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ARTICLE INFO ABSTRACT

Objectives: Severe fever with thrombocytopenia syndrome (SFTS) is an emerging infectious disease that is caused
by the SFTS virus (SFTSV) and has a high fatality rate. SFTSV-specific antibody profiles among patients with
different clinical outcomes are yet to be described. The nucleocapsid protein (NP) is the most immunogenic viral
antigen of the SFTSV. This study, therefore, sought to determine NP-specific antibody responses among SFTS
patients with different disease progressions.

Methods: In the present study, 43 patients with confirmed SFTS were enrolled in our cohort, and 9 of them
deceased. The clinical presentations and key laboratory parameters associated with SFTS fatality were also
recorded. Serum samples from each patient were collected every 2 days during their hospitalization. NP-specific
IgM and IgG responses as well as Gn or Ge-specific IgM responses were examined by enzyme-linked im-
munosorbent assay (ELISA), whereas, the dynamic viral loads of SFTSV RNA were quantified via real-time re-
verse transcription polymerase chain reaction (RT-PCR).

Results: First, 77% of patients generated positive NP-specific IgM antibody responses within two weeks since
illness onset, defined as ‘N-specific IgM-positive patients’, while the rest of the patients were termed as ‘N-
specific IgM-delayed patients’. Only 17% of the patients generated NP-specific IgG responses. The absence of NP-
specific humoral responses was strongly associated with a high risk of fatality and severity of SFTS. IgM-positive
patients had significantly lower levels of viral loads, less disturbed coagulopathy, and hepatic and cardiac da-
mage compared to IgM-delayed patients. Moreover, compared to severe or fatal SFTS patients, mild SFTS pa-
tients had significantly higher magnitudes of NP-specific IgM responses, but not NP-specific IgG, Gn-specific IgM,
or Ge-specific IgM responses. The abundance of NP-specific IgM responses negatively correlated with viral loads,
coagulation disturbances, and hepatic injuries among SFTS patients.

Conclusions: Our data highlight distinct humoral profiles of NP-specific IgM responses among SFTS patients with
different disease progressions and clinical outcomes.
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1. Introduction

As an emerging hemorrhagic fever disease identified in eastern Asia,
severe fever with thrombocytopenia syndrome (SFTS) is caused by a
novel phlebovirus in the Bunyaviridae family (Kim et al., 2015;
Takahashi et al., 2014; Yu et al., 2011), known as SFTS virus (SFTSV).
Another new phlebovirus, Heartland virus, was isolated from two pa-
tients suffering from severe febrile illness in Missouri, USA (McMullan
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et al., 2012), which shares high identity with SFTSV. These two newly
emerged phleboviruses have, subsequently, exerted a global public
threat.

SFTSV is transmitted through a tick bite (Luo et al., 2015) and
human-to-human contact via blood or body fluid (Bao et al., 2011; Chen
et al., 2017a). SFTS has an average of 12% case fatality rate, ranging
from 6% to 30% (Yu et al., 2011). The clinical symptoms of SFTS in-
fection are variable, ranging from asymptomatic or acute self-limited
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febrile condition to life-threatening illness. The typical clinical pre-
sentation is characterized by the sudden onset of fever, fatigue, gas-
trointestinal symptoms, leukopenia, and thrombocytopenia. Severe
SFTS cases quickly develop multiple organ dysfunction (MOD) and
disseminated intravascular coagulation (DIC), which might lead to
fatality within 2 weeks of the disease onset (Zhang et al., 2013, 2012).
Previous studies have identified a panel of risk factors associated with
the fatality and severity of SFTS cases, such as old age, coagulation
disturbance, and remarkable liver damage (Chen et al., 2017b; Cui
et al., 2014; Ding et al., 2014; Jia et al., 2017; Zhang et al., 2012);
however, the underlying immunological mechanism remains to be ob-
scure. Although ribavirin has been proven effective in reducing the viral
load of SFTSV, its usage could not decrease the case fatality ratio of
SFTS patients (Liu et al., 2013; Lu et al., 2015). Currently, there is no
effective treatment regimen for SFTS in clinical practice other than
supportive care.

Antibodies typically play a key role in controlling viral infections,
which are immune correlates contributing to the protective efficacy of
many successful vaccines (Crowe, 2017). However, the role of SFTS-
specific adaptive immune responses during an SFTS disease progression
has to be elucidated. SFTSV-specific IgM antibody responses reportedly
could be detected within an average period of 9 days, while SFTSV-
specific IgG responses could only be detected within an average period
of 6 weeks (Lu et al., 2015), and the neutralizing antibodies from SFTS
patients could be maintained for at least 4 years (Huang et al., 2016).
Nevertheless, the dynamic profile of antibody responses against specific
SFTS viral proteins has not been further dissected and carefully char-
acterized.

Nucleocapsid protein (NP), encoded by the small segment of bu-
nyavirus, is the most conserved Phlebovirus genus. NP is abundantly
present in viral particles and infected cells. The primary function of NP
is to encapsidate the viral genome forming ribonucleoprotein com-
plexes (RNPs) (Pekosz et al., 1999; Walter et al., 2011). Beyond its
critical role in viral RNA protection, NP is actively involved in RNA
transcription and replication, as well as in the formation of an inclusion
body in the cytoplasm of virus-infected cells (Eifan and Elliott, 2009;
Pekosz et al., 1999; Pinschewer et al., 2003; Walter et al., 2011). It has
been shown that NP is highly immunogenic and that NP-specific anti-
bodies are also readily detected early after infection in convalescent
individuals, providing a robust basis for diagnostic detection of SFTS
disease (Magurano and Nicoletti, 1999; Martin-Folgar et al., 2010).
Interestingly, NP-specific antibodies without neutralizing activities
have been demonstrated to protect animals from challenges with Rift
Valley fever virus- (RVFV) and Hantavirus partially (Boshra et al.,
2011b; Nakamura et al., 1985; Yoshimatsu et al., 1993). Whether viral
infection-induced NP-specific humoral responses have any association
with the clinical outcome of phlebovirus, including SFTSV infection in
vivo, is rarely investigated in a real-world setting.

In the current report, we performed a prospective study on SFTS
patients, including 34 survivors and 9 deceased patients. The kinetics of
NP-specific IgM and IgG antibody responses during the acute infection
phase was measured. Further, the clinical manifestations and the dy-
namic changes of clinical laboratory tests were determined to further
define the clinical features among NP-specific IgM-positive versus IgM-
delayed patients. The correlations between the magnitudes of NP-spe-
cific IgM responses and clinical laboratory parameters were analyzed.
With such information, we carefully dissected the antibody profile of
NP-specific humoral responses among fatal, severe and mild SFTS pa-
tients.

2. Material and methods
2.1. Human subjects

This retrospective study was performed in Nanjing Drum Tower
Hospital, Nanjing, Jiangsu Province, China, from June 2016 to Oct
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2018. Clinical manifestations and laboratory parameters were collected
from 43 SFTS patients (9 deaths and 34 survivors). A SFTS patient was
clinical defined if he or she agreed with the following criteria: (1) acute
fever with body temperature of > 38 °C; (2) decline of white blood cell
(WBC) and platelet count (PLT); (3) the contact history with tick bite or
with the blood of SFTS patient; (4) positive detection of SFTSV by using
a real-time reverse transcription polymerase chain reaction (RT-PCR)
performed by Jiangsu provincial center for disease control and pre-
vention. The day of disease onset was determined as the day the initial
SFTS-like symptoms were expressed. Severe SFTS patients were defined
as those SFTS patients who required hospitalization in intensive care
units and met at least one of the following criteria as previously de-
scribed (Deng et al., 2013; Lu et al., 2015): acute lung injury or acute
respiratory distress syndrome, disseminated intravascular coagulation
(DIC), encephalitis, shock, septicemia, at least one or more organ fail-
ures, such as heart failure and acute renal failure, or death. Mild SFTS
patients were defined as those patients who survived SFTS and did not
requir admission in intensive care units, and did not manifest any of the
clinical symptoms mentioned above.

2.2. Study design

Clinical characteristics and the dynamic data of the laboratory re-
sults of SFTS patients were extracted from the first day of hospitaliza-
tion to the day of discharge. Laboratory parameters that were routinely
tested and considered to be related to the prognosis of SFTS patients
were evaluated, including white blood cell counts (WBC), lymphocyte
percentage, PLT, alanine transaminase (ALT), aspartate amino-
transferase (AST), lactate dehydrogenase (LDH), creatine kinase (CK),
albumin (ALB), thrombin time (TT), and activated partial thrombo-
plastin time (APTT). Sera were also collected from SFTS patients in our
cohort every other day during their hospitalization and immediately
frozen at —80 °C for later experiments.

2.3. The expression and purification of nucleocapsid protein (NP),
glycoprotein N (Gn) and glycoprotein C (Gc) from SFTSV

The gene segment coding for NP from the SFTSV strain HB29 was
synthesized and subcloned into the expression vector pET-28(a) +
(Novagen). The recombinant vector pET-28(a)-N was transformed into
the chemically competent Escherichia Coli BL21 for expression. The
expression of NP was performed overnight in an LB broth with iso-
propyl-1-p-thiogalactopyranoside (IPTG) at 37 °C. The culture pellets
containing the recombinant protein were re-suspended in the binding
buffer and further sonicated. Furthermore, the SFTSV Gn ectodomain
(GenBank accession no. JF906057.1, residue 20-452) and SFTSV Gc
ectodomain (UniProt accession no. R4V2Q5, residue 563-996) with a
C-terminal six-histidine purication tag was subcloned into a pcDNA3.1
vector (Thermo Fisher Scientifc), respectively. The transfection was
conducted in 293 F cells using 293fectin (Thermo Fisher Scientific) for
Gn and Gc protein expression. The cell lysates mentioned above were
centrifuged, and the supernatants were loaded into the nickel ion affi-
nity column (GE Healthcare). After washing, the ®His-labeled NP was
eluted from the column with an elution buffer. The purified NP was
analyzed using SDS-PAGE and visualized with comassie staining, and
results were further confirmed by western blotting analysis using anti-
His tag monoclonal antibody (mAb).

2.4. Determination of antibody response specific to NP, Gn and Gc for SFTS
patients at acute infection phase

Recombinant desired viral antigens, such as NP, Gn and Gc, were
coated onto 96 well microtiter plates (Costar #3369) at 1pg/mL in
100 pL of Bicarbonate-Carbonate Buffer (PH 9.4) for 1 h at room tem-
perature. Plates were then washed 5 times in wash buffer (PBS con-
taining 0.1% Triton X-100) and blocked overnight at 4° in PBS
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containing 0.5% Tween-20 and 5% BSA. The following morning, plates
were washed 5 times in wash buffer and serially diluted human sera
(from 1:1000 to 1:256,000) was added to the wells in a volume of
100 uL. Then plates were washed 5 times and 100 pL of HRP anti-
human IgM or IgG at 0.5 ug/mL was incubated on the plate for 1 h at
room temperature. Plates were washed 5 times and developed for 3 min
in 100 puL mixture of chromogen solution A and chromogen solution B.
The reaction was stopped with addition of 50 uL of stop solution.
Endpoint titers as reported are defined as the last dilution of a serially
diluted serum sample with greater than double the background optical
density of a healthy person serum sample.

2.5. Quantitation of viral loads using quantitative real-time reverse
transcription polymerase chain reaction

SFTSV viral load was detected by using the quantitative real-time
reverse transcription polymerase chain reaction (RT-PCR). The SFTS
viral RNA was extracted from the serum samples using RNA extraction
kit (Qiagen, Hilden, Germany) and the detection of SFTS virus was
conducted by using a quantitative RT-PCR kit (BGI, Shenzhen, China).
Sera from healthy donors were used as negative control. The RT-PCR
reaction system was performed in 30 ul volume. The temperature and
time were as follows: firstly 50 °C for 30 min with 1 cycle; 95 °C for
15 min with 1 cycle; 95°C for 15s and 60 °C for 45s with 40 cycles.
Fluorescent signals were collected by FAM channel. The cut-off cycle
threshold (Cy) value less than 35 cycles was considered as positive.

2.6. Statistical analysis

All statistical analyses were performed with the statistical software
SPSS 22.0 (Chicago, USA) and p value < 0.05 was considered statisti-
cally significant. Continuous variables with normal distribution were
compared with t test; whereas continuous variables with non-normal
distribution were compared with nonparametric test and described as
median and interquartile range (IQR). Categorical variables were
compared with 2 test. Figures were drawn by using GraphPad Prism 5
(Graph Pad Prism, La Jolla, CA, USA).

2.7. Ethics statement

The research protocol was approved by the Human Ethics
Committee of the Nanjing Drum Tower Hospital. All participants were
adults and they offered the written informed consents in this study.

3. Results
3.1. The dynamic NP-specific IgM and IgG responses among SFTS patients

From Jan 2016 to Oct 2018, a total of 43 laboratory-confirmed
SFTSV infected patients were recruited in this study. From this cohort,
34 patients (79%) were survived, and 9 patients (21%) died ( Table 1).
The NP-specific IgM responses among SFTS patients were determined
every other day beginning from the moment they were hospitalized. We
found that NP-specific IgM responses were elicited among 27 (63%) out
of 43 patients before day 10. Positive NP-specific IgM responses were
further found in 84% (36/43) of patients until their discharge or death,
suggesting that the majority of patients had generated NP-specific IgM
responses. Unfortunately, all 7 patients that did not generate any NP-
specific IgM responses during the SFTS disease were died.

The natural history of SFTS disease is classified in three distinct
stages known as the fever stage (day 0-6), multiple organ dysfunction
syndrome (MODS) stage (day 7-13), and convalescence stage (after day
13) (Cui et al., 2014). Notably, 8 (19%) out of 43 patients generated
NP-specific IgM responses during the fever stage (day0-6) from the
disease onset ; 25 (58%) out of 43 patients generated NP-specific IgM
responses during the MODS stage (day 7-13), and 3 (7%) out of 43
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Table 1
Demographic and clinical characteristics of SFTS patients in our cohort.
total NP-specific IgM-  NP-specific P
patients positive patients  IgM-delayed
(n =43) (n =33) patients
(n =10)
demographic feature, n (%)
sex, Male 16 (37.2) 13(39.4) 3(30.0) 0.719
sex, Female 27 (62.8) 20 (60.6) 7 (70.0) 0.719
age, y” 56.5 (34, 56.5(3482) 57 (4277) 0.555
82)
general symptoms, n (%)
temperature > 39°C 25 (58.1) 17 (51.5) 8(80.0) 0.153
fatigue 42 (97.7) 32 (97.0) 10 (100) 1.000
headache 15 (34.9) 11 (33.3) 4 (40.0) 0.719
myalgia 12 (27.9) 10 (30.3) 2 (20.0) 0.698
gastrointestinal signs, n (%)
lack of appetite 43 (100) 33(100) 10 (100) 1.000
nausea 22 (51.7) 15 (45.5) 7(70.0) 0.281
vomiting 19 (44.2) 12 (36.4) 7 (70.0) 0.079
diarrhea 11(25.6) 8 (24.2) 3(30.0) 0.698
lymphadenopathy 10 (23.3) 8(24.2) 2 (20.0) 1.000
consciousness change, n (%)
apathy 11 (25.6) 6(18.2) 5(50.0) 0.092
leghargy 8(18.6) 5 (15.2) 3 (30.0) 0.362
muscular tremor 1(2.3) 0 (0) 1(10.0) 0.233
convulsions 5(11.6) 2(6.06) 2(20.0) 0.226
coma 7 (16.3) 1 (3.03) 6 (60.0)° 0.001"
hemorrhagic signs, n (%)
petechiae 9 (20.9) 5(15.2) 4 (40.0) 0.177
haematemesis 1(2.3) 0 (0) 1(10.0) 0.233
DIC, n (%) 5 (11.6) 0 (0) 5(50.0) 0.000"
MODS, n (%) 28 (65.1) 21(63.6) 10(100) 0.040
fatality, n (%) 9 (20.9) 2(6.06) 7(70.0) 0.000°
severity, n (%) 14 (32.6) 5(15.2) 9(90.0) 0.000

Data are presented as number of patients (percentage).
Continuous variables were compared using student t test, categorical variables
using a Chi-square test.

# Data are presented as median (range).

* p < 0.05 was considered as statistically significant.

patients generated NP-specific IgM responses during the convalescence
stage. As the first two weeks of the SFTS disease is the most critical
period, we referred to patients who generated NP-specific IgM re-
sponses by the end of the first two weeks as “NP-specific IgM-positive
patients,” while the rest of the SFTS patients were referred to as “NP-
specific IgM-delayed patients”.

NP-specific IgG responses among 23 SFTS patients were also de-
termined. Only 5 (17%) patients had positive NP-specific IgG responses
by the end of day 13 of the disease onset. Furthermore, low levels of NP-
specific IgG responses were observed in SFTS patients, compared to NP-
specific IgM titer (P < 0.05) (Fig. 1B).

3.2. The clinical presentations of NP-specific IgM-positive patients and NP-
specific IgM-delayed patients

The appearance of the central nervous system (CNS) symptoms,
hemorrhagic signs, and MODS, were highly associated with the poor
prognosis of SFTS patients (Chen et al., 2017c; Jia et al., 2017). We
investigated whether NP-specific IgM-delayed SFTS patients would be
at a high risk to suffer from severe clinical symptoms (Table 1). 60% of
NP-specific IgM-delayed patients and only 3% of NP-specific IgM-po-
sitive patients fell into a coma. Hemorrhagic signs, such as petechiae,
were found in 40% of NP-specific IgM-delayed patients, but only in 15%
of NP-specific IgM-positive patients. 64% of NP-specific IgM-positive
patients and all NP-specific IgM-delayed patients developed MODS.
These findings suggested that NP-specific IgM-delayed patients tend to
have severe clinical presentations compared to NP-specific IgM-positive
patients. Notably, 70% of NP-specific IgM-delayed patients were died,



G. Wang, et al.

&)
1004
80
—e— NP-specific IgM
- NP-specific IgG

60

404

Ab positive%

3 6 9 12
days post illness onset

il

10° v r
Day 3-6 10-13 14-20

10° =
[C] NP-specific IgM

[[] NP-specific IsG

- e
o o o
SRS

NP-specific Ab titer
-
(=]

Fig. 1. The dynamic profile of NP-specific IgM and IgG responses in our cohort.
(A) The accumulative percentage of patients with the presence of nucleocapsid
protein (NP)-specific IgM and IgG responses during day 3 to day 18 since illness
onset. The presence of IgM and IgG responses specific to NP was determined by
ELISA. (B) The dynamic serological IgM and IgG titer from day 3 to day 18 since
illness onset measured from 43 SFTS patients and 23 SFTS patients, respec-
tively. The levels of IgM and IgG responses to NP were quantified by ELISA
assay. The level of significance is indicated as follows: **P < 0.005.

whereas only 6% of the NP-specific IgM-positive cases were fatal, in-
dicating that the deficiency of NP-specific IgM could result in high risk
of morality and severity of SFTS.
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3.3. The dynamic clinical laboratory results between NP-specific IgM-
positive patients and NP-specific IgM-delayed patients

Viral load is an important parameter in evaluating the viral re-
plication in vivo. From day 7-9, NP-specific IgM-positive patients had
significantly lower levels of viral load, compared to those in NP-specific
IgM-delayed patients. From days 10-13, there was barely detectable
level of SFTS viral RNA in IgM-positive patients, while remarkable high
levels of viral loads were presented among NP-specific IgM-delayed
patients (Fig. 2A). Moreover, by the end of the second week, 28 out of
33 (85%) NP-specific IgM-positive patients barely had detectable SFTS
RNA copies whereas only 1 out of 10 patients fell into that category.
This suggests that the induction of NP-specific IgM responses facilitates
the clearance of SFTSV in vivo.

Since the degree of coagulopathy is significantly correlated with the
severity of disease progression (Chen et al., 2017c), we determined the
dynamic changes of coagulation parameters. First, NP-specific IgM-
delayed patients had significantly reduced PLT when compared to NP-
specific IgM-positive patients from day 7-9, 10-13 and 14-20
(P=0.001, P = 0.062, and P = 0.025, respectively) (Fig. 2B). The ac-
tivated partial thromboplastin time (APTT) in NP-specific IgM-delayed
patients was prolonged substantially compared to NP-specific IgM-po-
sitive patients from day 7-9 and 10-13 of the disease onset (P = 0.000
and P = 0.002, respectively) (Fig. 2C). Consistently, NP-specific IgM-
positive patients had a less prolonged prothrombin time (PT) compared
to NP-specific IgM-delayed patients from day 7-9 and 10-13 (Fig. 2D)
(P = 0.004 and P = 0.003, respectively). The thrombin time (TT) of
NP-specific IgM-positive patients declined to the normal reference
range and had a less significant prolongation on day 10-13 (P = 0.005
and P = 0.017, respectively) (Fig. 2E). Taken together, NP-specific IgM-
positive patients suffered less exacerbated coagulation disturbance
compared to NP-specific IgM-delayed patients.

The dynamic cardiac and liver enzymes among NP-specific IgM-
positive patients and NP-specific [gM-delayed patients were measured.
Remarkable elevated LDH and AST levels were demonstrated in IgM-
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Fig. 2. Key clinical laboratory parameters between NP-specific IgM-positive and IgM-delayed SFTS patients from day 3 to day 20 after symptom onset. The dynamic
laboratory parameters including (A) viral loads, (B) PLT, (C) APTT, (D) PT, (E) TT, (F) CK, (J) LDH, (H) AST, and (I) ALT were determined during day 3-6, day 7-9,
day 10-13, and day 14-20. Abbreviation: PLT, platelet count; APTT, activated partial thromboplastin time; PT, prothrombin time; TT, thrombin time; CK, creatine

kinase; LDH, lactate dehydrogenase; AST, aspartate aminotransferase; ALT, alanine transaminase. The level of significance is indicated as follows:

**P < 0.005.
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Fig. 3. Elevated levels of NP-specific IgM responses were present in mild SFTS patients, compared to severe and fatal SFTS patients. (A) The heatmap of NP-specific
IgM titers among 43 SFTS patients with three different clinical outcomes (fatality, severity, and mildness) from day O to day 20 since SFTS illness onset. The color
represents the magnitudes of NP-specific titer, in which grey color indicates no presence of NP-specific IgM response, yellow color indicates a titer of 1:10°, and red
color represents a titer of 1:106, white color indicates no test performed since the serum was not available. Each row refers to an individual patient with a unique
patient identification number (pt ID). (B) The heatmap of NP-specific IgG titers among 23 SFTS patients during SFTS disease progression. The color representation is
same as in (A). (C) The comparison of NP-specific IgM titers between mild, severe, and fatal SFTS patients. (D) The comparison of NP-specific IgG titers between mild,
severe, and fatal SFTS patients. (E) The comparison of Gn-specific IgM titers between mild, severe, and fatal SFTS patients. (F) The comparison of Ge-specific IgM
titers between mild, severe, and fatal SFTS patients. Abbreviation: Pt ID, patient identification number. The P value with statistical significance is noted. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

delayed patients during on day 7-9 and 10-13, compared to levels in
NP-specific [gM-positive patients, especially at the MODS stage of SFTS
(P = 0.002 and P = 0.012, respectively) (Fig. 2G and 2 H). NP-specific
IgM-delayed patients also had slightly higher levels of ALT and CK than
IgM-positive patients but without statistical significance (Fig. 2I and F).
Our data indicate a greater extent of organ damages for NP-specific
IgM-delayed patients when compared to NP-specific IgM-positive pa-
tients.

3.4. The magnitude of NP-specific IgM and IgG responses of SFTS patients
with different disease progressions

To further determine whether the magnitude of NP-specific IgM
response could influence disease progression and clinical outcome, we
divided the SFTS patients into three groups, fatal (n = 9), severe
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(n =5), and mild patients (n = 29). As shown in the heat-map of
Fig. 3A, the NP-specific IgM titer of individual patients during the SFTS
disease progression was determined. Specifically, mild patients had
significantly higher levels of NP-specific IgM titer on day 7-9 of the
disease onset, compared to severe and fatal patients (P = 0.016). On
day 10-13, substantially higher levels of IgM responses were shown in
mild SFTS patients, compared to severe and fatal patients (P = 0.002)
(Fig. 3C). Additionally, NP-specific IgG responses were also quantified
in 23 SFTS patients, including 2 fatal cases, 4 severe cases, and 17 mild
cases (Fig. 3B). Overall, a low level of NP-specific IgG response was
found in SFTS patients. There was no significant difference for the NP-
specific IgG titer between mild, fatal, and severe SFTS patients
(Fig. 3D). Since Gn and Gc are two major antigenic components on the
viral surface, we sought to assess the dynamic IgM responses targeting
the Gn and Gc glycoprotein during the disease progression of 32
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Fig. 4. The correlation analyses of the magnitude of NP-specific IgM responses and the clinical laboratory results from 43 SFTS patients, including (A) viral loads, (B)
PLT, (C) APTT, (D) PT, (E)TT, (F) CK, (G) LDH, (H) AST, and (I) ALT. Correlation analysis was performed via a non-parametric Spearman correlation test. r indicates
the correlation coefficient and P refers to the P-value of significance. Abbreviation: PLT, platelet count; APTT, activated partial thromboplastin time; PT, prothrombin
time; TT, thrombin time; CK, creatine kinase; LDH, lactate dehydrogenase; AST, aspartate aminotransferase; ALT, alanine transaminase.

patients using the ELISA assay. A comparable level of Gn or Gc IgM
antibody responses was found between mild SFTS patients and fatal or
severe SFTS patients (Fig. 3E-F). Our results indicate that absence of
NP-specific IgM responses at MODS stage is highly associated with the
fatal and severe clinical outcome of SFTS disease.

3.5. The correlation of the magnitudes of NP-specific IgM responses and the
severity of clinical laboratory results

To further illustrate the biological relevance of NP-specific IgM re-
sponses, correlation analyses of the magnitude of NP-specific IgM re-
sponses and clinical parameters were performed. The magnitude of NP-
specific IgM responses correlated negatively with the level of serum
SFTSV RNA (r= —0.589, P = 0.000), suggesting that a high abundance
of NP-specific IgM responses could enhance the suppression of viral
loads in vivo. Also, the NP-specific IgM titer correlated positively with
PLT (r = 0.417, P =0.000) but correlated negatively with APTT
(r=-0.560, P=0.0000 and TT (r=-0.511, P < 0.001).
Additionally, the magnitude of NP-specific IgM responses correlated
weakly with the extent of cardiac and hepatic injuries, including CK
(r=-0.322, P =0.022), LDH (r=-0.454, P < 0.001), and AST
(r=-0.317, P = 0.001). Taken together, we found that the magnitude
of NP-specific IgM responses correlates negatively with the clinical se-
verity of SFTS, in a weak manner (Fig. 4).
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4. Discussion

Here, for the first time, we comprehensively analyzed the humoral
response profile for the most immunogenic viral proteins, NP, in SFTSV,
among SFTS patients with different clinical outcomes. Additionally, we
compared the clinical outcomes and the disease progressions between
NP-specific IgM-positive versus IgM-delayed patients. The clinical fea-
tures among NP-specific IgM-positive and IgM-delayed patients were
further characterized, revealed by the clinical presentations and the
dynamic laboratory results. Our data strongly indicated that the ab-
sence of NP-specific IgM responses in the acute infection phase had a
higher risk of fatal and severe clinical outcomes for SFTS patients.
Specifically, compared to patients with NP-specific IgM-delayed re-
sponses, those with the induction of NP-specific IgM responses had a
mild disease progression, revealed by the rapid clearance of SFTSV, less
impaired hepatic and cardiac injuries, and less disturbed coagulopathy.
More importantly, the magnitude of NP-specific IgM responses was also
closely associated with the clinical recovery of SFTS disease.

NP is one of three major antigenic proteins encoded by the triseg-
mented single-stranded RNA genome of SFTSV. In our study, SFTSV-
specific humoral responses focused on NP specific IgM responses during
acute phase. First, N was identified as a major antigen during the acute
infection phase and convalescent phase, which is consistent with other
members of the Phlebovirus genus (Fafetine et al., 2007; Jansen van
Vuren et al., 2007; Magurano and Nicoletti, 1999; Martin-Folgar et al.,
2010; Yu et al., 2012). Consistent with a previous study reporting that
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NP-specific IgM could be detected at the medium of 9-10 days (Lu
et al., 2015), we also found that NP-specific IgM responses were readily
detected before day 10 among 63% of patients. One intriguing aspect of
this study was the discovery that NP-specific IgM responses were cor-
related with clinical recovery from SFTSV infection in our cohort. It is
generally agreed that the NP of the bunyaviruses do not induce neu-
tralizing antibodies; even the antibodies to the strongly immunogenic
NP of RVFV had no neutralizing activity (Boshra et al., 2011a; Boshra
et al., 2011b; Jansen van Vuren et al., 2011). For bunyavirus infection,
it has been largely evidenced that almost all of the neutralizing poly-
clonal or mAbs are viral glycoprotein Gn- or Ge-specific (Arikawa et al.,
1989, 1992), rather than NP-specific (Boshra et al., 2011b; Magurano
and Nicoletti, 1999). Nevertheless, consistent with our findings, animal
protection studies conducted in vivo demonstrated that NP-specific
mAbs with no neutralizing activities partially protect animals form
challenges with the Hantavirus and RVFV (Boshra et al., 2011b;
Magurano and Nicoletti, 1999). The ongoing effort should be focus in
the future on whether NP-specific IgM responses confer protection
against SFTS in vivo.

Besides, NP, Gn, and Gc encoded by the M segment of SFTSV are
responsible for virion attachment and membrane fusion, which are
essential for host cell entry. Although the characteristic of the neu-
tralizing antibodies against SFTSV has not been fully understood yet, it
is speculated that Gn- and Ge-specific antibodies could be largely re-
sponsible for neutralization activities observed in the serum. Indeed,
the neutralizing mAb identified thus far that recognizes a linear epitope
in the ectodomain of the glycoprotein Gn, was able to block of the in-
teraction between the GNP and the cellular receptor (Guo et al., 2013).
In a 4-year follow up study, long-lasting neutralizing activities have
been detected in recovered SFTS patients (Huang et al., 2016). Gn- and
Ge-specific mAbs targeting the critical neutralizing epitopes need fur-
ther investigation, which might be a feasible therapeutic intervention
for severe SFTS patients. Interestingly, we did not identify any asso-
ciation between Gn- or Ge-specific antibody responses with the fatality
and severity of the SFTS disease in our current study.

Our study also has several limitations. First, our sample size was
relatively small. Second, although the absence of NP-specific IgM re-
sponses was shown to be closely associated with the fatality and se-
verity of SFTS patients, our data demonstrated a weak correlation be-
tween NP-specific IgM responses and viral loads-, PLT-, APTT-, and TT-
related clinical severity, suggesting that a multi-layer immune network
might be involved in the host defense against SFTSV. Nevertheless, NP-
specific IgM responses could be included as a scoring system for phy-
sicians to evaluate the clinical outcome of SFTS patients. Additionally,
we could not affirm that NP-specific humoral responses directly con-
tribute to the suppression of viral replication and clinical recovery of
SFTS patients; this could be further investigated in the clinical trial of
antibody-based therapy in SFTS patients.

5. Conclusions

Our study has demonstrated that NP-specific IgM-delayed SFTS
patients tend to have severe or even fatal clinical outcomes, validated
by remarkably high levels of viral loads and extensively disturbed la-
boratory findings observed in NP-specific IgM-delayed patients.
Furthermore, our data revealed that compared to mild SFTS patients,
fatal or severe SFTS patients had significantly lower levels of NP-spe-
cific IgM but not NP-specific IgG responses, Gn-specific IgM, nor Gc-
specific IgG. Our data highlight distinct humoral profiles of NP-specific
IgM responses among SFTS patients with different disease progression
rates.
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