbonate buffer (pH 9.0) at 4 °C overnight.
Patient serum or mouse tissue lysates with RIPA buffer
(Sigma-Aldrich) were collected after centrifugation and then incu-
bated on microplates at 37 °C for 2 h. HRP-conjugated 1A8 was used as
the detection antibody. Color reaction developed with the tetra-
methylbenzidine (TMB, Abcam) and stop solution (2M H,SO,), the
absorbance of which was measured at 450 nm. An absorbance was
acquired and positive/negative (P/N) >2.1 was considered significant.
The results are presented as ratios of the sample value versus that of
the negative control (P/N value).

Indirect ELISA was conducted to assess mouse IgG against HTNV
NP based on the manufacturer’s information (WAITAI BioPharm). In
brief, the recombinant NP was coated on microplates and incubated
with mouse lung tissue lysates (dilution with 1:30 by PBS). HRP-
conjugated anti-mouse IgG antibody was added, and the absorbance
was assessed after TMB treatment at 450 nm. The results are shown as
anti-NP IgG positive or negative to analyze the disease phase stage for
the HTNV-infected field mice.

The concentrations of multiple cytokines and chemokines from
cell supernatants or mouse tissues were evaluated with ELISA Kits
(Abcam or R&D Systems) according to the manufacturer’s instructions.
In short, standard samples were prepared with gradient dilution to
build the standard curve. The samples were diluted with special buffer,
added to a plate precoated with anti-cytokine or chemokine antibodies
and then reacted with HRP-conjugated detection antibodies. TMB and
stop solution were added sequentially to measure the OD450. The
cytokine or chemokine concentration was calculated with the
standard curve.

Protein preparation. To detect Ml/M2-related signaling in macro-
phages or confirm the overexpression efficacy in co-IP experiments,
whole-cell lysates (WCLs) were collected with RIPA lysis buffer (Sigma-
Aldrich) supplemented with protease and phosphatase inhibitors
(Sigma-Aldrich) for further immunoblot analysis. To assess the acti-
vation of the NF-kB, JAK/STAT or IRF pathway post HTNV infection in
murine versus human macrophages, the translocation of key TFs, such
as p65, Statl, IRF4, and IRF5, was determined with nuclear and cyto-
plasmic extraction reagents (Thermo Fisher). In brief, human or murine
macrophages were harvested at the indicated time points with trypsin-
EDTA (Solarbio). The cell pellets were acquired through washing and
centrifuging. Then, CER I (100 pl) was added to the packed cells (10 pl)
with vigorous vortexing for 15s to fully suspend the cell pellet and
incubated on ice for 10 min, destroying the cell membrane but not the
karyolemma. Next, ice-cold CER I (5.5 pl) was added to the sample with
vigorous vortexing for 5s, incubation on ice for 1 min, and repeated
vigorous vortexing for 5s. Supernatants containing the cytoplasmic
extracts were collected after centrifugation at 16,000 x g for 10 min.
The insoluble pellets were suspended in ice-cold NER (50 pl) with
intermittent vigorous vortexing for 15s and incubation on ice for
10 min, and this procedure was repeated four times (total of 40 min).
Finally, the supernatant fraction containing nuclear extracts was
obtained after centrifugation at 16,000 x g for 15 min.

Immunoblot assay. The protein concentration was first determined
based on the bicinchoninic acid (BCA) method using the Compat-
Able™ BCA Protein Assay Kit (Thermo Fisher). Equal amounts of pro-
tein were boiled at 95 °C for 10 min, separated by SDS-PAGE at differ-
ent concentrations, and then electrophoretically transferred onto
polyvinylidene fluoride membranes (PVDF). After blocking with 5%
nonfat milk in TBS, the membrane was incubated with the primary
antibodies, followed by secondary antibodies labeled with infrared
dyes. For the assessment of protein phosphorylation, the antibody

targeted at various phosphorylated points was applied separately or
combined for the first scanning, and then the PVDF membrane was
stripped with the restoration buffer (Thermo Fisher) and subjected to
secondary antibody incubation with the total proteins, as well as the
infrared dye-labeled antibodies. The signals on the PVDF membrane
were visualized using the Odyssey Infrared Imaging System (LI-COR
Biosciences).

Coimmunoprecipitation (Co-IP) assay. Cells transfected with the
appropriate plasmids were harvested and lysed with IP lysis buffer
(50 mM Tris-HCI [pH 7.4], 150 mM Nacl, 1% [w/v] Triton X-100, 1 mM
EDTA [pH 8.0], 0.1% [v/v] SDS, and protease inhibitor cocktail) for
30 min. The supernatants were collected via centrifugation at
28,000 x g for 25 min at 4 °C. The protein extract was incubated with
equilibrated magnetic beads (for assessing the protein interaction with
the exogenous expression system; beads of Bimake) or protein G
Sepharose (for detecting the endogenous interaction; Sepharose of
Proteintech) that were coincubated with the desired primary anti-
bodies overnight at 4°C. Beads or Sepharose were collected and
washed three times with washing buffer (5% [w/v] sucrose, 5mM Tris-
HCI [pH 7.4], 5mM EDTA [pH 8.0], 500 mM Nacl, 1% [v/v] Triton X-
100). Then, the beads were boiled at 100 °C for 5 min in 5x SDS protein
loading buffer and analyzed by immunoblotting.

Immunofluorescence assay (IFA). Cells with the indicated treatment
were fixed with ice-cold 4% (w/v) paraformaldehyde (PFA, Sigma-
Aldrich) for 15min and then permeabilized with 0.1% Triton X-100
(Sigma-Aldrich) for 20 min at RT. After blocking with 3% bovine serum
albumin (BSA, Sigma-Aldrich) for 30 min, specific primary antibodies
(1:50 to 1:200 dilution) were added and incubated overnight at 4 °C.
After five washes with DPBS, the secondary antibodies, namely, FITC-,
Cy3- or Cy5-conjugated goat anti-rabbit or goat anti-mouse IgG
(Abcam), were used for detection (incubation at 37°C for 1h). Cell
nuclei were stained with DAPI (Thermo Fisher) for 5 min at RT. After
sealing with the ProLong™ Gold Antifade Mountant (Thermo Fisher),
the samples were observed using a fluorescence microscope (AIR-
HD25, Nikon). To observe the localization relationship between
IncRNAs and pé65, IFA was performed after the FISH or RNAScope
experiments.

RNA extraction, quantitative real-time PCR (QRT-PCR) analysis, and
northern blot. Total cellular RNA was extracted with TRIzol reagent
(Invitrogen) and the Total RNA Extraction Kit (TIANGEN Biotech), the
concentration of which was measured with a spectrophotometer.
Quantitative real-time PCR (qRT-PCR) was performed with PrimeScript
RT Master Mix (TaKaRa) according to the manufacturer’s protocol.
Each ¢cDNA sample was denatured at 95 °C for 5 min and amplified for
35 cycles of conditions including 15 s at 98 °C, 30 s at 58 °C, and 30 s at
72 °C with a LightCycler 96 (Roche). The mRNA expression level of
each target gene was normalized to the respective GAPDH and ana-
lyzed using LightCycler® 96 Application Software (Roche). The qRT-
PCR primers are listed in Supplementary Table 3. Notably, five pairs of
qRT-PCR primers for the newly identified IncRNAs by RNA-seq were
designed and applied. The suitable primers were screened with stable
results from three independent experiments and are listed in Supple-
mentary Table 3. Northern blotting was performed using a North-
ernMax Kit (Ambion) with biotin-labeled probes, the sequences of
which are shown in Supplementary Table 3. The viral load of HTNV was
quantified based on the qRT-PCR and absolute quantitative PCR.

Fluorescence in situ hybridization (FISH) and RNAScope assays.
FISH was performed with a FISH kit (Ribo Biotechnology) according to
the manufacturer’s instructions. In brief, cells were fixed with 4% PFA
(Sigma-Aldrich) for 10 min at RT and permeabilized with 0.5% Triton
X-100 (Sigma-Aldrich) for 15min at RT. Prehybridization was
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performed with IncRNA FISH probe mix at 37 °C for 30 min, and then
hybridization was performed by adding IncRNA FISH probe mix and
incubating the mixture at 37 °C overnight. After washing with 4x, 2x,
and 1x SSC (1xSSC is 0.15M NaCl, 0.015M Na-citrate), the cell nuclei
were stained with DAPI (Thermo Fisher).

RNAScope was performed with an RNAscope Fluorescent Multi-
plex Reagent Kit (ACD Bio) based on the manufacturer’s protocols. In
short, cells were first placed on slides and fixed in 4% PFA (Sigma-
Aldrich) for 30 min, followed by antigen repair with RNAscope®
hydrogen peroxide (ACD Bio) for 10 min at RT and digestion with
RNAscope® protease Il (ACD Bio) for another 10 min at RT in a
humidifying box. Next, the cells were incubated at 40 °C with the fol-
lowing solutions: (1) RNAScope probes of target RNAs, namely, Inc-
ip65-C3 and HTNV-S-C2 (v/v, 1:1), in hybridization buffer A (6 x SSC,
25% formamide, 0.2% lithium dodecyl sulfate, blocking reagents) for
2 h; (2) preamplifier (AMP1, 2 nM) in hybridization buffer B (20% for-
mamide, 5xSSC, 0.3% lithium dodecyl sulfate, 10% dextran sulfate,
blocking reagents) for 30 min; (3) amplifier (AMP2, 2 nM) in hybridi-
zation buffer B at 40 °C for 30 min; and (4) label probe (AMP3, 2 nM) in
hybridization buffer C (5xSSC, 0.3% lithium dodecyl sulfate, blocking
reagents) for 15min. After each hybridization step, the slides were
washed with wash buffer (0.1xSSC, 0.03% lithium dodecyl sulfate)
three times at RT. Then, the probe signaling was further recognized
and amplified by HRP-C2 (ACD Bio) (for 15 min at 40 °C), followed by
chromogenic detection with TSA® Plus Cy3 (Akoya Biosciences) (for
30 min at 40 °C) for detecting HTNV-S. After treatment with HRP-C2-
blocker (ACD Bio), the aforementioned steps were repeated with HRP-
C3 (ACD Bio) and TSA® Plus Cy5 (Akoya Biosciences) to assess Inc-ip65.
Finally, after DAPI staining and Prolong Gold Antifade Mountant
(Thermo Fisher) treatment, the samples underwent IFA for p65
detection or were directly observed with a confocal micro-
scope (Nikon).

RNA immunoprecipitation (RIP). RNA immunoprecipitation was per-
formed using a Magna RIP™ RNA-Binding Protein Immunoprecipita-
tion Kit (Millipore) according to the manufacturer’s instructions in an
RNase-free environment. Briefly, mBMDM or RAW264.7 cells that were
electrotransfected with the indicated proteins and IncRNAs for 48 h or
mBMDM at different time points post HTNV infection were collected
and treated with RIP lysis buffer. The anti-myc antibody conjugated
magnetic beads (targeting myc-p65 or related mutants) or primary
antibodies enriched by protein A + G magnetic beads (targeting M1- or
M2-related TFs or NF-kB pathway components) were incubated with
cell lysates on a shaker overnight at 4 °C. For the positive control, the
anti-SNRNP70 antibody that could pull down the Ul snRNA was
applied. The supernatants were discarded after washing on the mag-
netic frame, and then, proteinase K was added to the sediments with
gentle shaking for 30 min at 55 °C. Finally, the supernatants were col-
lected on the magnetic frame, from which the total target protein-
attached RNAs were extracted as mentioned above. The enriched
IncRNAs were detected by qRT-PCR and normalized to the positive
control (U1 snRNA).

Dual-luciferase reporter assay. RAW264.7 or THP-1 cells were
cotransfected with pNF-kB-luc, pRL-TK, and the indicated plasmids.
Cells in 24-well plates were infected with HTNV (MOI=1) 36 h after
electrotransfection and then harvested and lysed. Luciferase activity
was measured using the Dual-Glo Luciferase Assay System (Promega)
according to the manufacturer’s instructions. Luciferase activity was
normalized to Renilla luciferase activity.

Tissue analyses

Histological analyses. Paraffin embedded tissue samples were sec-
tioned and stained with haematoxylin and eosin for histomorpholo-
gical analysis. First, the slides were deparaffinized and hydrated with

water, and then they were processed as follows sequentially: Xylene |
for 20 min, Xylene Il for 20 min; 100% alcohol I for 5 min; 100% alcohol
Il for 5 min; 75% alcohol for 5 min; and then rinsed in water. Second, the
slides were stained in haematoxylin solution, immersed in haematox-
ylin solution for 3 to 5 min, and rinsed in water. Then, the sections were
differentiated with acid alcohol and rinsed again. Blue up sections with
ammonia solution, and then the sections were washed slowly in run-
ning tap water. Third, the slides were sequentially processed for eosin
staining: 85% alcohol I for 5 min, 95% alcohol Il for 5 min and eosin for
5 min. Finally, the samples were dehydrated and mounted as follows
sequentially: 100% alcohol I for 5 min, 100% alcohol Il for 5 min, 100%
alcohol Il for 5min, Xylene I for 5min, and Xylene II for 5min and
mounted with resin. Slides were scanned with the Panoramic MIDI
(3DHISTECH). Immunostaining of paraffin sections was preceded by
different antigen unmasking methods. Immunohistochemical staining
was performed on paraffin-embedded tissue sections using anti-HTNV
NP antibodies (1A8 prepared by our lab) and related secondary anti-
bodies, followed by chromogenic detection with DAB.

Tissue TUNEL and IFA. Tissue TUNEL assays were performed with the
TUNEL Assay Kit (Enhanced FITC) (Elabscience) based on the manu-
facturer’s instructions. In short, the freezing section samples of dif-
ferent mouse tissues were fixed with 4% PFA, followed by incubation
with Terminal Deoxynucleotidyl Transferase (TdT) Equilibration
working buffer at RT for 30 min and TdT Enzyme working solution at
37 °Cfor 30 min in a wet bow. Then, nuclei were stained with DAPI, and
the slides were sealed with a mounting medium. Tissue IFA was based
on frozen sections, the procedure of which was similar to cellular IFA.
The imaging data were acquired with Panoramic MIDI (3DHISTECH).

Animal experiments

Heat and mechanical sensitivity. For heat sensitivity, the latency time
of paw withdrawal in response to noxious heat (plantar light irradia-
tion) was recorded as previously reported™. An analgesia meter
(Model 336TG, IITC Life Science Inc.) was used as the heat source. In
brief, each mouse was placed in a box containing a smooth,
temperature-controlled glass floor (30 °C) and allowed to habituate for
20 min. The heat source was focused on a portion of the hind paw,
which was flush against the glass, and a radiant thermal stimulus was
delivered to that site. The stimulus shut off when the hind paw moved
(or after 6s to prevent tissue damage). The intensity of the heat sti-
mulus was maintained constant throughout all experiments. The eli-
cited paw movement occurred at latency between 2.5 and 4 s in control
animals. Thermal stimuli were delivered four times to each hind paw at
5 to 6 min intervals. Mechanical allodynia was determined by mea-
suring the incidence of the foot withdrawal in response to mechanical
indentation of the plantar surface of each hind paw with a sharp,
cylindrical probe with a uniform tip diameter of ~0.2 mm provided by a
set of Von Frey filaments (0.04-2 g; North Coast medical Inc.). In brief,
the mouse was placed on a metal mesh floor and covered with a
transparent plastic dome (10 x 15 x 15 cm). The animal rested quietly in
this situation after a few (~15) min of exploration. The filament was
applied from underneath the metal mesh floor to the plantar surface of
the foot. The duration of each stimulus was 3s, in the absence of
withdrawal, and the inter-stimulus interval was 10-15s. The incidence
of foot withdrawal Response frequency was calculated out of 10
applications of the respective filament at 30 s intervals. All measure-
ments were done in awake, unrestrained and age-matched mice.

Statistics and reproducibility

Statistical analysis is performed with GraphPad Prism (GraphPad
Software, Version 8). For comparison of two groups, two-tailed
unpaired Student’s ¢ test is applied. For multiple comparisons, one
way ANOVA is performed, followed by Dunnett’s multiple comparisons
test. Survival analysis is performed with the log-rank [Mantel-Cox]
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test. Differences are considered statistically significant when the p
values were <0.05 (*), <0.01 (**) and <0.001 (***). Statistically non-
significant data (p value > 0.05) are indicated as NS. Data are presented
as the mean = SEM if not stated otherwise in the figure legends. The
exact p values are shown in the figure or figure legends. The n number
for all experiments, including animal experiments and in vitro
experiments are listed in the figure legends. The sample size is chosen
based on our prior studies™™ and other previous papers with similar
experiments®>’>", which showed sufficient statistical power for
in vitro experiments and animal experiments.

All animal experiments are repeated at least twice and in vitro
experiments are repeated at least three times. All results are repro-
ducible and representative data are shown in the figures or supple-
mentary files. The repeated times of independent experiments are
shown in the figure legends. No samples or animals are excluded from
analyses. Animals are allocated to their respective group at birth by a
blinded investigator. For other experiments, including cell experi-
ments, before performing the corresponding treatment, samples are
randomly assigned to control and experimental groups by an investi-
gator blinded to subsequent experimental information using the ran-
dom number table. The standard laboratory procedures are strictly
followed to keeping the experimental environment and facilities con-
sistent and performed under the same conditions. Investigators are
blinded to group allocation during data collection, image quantifica-
tion and data analysis.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data are provided with this paper. Further information and
requests for resources or reagents should be directed to and will be
fulfilled by Fanglin Zhang (flzhang@fmmu.edu.cn). RNA-seq data are
available online from the ArrayExpress database with the accession
number E-MTAB-11353 (for Fig. 4a) and E-MTAB-11926 (for
Fig. 6a). Source data are provided with this paper.

References

1 Martinez, V. P. et al. “Super-Spreaders” and person-to-person
transmission of andes virus in Argentina. N. Engl. J. Med. 383,
2230-2241 (2020).

2. Abudurexiti, A. et al. Taxonomy of the order Bunyavirales: update
2019. Arch. Virol. 164, 1949-1965 (2019).

3. Liu, R. et al. Vaccines and therapeutics against Hantaviruses. Front.
Microbiol. 10, 2989 (2019).

4, Lee, H. W., Lee, P. W., Baek, L. J., Song, C. K. & Seong, I. W.
Intraspecific transmission of Hantaan virus, etiologic agent of
Korean hemorrhagic fever, in the rodent Apodemus agrarius. Am.
J. Trop. Med. Hyg. 30, 1106-1112 (1981).

5. Taylor, S. L., Wahl-Jensen, V., Copeland, A. M., Jahrling, P. B. &
Schmaljohn, C. S. Endothelial cell permeability during hantavirus
infection involves factor XllI-dependent increased activation of the
kallikrein-kinin system. PLoS Pathog. 9, 1003470 (2013).

6. Jiang, H. et al. Hantavirus infection: a global zoonotic challenge.
Virol. Sin. 32, 32-43 (2017).

7. Guivier, E. et al. Tnf-a expression and promoter sequences reflect
the balance of tolerance/resistance to Puumala hantavirus infec-
tion in European bank vole populations. Infect. Genet. Evol. 10,
1208-1217 (2010).

8. Khaiboullina, S. F. et al. Serum cytokine profiles differentiating
hemorrhagic fever with renal syndrome and hantavirus pulmonary
syndrome. Front. Immunol. 8, 567 (2017).

9. Niikura, M. et al. Modification of endothelial cell functions by
Hantaan virus infection: prolonged hyper-permeability induced by

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

TNF-alpha of Hantaan virus-infected endothelial cell monolayers.
Arch. Virol. 149, 1279-1292 (2004).

Saksida, A., Wraber, B. & Avsié-Zupanc, T. Serum levels of
inflammatory and regulatory cytokines in patients with hemor-
rhagic fever with renal syndrome. BMC Infect. Dis. 11, 142 (2011).
Ma H., et al. The long noncoding RNA NEAT1 exerts antihantaviral
effects by acting as positive feedback for RIG-I signaling. J. Virol.
91e02250-16 (2017).

Schountz, T. & Prescott, J. Hantavirus immunology of rodent
reservoirs: current status and future directions. Viruses 6,
1317-1335 (2014).

Tian, H. et al. Interannual cycles of Hantaan virus outbreaks at the
human-animal interface in Central China are controlled by tem-
perature and rainfall. Proc. Natl. Acad. Sci. USA 114,

8041-8046 (2017).

Ginhoux, F. & Jung, S. Monocytes and macrophages: develop-
mental pathways and tissue homeostasis. Nat. Rev. Immunol. 14,
392-404 (2014).

Ginhoux, F. & Guilliams, M. Tissue-resident macrophage ontogeny
and homeostasis. Immunity 44, 439-449 (2016).

Murray, P. J. et al. Macrophage activation and polarization:
nomenclature and experimental guidelines. Immunity 41,

14-20 (2014).

Kusnadi, A. et al. The cytokine TNF promotes transcription factor
SREBP activity and binding to inflammatory genes to activate
macrophages and limit tissue repair. Immunity 51, 241-257 (2019).
Guilliams, M., Mildner, A. & Yona, S. Developmental and functional
heterogeneity of monocytes. Immunity 49, 595-613 (2018).
Italiani, P. & Boraschi, D. From monocytes to M1/M2 macrophages:
phenotypical vs. functional differentiation. Front. Immunol. 5,
514 (2014).

Cole, S. L. et al. M1-like monocytes are a major immunological
determinant of severity in previously healthy adults with life-
threatening influenza. JCI Insight 2, €91868 (2017).

Saha, B., Kodys, K. & Szabo, G. Hepatitis C virus-induced mono-
cyte differentiation into polarized M2 macrophages promotes
stellate cell activation via TGF-f. Cell. Mol. Gastroenterol. Hepatol.
2, 302-316 (2016).

Li, X. et al. Expression of CD206 and CD163 on intermediate
CD14(++)CD16(+) monocytes are increased in hemorrhagic fever
with renal syndrome and are correlated with disease severity.
Virus Res. 253, 92-102 (2018).

Raftery, M. J. et al. Replication in the Mononuclear Phagocyte
System (MPS) as a determinant of hantavirus pathogenicity. Front.
Cell. Infect. Microbiol. 10, 281 (2020).

Scholz, S. et al. Human hantavirus infection elicits pronounced
redistribution of mononuclear phagocytes in peripheral blood and
airways. PLoS Pathog. 13, e1006462 (2017).

Radtke, F., Fasnacht, N. & Macdonald, H. R. Notch signaling in the
immune system. Immunity 32, 14-27 (2010).

Shang, Y., Smith, S. & Hu, X. Role of Notch signaling in regulating
innate immunity and inflammation in health and disease. Protein
Cell 7, 159-174 (2016).

Kopan, R. & llagan, M. X. The canonical Notch signaling pathway:
unfolding the activation mechanism. Cell 137, 216-233 (2009).
Foldi, J., Shang, Y., Zhao, B., Ivashkiv, L. B. & Hu, X. RBP-J is
required for M2 macrophage polarization in response to chitin and
mediates expression of a subset of M2 genes. Protein Cell 7,
201-209 (2016).

Hu, X. et al. Integrated regulation of Toll-like receptor responses
by Notch and interferon-gamma pathways. Immunity 29,
691-703 (2008).

Xu, H. et al. Notch-RBP-J signaling regulates the transcription
factor IRF8 to promote inflammatory macrophage polarization.
Nat. Immunol. 13, 642-650 (2012).

Nature Communications | (2024)15:438


https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-11353?query=E-MTAB-11353
https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-11926?query=E-MTAB-11926

Article

https://doi.org/10.1038/s41467-024-44687-4

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Zhang, W., Xu, W. & Xiong, S. Blockade of Notch1 signaling alle-
viates murine lupus via blunting macrophage activation and M2b
polarization. J. Immunol. 184, 6465-6478 (2010).

Li, Y., Wu, S., Pu, J., Huang, X. & Zhang, P. Dengue virus up-
regulates expression of notch ligands DI1 and Dll4 through
interferon-f3 signalling pathway. Immunology 144, 127-138 (2015).
Ito, T. et al. The critical role of Notch ligand Delta-like 1in the
pathogenesis of influenza A virus (HIN1) infection. PLoS Pathog. 7,
1002341 (2011).

Zhang, Q., Lenardo, M. J. & Baltimore, D. 30 Years of NF-kB: a
blossoming of relevance to human pathobiology. Cell 168,
37-57 (2017).

Santoro, M. G., Rossi, A. & Amici, C. NF-kappaB and virus infection:
who controls whom. EMBO J. 22, 2552-2560 (2003).

Rahman, M. M. & McFadden, G. Modulation of NF-kB signalling by
microbial pathogens. Nat. Rev. Microbiol. 9, 291-306 (2011).
Vitiello, M., Galdiero, M., Finamore, E., Galdiero, S. & Galdiero, M.
NF-kB as a potential therapeutic target in microbial diseases. Mol.
Biosyst. 8, 1108-1120 (2012).

Yu, H. et al. Involvement of the Akt/NF-kB pathways in the HTNV-
mediated increase of IL-6, CCL5, ICAM-1, and VCAM-1in HUVECs.
PLoS One 9, €93810 (2014).

Yu, H. T. et al. Hantaan virus triggers TLR4-dependent innate
immune responses. Viral Immunol. 25, 387-393 (2012).

Zhang, Y. et al. Hantaan virus infection induces CXCL10 expres-
sion through TLR3, RIG-I, and MDA-5 pathways correlated with the
disease severity. Mediators Inflamm. 2014, 697837 (2014).
Zhang, Y. et al. IL-33/ST2 correlates with severity of haemorrhagic
fever with renal syndrome and regulates the inflammatory
response in Hantaan virus-infected endothelial cells. PLoS Negl.
Trop. Dis. 9, e0003514 (2015).

Chen, Q. Z. et al. HTNV-induced upregulation of miR-146a in
HUVECs promotes viral infection by modulating pro-inflammatory
cytokine release. Biochem. Biophys. Res. Commun. 493,
807-813 (2017).

Au, R. Y., Jedlicka, A. E., Li, W., Pekosz, A. & Klein, S. L. Seoul virus
suppresses NF-kappaB-mediated inflammatory responses of
antigen presenting cells from Norway rats. Virology 400,
115-127 (2010).

Taylor, S. L., Frias-Staheli, N., Garcia-Sastre, A. & Schmaljohn, C. S.
Hantaan virus nucleocapsid protein binds to importin alpha pro-
teins and inhibits tumor necrosis factor alpha-induced activation
of nuclear factor kappa B. J. Virol. 83, 1271-1279 (2009).

Taylor, S. L., Krempel, R. L. & Schmaljohn, C. S. Inhibition of TNF-
alpha-induced activation of NF-kappaB by hantavirus nucleo-
capsid proteins. Ann. N.Y. Acad. Sci. 1171, E86-E93 (2009).
Chen, Y. G., Satpathy, A. T. & Chang, H. Y. Gene regulation in the
immune system by long noncoding RNAs. Nat. Immunol. 18,
962-972 (2017).

Wang, P. et al. The STAT3-binding long noncoding RNA Inc-DC
controls human dendritic cell differentiation. Science 344,
310-313 (2014).

Carpenter, S. et al. A long noncoding RNA mediates both activa-
tion and repression of immune response genes. Science 341,
789-792 (2013).

Imamura, K. et al. Long noncoding RNA NEAT1-dependent SFPQ
relocation from promoter region to paraspeckle mediates IL8
expression upon immune stimuli. Mol. Cell 53, 393-406 (2014).
Jiang, M. et al. Self-recognition of an inducible host IncRNA by
RIG-| feedback restricts innate immune response. Cell 173,
906-919.e913 (2018).

Lin, H. et al. The long noncoding RNA Lnczc3h7a promotes a
TRIM25-mediated RIG-| antiviral innate immune response. Nat.
Immunol. 20, 812-823 (2019).

52.

53.

55.

56.

57.

58.

50.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

Fanucchi, S. et al. Immune genes are primed for robust tran-
scription by proximal long noncoding RNAs located in nuclear
compartments. Nat. Genet. 51, 138-150 (2019).

Ma, Y. et al. Hantaan virus infection induces both Th1 and
ThGranzyme B+ cell immune responses that associated with viral
control and clinical outcome in humans. PLoS Pathog. 11,
1004788 (2015).

No, J. S. et al. Comparison of targeted next-generation sequen-
cing for whole-genome sequencing of Hantaan orthohantavirus in
Apodemus agrarius lung tissues. Sci. Rep. 9, 16631 (2019).

Kim, J. A. et al. Genetic diversity and reassortment of Hantana virus
tripartite RNA genomes in nature, the Republic of Korea. PLoS
Negl. Trop. Dis. 10, e0004650 (2016).

Dai, E. et al. Ferroptotic damage promotes pancreatic tumor-
igenesis through a TMEM173/STING-dependent DNA sensor
pathway. Nat. Commun. 11, 6339 (2020).

Chen, Q. Z. et al. HTNV sensitizes host toward TRAIL-mediated
apoptosis-a pivotal anti-hantaviral role of TRAIL. Front. Immunol.
1, 1072 (2020).

Douglas K. O., Samuels T. A., Gittens-St Hilaire M. Serum LPS
associated with Hantavirus and dengue disease severity in Bar-
bados. Viruses 1, 838 (2019).

Yu, Z. et al. Performance assessment of the SAPS Il and SOFA
scoring systems in Hanta virus hemorrhagic fever with renal syn-
drome. Int. J. Infect. Dis. 63, 88-94 (2017).

Fan, X. et al. Platelet distribution width at first day of hospital
admission in patients with hemorrhagic fever with renal syndrome
caused by hantaan virus may predict disease severity and critical
patients’ survival. Dis. Mark. 2018, 9701619 (2018).

Fan, X. et al. High serum procalcitonin concentrations in patients
with hemorrhagic fever with renal syndrome caused by Hantaan
Virus. Front. Cell. Infect. Microbiol. 8, 129 (2018).

Yin, D. D. et al. Notch signaling inhibits the growth of the human
chronic myeloid leukemia cell line K562. Leuk. Res. 33,

109-114 (2009).

Haschemi, A. et al. The sedoheptulose kinase CARKL directs
macrophage polarization through control of glucose metabolism.
Cell Metab. 15, 813-826 (2012).

Kelly, B. & O'Neill, L. A. Metabolic reprogramming in macrophages
and dendritic cells in innate immunity. Cell Res. 25,

771-784 (2015).

Xu, J. et al. NOTCH reprograms mitochondrial metabolism for
proinflammatory macrophage activation. J. Clin. Investig. 125,
1579-1590 (2015).

Zhang, Y. et al. MAPK signalling-induced phosphorylation and
subcellular translocation of PDHE1a promotes tumour immune
evasion. Nat. Metab. 4, 374-388 (2022).

Cook, K. B., Kazan, H., Zuberi, K., Morris, Q. & Hughes, T. R. RBPDB:
a database of RNA-binding specificities. Nucleic Acids Res. 39,
D301-D308 (2011).

Guo, J. C. et al. CNIT: a fast and accurate web tool for identifying
protein-coding and long non-coding transcripts based on intrinsic
sequence composition. Nucleic Acids Res. 47, W516-W522 (2019).
Haeussler, M. et al. The UCSC genome browser database: 2019
update. Nucleic Acids Res. 47, D853-D858 (2019).

Mathews, D. H. et al. Incorporating chemical modification con-
straints into a dynamic programming algorithm for prediction of
RNA secondary structure. Proc. Natl. Acad. Sci. USA 101,
7287-7292 (2004).

Armaos, A., Colantoni, A., Proietti, G., Rupert, J. & Tartaglia, G. G.
catRAPID omics v2.0: going deeper and wider in the prediction of
protein-RNA interactions. Nucleic Acids Res. 49, W72-W79 (2021).
Szklarczyk, D. et al. The STRING database in 2021: customizable
protein-protein networks, and functional characterization of user-

Nature Communications | (2024)15:438

23



Article

https://doi.org/10.1038/s41467-024-44687-4

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

uploaded gene/measurement sets. Nucleic Acids Res. 49,
D605-D612 (2021).

Lasso, G. et al. A structure-informed Atlas of human-virus inter-
actions. Cell 178, 1526-1541.e1516 (2019).

Cheng, L. F. et al. Incorporation of GM-CSF or CD40L enhances
the immunogenicity of Hantaan virus-like particles. Front. Cell.
Infect. Microbiol. 6, 185 (2016).

Xu, Z., Wei, L., Wang, L., Wang, H. & Jiang, S. The in vitro and in vivo
protective activity of monoclonal antibodies directed against
Hantaan virus: potential application for immunotherapy and pas-
sive immunization. Biochem. Biophys. Res. Commun. 298,
552-558 (2002).

Priem, D., van Loo, G. & Bertrand, M. J. M. A20 and cell death-
driven inflammation. Trends Immunol. 41, 421-435 (2020).

Lv, L. L. et al. Exosomal miRNA-19b-3p of tubular epithelial cells
promotes M1 macrophage activation in kidney injury. Cell Death
Differ. 27, 210-226 (2020).

Boldin, M. P. & Baltimore, D. MicroRNAs, new effectors and reg-
ulators of NF-kB. Immunol. Rev. 246, 205-220 (2012).

Shang, Z. et al. LncRNA PCAT1 activates AKT and NF-kB signaling
in castration-resistant prostate cancer by regulating the PHLPP/
FKBP51/IKKat complex. Nucleic Acids Res. 47, 4211-4225 (2019).
Liu, B. et al. A cytoplasmic NF-kB interacting long noncoding RNA
blocks IkB phosphorylation and suppresses breast cancer
metastasis. Cancer Cell 27, 370-381 (2015).

Brocato R. L., Hooper J. W. Progress on the prevention and treat-
ment of hantavirus disease. Viruses 11, 610 (2019).

Vaheri, A. et al. Uncovering the mysteries of hantavirus infections.
Nat. Rev. Microbiol. 11, 539-550 (2013).

Braun, M. et al. NK cell activation in human hantavirus infection
explained by virus-induced IL-15/IL15Ra expression. PLoS Pathog.
10, €1004521 (2014).

Terajima, M. & Ennis, F. A. T cells and pathogenesis of hantavirus
cardiopulmonary syndrome and hemorrhagic fever with renal
syndrome. Viruses 3, 1059-1073 (2011).

Li, W. &Klein, S. L. Seoul virus-infected rat lung endothelial cells
and alveolar macrophages differ in their ability to support virus
replication and induce regulatory T cell phenotypes. J. Virol. 86,
11845-11855 (2012).

Koivula, T. T. et al. Regulatory T cell response correlates with the
severity of human hantavirus infection. J. Infect. 68,

387-394 (2014).

Schonrich, G. et al. Hantavirus-induced immunity in rodent
reservoirs and humans. Immunol. Rev. 225, 163-189 (2008).
Easterbrook, J. D. & Klein, S. L. Immunological mechanisms
mediating hantavirus persistence in rodent reservoirs. PLoS
Pathog. 4, 1000172 (2008).

Hannah, M. F., Bajic, V. B. & Klein, S. L. Sex differences in the
recoghnition of and innate antiviral responses to Seoul virus in
Norway rats. Brain Behav. Immun. 22, 503-516 (2008).
Vera-Otarola J., et al. The andes orthohantavirus NSs protein
antagonizes the type | interferon response by inhibiting MAVS
signaling. J. Virol. 94, e00454-20 (2020).

Sola-Riera, C. et al. Hantavirus Inhibits TRAIL-mediated killing of
infected cells by downregulating death receptor 5. Cell Rep. 28,
2124-2139.€2126 (2019).

Gupta, S. et al. Hantavirus-infection confers resistance to cyto-
toxic lymphocyte-mediated apoptosis. PLoS Pathog. 9,
€1003272 (2013).

Schountz, T. et al. Regulatory T cell-like responses in deer mice
persistently infected with Sin Nombre virus. Proc. Natl. Acad. Sci.
USA 104, 15496-15501 (2007).

Easterbrook, J. D., Zink, M. C. & Klein, S. L. Regulatory T cells
enhance persistence of the zoonotic pathogen Seoul virus in its
reservoir host. Proc. Natl. Acad. Sci. USA 104, 15502-15507 (2007).

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

10.

.

12.

13.

14.

115.

Plekhova, N. G. et al. Metabolic activity of macrophages infected
with hantavirus, an agent of hemorrhagic fever with renal syn-
drome. Biochemistry 70, 990-997 (2005).

Mukherjee, S. et al. Japanese Encephalitis virus-induced let-7a/b
interacted with the NOTCH-TLR7 pathway in microglia and facili-
tated neuronal death via caspase activation. J. Neurochem. 149,
518-534 (2019).

Zhang, Q. & Cao, X. Epigenetic remodeling in innate immunity and
inflammation. Annu. Rev. Immunol. 39, 279-311 (2021).

Statello, L., Guo, C. J., Chen, L. L. & Huarte, M. Gene regulation by
long non-coding RNAs and its biological functions. Nat. Rev. Mol.
Cell Biol. 22, 96-118 (2021).

Xu, H. et al. Inducible degradation of IncRNA Sros1 promotes IFN-
y-mediated activation of innate immune responses by stabilizing
Stat1 mRNA. Nat. Immunol. 20, 1621-1630 (2019).

Liu, W. et al. LncRNA Malat1 inhibition of TDP43 cleavage sup-
presses IRF3-initiated antiviral innate immunity. Proc. Natl. Acad.
Sci. USA 117, 23695-23706 (2020).

Wang, Y. et al. Decreased expression of the host long-noncoding
RNA-GM facilitates viral escape by inhibiting the kinase activity
TBK1 via S-glutathionylation. Immunity 53, 1168-1181.e1167 (2020).
Yi, J. et al. Hantaan virus RNA load in patients having hemorrhagic
fever with renal syndrome: correlation with disease severity. J.
Infect. Dis. 207, 1457-1461 (2013).

Xiao, H. et al. Landscape and rodent community composition are
associated with risk of hemorrhagic fever with renal syndrome in
two cities in China, 2006-2013. BMC Infect. Dis. 18, 37 (2018).
Tian, H. Y. et al. Changes in rodent abundance and weather con-
ditions potentially drive hemorrhagic fever with renal syndrome
outbreaks in Xi‘an, China, 2005-2012. PLoS Negl. Trop. Dis. 9,
e0003530 (2015).

Tian, H. & Stenseth, N. C. The ecological dynamics of hantavirus
diseases: from environmental variability to disease prevention
largely based on data from China. PLoS Negl. Trop. Dis. 13,
e0006901 (2019).

Ma, H. W. et al. In-cell western assays to evaluate Hantaan Virus
replication as a novel approach to screen antiviral molecules and
detect neutralizing antibody titers. Front. Cell. Infect. Microbiol. 7,
269 (2017).

Bourgognon M., Klippstein R., Al-Jamal K. T. Kupffer cell isolation
for nanoparticle toxicity testing. J. Vis. Exp. 18, €52989 (2015).

Li, P. Z., Li, J. Z., Li, M., Gong, J. P. & He, K. An efficient method to
isolate and culture mouse Kupffer cells. Immunol. Lett. 158,
52-56 (2014).

Han, P. et al. DDX50 inhibits the replication of dengue virus 2 by
upregulating IFN-f3 production. Arch. Virol. 162, 1487-1494 (2017).
Chen, J. et al. SARS-CoV-2 nsp5 exhibits stronger catalytic activity
and interferon antagonism than Its SARS-CoV ortholog. J. Virol.
96, e0003722 (2022).

Cao, L. et al. SAFA facilitates chromatin opening of immune genes
through interacting with anti-viral host RNAs. PLoS Pathog. 18,
1010599 (2022).

Tessema M. B. et al. Mouse Mx1 inhibits herpes simplex virus type 1
genomic replication and late gene expression in vitro and pre-
vents lesion formation in the mouse zosteriform model. J. Virol.
96, e0041922 (2022).

Ye, W. et al. Remdesivir (GS-5734) impedes enterovirus replication
through viral RNA synthesis inhibition. Front. Microbiol. 11,

1105 (2020).

Luo, C. et al. Presynaptically localized cyclic GMP-dependent
protein kinase 1is a key determinant of spinal synaptic potentiation
and pain hypersensitivity. PLoS Biol. 10, €1001283 (2012).

Wang, K. et al. The glycoprotein and nucleocapsid protein of
Hantaviruses manipulate autophagy flux to restrain host innate
immune responses. Cell Rep. 27, 2075-2091.e2075 (2019).

Nature Communications | (2024)15:438

24



Article

https://doi.org/10.1038/s41467-024-44687-4

116. Nedeva, C. et al. TREML4 receptor regulates inflammation and
innate immune cell death during polymicrobial sepsis. Nat.
Immunol. 21, 1585-1596 (2020).

Acknowledgements

The authors thank Hongyan Qin and Hua Han for providing the RBP-J°°
and NICD®™"xd mjce and guidance for flow cytometry assays, as well
as Jing Ye for technical and analytical support for detecting mouse tis-
sue pathogenic injuries. We further thank Zhansheng lJia, Jiangi Lian and
Wen Yin for assisting with the clinical sample and medical record col-
lection, as well as Pengbo Yu for A. agrarius mice capture. The authors
acknowledge the support from the National Natural Science Foundation
of China (82172272, 81671994, 82202367, and 31970148) and the Key
Research and Development Program of Shaanxi Province (2021ZDLSFO1-
02). The graphical abstract was created with BioRender.com
(YB2689PDFA).

Author contributions

F.Z., Y.L., and H.M. conceptualized the study. X.Z. and Z.X. supervised
the research and provided excellent scientific discussion when this
study encountered problems. H.M. and Y.L. designed the methodology.
H.M., Y.Y., and T.N. performed the experiments. R.Y. and Y.S. identified
and bred the transgenic mice. J.W. and M.L. took charge of the field mice
capture. H.L. and W.Y. collected the clinical samples and medical
records of patients. H.Z. and X.L. constructed the protein and IncRNA
mutants, as well as other vectors and the VLP of HTNV. L.C. and L.Z.
contributed the reagents and analytical tools. L.L., Z.X., and X.Z. con-
ducted the pathology analysis. F.Z., H.M., and X.L. acquired the funding.
H.M., Y.Y., and T.N. analyzed the data and wrote the manuscript with
input from all the authors.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-44687-4.

Correspondence and requests for materials should be addressed to
Zhikai Xu, Xijing Zhang, Yingfeng Lei or Fanglin Zhang.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this work. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:438

25


https://doi.org/10.1038/s41467-024-44687-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Disparate macrophage responses are linked to infection outcome of Hantan virus in humans or rodents
	Results
	Hyperactivation of inflammatory monocytes contributes to cytokine storm syndrome in HFRS patients
	Late-phase inactivation of inflammatory macrophages occurs in rodents rather than in�humans
	Macrophage reprogramming by HTNV confers rodents with resistance against secondary�sepsis
	Notch signaling blocks p65 activation and rewires the murine macrophage phenotype at the late HTNV infection�stage
	Notch activation pattern differs in human macrophages and promotes M1-mediated inflammation
	Murine-specific LncRNAs downstream of notch signaling retrain M1 polarization
	Lnc-ip65 obstructs M1 polarization by interacting with and inhibiting p65 phosphorylation
	Lnc-ip65 deficiency aggravates systemic inflammation and sensitizes mice to HTNV infection
	NICD activates NF-κB signaling by recruiting IKKβ and p65, which is blocked by Lnc-ip65
	HTNV NP facilitates Notch-mediated M1 activation and exacerbates disease progression

	Discussion
	Methods
	Human samples and murine experiments
	Study participants
	Animal�models
	In vitro experiments
	Cell culture
	Primary macrophage acquisition
	Transfection
	Viral infection
	Live cell imaging
	Macrophage function
	Immunophenotype
	Metabolic phenotype
	Mitochondria pathophysiology
	RNA-seq, transcriptomic, and LncRNA data analysis
	Library construction and sequencing
	Preprocessing of sequencing reads and quality control
	Quantification of gene expression�level
	Identification of new LncRNAs
	Differential expression analysis
	GO terms and KEGG pathway enrichment analysis
	Molecular analyses
	Antibodies
	Flow cytometry�(FCM)
	Bio-plex multiplex immunoassay
	Enzyme-linked immunosorbent assay (ELISA)
	Protein preparation
	Immunoblot�assay
	Coimmunoprecipitation (Co-IP)�assay
	Immunofluorescence assay�(IFA)
	RNA extraction, quantitative real-time PCR (qRT-PCR) analysis, and northern�blot
	Fluorescence in�situ hybridization (FISH) and RNAScope�assays
	RNA immunoprecipitation�(RIP)
	Dual-luciferase reporter�assay
	Tissue analyses
	Histological analyses
	Tissue TUNEL and�IFA
	Animal experiments
	Heat and mechanical sensitivity
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




