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Abstract: Nowadays, severe fever with thrombocytopenia syndrome (SFTS), featuring clinical manifestation of fever with leukope-
nia, thrombocytopenia and multiple organ function impairment, has been paid more and more attention. It has become the pandemic
for a few years and a quantity of people died of it. Severe fever with thrombocytopenia syndrome virus (SFTSV) infection may lead to
the development of SFTS, which is characterized by decreased counts of lymphocyte subsets, especially T cells, B cells and natural
killer cells, and disruptive release of cytokines, chemokines and growth factors. However, the deeper mechanism of this disease
remains unidentified. To excavate the mechanisms of lymphopenia in SFTSV infection and to introduce the potential therapeutics, this
paper focuses on lymphopenia as well as reviews the mechanisms and effects of lymphopenia caused by SFTSV infection, mainly
through making analogies with other similar viruses to explain the details of programmed cell death. Other factors such as IL-6,IL-10,
TNF-o and some vital immunocytes also play significant roles in eliciting lymphopenia. Eventually, the probable clinical implications
have been discussed, mentioning that lymphopenia induced by multiple pathways in SFTSV infection may be associated with the
severity of viral disease and opportunistic infection.
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Introduction
Lymphocytes are significant players in the immune response and are divided into T cells, B cells and natural killer (NK)
cells according to their origin, morphological structure, surface markers and immune function. Lymphopenia refers to an
absolute reduction of lymphocytes in the peripheral blood' and thus we can diagnose it through the abnormally lower
total level of lymphocytes than normal due to viral infection,® chemotherapy, radiotherapy,’ autoimmune diseases,”
cancer® and other severe injuries.® Most viral infections cause relative or absolute lymphocyte depletion, or even severe
lymphopenia.

Severe fever with thrombocytopenia syndrome virus (SFTSV) leads to severe fever with thrombocytopenia syndrome
(SETS). A small number of SFTSV infected patients are serious and develop rapidly, with a fatality rate of 5%-30%.’
of 2018, according to a report, the total number of SFTS cases in 25 provinces in China was about 12,000.* Additionally,
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it is reported that cases of SFTS have been recorded in South Korea, Japan, Vietnam and other countries,” "' among
which more than 300 cases have been recorded in Japan and nearly 800 cases in South Korea. SFTSV has a wide spread
risk, and its main vector is ticks,'* although it may also be transmitted through air, contact, etc. Nowadays, specific
antiviral therapy is being needed to overcome this disease, with mostly broad-spectrum antiviral drugs, such as Ribavirin,
Favipiravir, and IFN-y being clinically used to inhibit viral replication for empirical treatment. However, the therapeutic
effect is often poor partly because of the lack of the appropriate treatment response in the late stages of the viral
infectious disease. Therefore, it is of immense significance to consider drugs with different mechanisms of action for
combined therapy.

SFTSV and the host immune system interact in a complicated way, which is the main cause of SFTS. Previous studies
have indicated that SFTSV infection induces a decrease in the count of T cells, B cells and NK cell subsets,'>'* while
during the convalescence stage of the disease, the amount of lymphocytes gradually rises. Moreover, a research has
shown that patients with a higher SFTSV viral load frequently exhibit increasing numbers of the cytokines IL-6 and IL-
10, indicating a correlation between these cytokines and both viral load and disease severity.'> It is suggested that SFTSV
infection may lead to peripheral lymphopenia, accompanied by excessive immunosuppression and extravagant inflam-
matory responses due to the disorder of cytokines and chemokines, however, the deeper mechanism of this disease is still
unclear. This paper examines how viral infections cause lymphopenia, focusing specifically on the possible underlying
mechanisms of lymphopenia in SFTSV infection. The aim of this paper is to give a thorough understanding of this
intricate pathogenic process mainly focusing on programmed cell death, involvement of cytokines and chemokines and
other sorts of immunocytes, as well as identifying potential new treatments.

Mechanisms and Effect of Lymphopenia Associated with SFTSV Infection

All kinds of viruses, such as SARS-CoV-2 and HIV, are demonstrated in a quantity of studies that they reduce
lymphocyte counts in patients’ peripheral blood. The dramatic decline of lymphocytes is closely related to disease
severity and may even lead to fatal outcomes. This underscores of virus-induced lymphocyte reduction in the progression
of diseases. Interestingly, it has been shown that SFTSV infection may cause a decreased counts of lymphocytes like
T cells, B cells, NK cells and other lymphocyte subsets in patients’ peripheral blood. However, the potential mechanism
of lymphopenia caused by viral infection is complex and remains unclear, especially for SFTSV. This section summarizes
the mechanism and effect of viral induced lymphopenia, especially in SFTSV infection.

Programmed Cell Death

Cell death may occur due to metabolic arrest, structural destruction or loss of cellular functions. Programmed cell death (PCD)
is a regulated and fundamental form of cell death, which is strictly controlled during immune responses. It is essential in
fighting viruses that hide within host cells. The most common and well known types of PCD are apoptosis, autophagy,
pyroptosis and cell necrosis. Studies have shown that in order to clear a virus infection, PCD is essential in killing infected cells
to prevent viruses from invading other host cells."® At the same time, it mediates lymphocyte death, which leads to the
lymphopenia caused by viral infections, such as HIV'” and COVID-19,'® among which apoptosis is the main pathway.
Consequently, it can be inferred that PCD is also linked to SFTSV infection. The detailed information associated with PCD
and SFTSV is discussed in this section. The treatments aiming at PCD associated molecules are promising.

Apoptosis Induced by SFTSV

According to the existing studies, the apoptosis of lymphocytes caused by viral infection can be both directly induced and
indirectly induced. HIV, MERS-CoV and other viruses are known to directly induce lymphocyte apoptosis.'”*'* Currently
for indirect induction, it is generally believed that bystander lymphocytes that are adjacent to virus-infected cells are
induced to apoptose. This mechanism may be associated with the enhancement of particular receptor binding to
lymphocytes (Fas/FasL), activation of apoptosis-related proteins, intrinsic pathways (caspase), and activation of cyto-
kines (TNF-a) caused by viral infection.?>*' Apoptosis is a crucial initial step in the reduction of lymphocyte numbers,
and it can impact the body’s immune capability by altering the counts of various T lymphocyte subsets.
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Similarly, in the peripheral blood, there is a widespread apoptosis process regarding T cells after SETSV infection, which may
be related to the elevated amount of the apoptotic markers, referring to annexin V and CD95."* In addition, a study on the
proteasome inhibitor, PS-341, in the treatment of SFTSV virus infection revealed that targeting apoptosis in dormant infected cells
may help cure SFTSV virus infection.”” These studies suggest that SFTSV infection is closely related to lymphocyte apoptosis.

Apoptosis is mainly controlled by the death receptor activation pathway, mitochondrial pathway and endoplasmic
reticulum pathway, among which the mitochondrial pathway plays the biggest role in the apoptosis process.
Mitochondria are dynamic organelles that constantly move, fuse and divide to form dynamic equilibrium according to
the needs of cells. There is increasing evidence that this mitochondrial homeostasis has important effects on the innate
immunity and T cell function.”> Apoptosis can be caused by a significant disorder, mitochondrial dysfunction, during
SFTSV infection.”* BCL2 antagonist/killer 1 (BAK) is a pro-apoptotic regulator that participates in various cellular
activities and is a key protein in maintaining mitochondrial function.>>?® BAK and BAK /BCL2-associated X (BAX) are
up-regulated and activated during SFTSV infection, resulting in mitochondrial DNA (mtDNA) being damaged by ROS
and triggering activation of procaspases. IL-1B is released in abundance subsequently.?’ This eventually leads to
lymphocyte apoptosis (Figure 1).

cytoplasm |3

I — / NLRP3 inflammasome
q N ——,

PASC
: / cytc )
. %. Bak/ \ apoptosome caspase-1
nucleus -ﬁ ¢ “fM. Yot ot 2N, g
SFTSV .
m.tROS\ <k caspase-9 IL-IB

DNA

mitochondrion
pro-caspase-3 pro-caspase-7

CAD \ caspase-3 caspase-7
ICAD *4%/

cytoskeletal proteins

.

Figure | The effect of mitochondrial outer membrane permeabilization facilitated by SFTSV. SFTSV infection leads to the upregulation of two critical pro-apoptotic proteins,
Bax and Bak. This increase in Bax levels results in its insertion into the mitochondrial outer membrane (MOM). Once at the MOM, both Bax and Bak become activated and
oligomerize, which facilitates a process known as mitochondrial outer membrane permeabilization (MOMP). As a consequence of MOMP, cytochrome C is released from the
mitochondria into the cytoplasm. In the cytoplasm, cytochrome C interacts with Apoptotic protease activating factor-1 (Apaf-1) and pro-caspase-9, forming a complex
known as the apoptosome. The activation of caspase-9 occurs within this complex, and it subsequently activates caspase-3 and caspase-7. These activated caspases play
a crucial role in the apoptosis process by cleaving various substrates, including essential cytoskeletal proteins. Additionally, caspase-3 and caspase-7 induce proteolytic attack
on ICAD (inhibitor-CAD), allowing CAD (caspase-activated DNase) to activate and then to enter the nucleus to degrade chromosomal DNA, which eventually initiates
apoptosis. Meanwhile, Mitochondrial DNA (mtDNA) is oxidized by ROS and released into the cytoplasm through MOMP. Cytoplasmic mtDNA plays a critical role in
activating the NLRP3 inflammasome, an important component of the innate immune response. The NLRP3 inflammasome is composed of three main elements: the receptor
protein NLRP3, the adapter protein ASC, and the inflammatory protease caspase-1. When cytoplasmic mtDNA is detected, it triggers the assembly and activation of the
NLRP3 inflammasome. Once activated, caspase-| undergoes a conformational change that allows it to facilitate the maturation and release of IL-1p, a key pro-inflammatory
cytokine that contributes to the immune response and inflammation.

Journal of Inflammation Research 2025:18 hetps: 13267



Chen et al

Pyroptosis Induced by SFTSV

Pyroptosis is a kind of programmed cell death featuring highly pro-inflammatory, which is also able to elicit lympho-
penia. In viral induced pyroptosis, intracytoplasmic pattern recognition receptors of the host cell recognize the virus and
form inflammasomes that recruit and activate caspase-1, which leads to a scorched-death of the cell. Pyroptosis results in
the release of substantial amounts of inflammatory factors, such as IL-1p, along with cellular contents, which is a vital
way to induce lymphopenia. This process can trigger widespread inflammation within the body.”® During infections with
the influenza A virus, the NOD-like receptor family protein 3 (NLRP3) inflammasome is specifically activated in
response to viral RNA, which eventually results in the lymphocyte pyroptosis by initiating the activation of caspase-1
as well as increasing the level of IL-1p and IL-18.%° In conclusion, pyroptosis is an important pathological event related
to virus infection, lymphocyte death and inflammation, which further raises the incidence of opportunistic infections
among patients.

The similar phenomenon has been observed in SFTSV infection. In the innate immune system, the inflammasome
induced proinflammatory response is important for the resistance to pathogens. The activation of inflammasomes
involves several signaling pathways. First, through the RLRs, TLRs and NF-kB signaling pathways, the up-regulated
level of pro-IL-1PB and pro-IL-18 occurs. Next, the assembly of inflammasomes is activated through NLRP3, which
promotes the maturation and subsequent release of pro-IL-1p and pro-IL-18 that also promotes pyroptosis.>*>" This is
particularly evident in patients with SFTS and in infected animal models, where elevated levels of IL-1f are observed.
Additionally, there is significant activation of caspase-1, which is accompanied by cell death and the processing of
gasdermin D in human peripheral blood mononuclear cells (PBMCs) infected with SFTSV. Additionally, Nod-like
receptor (NLR) knockdown experiments showed that NLRP3 inflammasomes lead to the activation of caspase-1 and the
release of IL-1B in the process of SFTSV infection, and the activation of NLRP3 inflammasomes is responsible for

pyroptosis in SETSV-infected cells.”**! The mechanisms above result in lymphocyte reduction.

Autophagy Caused by SFTSV
Autophagy is a crucial defense pattern of cells which transport viral particles parasitizing in host cells to lysosomes.
However, excessive autophagy induces cell death, which leads to lymphopenia. The initiation of autophagy depends on
the deacetylation of light chain 3 (LC3), which is a microtubule-related protein and also has great effects on the extension
and maturation of autophagosome membranes. Studies have found that silencing LC3 inhibits coronavirus (CoV)
replication.”® What’s more, the endoplasmic reticulum (ER) stress-related signaling pathway was found to be activated
to induce T cell autophagy during Ebola virus disease (EVD).>

Similarly, it has been demonstrated that autophagy can be induced by SFTSV, using the autophagy pathway for virus
assembly and release and then causing lymphopenia.** When examining autophagy, several markers are used. LC3 is
used as a general marker of autophagy,” SQSTMI1 (Sequestosome 1) indicates of autophagy degradation, especially
a selective one,*® and p62 is a multifunctional binding protein that regulates autophagy.>’ One study>> found that SETSV
could lead to the rise of LC3-II levels and spot aggregation of endogenous LC3, resulting in increased expression of
SQSTMLI. In addition, it has also been found that SFTSV infection activates the P62 pathway to induce autophagy in
somatic cells.*® However, the mechanisms of interaction between SFTSV infection and autophagy are relatively complex.
In terms of the structure of the SFTSYV, studies have found that the mutation of key amino acids of the Gn protein of
SFTSV can lead to increased expression amount of autophagy-associated proteins p62 and LC3, at the same time,
multiple mechanisms have evolved in Gn protein of SETSV to evade host cell autophagy.®® It has also been found that
through disturbing BECN1-BCL2 binding, the SFTSV nuclear protein (NP) induces autophagy that depends on
BECN1.*’ Recently, a study indicates that SFTSV non-structural proteins (NSs) disrupt mTOR’s inhibition of mTOR-
mediated UnC-51-like kinase 1 (ULKI1) activity by targeting ULK1 phosphorylation, thus promoting autophagy
induction.*' In summary, autophagy can be induced through many pathways, eventually leading to lymphocyte death.
These studies suggest that autophagy inhibition may develop new therapeutics for SFTSV infection (Figure 2).

13268 ‘s Journal of Inflammation Research 2025:18



Chen et al

cytoplasm
NADH quinone

- ()xidoreductasel

ULKl) — autophagy
<

@ e '\/S‘I’R\ Subdomain VFR1M21

non_structural protein .

[ pe2 ,
— —~l(sQsTM1) KR 't‘fﬂ

0
<
N @
\ 4 &

=

DNA

BECN1)~-(BCL2

\_j“”ol)hagy

Figure 2 SFTSV induces some signal pathways to regulate autophagy. The non-structural proteins (NSs) of the SFTSV play a crucial role in manipulating cellular processes by
interacting with the mechanistic target of rapamycin (mTOR). This interaction results in the trapping of mTOR within viral inclusion bodies (IBs), thereby inhibiting its ability
to phosphorylate UNC-51-like kinase | (ULKI). The inhibition of ULK| phosphorylation disrupts mTOR'’s regulatory control, promoting autophagy. P62 ubiquitination
mediated by tripartite motif-containing (TRIM) 21 eliminated oligomerization and sequestration activities of p62, and disrupted the antioxidant response mediated by Keap |-
Nrf2 pathway. The NS proteins bind specifically to the SPRY subdomain of TRIM21, which enhances the stability and oligomerization of p62. Moreover, Keap| interacts with
the Keap I -interacting region (KIR) of P62. Through this interaction, p62 facilitates the degradation of Keap| in autophagosomes. As Keap| is degraded, Nrf2 is released from
its inhibitory complex, allowing for its stabilization and activation. The activated Nrf2 ultimately translocates to the nucleus, where it drives the transcription of various
antioxidant genes, such as NAD(P)H quinone oxidoreductase | (NQO/) and oxygenase. Simultaneously the increased expression level of CD36 has also been seen. What's
more, SFTSV is capable of contributing to accumulation of endogenous LC3-Il levels and spot aggregation, resulting in mounting SQSTMI expression. Additionally,
nucleoprotein (NP) of SFTSV is able to facilitate autophagy by negatively regulating the BECNI-BCL2 binding.

Other Sorts of Cell Death Caused by Viral Infections

Apart from the common forms of cell death that are able to induce lymphocyte, there are some other categories such as
activation induced cell death (AICD) and antibody-dependent cell-mediated cytotoxicity (ADCC). Their effect to reduce
the amount of lymphocytes has been shown in several viruses. However, the AICD and ADCC leading to lymphopenia in
SFTSV infection remain ambiguous and need to be excavated.

Activation induced cell death (AICD): During infection, viral components expressed on the membrane of host cells
are presented to T lymphocytes as endogenous antigens to induce AICD. The mechanism of lymphocyte AICD is
connected with the activation of the Fas ligand. AICD causes apoptosis of autoreactive T or B cells through Fas/FasL
binding between T-cells.**** Fas induces T cell apoptosis during HIV and hepatitis C virus (HCV) infection. With
infections with SARS-CoV-2 and RSV, Fas upregulation has been observed, and upregulation of Fas expression levels
significantly decrease CD4+ T lymphocytes level in the blood.***

Antibody-dependent cell-mediated cytotoxicity (ADCC): Infected effector lymphocytes undergo ADCC via the
binding of their Fc receptors to the Fc fragments of antibody-antigen coated target cells. NK cells are the primary
effector lymphocytes mediating ADCC. The ADCC effect is mediated by Fas and FAS-L pathway, perforin and
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granzyme pathway, and reactive oxygen intermediates (ROI/ROS) pathway.*® It has been indicated that ADCC has an
outstanding effect on the body’s resistance to HIV-1, HCV, EVD, SARS-CoV-2 and other viruses.*~>°

Process Induced by Cytokines, Chemokines And Growth Factors

Cytokines, chemokines and growth factors are important molecules in the process of resisting foreign body invasion and
promoting immune responses. They have a central effect on the pathological progression of many inflammatory diseases.
Viral infection causes host lymphopenia, universally accompanied by accumulation of cytokines, chemokines, and
growth factors, involving Interleukin-2 (IL-2), Interleukin-6 (IL-6), tumor necrosis factor-a (TNF-a), Interferon-y
(INF-y), CCL2/MCP-1, CXCL10/1P-10, etc. SARS-CoV is capable of causing MODS involving liver dysfunction by
inducing the cytokine storm and thus the terrible prognosis occurs.’’ Different viral infections positively regulate
different categories of the three types of factors. For example, SARS-CoV,** HIV,”* EBOV,’* CSFV>® and other viral
infections can cause a significant increase of IL-6. HIV,”® MERS-CoV>’ and SARS-CoV>® may cause increased IFN
secretion. The mechanisms of the three types of factors in immune response are pretty complicated, including all kinds of
cells and multiple signaling pathways. In addition, they often function in a synergistic, antagonistic, and networked
interaction. Moreover, cytokines, chemokines and growth factors also make a big difference in the control of proliferation
and survival of lymphocytes.

IL-6 is a cytokine which has a transient proinflammatory effect through the adaptive immune response, which occurs
after lymphocyte extravasation into the inflammatory site. IL-6 affects lymphocyte proliferation and survival by
mediating STAT3 activation or directly damaging hematopoietic stem cells. IL-10 has been shown to promote sustained
anti-inflammatory effects.’® As a pro-inflammatory factor TNF-a is manufactured by activated macrophages and
monocytes. Recent studies have found that being inversely associated with serum IL-6, IL-10 and TNF-a, the amount
of T cells is negatively related to the severity of the disease during COVID-19 infection.®™! It is suggested that COVID-
19 does not directly attack T cells, but promotes T cell depletion and inhibition by eliciting the secretion of cytokines
involving IL-6, IL-10 and TNF-0,%* which exhibits that lymphopenia in peripheral blood is related to the upregulated
level of the three kinds of cytokines.

TNF-a promotes inflammatory responses and simultaneously induces apoptosis. Studies indicate that TNF-a inhibits
the maturation of T cells resulting in the downward number of CD4+T cells and even exhaustion.®> During ASFV
infection, it has been observed that concurrent with apoptosis in T lymphocytes, the expression level of TNF-a highly
rises.®* Moreover, during viral infection, TNF-o directly induces apoptosis in T lymphocytes.®®> IFNs is a multipotent
cytokine with antiviral, antitumor and immunomodulatory properties, featuring a crucial coordinating factor of the
immune response.®® Additionally, in the peripheral blood, IFNs regulates recruitment of leukocytes and reduce lympho-
cyte levels. During SARS-CoV-2 infection, there was significant lymphopenia in COVID-19 patients, but the amount of
IFN-y and other inflammatory cytokines was significantly increased in the peripheral blood.®”-*® Similarly, levels of
typellIFNs were upregulated in IAV-infected organisms.®® In addition, there is evidence that IFN-y leads to lymphopenia
through promoting T lymphocyte apoptosis.’’

The significant impact of cytokines, chemokines, and growth factors in SFTSV infection has been explained.
Phagocytes are activated when they recognize invading viruses through various receptors, which are expressed on
their cell membranes. Large quantities of cytokines and chemokines are then released by the activated phagocytes, which
leads to lymphocyte depletion and adaptive immunity suppression. Studies’"’? have found that SFTSV manipulates the
level of miRNA-146b in macrophages elicited by non-structural proteins (NSs) of the virus or IL-10, which affects the
macrophage differentiation through inhibiting STAT1. Additionally, IL-10 is able to activate STAT3, transfering to
nuclear and promoting the expression of miRNA-146b. The function of M1 phenotype is pro-inflammatory but that of
M2 phenotype is anti-inflammatory. During SFTSV infection, macrophages differentiate into the M1 phenotype and the
secretion amount of co-stimulatory molecules and inflammatory factors are increased in the early stage. However, with
the extension of infection time, macrophages gradually show a M2 phenotype, and the amplification of T cells is
interrupted by suppressing antigen presenting and co-stimulatory molecules. In addition, studies have shown that the
number of cytokines and chemokines is much higher in people with SFTS than those with milder disease, such as TNF-a,
IFN-y, interferon-inducible protein (IP) —10, IL-10, IL-6, and IL-8.7>7* In addition, He et al”® also indicated that severe
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Figure 3 The interaction between TBKI| and IKK complex. IKKB phosphorylates TBKI and then the activated TBKI inhibits the IKK complex. NS activates the NF-
kB-dependent cytokine storm by inhibiting TBKI’s interaction with the IKK complex to release NF-kB.

patients have more cytokines such as IL-6, IL-10, IP-10 and macrophage chemoattractant protein-1 in their peripheral
blood by contrast to mild ones. Park et al'® simultaneously detected 76 cytokines in the peripheral blood of patients
infected by SFTSV to show that the expression levels of TNF-a, C-C chemokine ligand 20, CX3 chemokine ligand 1 and
other cytokines in dead patients were extraordinarily higher compared to those in surviving ones. They all elucidate the
correlation between cytokine level and disease severity. Animal experiments have further confirmed that SFTSV
infection leads to increased secretion number of inflammatory factors in the peripheral blood, spleen and liver, which
is capable of inducing lymphopenia and multiple organ dysfunction syndrome (MODS).”®’” SFTSV infection promotes
the release of IL-1pB, a pro-inflammatory factor, by activating NLRP3 inflammasome that increases the level of active
caspase-1.”® IL-1B induces lymphocyte apoptosis and pyroptosis mentioned above. Recent research indicates that SFTSV
interacts with the TBK1 kinase that inhibits the IkB kinase (IKK) complex activating transcription factor NF-«xB via its
NSs, resulting in a reduction of its inhibitory impact on NF-«kB. This interaction causes a rise of it, which translocates
into the nucleus contributing to the growth of a cytokine storm’® (Figure 3). It elicits decreased amount of lymphocytes
and MODS. In conclusion, the secretion of cytokines, chemokines and growth factors play a vital role in eliciting
lymphopenia. The therapy of SFTS patients targeted the suppression of mi-RNA146b, NF-kB and some cytokines
mentioned may effective and needs to be explored.

Involvement of Vital Immunocytes

The body’s immune response to viral infections containing SFTSV involves activation of specialized immune cells,
which reduces the number of lymphocytes. The participation of immune cells like CD8+ cytotoxic T lymphocytes
(CTLs) enables the immune system to fully harness its antiviral capabilities, however, this also causes lymphopenia. The
antiviral effects of B cells and dendritic cells (DCs) are decreased during viral infections, which is manifested as severe
disruption of the humoral immunity and dysfunction of antigen-presentation by DCs. Consequently, some molecules

involved in these vital immunocytes can also be therapeutic targets of SFTS.
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Role of CD8+CTL in SFTS

Virus-specific CTL dependent killing: Cytotoxic T lymphocytes (CTLs), which express coreceptor CD8 molecules on
their surface, are important effector cells that mediate cellular immune responses as a form of adaptive immune responses
to fight against viral infection. By activation of antigen recognition receptor, CD8+T cells differentiate into CTLs to
perform antiviral immune responses after viral infection. With viral clearance, 90%-95% of CTLs die of apoptosis, and
only 5%-10% of CTLs survive and are subsequently transformed into memory T cells. CTLs have been observed in
killing lymphocytes infected with various viruses including MERS-CoV, HIV, HBV and HCV.*>#! The characteristics of
CD8+CTLs to eliminate virus by cytotoxic mechanisms are as follows: (1) the killing effect of CD8+CTL is antigen-
specific and restricted by MHC-I molecules; (2) CTLs can continuously kill target cells with high killing efficiency; for
example one CTL cell can kill dozens of target cells within a few hours.

CDS8HT cells are the most crucial effector cells of cellular immunity. Studies have found that the effects of CD8 +T
cells to fight against viruses in the PBMCs of SFTS patients are significantly enhanced with greater proliferation than
healthy controls.®* These T cells have increased CD69, CD25 and PD-1 expression amount and high IFN-y and granzyme
release. The effects above boost effector lymphocyte cell death.

Role of B Cells in SFTS

During virus infections, B cells produce antigen-specific antibodies to effectively inhibit viral transmission and replica-
tion. However, the immunological characteristics of SFTSV infection remain largely unknown. There has been limited
research on the dynamics and immune response patterns of specific antibodies IgM and IgG during SFTSV infection.
Notably, patients with impaired immune systems or high initial viral loads exhibit severe immune system damage,
a sharp decline in lymphocyte subsets, and insufficient production of IgM and IgG antibodies.'>*® This suggests that
SFTSV can manipulate and attack cells that initiate antiviral responses, such as T lymphocytes and B lymphocytes,
thereby weakening the host immune response and suppressing cellular as well as humoral immunity. The mechanism that
is similar to SFTSV has been observed as a common pathogenicity of other viral hemorrhagic fever (VHF) agents,
involving Marburg,®* Ebola,®> and Rift Valley fever viruses.

Role of DCs in SFTS
Lymphopenia can be induced through involvement of DCs during virus infection. The research about the associated
mechanisms are abundant.

Dendritic Cell (DC)-Mediated Killing of Lymphocytes: Dendritic cells, as professional cells that present antigens, are
capable of effectively activating immature CD4+ T lymphocytes as well as CD8+ T lymphocytes in vivo, having
a significant effect on initiating, manipulating, and driving immune responses against viruses. Herpes simplex virus
I (HSV - 1) infects DCs, strongly disturbing their antigen-presenting ability and inhibits dendritic cell-mediated T cell
proliferation, which leads to the degeneration of CD4+T and CD8+T cell responses.®® Furthermore, in H2N2 influenza
virus infection, upregulated Fas can bind to FasL in plasmacytoid dendritic cells (pDCs) and facilitate apoptosis of
T cells.®”*® After HIV infection of DCs, the interaction between TNF related apoptosis-inducing ligand (TRAIL) and
T cell death receptors on DCs activates the caspase pathway to promote T cell apoptosis.®

We have summarized above that DC-dependent killing of lymphocytes is one of the mechanisms of lymphopenia
caused by virus infection including SFTSV. Thus, ensuring the normal function of DCs is essential. During SFTSV
infection, there are special mechanisms demonstrated. Song et al’® studied the changes of pDCs and myeloid DCs
(mDCs) in people infected by SFTSV, indicating that deceased patients have much higher proportion of mDCs than
survivors and healthy controls in the first week after the onset. Also, the proportion of mDCs in deceased patients
gradually decreased at two and three weeks after the onset. However, the proportion of mDCs in the surviving patients
gradually increased in the second and third weeks, and the surviving patients have significantly higher proportion of

mDCs compared to the deceased ones at the third week. Song et al®

found that the apoptotic level of monocytes in dead
patients was significantly more than that in surviving ones and healthy controls. The level of mDCs in deceased patients
remained consistently low after the onset of symptoms, whereas the mDC levels in surviving patients showed

a significant increase after onset. Deceased patients had lower number of costimulatory molecules CD80 and CD86 on
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mDCs than surviving ones at 3 weeks after onset. Functionally, mDCs failed to elicit T cell proliferation and cytokine
secretion as SFTSV infection inhibited this ability of mDCs. Retaining the normal level of mDCs is probably vital for
recovery of SFTS.

Clinical Implications of Lymphopenia During SFTSV Infection

Relation of Lymphopenia to Viral Disease Severity

T cells and NK cells are essential players in both natural and adaptive immune responses, whereas B cells play a primary
role in humoral immune response as a form of adaptive immune response. The decrease of these three types of
lymphocytes may impair the host’s capability to elicit an immune response against viruses effectively. Studies have
found that during SFTSV, patients have a significantly decreased count of NK cells in the peripheral blood, and the count
of NK cells quickly increased with the recovery of the disease.’ In addition, the study has also found that the peripheral
blood B cell count level of SFTSV infected patients decreased significantly within 1 week after the onset of infection,
gradually returning to ordinary with the recovery of the disease.”® At the same time, the composition of B-cell subsets
showed significant alterations in the peripheral blood of people with SFTS. Compared with surviving patients, the
percentage of naive B cells in deceased ones was outstandingly lowered, while the amount of plasmablasts was highly
increased.*>”' Another study indicated that in patients’ peripheral blood, SFTSV infection could reduce the number of
T lymphocytes, particularly the number of CD4+ T lymphocytes, which is linked to a worsening of their disease
conditions.”” In addition, the depletion of CD8+ T cells as well as natural killer T (NKT) cells during SFTSV infection is
correlated with a worsening disease condition.”® Studies also found that the plasma blasts of the deceased patients
produce lower levels of IgG antibodies, which are protective and persist for a long time. In addition, there are a large
number of plasma blasts that do not express IgG, IgM, IgD and IgA antibodies in the deceased patients.®® In summary,
SFTSV-infected patients experience a significant reduction in lymphocyte count, indicating notable damage to cellular
immune function. This damage is more severe in patients with more critical conditions, suggesting a possible correlation
between disease severity and lymphocyte count. During SFTSV infection, cytokines and chemokines released by
phagocytes progress the lymphocyte depletion and adaptive immunity impairment. Notably, their level is positively
correlated with disease severity. In addition, lymphopenia has been reported as a clinical indicator of severity grading in
patients with immunodeficiency induced by infection of viruses, including immune impairment (eg SARS-CoV-2, HIV,
tuberculosis).”*> However, there is currently no conclusive evidence that lymphopenia can serve as a trustworthy
marker for assessing the severity of SFTS in patients, which indicates a potential area for future research and follow-up
studies.

Increases in Opportunistic Infection

Opportunistic infection refers to microorganisms with limited or no disease-causing ability in hosts with normal immune
systems. Although, after an immunosuppressive mechanism is enabled by diseases (such as AIDS) or therapeutic factors,
the host is more vulnerable to pathogen attack. On the one hand, viral infections cause lymphocyte depletion or damage,
resulting in poor cellular immune function. On the other hand, the application of glucocorticoids, corticosteroids and
immunosuppressants severely suppress the immunity of patients, so the opportunistic infection rate increases signifi-
cantly. One study has indicated that corticosteroids tend to postpone the clearance of SARS-CoV-2 in surviving patients
by influencing the host’s adaptive immune response.”® Opportunistic infections tend to be more frequent and more severe
than pre-existing diseases.”””® A study has demonstrated that a sharp decline in CD4+T cell level in HIV patients marks
the progressive deterioration of HIV-1 AIDS, which is significantly associated with the incidence of opportunistic
infections.”” The level of CD4+T cells not only affects the probability of opportunistic infections, but also affects the
number of infection sites involved and the types of pathogens. The same phenomenon occurs in patients with COVID-
19."% SETSV infection may inhibit lymphocyte activity and also the SFTSV-induced cytokine storm, which is related to
cyclophilin A, may cause organ dysfunction.'®" Organ dysfunction increases the chance of opportunistic infections. Co-
infections during SFTSV infection can cause or aggravate MODS, such as pulmonary infections, which can cause
pneumonia. K. pneumoniae is the most common microorganism detected in secondary bacterial infections.'*®> However,
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to our knowledge, opportunistic infections have rarely been reported in SFTSV infectious diseases with lymphopenia.
Therefore, the relationship between opportunistic infection and lymphopenia during SFTSV infection needs to be further
studied.

Conclusions

Viral infection and the host immune response interact complicatedly and this interaction is at the core of the disease
prognosis mechanism.During viral infections, a compromised function or reduced count of lymphocytes can lead to the
host’s immune response, influencing clinical progression. Lymphocytes have a great effect on the early diagnosis and
monitoring of infectious diseases, immune deficiency disorders, and certain cancers. In this review, we examined the
underlying mechanisms of lymphopenia, which include various categories of cell death (especially PCD) and the process
induced by cytokines, chemokines and other factors. We also delved into the involvement of some types of vital
immunocytes in SFTSV infection. At last, the potential clinical implication is demonstrated that lymphopenia induced
by SFTSV infection leads to immunodeficiency, and then driving the disease severity and raising the incidence of
opportunistic infection. More exploration of the lymphopenia as a clinical indicator of severity grading in SFTS patients
as well as the deeper relationship between lymphopenia and opportunistic infection is expected. In general, diverse
viruses can induce lymphopenia through a variety of mechanisms. The process by which SFTSV leads to lymphopenia is
relatively intricate; it might be due to a single mechanism or the combined effect of several mechanisms. This has not
been fully elucidated and requires additional research such as the clear mechanisms of the reduction of B cells. Specific
medications or other therapies can be exploited targeting mechanisms of lymphopenia and bring more hope to SFTS
patients.
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