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Abstract

Human infection with Crimean-Congo hemorrhagic fever virus (CCHFV), a tick-borne pathogen
in the family Nairoviridae, can result in a spectrum of outcomes, ranging from asymptomatic
infection through mild clinical signs to severe or fatal disease. Studies of CCHFV immunobiology
have investigated the relationship between innate and adaptive immune responses with disease
severity, attempting to elucidate factors associated with differential outcomes. In this article, we
begin by highlighting unanswered questions, then review current efforts to answer them. We
discuss in detail current clinical studies and research in laboratory animals on CCHF, including
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immune targets of infection and adaptive and innate immune responses. We summarize data about
the role of the immune response in natural infections of animals and humans and experimental
studies /n vitro and in vivo and from evaluating immune-based therapies and vaccines, and present
recommendations for future research.

1. Introduction

Crimean-Congo hemorrhagic fever virus (CCHFV), a tick-borne pathogen in the family
Nairoviridae, can infect animals of various species, but humans appear uniquely susceptible
to severe clinical disease (Hoogstraal, 1979; Spengler et al., 2016). Importantly, human
infections can present as a spectrum from the absence of symptoms through mild signs to
severe or fatal hemorrhagic illness (Chumakov et al., 1980; Papa et al., 2013, 2011; Sidira
etal., 2012). Severity is correlated with uncontrolled viral replication in host tissues and
elevated levels of cytokines; thus, disease likely results both directly from virus-mediated
pathology and indirectly from immune-mediated pathologies that can lead to vascular
dysfunction and, in severe cases, death. Clinical and laboratory studies have aimed to better
understand the immune factors associated with and indicative of mild or severe disease; to
determine correlates of protection; and to understand why humans are uniquely susceptible
to severe disease from CCHFV infection.

In this report, we begin by identifying unanswered questions of CCHFV immunobiology
and attempts to answer them, presenting limitations and corresponding advances in the field.
We then summarize our current understanding of the role of the immune system in both
protection and disease by reviewing knowledge of human CCHF and studies conducted in
cell culture and animal models, evaluating innate and adaptive immune responses in the
context of cell-specific, tissue- specific, and systemic infections. We then discuss what is
known about responses associated with disease progression and severe outcomes; explore
current development of immune-based therapies and vaccines; and conclude by providing
recommendations for future research.

2. Unanswered questions

The key unanswered question for CCHF is: why are humans uniquely susceptible to
clinical disease upon infection? Serological evidence indicates that CCHFV can infect
numerous wild and domestic animals without overt disease. Furthermore, even in humans,
CCHFV infection is often subclinical or asymptomatic. Thus, the severe, fatal illness
conveyed by the name Crimean- Congo hemorrhagic fever represents a disease outcome
that is likely based on both host and viral determinants that remain poorly understood. Host
factors that may contribute to susceptibility and outcome include genetic predisposition,
such as epigenetic factors, polymorphisms, and allelic shifts, especially in the type |
interferon (IFN) signaling system. Other contributors may include age, nutrition, and
microbiome of the host. What are the relative roles of these factors?
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Does cellular tropism within the mammalian host contribute to disease outcome?

CCHFV exhibits broad species tropism, yet cellular binding and entry receptor(s) are
unknown. Does the virus use similar receptors for entry in the tick reservoir as it does

in mammalian hosts? Within varied hosts, does CCHFV exhibit similar cellular and tissue
tropism?

How do hosts sense CCHFV infection?

After entering host cells, CCHFV is sensed by host proteins that trigger signaling pathways
alerting the host to the pathogen and increasing expression of antiviral proteins that restrict
viral replication. The ability of human clinical CCHFV isolates to cause an often rapidly
fatal disease in type | IFN-deficient mice, but not IFN-expressing mice, suggests that type

I IFN is a key restriction factor for CCHFV. How type | IFN controls CCHFV infection

is largely unclear. Although single proteins such as RIG-I and MXA are known to sense
and restrict CCHFV, many additional factors also likely contribute. Indeed, MX1, the mouse
ortholog of human MXA, is non-functional (Sellers et al., 2012), demonstrating that factors
beyond MX1 control the infection in laboratory strains of mice. Thus, with the exception
of the mouse-adapted CCHFV maodel, the only mouse models of severe CCHF use mice
completely deficient in type | IFN. To date, no reports have been published on CCHFV
virulence in mice with more targeted deletions of innate immunity, like MAVS, 1SG-15, or
TLR knock-outs, or in chimeras between IFN-deficient and sufficient hosts. Furthermore,
the cell types required for type I IFN response to CCHFV are unknown. Although cells

like peripheral dendritic cells (DC) potently express type | IFN (Fitzgerald-Bocarsly et al.,
2008), the cell types required to produce type I IFN following /in vivo CCHFV infection
have not been identified.

How does CCHFV antagonize host innate immune responses?

Although some antagonists of the host innate immune response have been identified,
including the OTU domain- possessing deubiquitination and delSGylation functions of

the L-protein (Frias-Staheli et al., 2007; Scholte et al., 2017), the virus likely encodes
additional antagonists. NSs and NSm proteins of bunyaviruses pathogenic to humans have
been found to exhibit conserved function antagonizing innate immunity (Leventhal et al.,
2021). CCHFV possesses both NSs and NSm, yet a direct role for these proteins in
antagonizing innate immunity, particularly type I IFN, has not been described. Cumulatively,
our understanding of how type | IFN restricts the virus, and how the virus antagonizes host
IFN responses requires improvement.

In addition to type | IFN, apoptosis can be a key innate response to viral infection
(Everett and McFadden, 1999). CCHFV possesses proteins with pro-apoptotic (NSs) and
anti-apoptotic (NP) functions. Furthermore, the NP contains a highly conserved DEVD
motif that is cleaved by host caspase 3, indicating that interactions with host caspases
may be important for the viral life cycle. In addition, suppressing caspase 3 activity
improves viral yields (Karlberg et al., 2011), suggesting that host apoptosis may restrict
viral replication. Several other bunyaviruses have been shown to interact with the host
apoptosis machinery through their NSs and NSm proteins, and apoptosis can be a key
host antiviral defense (Barber, 2001). Yet, as CCHFV encodes proteinswith both pro- and
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anti-apoptotic functions and retains a viral protein targeted by host caspases, it is unclear
how host cell apoptosis promotes or inhibits infection. Importantly, given the common
function of bunyaviral NSs and NSm in interfering with host innate immunity, is CCHFV
unique among human-pathogenic members of the Bunyavirales order in possessing an NSs
and NSm without antagonistic function towards the host innate immune system? Or do these
proteins have yet undescribed antagonistic activity towards innate immunity?

What role does the host inflammatory response play in disease?

For many viral hemorrhagic fevers, severe disease is associated with dysregulated host
inflammatory responses. Similarly, strong inflammatory responses correlate with disease
outcomes in CCHFV-infected humans and animal models of CCHF, suggesting that
inflammation may contribute to poor outcome. However, these studies have only been
correlative for infection, and the field lacks mechanistic insights into how inflammatory
conditions contribute to disease outcome. How does cellular tropism /in vivo contribute to
resultant inflammatory responses? Does /n vivo infection of macrophages and DC lead

to inflammatory cytokine production? Does the severe inflammatory response contribute
to dysregulated, inappropriate, or suppressed adaptive immune responses? Are other cell
types, such as neutrophils and natural killer (NK) cells, involved in control or pathogenesis
of CCHFV infection? Can treatment with immunomodulatory drugs to promote protective
inflammatory responses and limit pathogenic ones effectively improve outcome?

How does adaptive immunity control CCHFV infection?

Although innate immunity is key in controlling acute CCHFV infection, successful control
likely also requires an effective adaptive immune response. Low or absent antibody
responses are frequently associated with poor disease outcome in CCHFV-infected humans,
and mice lacking adaptive immunity succumb to infection. However, our understanding

of the adaptive immune responses that control acute CCHFV infection is limited. Is

the low or absent antibody response in fatal cases of CCHFV merely a correlate of a

failed immune response or are antibodies required to control the infection? What antibody
effector functions are required? Human survivors often have poorly neutralizing antibodies,
suggesting that functions beyond simple neutralization of viral particles may be needed.
Although some data from infected IFNAR™~ mice suggest that T-cells and IFNy are
required to control acute infection in mice, whether these play a role in IFN-competent
hosts remains to be determined. What effector functions of T-cells are necessary to

control virus infection: T-helper activity towards B-cells? Cytotoxic CD8 T-cells? What

cell types are important in priming antiviral T-cells? Does CCHFV possess proteins that
antagonize processes necessary for effective adaptive immunity, such as antigen processing
and presentation? Cytotoxic T-cells and NK cells can kill targeted cells through perforin and
granzyme, Fas-FasL signaling, or secretion of cytokines like IFN-y or tumor necrosis factor
a (TNF-a) (Andersen et al., 2006). All of these pathways promote apoptosis in target cells.
Does the anti-apoptotic function of CCHFV NP inhibit these effector functions?

Is immunity to CCHFV durable and broadly protective?

As a tick-borne pathogen, CCHFV is endemic in many regions of Eurasia and Africa,
and people and animals may be repeatedly exposed to the virus throughout their lifetimes.
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To our knowledge, reinfection has not been reported. However, the long-term immune
responses to CCHFV are poorly studied. Is reinfection possible? What host responses limit
reinfection? Does recovery from one strain provide protection against the numerous diverse
strains found throughout the world? CCHFV exhibits remarkable sequence diversity across
endemic geographic regions. The contribution of this diversity to human disease and the
evolutionary pressures driving this divergence are almost completely unknown.

How does the tick vector contribute to disease?

A primary route of CCHFV infection is through bites of infected ticks. Although ticks of

the genus Hyalomma are considered the principal reservoir (Spengler and Estrada-Pefia,
2018), others such as those in the Rhipichepahlus genus may serve as reservoirs and vectors
of distinct clades of CCHFV (Papa et al., 2002). An often- overlooked factor in modeling
vector-borne pathogens is the role of the vector in disease outcome. During feeding, ticks
release numerous proteins with diverse impact on the host, including immunosuppressive
and anti-inflammatory functions that prevent the host from reacting to the feeding tick (Simo
etal., 2017). The roles of these tick-derived factors on CCHFV infection of mammalian
hosts and early immune responses are unknown.

3. Attempts to address unanswered questions

A key limitation of our understanding of CCHF has been the lack of suitable animal models.
For decades after CCHFV discovery, the only animal model was newborn mice, which are
extremely sensitive and useful for virus isolation, but are of limited utility for understanding
immunobiology. Only in 2010 was the first report of a lethal mouse model using IFNAR ™~
mice published (Bereczky et al., 2010). This model and others using type | and type Il

IFN deficiency or transient blockade of the type | IFN receptor have proved invaluable

in studies investigating CCHFV therapeutics, such as vaccines and antiviral drugs, but are
poorly suitable for studying immunobiology (Marin-Lopez et al., 2019), since they exhibit
severely altered innate (and likely adaptive) immunity. Additionally, the often-rapid lethality
of infection in these mice precludes study of later phases of disease, such as induction of
adaptive immune and memory responses.

Several attempts have been made to advance mouse models, including humanized mice.
NSG-SGM3 humanized mice infected with CCHFV develop a lethal disease characterized
by liver and brain pathology (Spengler et al., 2017). The unique central nervous system
(CNS) pathology observed in these mice enables study of CCHFV-associated CNS disease,
an understudied area of CCHFV immunobiology. Additionally, transient depletion of the
type | IFN response using antibody-mediated blockade of the type I IFN receptor has

been used to improve vaccine studies by allowing immunization of immunocompetent
mice (Lindquist et al., 2018; Suschak et al., 2021) while also permitting investigation of
CCHFV pathogenesis in knock-out mouse strains without requiring back-crossing of IFN
receptor-deficient strains to strains of interest (Lindquist et al., 2018).

The recent development of a mouse-adapted CCHFV variant has also enabled studies in
immunocompetent mice (Hawman et al., 2021). This variant also allows investigations using
the multitude of genetically manipulated mice available without the need for suppressing
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type | IFN. Significant sex-linked and strain-linked differences in disease were observed
when using mouse- adapted CCHFV. Male mice develop a severe clinical disease that
correlates with high viral loads, inflammatory cytokine production, and significant liver
pathology. In contrast, although early viral loads are similar between male and female
mice, female mice develop a milder clinical disease that correlates with earlier control of
viral loads and reduced inflammatory responses. Resistance to mouse-adapted CCHFV by
female mice was dependent on type | IFN, adaptive immunity, and age. Thus, multiple host
factors contribute to control of mouse-adapted CCHFV in this model. Furthermore, though
several laboratory mouse strains were susceptible to clinical disease after infection with
mouse-adapted CCHFV, 129SV1 mice were resistant, demonstrating that genetic differences
may also confer resistance to mouse-adapted CCHFV (Hawman et al., 2021). This model
therefore affords the opportunity to mechanistically investigate how distinct host responses
contribute to disease outcome.

Ongoing studies using the Collaborative Cross resource and studies probing the host
responses to CCHFV in mice susceptible and resistant to severe CCHF are investigating
how host responses and genetic diversity contribute to disease outcome. The identification
of adaptive mutations in several viral proteins suggests that these proteins possess key
functions during viral pathogenesis in type | IFN-competent hosts (Hawman et al., 2021)
The availability of reverse genetics systems for CCHFV (Bergeron et al., 2015) will enable
mechanistic investigations of how these mutations function to overcome host restriction
factors. Beyond improving mammalian models of infection, recent progress has been made
to model the contribution of the tick reservoir in the viral life cycle (Xia et al., 2016). In
addition, the availability of a reverse genetics system will allow for mechanistic dissection of
protein function in viral replication and pathogenesis (Bergeron et al., 2015).

In 2018, Haddock et al. described the first immunocompetent animal model of CCHF
(Haddock et al., 2018). Cynomolgus macaques infected with a human clinical CCHFV
isolate faithfully recapitulate many aspects of human CCHF, including the full spectrum of
disease outcomes (Cross et al., 2020; Haddock et al., 2018; Smith et al., 2019). This model
has been used for evaluation of antivirals and vaccines (Hawman et al., 2021a; Hawman et
al., 2020) and will likely contribute to further pre-clinical development of critically needed
CCHF therapeutics. However, the ethical and practical considerations of non-human primate
(NHP) research restrict the usefulness of this model for initial investigations into CCHFV
immunobiology. Furthermore, although infection in cynomolgus macaques closely models
human disease, both mild and severe, the spectrum of disease outcomes means that large
numbers of animals are required for studies seeking to identify mechanisms of disease
outcome. Thus, improved small animal models are also needed for CCHFV immunobiology
research.

Importantly, as research on CCHFV immunobiology continues to progress, studies using
animal models will need to be integrated with human clinical studies to correlate findings
with human disease. Collaborations between bench, clinical, and field research are needed
to obtain a more complete understanding of CCHFV immunobiology. Ultimately, better
understanding will improve the development of safe and effective antiviral therapeutics and
vaccines.
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4. Current knowledge of CCHFV immunobiology

4.1 Immune cell kinetics

Leukopenia, the depletion of leukocytes such as mononuclear phagocytes, correlates with
CCHF severity in humans (Joubert et al., 1985a; Swanepoel et al., 1989), and is also
observed in infected mice and nonhuman primates. Monocytopenia, frequently seen in acute
viral infection, was observed early in the course of infection in >90% of cynomolgus
macaques challenged with either Afghanistan2009 or Hoti CCHFV strains (Cross et al.,
2020). In Stat-17/~ mice that succumbed to disease 4-5 days post infection (dpi), increased
macrophage levels correlated with onset of clinical signs. F4/80 and CD11b macrophage
populations in the spleen remained stable before increasing 5- and 4-fold, respectively, 3
dpi (Bente et al., 2010). The kinetics of activated macrophages differed in the mice, initially
rising and then decreasing 3 dpi. Interestingly, increased numbers of neutrophils and Ly6Chi
inflammatory macrophages in the spleen correlated with peak clinical disease in CCHFV-
infected IFNAR ™~ mice, recapitulating human convalescence (Hawman et al., 2019). While
overall macrophage numbers may increase over the course of disease it is unclear whether
these macrophages exert antiviral activity or support continued viral replication by acting as
targets for infection.

In some animal models, B- and T-cell responses to CCHFV begin soon after infection
(Haddock et al., 2018; Hawman et al., 2021b; Hawman et al., 2021; Hawman et al., 2019).
In IFNAR~"~ mice infected with a human clinical CCHFV isolate, CD4* and CD8* T-cells
in the liver and spleen expanded in number and expressed surface activation markers by

8 dpi (Hawman et al., 2021b), demonstrating prompt T-cell activation. Furthermore, by 8
dpi, both CD4* and CD8™ T- cells in the liver and spleen were primed to produce antiviral
cytokines like IFN-y, TNF-a, and IL-2. Along with significantly increased expression of
perforin in CD8* T-cells, these findings suggested that T-cells rapidly engage in controlling
infection (Hawman et al., 2021b).

4.2. Immune cells as targets of infection

Mononuclear cells have prominent roles in the pathogenesis of viral hemorrhagic

fevers. Autopsy studies have identified CCHFV antigen-positive peripheral mononuclear
phagocytes in various tissues, including spleen, liver, and intestines (Baskerville et al., 1981;
Burt et al., 1997; Joubert et al., 1985; Negredo et al., 2017). Based on these reports from
human cases, investigations into targets of CCHFV infection have focused on innate and
adaptive mononuclear cells (Table 1). Overall, cells of the mononuclear phagocyte system
(monocytes, macrophages, and DC) are more susceptible than other mononuclear cells like
NK cells (Connolly-Andersen et al., 2009). Along with hepatocytes and vascular endothelial
cells, they serve as primary target cells in humans (Baskerville et al., 1981; Burt et al., 1997;
Joubert et al., 1985; Negredo et al., 2017).

4.2.1. Macrophages—In culture, peripheral blood mononuclear cells (PBMC) and
monocytes infected with high multiplicity of infection (MOI) of CCHFV contained only low
levels of detectable S-segment genomes, and neither cell type produced detectable infectious
virus in subsequent focus-forming assays (Connolly-Andersen et al., 2009). Naive, non-
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polarized, monocyte-derived macrophages are also poorly permissive to infection with the
highly passaged IbAr10200 CCHFV strain (Zivcec et al., 2015). Higher levels of infection
with IbAr10200 (~10-50% cells) were observed in macrophages differentiated into an
anti-inflammatory, M2-like polarized state after 24 hours post infection (hpi), and by 72
hpi, infection levels dropped below the limit of detection (Peyrefitte et al., 2010). Of note,
cell culture studies of cell permissiveness may depend on the virus strain, and cells appear
least permissive to IbAr10200. When a virus-like particle (VLP) system was used to assess
differential virus entry, most efficient infection was observed with VLPs expressing the
glycoprotein of Turkey and Oman CCHFYV strains, followed by that of Afghanistan2009;
lowest infection was observed with IbAr10200 glycoprotein (Zivcec et al., 2015). Similarly,
an unpublished study found higher levels of viral progeny in monocyte-derived macrophages
infected with UG3010 strain than IbAr10200 (personal correspondence A. Garrison, 2021)
(Garcia-Sastre, 2010).

Despite these limited data from cell culture, human and animal model studies both indicate
that monocyte and macrophage populations are early targets of infection, likely contributing
to virus dissemination and initiation of immune activation. In IFNAR™~ mice, the earliest
evidence of infection was in activated monocytes/macrophages (CD11b*Ly6C*) found

in draining lymph nodes (Welch et al., 2019). Macrophage populations also represent a
significant number of infected cells in primary target organs such as the liver; in IFNAR™/~
mice, activated macrophages were the largest infected cell population in hepatic tissue

in late-stage disease. Monocyte/macrophage activation is also seen in more severe human
cases, indicated by elevated levels of neopterin, a serum protein generated from macrophage
activation by inflammatory cytokines such as IFN-y (Onguru et al., 2008).

Hepatic infection and damage (as shown, e.g., by elevated liver enzymes in serum) are
characteristic of severe CCHF. Antigen-positive Kupffer or Kupffer-like cells have been
identified in liver tissues in both humans and animal models (Burt et al., 1997; Lindquist
etal., 2018; Zivcec et al., 2013). They are likely the first liver cells to become infected,
subsequently spreading virus to surrounding hepatocytes and other non-parenchymal cells
(Lindquist et al., 2018). Kupffer cells also positively stain for CCHFV antigen in infected
neonate and IFNAR ™~ mice (Bente et al., 2010; Tignor and Hanham, 1993; Zivcec et al.,
2013). Depletion of Kupffer cells in CCHFV infection is independent of the type-1 IFN
response (Lindquist et al., 2018). Moreover, in mice with antibody- mediated disruption
of type-1 IFN signaling, Kupffer cell loss was associated with fatal outcome. Similar
experiments in infected NOD-SCID-y (NSG), Rag2-deficient, and perforin-deficient mice
also demonstrated liver injury, suggesting that cytotoxic immune cells are dispensable for
hepatic damage (Lindquist et al., 2018).

Other tissue-specific macrophage populations may also be involved in viral pathogenesis.
Glial cells were principal targets of infection in terminally infected humanized mice.

Along with CNS disease characterized by gliosis, meningitis, and meningoencephalitis, the
presence of viral antigen in glial cells was the only notable difference between lethal (strain
Turkey-200406546) and nonlethal (strain Oman-199809166) infection in mice (Spengler
et al., 2017). However, while other nairoviruses cause prominent neurological disease, the
clinical significance of this finding for human CCHF is unclear.
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4.2.2. Dendritic cells—Tissue-resident DCs are presumed to be an entry point for
CCHFV from tick bites and can be infected in culture; these include dermal DCs (dDC),
and, to a lesser extent, Langerhans cells (LC). dDCs released virus at levels similar to
infected macrophages (~8.0 x 10% pfu/mL), whereas LC only released virus at very low
levels (~3.0 x 102 pfu/mL) (Rodriguez et al., 2018). Infected DCs are also detected in
disease models. Stellate cells, morphologically consistent with DCs, stain for viral antigen
in infected Stat-17/~ mice (Bente et al., 2010; Zivcec et al., 2013). In IFNAR™~ mice,
Lin-CD45*Ly6G-CD11b*MHCII* DCs are detected in blood, lymph nodes, and spleen,
with highest levels seen in spleen in late-stage disease (Welch et al., 2019).

Susceptibility of DCs to infection has been investigated by several studies. Connolly-
Andersen et al. (2009) found that in PBMC subsets, only monocyte-derived DCs (moDCs)
upregulated RNA levels when infected with the 1bAr10200 strain of CCHFV; monocytes,
B-, T-, and NK cells did not. Furthermore, cytokines released into supernatants from
infected moDCs activated human endothelial cells, demonstrating their functional role in
downstream cellular activation (Connolly-Andersen et al., 2009). Peyrefitte et al. (2010)
also found moDCs to be permissive to IbAr10200 infection and evaluated the resultant
immune response (Peyrefitte et al., 2010). The group similarly reported DC activation and
involvement in initiating downstream signaling events. Expression levels of surface CDA40,
CD83, and CD86 significantly increased upon infection in an MOI-dependent manner.
CDA40 rose in response to infection and/or replication of live virus; moreover, UV-inactivated
virus had no effect on CD40 expression, but still upregulated CD83 and CD86. In addition
to moDCs, increased transcription of CD surface proteins has also been detected in infected
dDCs, specifically increases in CD40 (Rodriguez et al., 2018) and expression of CD80,
CD86, CD197, and MHCII (unpublished; personal correspondence D. Bente, 2021).

4.2.3. B and T lymphocytes—Virus dissemination by infection of B- and T-cells
appears limited at best. Studies in IFNAR™~ mice suggest that the earliest lymphocyte
population to increase is CD4" T-cells in the lymphatic system (Welch et al., 2019).
However, this increase was not associated with evidence of viral infection in CD4* T-cells.
Connolly-Anderson et al. (2009) examined target cell populations by infecting human
T-cells (CD3*/CD567) and B-cells (CD19%) with IbAr10200 at a high MOI. Intracellular
viral loads were monitored over 24 and 48 h; low levels of S-segment genome (<10,000-fold
change from uninfected cells) were seen in T-cells but not B-cells. No infectious virus was
detected in either T- or B-cells, and viral antigen was not seen by immunofluorescence in
stained cells or by immunoblotting T- and B-cell lysates (Connolly- Andersen et al., 2009).

4.3. Interferon response to infection

4.3.1. IFN induction and anti-CCHFV activity—IFN responses are likely a critical
determinant of disease severity. Polymorphisms in toll- like receptor (TLR) genes have been
found to correlate with disease outcome in patients in Turkey (Arslan et al., 2015; Engin
etal., 2016, 2010), although further studies are needed to determine if these findings apply
to populations in other endemic regions. Serological evidence demonstrates that CCHFV
can productively infect a multitude of wild and domestic animals, and while humans
develop a spectrum of mild to severe disease upon infection, animals are almost uniformly
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refractory to clinical signs. Numerous wild and domestic species have been challenged
with various strains of CCHFV, yet severe disease is typically only reported in laboratory
rodents with deficient immunity, either due to age (i.e., newborn mice or rats) or targeted
IFN-deficiencies. Ablating IFN signal transduction machinery by knocking out STAT-1,
STAT-2, or IFN-a, -B, or -y receptors in mice and hamsters leads to fulminant disease
(reviewed in Garrison et al., 2019; Ranadheera et al., 2020; Spengler et al., 2019, 2016).

In addition, studies using wild-type and adaptive immune knockout mouse strains (e.g.,
NOD/SCID, Prf1~/~, and Rag2~/") transiently suppressed with an anti-IFNAR1 monoclonal
antibody (mAb) demonstrate that IFN is important for controlling infection and preventing
disease even in animals lacking an intact adaptive immune system (Lindquist et al., 2018).

Developing models of severe disease in other immunocompetent laboratory animal species
has been prohibitive. For example, cynomolgus macaques respond to infection similarly

to humans, presenting a spectrum of disease severity from asymptomatic infection to, in
severe cases, fever, rash, bleeding, and even death. However, recently, an immunocompetent
mouse model for CCHF has been developed using a mouse-adapted CCHFV variant capable
of causing severe disease in wild-type, immunocompetent mouse strains (Hawman et al.,
2021). Nevertheless, in contrast to infection in WT mice, infection in IFNAR™~ mice with
this mouse-adapted CCHFV variant is rapidly lethal, demonstrating that type I IFN exerts
control over this viral strain (Hawman et al., 2021).

CCHFV evokes an IFN response in cell culture and in human infection (reviewed in
Andersson et al., 2008; Weber and Mirazimi, 2008)). In cell culture, IFN and I1SG responses
are seen as early as 8 hpi and increase over time (Spengler et al., 2015). IFN-B, ISG56,

and MxA induction is mediated by RIG-I recognition; interfering with RIG-I signaling
reduces IFN production and ISG expression and increases viral replication (Spengler et

al., 2015). IFN induction is reported in patients, and high IFN-vy levels are associated

with poor outcome (Saksida et al., 2010). In NHPs, circulating IFN-y increases early in
disease, peaking around day 7. Its expression coincides with an induced antiviral state, sharp
reduction in viral load (Cross et al., 2020; Haddock et al., 2018; Smith et al., 2019), and
decreased genome equivalents 10 dpi in sera of animals that mounted IFN-y responses
(Cross et al., 2020; Smith et al., 2019). Additionally, treating CCHFV-infected IFNAR™/~
mice with an antibody to block IFN-y signaling significantly increased mortality (Hawman
et al., 2021b). In immunocompetent mice infected with CCHFV, IFN-a was induced within
24 hpi (Hawman et al., 2021). Interestingly, IFN-f induction was only seen in male mice
infected with the mouse-adapted CCHFV variant and correlated with more severe disease
outcome in these mice (Hawman et al., 2021).

Overall, CCHFV is sensitive to IFN treatment and virus growth is attenuated in the presence
of an intact IFN response. However, the ISGs responsible for inhibiting replication /n vivo
are not well understood. In IFN-producing cells, recombinant viruses with impaired IFN
antagonism (due to inactivation of the protease domain within the RNA-dependent RNA
polymerase) were significantly attenuated compared to wild-type virus; in cells with little
or no IFN response, no such difference was observed (Scholte et al., 2017). MxA, induced
exclusively by IFN-a and IFN-B, is a key mediator of the IFN-induced response against

a wide range of viruses. When Vero-E6 cells constitutively expressing MxA were infected
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with CCHFV, progeny virus levels were reduced up to 1,000-fold compared to control cells,
and accumulation of viral genomes was blocked (Andersson et al., 2004). MxA was found
to colocalize with CCHFV NP in the perinuclear regions of infected cells, an interaction that
may prevent viral RNA replication and inhibit production of new infectious virus particles
(Andersson et al., 2004).

Pre-treating Huh-7 or HUVEC (human umbilical vein endothelial cells) for 24 h with
increasing concentrations of IFN-a. led to increased MxA expression and reduced
accumulation ofviral NP (Andersson et al., 2006). Pre-treating these cells with type Il IFN
(IFN-A1) also inhibited CCHFV. Treatment with IFN-a alone or in combination with IFN-
A1 was evaluated in A549 and HuH?7 cells. Alone, both IFNs inhibited the virus; however,
when given in combination, IFN-A and IFN-a clearly antagonized each other in both

cell lines, resulting in reduced activation of pivotal ISGs (i.e., MxA and 2’-5’-OAS) and
decreased antiviral activity (Bordi et al., 2015). Notably, while treatment prior to infection
can inhibit replication, IFN does not significantly affect established infection (Andersson et
al., 2008): even only 1 hour after infection, IFN cannot prevent viral replication, whereas
pre-treatment with the same dose significantly inhibits CCHFV replication. No attempts to
use IFN to treat CCHF in humans have been reported, but it has been suggested for use in
conjunction with ribavirin, based on treatment approaches reported for other viral agents,
such as hepatitis C (Ergonul et al., 2007).

4.3.2. Virus-mediated IFN and ISG antagonism—Immune modulators are found in
CCHFV S- and L-segments, specifically the NP and ovarian tumor (OTU)-like cysteine
protease domain within the L-protein. One limited study investigated the effect of plasmid-
based NP expression on IFN induction in human embryonic kidney cells (HEK293T/17)
and suggested strain differences in IFN- promoter induction as support for NP-mediated
immune evasion (Fajs et al., 2014). However, in the absence of other investigations, the

role of NP in IFN antagonism, including potential strain differences, remains unknown.
More detailed work has been performed to investigate L-segment-mediated antagonism;
several studies have indicated that the OTU-like cysteine protease domain is involved in
cleaving both ubiquitin and ISG15 and in reducing the RIG-I/MAVS response (Frias-Staheli
et al., 2007; Van Kasteren et al., 2012). Specifically, OTU catalytic activity is essential for
CCHFV replication and deubiquitinase activity of the L-protein is critical for suppressing
IFN expression /in vitro (Scholte et al., 2017).

Immune antagonists have not yet been characterized in the M-segment. However, the

M- segment encodes a single polyprotein, GPC, which yields multiple structural and non-
structural glycoproteins that could potentially serve as immunomodulators (Altamura et al.,
2007; Bergeron et al., 2015, 2007; Erickson et al., 2007; Freitas et al., 2020; Haferkamp

et al., 2005; Sanchez et al., 2006, 2002; Vincent et al., 2003; Welch et al., 2020). GPC

is co-translationally synthesized within the endoplasmic reticulum (ER), where proprotein
convertases and N-linked glycosylases modify the immature (precursor; Pre) structural Pre-
GN and Pre-GC glycoproteins. After matriculation through the Golgi compartment and
further modifications by convertase and O- linked glycosylase, a mature CCHFV particle
is thought to be formed with a heterodimeric form of GN and GC. The fates of the other
related glycoprotein products, including mucin-like domain, GP38, GP85, GP160, NSM,
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and other small fragment components, are largely unknown. However, immune responses
generated towards nonstructural components of the Pre-GN, such as the GP38 molecule,
have been shown to be protective /n vivo, supporting their role in CCHF antiviral defense
(Ahmed et al., 2005; Golden et al., 2019; Mishra et al., 2020).

Among members of the Bunyavirales order, IFN antagonism is often exhibited by non-
structural (NS) proteins encoded on the S and M segments (Leventhal et al., 2021). Although
CCHFV encodes both NSs and NSm, their role in antagonizing host interferon responses has
not been reported. However, adapting the virus to cause disease in mice with intact type |
IFN through sequential passage was associated with coding changes in both NSs and NSm
(Hawman et al., 2021), suggesting that these proteins may have pathogenic function in type |
IFN-competent hosts.

4.4. Role of other cytokines in CCHFV infection

Cytokine studies have predominantly been conducted using serum and plasma samples
(Table 2—-4), with additional limited data derived from PBMC preparations or tissue samples
from animal studies. Data from human patients are still relatively limited but appear

to correlate well with data from animal models of disease, supporting the use of these
models in pathogenesis and therapeutic studies. For example, similarly to humans, modestly
elevated serum interleukin 15 (IL- 15) is reported in cynomolgus macaques (Cross et al.,
2020; Haddock et al., 2018; Smith et al., 2019), and elevated TNF-a. is reported in mice
(Bente et al., 2010; Hawman et al., 2019). The congruity in data also includes analytes that
do not change significantly during infection in both humans and animal models (e.g., IL-12
and IL-13) (Bente et al., 2010; Papa et al., 2016h).

Overall, severe or fatal disease is associated with a pro-inflammatory response (Tables 2 and
3), which is thought to lead to vascular dysfunction, disseminated intravascular coagulation
(DIC), organ failure, and shock (Saksida et al., 2010). In human patients in Turkey, Albania,
and Kosovo, increases in pro-inflammatory cytokines (TNF-a, IL-8, IL-9, IL-15, IP-10, and
monocyte chemoattractant protein 1 [MCP-1]) were associated with disease severity and
poor outcomes (Ergondil et al., 2017; Ergonul et al., 2006; Papa et al., 2016b, 2006; Saksida
et al., 2010). Of those, increased TNF-a has been most consistently reported in a variety of
investigations, including immune cell culture, mouse models, and several human case series
reports. In contrast, RANTES decreased in fatal cases and was inversely correlated with
disease severity (Papa et al., 2016b). However, this finding is not recapitulated in animal
models: a transient elevation in RANTES was seen during the course of infection in a
non-lethal IFNAR™~ mouse model, and elevated levels of RANTES correlated with disease
severity in wild-type mice (Bente et al., 2010; Hawman et al., 2021; Hawman et al., 2019).

The relationship between IL-6 expression and disease severity is not clear; in sera from
patients in Turkey, increased IL-6 positively correlated with DIC, with highest levels seen in
fatal cases (Ergonil et al., 2017; Ergonul et al., 2006). Similarly, increased IL-6 levels were
seen in CCHFV-infected mice (Bente et al., 2010; Hawman et al., 2021; Hawman et al.,
2019). However, a study in Albania found elevated IL-6 in both mild and severe cases (Papa
et al., 2006), suggesting that more analysis is needed to determine the relationship between
IL-6 levels and disease outcome.
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Finally, increased levels of other pro-inflammatory cytokines that have not been as
extensively studied are also generally associated with disease. For example, MIP-1a and
MIP-1p were both elevated in one fatal case (Papa et al., 2016b), and slight increases of
these factors were observed in animal models (Bente et al., 2010; Haddock et al., 2018).
Similarly, elevated VEGF, G-CSF, PDGF, and eotaxin levels have been described in an
individual case (Papa et al., 2016b). In wild-type mice infected with a mouse-adapted
CCHFV variant, disease severity correlated with increased levels of IL-1p, IL-5, IL-6,
G-CSF, KC, MCP-1, MIP-1a, MIP-1B, and RANTES (Hawman et al., 2021), suggesting
that these pro-inflammatory cytokines contribute to disease severity.

Descriptions of anti-inflammatory responses during CCHFV infection are fewer. IL-10 has
been evaluated in patients, animals, and cultured immune cells (Table 4). In patients, one
study found that serum levels negatively correlated with DIC scores (Ergonul et al., 2006),
whereas in other studies, levels differed significantly between fatal and non-fatal cases and
increased expression was associated with poor outcome (Papa et al., 2016b; Saksida et

al., 2010). These latter studies led to the hypothesis that severe CCHF could be the result
of delayed, downregulated immune response caused by 1L-10, leading to increased viral
replication and dissemination (Saksida et al., 2010). Elevated IL-10 was also seen in the
lethal Stat-17/~ mouse model (Bente et al., 2010). Interestingly, in a non-lethal IFNAR™~
model, serum IL-10 levels were slightly (but not significantly) elevated 14 dpi (Hawman et
al., 2019). Data on other anti-inflammatory cytokines are limited: IL-5 levels decrease with
disease severity (Papa et al., 2016b), and a cell culture investigation of 1L-19, which can
result in increased IL-10 when present during DC maturation, found no correlation between
IL-19 and IL-10 levels in DCs (Connolly-Andersen et al., 2009).

Given the putative role of immune cells in early infection and virus dissemination, more
detailed studies were performed to investigate cytokine expression in macrophages and DCs.
Infected M2-like macrophages produce elevated pro-inflammatory cytokines IFN-a,, TNF-a.,
MCP-1, IP-10, IL-6, RANTES, and MIP-1a 24-72 hpi, suggesting that, once activated

by CCHFV, these cells remain activated without hindering the antiviral state (Peyrefitte

et al., 2010). These data, along with earlier susceptibility studies, indicate that M2-like
macrophages may be infected by CCHFV, replicate the virus, and subsequently disseminate
it while producing a host of pro- inflammatory cytokines and chemokines. In infected DCs,
pro-inflammatory TNF-a and IL-6, along with anti-inflammatory IL-10, were elevated 48
hpi, whereas no differences in expression of I1L-8, IL-19, and IL-1p were seen compared

to uninfected cells (Connolly-Andersen et al., 2009). IL-6 and MCP-1 were elevated in

both infected dDC and LC, while IL-8 and TNF-a were only elevated in dDC and LC,
respectively (Rodriguez et al., 2018).

Finally, to determine the effect of cytokines secreted from DCs, supernatants from infected
moDCs were applied to HUVEC. Cellular activation was measured by determining cell
surface and/or transcriptional levels of intracellular adhesion molecule 1 (ICAM1), E-
selectin, and vascular cell adhesion molecule 1 (VCAML1), and levels of pro-inflammatory
cytokines IL-6 and IL-8 were compared to mock and lipopolysaccharide (LPS)-treated
controls (Connolly-Andersen et al., 2011, 2009). DC-derived supernatants caused TNF-a
mediated endothelial cell activation. Altogether, this suggests that vasculature may be
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activated by pro-inflammatory cytokines, specifically TNF-a, or directly by viral output
from infected antigen-presenting cells (APC) (Connolly-Andersen et al., 2011).

4.5. Apoptosis and the TNF superfamily of death receptors and ligands

Across the Bunyavirales order, multiple viruses have been shown to interact with host
apoptosis machinery (Leventhal et al., 2021), suggesting that modulating apoptosis may be
a key step in the replication cycle. CCHFV causes ER stress, disrupting ER homeostasis
and protein folding in cells (Fraisier et al., 2014), a process that induces FasL expression
and has been attributed to creation of glycoproteins required for egress of maturing virions
(Lasecka and Baron, 2014). Infection also induces TNF-a and FasL-mediated apoptosis in
cell culture (Karlberg et al., 2015) and, as noted earlier, elevated levels of TNF-a are present
in sera and correlate with fatal outcomes in human disease (Ergonul et al., 2006; Papa et
al., 2006; Saksida et al., 2010). Secretion of these factors can lead to hepatic injury and
has been implicated in cell loss during CCHFV infection (Karlberg et al., 2015; Rodrigues
et al., 2012). Additionally, expression of the NSS protein, a cryptic ambisense product of
the NP open reading frame (Barnwal et al., 2016), has been shown to induce apoptosis via
the intrinsic pathways. NS co-localizes with mitochondria within infected tissue culture
cells and can disrupt mitochondrial membranes, which is also thought to lead to apoptosis
(Barnwal et al., 2016). Conversely, monomeric NP has been shown to delay or inhibit
apoptosis via a conserved caspase-3 cleavage motif (Carter et al., 2012; Karlberg et al.,
2011; Wang et al., 2012), suggesting a dynamic role for virus-mediated apoptosis in the
establishment of infection and in severe outcomes. While the virus may induce apoptosis,
additional data also indicate that apoptosis is not a clear feature of severe disease. In a
2015 study, Glven et al. measured serum markers for apoptosis induction (M-30, perforin,
caspase-3, and soluble FasL) in 49 patients <18 years of age. Serum values of perforin,
caspase-3, and M-30 positively correlated with liver enzyme levels but negatively correlated
with platelet counts. Notably, M-30 levels did not differ significantly between any of the
groups. Levels of perforin, caspase-3, and soluble FasL were significantly higher in the
severe and non-severe CCHF groups than in healthy controls, but no significant difference
was seen between severe and non-severe groups. (Given et al., 2015).

4.6. Complement system

Limited data indicate that the complement system is involved in protective humoral
immunity to CCHFV: a complement knockout (C37/~) mouse study evaluating a mAb
demonstrated that functional complement activity is required for monoclonal antibody-
mediated protection following CCHFV challenge (Golden et al., 2019). This study
demonstrates that protective effects of antibodies, elicited through vaccination or infection,
may require complement. C3 and C4 levels were significantly lower in fatal human cases,
suggesting that the classical complement pathway may play an important role in survival
(Ozturk et al., 2012). In addition, a study of pediatric cases found that elevated levels

of factor Bb, the fragment of complement factor B that results from activation of the
alternative pathway, were associated with increased disease severity indicated by elevated
liver enzymes and thrombocytopenia, suggesting that the alternative pathway may also
contribute to disease pathogenesis (Sancakdar et al., 2014).
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4.7. Humoral immunity

Studies of humoral immunity are summarized in Table 5. Anti-CCHFV IgM antibodies are
detected as early as 4-5 days after symptom onset and more frequently 7-8 days post-onset
(Burt et al., 1994; Ergunay et al., 2014; Shepherd et al., 1989). IgG antibodies are also
typically detected on days 7-9. IgG titers have been observed to increase, peaking 2-5
months after the onset of illness and remaining high for up to 3 years. In contrast, IgM titers
begin to decline around day 20 and become undetectable 3-5 months after disease onset.

While neutralizing antibodies (NAbs) are often present by day 10, titers can vary greatly
among patients. In some instances, titers can be high (1:256), but reports more commonly
indicate only low levels of NAbs that rapidly decline 19 weeks after onset of illness
(Shepherd et al., 1989). Ergunay et al. (2014) evaluated kinetics of antibodies specific

for CCHFV NP and GPC, finding anti-NP IgM antibodies as the initial serological marker
during human infection and becoming detectable 2-3 days after disease onset; GPC-IgM
(4-6 days) and 1gG antibodies (5-6 days) were detected and increased thereafter (Ergunay
et al., 2014). Similarly, sera from CCHF survivors showed reactivity against NP, suggesting
that NP is a target of humoral responses during infection (Karaaslan et al., 2021).

In fatal human cases, virus-specific antibodies are generally undetectable, while survivors
reliably generate CCHFV-specific antibody responses (Balinandi et al., 2018; Burt et al.,
1994; Gambhir and Rathod, 2019; Kaya et al., 2014; Lumley et al., 2014; Nabeth et al.,
2004; Negredo et al., 2017; Papa et al., 2016a; Shepherd et al., 1989, 1985; Yaqub et al.,
2019). The magnitude of antibody responses associated with positive disease outcome is

not known; recent NHP and murine studies found no correlation between antibody titers

or neutralization and disease severity (Fels et al., 2021; Haddock et al., 2018; Hawman et
al., 2021; Hawman et al., 2019). In human patients, the appearance of IgM/1gG responses
coincides with declining viremia (Burt et al., 1994; Duh et al., 2007; Ergunay et al., 2014;
Kaya et al., 2014; Shepherd et al., 1989). More specifically, Ergunay et al. (2014) found that
viremia clearance followed anti-NP 1gM responses (Ergunay et al., 2014). A study of NHPs
vaccinated with DNA encoding the NP and GPC antigens similarly showed that anti-NP 1gG
were dominant and likely contributed to protection from CCHFV challenge (Hawman et al.,
2021a). In non-lethal mouse models, IgM and 1gG responses appeared by 6 dpi (Hawman et
al., 2021; Hawman et al., 2019).

Although data support that an antibody response is an indicator of improved outcomes, the
role of antibodies in controlling acute infection is unclear. In IFNAR™~ mice, depleting
B-cells did not affect disease progression (Hawman et al., 2021b), though the depletion
regimen did not completely abrogate specific antibody responses (Hawman et al., 2021b).
As noted above, antibody titers and neutralizing activity did not correlate with disease
severity or outcome in CCHFV-infected NHPs (Haddock et al., 2018). Furthermore,
adoptive transfer of sera from immunized mice showed that transfer of both CD3* T-cells
and sera was necessary for clinical benefit (Dowall et al., 2016a), suggesting that antibodies
alone are insufficient to control acute infection. However, the role of antibody response in
protection may differ between naive and vaccinated individuals.
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Whether patients who succumb to disease fail to develop IgM/IgG responses altogether or
simply die before they can mount a detectable response (prior to day 7) is also unknown.
Additionally, viremia in fatally infected patients may be so high that any antibodies
produced become bound to virus or antigens in immune complexes and therefore are not
detected by traditional serologic assays. Anecdotal support for this hypothesis comes from a
fatal case in South Africa, in which the formation of immune complexes was detected in the
absence of a specific antibody response, along with persistent high-titer viremia (Shepherd
etal., 1985).

4.8. Cellular immunity

Early T-cell activation and induction of pro-inflammatory responses correlate with severe
disease, as in other viral hemorrhagic fevers such as Ebola (Ergonul et al., 2006; Papa et al.,
2006; Saksida et al., 2010). The association between cytokine expression and poor outcomes
in CCHF suggests that the balance of the early inflammatory state is an important factor

in progression toward severe disease. While high viral loads (>108 copies/mL) in patients
are associated with fatal outcome (Cevik et al., 2007; Duh et al., 2007; Papa et al., 2007;
Saksida et al., 2010), viral loads were found to decrease independently of 1gG levels during
the first week of infection, indicating that cellular immunity likely plays a significant role in
viral control and clearance (Duh et al., 2007).

Limited work has been done examining the role of T-cell subsets in protection against
CCHFV. Early studies showed that total numbers of helper (TH) T-cells are not significantly
different between severe and non-severe cases (Akinci et al., 2009; Yilmaz et al., 2008),

but one study observed elevated cytotoxic T-cell levels in fatal cases (Akinci et al., 2009).
Furthermore, a study examining a DNA vaccine found that a predominantly Tyl response
might be important for efficient protection (Hinkula et al., 2017). Regulatory T (TReg) cells,
key producers of 1L-10, increased in acutely infected patients compared to healthy controls,
but not all cells demonstrated immunosuppressive activity (Gazi et al., 2018). Therefore,
the role of Treg cells during viral pathogenesis remains unclear. In infected mice, T-cells
are rapidly activated to proliferate and produce antiviral cytokines (Hawman et al., 2021b;
Hawman et al., 2021; Hawman et al., 2019) and CCHFV-specific T-cell activity is sustained
for weeks post-infection in mice that survive (Hawman et al., 2019).

A study of human survivors detected CD8* T-cell responses up to 13 years after acute
infection and determined that T-cell epitopes were predominantly located on the NP, with
two instances of reactivity to G¢-derived peptides; none of the epitopes appeared to be
immunodominant (Goedhals et al., 2017). Cellular immunity directed against NP was also
observed in vaccinated mice and rabbits and in human CCHF survivors (Karaaslan et al.,
2021). Importantly, these findings suggest that GP-based vaccine candidates may generate
suboptimal CD8* T-cell responses. Indeed, a GP-based subunit vaccine failed to confer
protection despite inducing NAbs (Kortekaas et al., 2015). However, a recombinant NP
vaccine similarly failed to provide protection despite evidence of humoral and cellular
responses (Dowall et al., 2016b). Given that both humoral and cellular immunity appear to
be important for protection, characterizing T-cell epitopes has major implications for vaccine
design. The interaction between these two responses may also be crucial, as non-neutralizing
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Abs have been shown to confer protection /n vivo (Bertolotti-Ciarlet et al., 2005), potentially
acting through mechanisms such as antibody-dependent cellular cytotoxicity.

Cytotoxic adaptive immune cells, including CD8" T-cells, have been documented in fatal
human fatal infections (Akinci et al., 2009; Yilmaz et al., 2008). One /n vivo study tested
wild- type mice and mice (e.g., NOD/SCID and Prfl and Rag2 knockout mice) deficient in
various adaptive responses (cytotoxic T-cell, B-cell, and/or NK cell populations). Transcripts
for both NK and CD8* T-cells were present in infected livers; however, liver injury was
indistinguishable between wild-type and adaptive-deficient mice (Lindquist et al., 2018).
This supports a conclusion that CCHFV replication leading to intrinsic liver cell death
contributes more to hepatic injury than cytotoxic effector cells (Lindquist et al., 2018).
However, in another model, depleting either CD4* or CD8* T-cells resulted in significantly
increased mortality in infected mice, demonstrating that these cell types were required

for survival (Hawman et al., 2021b). Nevertheless, the mechanism by which these T-cells
contribute to survival remains to be determined. Depleting CD4 T-cells abrogated the host
IFN-y response to infection and blocking IFN-y signaling resulted in uniform lethality in
IFNAR™~ mice (Hawman et al., 2021b), suggesting that IFN-y produced by T-cells may be
one mechanism by which these cells control the infection. However, as other cell types can
produce IFN-y (Schroder et al., 2004), further studies are needed to determine the T-cell
effector functions required for control of CCHFV infection.

4.9. Protective B- and T-cell epitopes

Viral epitopes that elicit durable protective immune responses have been investigated

in survivor and vaccinee PBMC and sera, or have been predicted by modeling or
immunoinformatic approaches using /n sifico methods (various discriminant analyses,
predictive databases, and machine learning) comparing factors such as solubility,
probabilities of allergenicity, and probabilities of antigenicity within adaptive immune cell
populations (Nosrati et al., 2020, 2019; Oany et al., 2015; Shrivastava et al., 2020). However,
for the latter approach, predictions assessed to date appear largely unrewarding; the only
study aiming to validate a CCHFV immunoinformatic approach demonstrated that epitopes
selected /n silico based on highest prediction scores were often some of the least reactive
sites recognized by human survivor sera (Burt et al., 2013).

Serological B-cell epitope studies have largely focused on antibody responses against
portions of the GPC. These studies report that sera from human survivors in areas including
Turkey, Uganda, and South Africa bind to all portions of the GPC (Fritzen et al., 2018;
Mishra et al., 2020; Shalitanati et al., 2018). Interestingly, despite high genetic variability
between strains, serum samples from diverse geographic regions contain antibodies with
common B-cell epitopes within the mucin-like domain (Fritzen et al., 2018). Other studies
in animals have relied on synthetic peptides in combination with rabbit and sheep antisera
to CCHFV, identifying several linear B-cell epitopes: 8 within GN (Shalitanati et al., 2018),
6 within GC (Zhang et al., 2019), 9 broad epitopes within NP (Moming et al., 2018), and

5 fine epitopes within NP (Liu et al., 2014). A mouse mAb study identified antibodies

that could neutralize diverse strains (Zivcec et al., 2017), demonstrating broadly protective
epitopes within the GPC. Additionally, non-neutralizing antibodies that target GP38 can
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be protective against lethal challenge (Bertolotti-Ciarlet et al., 2005; Golden et al., 2019),
indicating that antibody responses directed against these regions of GPC can be protective.
Nevertheless, the genetic diversity of the M segment and encoded GPC may be important
for vaccine design, since incomplete protection is observed when vaccine- encoded GPC and
challenge virus differ, at least with some vaccines (Suschak et al., 2021).

GPC-based vaccines can elicit GPC-specific T-cells (Buttigieg et al., 2014; Hawman et

al., 2021a; Suschak et al., 2021), indicating that the GPC can be targeted by T-cells.
However, T-cell epitope studies from human cases and animal models have demonstrated
that T-cells react primarily to NP, with most of the molecule eliciting memory T-cell
responses (Goedhals et al., 2017; Hawman et al., 2021a; Karaaslan et al., 2021; Mousavi-
Jazi et al., 2012). As in B-cell studies, PBMCs from geographically diverse samples elicited
T-cell memory responses to the NP. However, unlike B-cell epitopes, limited reactivity to
GPC was seen. Only two domains within GC induce T-cell responses (Goedhals et al.,
2017), while no T-cell epitopes have been observed within the GN (Goedhals et al., 2017).
One of the limitations for both sets of B- and T-cell studies is the reliance on synthetic
peptides used to stimulate PBMC or to bind antibodies in sera, and the potential effects

of O- or N-linked glycosylation present on each mature protein of the GPC. Only one

study attempted to synthetically glycosylate the peptides used to determine epitope regions
within the GPC (Fritzen et al., 2018); no additional reactivity of the sera was observed after
on- chip glycosylation of the peptides. While the authors caution that these experiments
may not mimic the natural glycosylation pattern on the envelop proteins, the limited value
from this approach to date suggests that post-translational modifications should be carefully
considered in future epitope studies that examine the GPC.

5. Knowledge gained from efforts to develop immune-based therapies and

vaccines

5.1. Therapeutic antibodies

Several mADb targeting the GC, such as 8A1, 11E7, 30F7, and 12A9 (curated within the Joel
M. Dalrymple-Clarence J. Peters USAMRIID Antibody Collection through BEI Resources,
NIAID, NIH) can neutralize wild-type virus or VLP (Ahmed et al., 2005; Bertolotti-Ciarlet
et al., 2005; Zivcec et al., 2017). However, in mice, neutralization is not directly associated
with protection (Fels et al., 2021; Kortekaas et al., 2015), and several non-neutralizing
antibodies from the collection, such as 13G8, 10G4, and 6B12, also confer protection
(Ahmed et al., 2005; Bertolotti-Ciarlet et al., 2005; Zhang et al., 2019; Zivcec et al., 2017).

Antibody treatment has not consistently improved outcomes in patients (Leshchinskaya,
1965; Suleiman et al., 1980; Van Eeden et al., 1985; Vassilenko et al., 1990). Data from
two studies are consistent with antibody therapy-mediated protection. During a nosocomial
outbreak in South Africa (1985), human convalescent serum was administered to 5 patients,
all of whom survived, while 2 untreated patients succumbed to disease (Van Eeden et

al., 1985). Similarly, in Bulgaria, 7 CCHF patients survived severe disease after receiving
immune plasma, though no control group was evaluated (Vassilenko et al., 1990). However,
several other attempts to utilize immune plasma to treat CCHF were less successful

Antiviral Res. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rodriguez et al.

Page 19

(Leshchinskaya, 1965; Suleiman et al., 1980). These mixed results are likely due to small
sample sizes and the lack of standardization for convalescent plasma dosing. While the
potential efficacy of administered plasma based on NADb titers was determined in only one
report (Vassilenko et al., 1990) from Bulgaria, other studies indicate that the neutralizing
activity of convalescent plasma from patients is often low (Shepherd et al., 1989).

Although not all passive transfer studies to date have shown a benefit, antibody treatment

is still a promising approach as the optimal quality and characteristics of antibody-based
therapeutics are determined. Bertolotti-Ciarlet et al. (2005) generated 14 mAbs targeting the
PreGN [later identified as targeting GP38 domain (Golden et al., 2019)] and 14 targeting
GC, and evaluated /n vitro plaque reduction and protective efficacy in suckling mice when
mAbs are administered 24 h before or 24 h after challenge (Bertolotti-Ciarlet et al., 2005;
Golden et al., 2019). Overall, neutralization did not correlate with /n vivo protection,
supporting evidence from vaccination studies (section 5.2). Treatment before challenge
conferred better levels of protection, and efficacy was independent of mAb neutralization
titers. Treatment post infection was largely ineffective in groups receiving Ge-targeted
neutralizing antibodies, whereas some protection was seen in almost all groups receiving
non-neutralizing, GN-targeted mAbs. Only 6 of 12 neutralizing GC mAbs conferred 220%
protection vs. 9 of 14 PreGn/GP38 non-neutralizing mAbs (Bertolotti-Ciarlet et al., 2005,
Golden et al., 2019). A more recent study of the protective efficacy of these antibodies in
neonatal and IFNAR™~ mice confirmed these results (Golden et al., 2019). Notably, the
researchers identified a non-neutralizing antibody (mAb-13G8) targeting the PreGN GP38
domain that conferred 100% protection from lethal challenge, indicating that a mechanism
other than virus neutralization may be an important correlate of survival and protection. This
mechanism could be Fc-mediated effector functions such as ADCC, ADCP, or complement-
dependent cytotoxicity (Golden et al., 2019). Recently, neutralizing antibodies identified in
human survivors were found to protect mice from lethal infection when administered 24
hours prior to infection or 30 min post- exposure. When the same candidates were given
therapeutically at 24 hpi, protective efficacy was largely lost (Fels et al., 2021). These
outcomes are consistent with the lack of robust NAD titers seen in human survivors as well
as recipients of the Bulgarian vaccine (Mousavi-Jazi et al., 2012; Shepherd et al., 1989),
and suggest that antibodies may have protective functions beyond neutralizing infectious
particles.

5.2. Vaccines

To date, over 30 CCHFV vaccine candidates have been evaluated, as reviewed in (Tipih

and Burt, 2020). In general, all studies that assessed Ig responses found detectable levels

of antibodies; however, NAbs were only generated when some form of GC (i.e., whole
virion, VLP, GPC, or GC) was used as antigenic stimulation. Non-neutralizing antibodies
that target portions of the PreGy molecule, specifically GP38, confer passive protection, and
vaccines targeting only GP38 protect against several CCHFV strains (Golden et al., 2019;
Mishra et al., 2020; Suschak et al., 2021). While this molecule was originally considered a
non-structural protein (Bergeron et al., 2007; Bertolotti-Ciarlet et al., 2005; Sanchez et al.,
2006), recent studies show that GP38 can be antigenically found on the surface of nascent
CCHF VLP (Golden et al., 2019) and is required for production of infectious VLP (Freitas et
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al., 2020). As of the writing of this review, these data have yet to be validated with wild-type
CCHFV.

Low levels of NAbs after vaccination with the Bulgarian inactivated CCHFV vaccine are
consistent with the neutralizing responses in human cases (section 7) (Mousavi-Jazi et al.,
2012). While this vaccine may have contributed to reducing the number of reported CCHF
cases in Bulgaria over a 21-year period, NAb titers were low in most vaccinees, even in
individuals who had received four doses (Mousavi-Jazi et al., 2012; Papa et al., 2016a).

A recent study of a DNA-based CCHFV vaccine in cynomolgus macaques yielded similar
results: compared to sham-vaccinated controls, vaccinated animals effectively controlled
infection in the absence of robust NAb titers (Hawman et al., 2021a). Correspondingly,
several other experimental vaccines evaluated in murine models produced high NAD titers
in the absence of protection (Buttigieg et al., 2014; Kortekaas et al., 2015). In addition, in
humans vaccinated in Bulgaria, T-cell responses to NP correlate with the number of doses
received (Mousavi-Jazi et al., 2012). T-cell responses have also been implicated in vaccines
encoding NP; numerous vectored and DNA/RNA vaccines encoding NP confer up to

100% protection from lethal CCHFV challenge in immunocompromised mice (Aligholipour
Farzani et al., 2019b, 2019c, 2019a; Scholte et al., 2019; Zivcec et al., 2018) and NHPs
(Hawman et al., 2021a). While complete protection can be achieved with NP alone, the
delivery or vector of expressing this antigen is important. For example, the modified
vaccinia Ankara virus (MVA) platform provides protection with GPC alone, but not with
NP alone (Buttigieg et al., 2014; Dowall et al., 2016a; Dowall et al., 2016b). Despite
classic dogma that vaccine protection is achieved through NAb production, this may not

be the case for CCHF. In addition, the high sequence diversity of GPC, with up to 25%
differences in amino acid sequences among strains (Bente et al., 2013), suggests incomplete
protection may be a concern for GPC-only vaccines when the infecting strain differs from
the vaccine-encoded antigen. Thus, presence of the highly conserved NP (<5% amino acid
differences among strains) in vaccines may be warranted.

6. Conclusion: goals for future research

An overview of innate and adaptive responses discussed above is provided in Figure 1 and
summarized in Table 6, highlighting “knowns” and “unknowns” regarding key processes in
the immunobiology of CCHF: (1) virus exposure (mucosal/tick bite); (2) cellular infection;
(3) liver injury; and (4) adaptive immunity. As discussed above (Section 2), many studies
have attempted to address important questions; continuing efforts to answer these questions
will have importance for human health beyond CCHF. In conclusion, addressing these
questions will help us understand how the virus causes disease in humans; why only some
humans develop severe disease; and how viruses spill over into human populations.

. Why are humans uniquely susceptible to clinical disease? Humans are largely
a dead-end host for CCHF; severe disease is therefore an incidental outcome
of selective pressures exerted by the tick and mammalian species that serve as
the reservoir and amplifying hosts. Understanding how CCHFV causes disease
in humans, but not in most other vertebrates, will provide critical insight into

Antiviral Res. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rodriguez et al. Page 21

the ability of viruses to spill over into human populations and the factors
present in various hosts that prevent or promote disease. Comparative studies
in susceptible and resistant models, such as the use of lethal versus non-lethal
CCHEFV strains in immunodeficient models or male and female mice infected
with mouse-adapted CCHFV, provide an opportunity to identify how distinct
host responses may contribute to disease outcome. Similarly, comprehensive
investigation of CCHFV infection in cattle, sheep, goats or other resistant species
will provide insight into unique host responses of reservoir species that likely
exert significant selective pressures on the virus. Lastly, mouse adaptation of
CCHFV provides a roadmap to the key viral proteins necessary for in vivo
pathogenesis, and understanding how the virus has adapted to cause disease in
mice will provide insight into how it causes disease in humans.

. Does cellular tropism within the mammalian host contribute to disease
outcome? We currently have limited understanding of the tropism of CCHFV
in vivo. Many hemorrhagic fever viruses cause disease by infecting immune
cells, leading to dysregulated host responses. Determining the cellular tropism
of CCHFV in susceptible and resistant hosts may identify key cell populations
that contribute to disease susceptibility and increase our understanding of how
responses in these infected cells can contribute to disease outcome.

. How does the host sense CCHFV infection? Despite the severe morbidity and
mortality of human infection, how the host senses CCHFV and the restriction
factors that limit viral replication are still poorly understood. Identifying host
sensing and restricting factors will provide necessary data for understanding how
CCHFV causes such a broad spectrum of disease outcomes in humans.

. How does CCHFV antagonize host innate immune responses? Across human
pathogenic viruses in the Bunyavirales order, the role of CCHFV proteins in
mediating pathogenesis are among the least understood. Improved understanding
of how the virus antagonizes specific host innate restriction factors will enable
development of targeted therapeutics that block this antagonism or target the
host to promote antiviral responses. Understanding how the virus interacts with
the human host to cause disease will also enable study of whether the genetic
diversity of CCHFV contributes to disease outcome. Are some strains more
virulent than others? If so, can they be linked by similar genetic traits? This
information, combined with surveilling circulating strains in endemic areas,
would enable identification of particular strains that may pose an enhanced risk
and direct limited public health resources to those most at risk for severe disease.

. What role does the host inflammatory response play in disease? For many
viral hemorrhagic fevers, dysregulated inflammatory responses contribute to
severe morbidity and mortality. A detailed understanding of whether this happens
in CCHF is needed. Additionally, animal studies that use therapeutic agents
to modulate the host inflammatory response will enable design of therapeutic
strategies that promote protection and limit damaging responses. Such strategies
may improve clinical outcome in severely ill patients.
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. Isimmunity durable and broadly protective? CCHFV is among the most widely
distributed and genetically diverse hemorrhagic fever viruses. As ongoing pre-
clinical development continues and eventual clinical development of vaccines
begins, creating a vaccine for each individual strain or even closely related
strains will be impractical. Thus, a successful vaccine must protect against all
strains, but whether immunity will be broadly protective, and which correlates
of vaccine-induced immunity contribute to broad protection, are poorly studied.
Research is needed to address the breadth of immunity to CCHFV to direct
critical vaccine development. Knowledge of the duration of immunity is also
critical for determining public health strategies for deploying vaccines to at-risk
populations.
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. Humans are uniquely susceptible to severe disease upon infection with

. CCHFV pathogenesis appears to be a contribution of virus-induced pathology

. Both innate and adaptive immunity likely contribute to control of CCHFV

. Recent advances in animal modeling of infection will further studies of host

. A better understanding of CCHFV immunobiology is needed to direct vaccine
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Figure 1.

An overview of current knowledge of innate and adaptive responses in immunobiology

of CCHFV infection (see accompanying Table 6). (1) Whether infection is via tick bite
(A) or mucosal exposure (B), the initial events, including virus trafficking from the site

of infection and dissemination to other organs, are poorly understood. Tissue damage is
likely a combination of direct infection (2), inflammatory innate responses (3), and killing
of infected cells by activated adaptive immune cells (4). Upon infection (2), many host and
viral proteins are engaged to promote and limit viral replication. Host sensors that detect
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infection and initiate innate responses are not well understood and host proteins that act as
restriction factors largely remain to be identified. Although type I IFN response is likely

a key determinant of disease outcome and infection rapidly becomes resistant to type | IFN-
mediated restriction, how virus blocks or resists type | IFN is largely unknown. Additionally,
CCHFV possesses proteins with both pro- and anti-apoptotic function, suggesting apoptosis
modulation may be a key factor in pathogenesis. Innate cell responses likely play a key
early role in disease outcome (3). Infected innate cells can produce pro-inflammatory
cytokines that recruit inflammatory cells, further contributing to tissue injury. Innate immune
cells such as macrophages and dendritic cells can be infected, although whether they are
important for controlling the virus through IFN production, antigen presentation, or reactive
oxygen species production is unclear. Cells appear to only become partially activated in
response to infection, and whether virus directly inhibits full activation resulting in improper
antigen presentation requires further study. (4) Lastly, the role of adaptive immunity in
controlling infection warrants further study. Neutralizing antibodies are not necessary

for protection, yet other critical effector functions of antibody responses remain to be
determined. The role of T-cells is even less clear. It is unknown if CD4 T-helper activity

is required for support of B- and CD8-T-cell responses; cytotoxic activity of NK and/or
CD8 T-cells is required for controlling virus; T-cells control CCHFV through production

of antiviral cytokines; or virus-infected cells resist cytotoxic effector cells through actively
blocking host cell apoptosis.
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Table 1.
CCHFV infection in immune-related cells
Cell type Source Virus/VLP strains Permissive | Reference
Peripheral blood Human 1bAr10200 As (Connolly-Andersen et al., 2009)
mononuclear
Natural killer Human 1bAr10200 - (Connolly-Andersen et al., 2009)
Monocyte Human 1bAr10200 As (Connolly-Andersen et al., 2009)
Macrophage Murine 1bAr10200 + (Zivcec et al., 2018), (Zivcec et al., 2013), (Welch et
al., 2020), (Welch et al., 2019)
Human Afghanistan-2009 + (Zivcec et al., 2015)
Human Turkey-2004, Oman-1998, ++ (Zivcec et al., 2015), (Garcia-Sastre et al., 2005)
UG3010
Human 1bAr10200 As (Scholte et al., 2017), (Zivcec et al., 2015),
(Garcia-Sastre et al., 2005)
M2 - Macrophage Human IbAr10200 + +A (Peyrefitte et al., 2010)
Kupffer Human Various South African ++ (Burt et al., 1997)
Strains
Murine IbAr10200, + (Zivcec et al., 2018), (Zivcec et al., 2013), (Bente et
Afghanistan-2009, al., 2010), (Welch et al., 2020), (Welch et al., 2019),
Turkey-2004, (Tignor and Hanham, 1993), (Spengler et al., 2017),
Oman-1998 (Lindquist et al., 2018)
Monkey Hoti ++ (Haddock et al., 2018)
Multinucleated giant Murine ¥ | Turkey-2004, Oman-1998 + (Spengler et al., 2017)
Macrophages
Histiocytes Murine ** | Turkey-2004 + (Spengler et al., 2017)
Dendritic cells Human 1bAr10200 — (Connolly-Andersen et al., 2009),
(Peyrefitte et al., 2010)
Murine IbAr10200 ** Oman-1998 + (Spengler et al., 2017), (Welch et al., 2019)
Dermal dendritic cells Human 1bAr10200 44 (Rodriguez et al., 2018)
Human AP92 _/+A (Rodriguez et al., 2018)
Langerhans cells Human IbAr10200 +A (Rodriguez et al., 2018)
Human AP92 _/+A (Rodriguez et al., 2018)
Stellate cells Murine 1bAr10200 + (Zivcec et al., 2013)
Glial cells Murine ¥ | Turkey-2004 + (Spengler et al., 2017)
Lymphocytes NHP Hoti As (Haddock et al., 2018)
B-Cells Human 1bAr10200 - (Connolly-Andersen et al., 2009)
T-Cells Human 1bAr10200 As (Connolly-Andersen et al., 2009)

++ . . o -
, strongly permissive; +, permissive; —/+ weakly permissive; -, not permissive;

A, evidence of virus propagation from cell type;

Aok

, humanized mouse model; NHP, non-human primate (Cynomolgus macaque)
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Cytokine | Infected cell/species Lethal Sample Level in acute Reference
infection
IL-1a Cell (dDC, LC) - Cord blood NSF (Rodriguez et al., 2018)
IL-1B Human (Turkey) Y Serum + (Papa et al., 2016b)
Mouse (STAT-1, Y/N Plasma/serum, + (Bente et al., 2010), (Hawman et al., 2019), (Welch
IFNAR) liver/spleen etal., 2019)
Cell (DC, dDC, LC) - PBMC/cord NSF (Connolly-Andersen et al., 2009),
blood (Rodriguez et al., 2018)
IL-2 Human (Turkey) Serum NSF (Papa et al., 2016b)
Mouse (IFNAR) Serum + (Hawman et al., 2019)
IL-3 Mouse (IFNAR) Serum + (Hawman et al., 2019)
IL-6 Human (Turkey, Y/N Serum +¥ (Ergonul et al., 2006), (Papa et al., 2006), (Ergondl
Albania) etal., 2017), (Papa et al., 2016b)
NHP Y/N Serum + (Haddock et al., 2018), (Cross et al., 2020), (Smith
etal., 2019)
Mouse (STAT-1, Y Plasma/Serum + (Bente et al., 2010), (Hawman et al., 2019)
IFNAR)
Cell (Mg, DC, dDC, - PBMC/cord + (Peyrefitte et al., 2010), (Connolly-Andersen et al.,
LC) blood 2009), (Peyrefitte et al., 2010), (Rodriguez et al.,
2018)
IL-7 Cell (dDC, LC) - Cord Blood NSF (Rodriguez et al., 2018)
1L-8 Human (Turkey) Y/N Serum +, +/- (Ergondil et al., 2017), (Papa et al., 2016b)
Cell (DC, dDC) - PBMC/cord + (Peyrefitte et al., 2010), (Rodriguez et al., 2018)
blood
Cell (DC, LC) - PBMC/cord NSF (Connolly-Andersen et al., 2009),
blood (Rodriguez et al., 2018)
1L-9 Human (Turkey) Y/N Serum + (Papa et al., 2016b)
Mouse (IFNAR) N Serum + (Hawman et al., 2019)
IL-12 Human (Turkey, Y/N Serum NSF (Saksida et al., 2010), (Papa et al., 2016b)
Kosovo)
Mouse (IFNAR) N Serum NSF (Hawman et al., 2019)
Cell (dDC, LC) - Cord blood NSF (Rodriguez et al., 2018)
1L-13 Human (Turkey) Y/N Serum NSF (Papa et al., 2016b)
Mouse (IFNAR) N Serum NSF (Hawman et al., 2019)
IL-15 Human (Turkey) Y/N Serum + (Papa et al., 2016b)
NHP Y/N Serum + (Haddock et al., 2018), (Cross et al., 2020), (Smith
etal., 2019)
Cell (dDC, LC) - Cord blood NSF (Rodriguez et al., 2018)
IL-17A NHP Y/N Serum + (Haddock et al., 2018)
Mouse (IFNAR) N Serum + (Hawman et al., 2019)
IL-18 NHP N Serum + (Cross et al., 2020), (Smith et al., 2019)

DC, dendritic cell; dDC dermal dendritic cell; IFNAR, type | interferon (IFN) receptor-deficient mice; LC, Langerhans cell; Mg, macrophage;
-, not applicable; STAT-1, STAT 1-deficient mice; NHP, non-human primate (all NHP data are from Cynomolgus macaques); NSF, no significant
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findings; +, elevated; +/—, can be elevated; Y, reported in lethal disease; Y/N, reported in lethal and non-lethal disease; N, reported in non-lethal
disease;

*
, significantly higher in fatal CCHF than in non-fatal CCHF.
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Cytokine | Infected cell/species Lethal Sample Level in acute Reference
infection
IP-10 Human (Turkey) Y/N Serum + (Papa et al., 2016b)
Mg - PBMC + (Peyrefitte et al., 2010)
TNF-a Human (Turkey, Y/N Serum + (Ergonul et al., 2006), (Papa et al., 2006),
Albania, Kosovo) (Saksida et al., 2010), (Papa et al., 2016b)
Mouse (STAT-1, Y/N Plasma/serum + (Bente et al., 2010), (Hawman et al., 2019)
IFNAR)
Cell (Mg, DC, dDC, - PBMC/cord + (Connolly-Andersen et al., 2009), (Peyrefitte et
LC) blood al., 2010), (Rodriguez et al., 2018)
MCP-1 Human (Turkey) Y/N Serum + (Papa et al., 2016b), (Ergéniil et al., 2017)
NHP Y/N Serum + (Haddock et al., 2018), (Smith et al., 2019),
(Cross et al., 2020)
Mouse (STAT-1) Y Plasma + (Bente et al., 2010)
Mouse (IFNAR) N Serum + (Hawman et al., 2019)
Cell (Mg, dDC, LC) - PBMC/cord + (Peyrefitte et al., 2010), (Rodriguez et al., 2018)
blood
MIP-1a Human (Turkey) Y/N Serum +/- (Papa et al., 2016b)
Mouse (IFNAR) N Serum + (Hawman et al., 2019)
Cell (Mg) - PBMC + (Peyrefitte et al., 2010)
MIP-1b Human (Turkey) Y/N Serum +/- (Papa et al., 2016b)
NHP Y/N Serum + (Haddock et al., 2018)
Mouse (IFNAR) N Serum + (Hawman et al., 2019)
RANTES | Human (Turkey) Y/N Serum (@) (Papa et al., 2016b)
Mouse (IFNAR) N Serum + (Hawman et al., 2019)
Cell (Mg) - PBMC + (Peyrefitte et al., 2010)
CD154 NHP N Serum + (Smith et al., 2019)
VEGF Human (Turkey) Y/N Serum +/- (Papa et al., 2016b)
NHP N Serum + (Smith et al., 2019)
GM-CSF | Human (Turkey) Y/N Serum NSF (Papa et al., 2016b)
Mouse (IFNAR) N Serum =) (Hawman et al., 2019)
PDGF Human (Turkey) Y/N Serum +/- (Papa et al., 2016b)
Eotaxin Human (Turkey) Y/N Serum +/- (Papa et al., 2016b)
Mouse (IFNAR) N Serum + (Hawman et al., 2019)
KC Mouse (IFNAR) N Serum + (Hawman et al., 2019)

DC, dendritic cell; dDC dermal dendritic cell; IFNAR, type | interferon (IFN) receptor-deficient mice; LC, Langerhans cell; Mg, macrophage; —,
not applicable; STAT-1, STAT 1-deficient mice; NHP, non- human primate (all NHP data are from Cynomolgus macaques); NSF, no significant
findings; +, elevated;

+/-, can be elevated; Y, reported in lethal disease; Y/N, reported in lethal and non-lethal disease; N, reported in non-lethal disease;

*
, significantly higher in fatal CCHF than in nonfatal CCHF.
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Table 4.
Anti-inflammatory cytokine response to CCHFV
Cytokine | Infected cell/species | Lethal disease Sample Level in acute Reference
infection
IL-1RA Human (Turkey) Y Serum +/- (Papa et al., 2016b)
NHP Y/N Serum + (Haddock et al., 2018), (Smith et al., 2019),
(Cross et al., 2020)
IL-4 Human (Turkey) YIN Serum NSF (Papa et al., 2016b)
Mouse (IFNAR) N Serum + (Hawman et al., 2019)
IL-5 Human (Turkey) YIN Serum -) (Papa et al., 2016b)
Mouse (IFNAR) N Serum + (Hawman et al., 2019)
1L-10 Human (Turkey) YIN Serum + (Ergonul et al., 2006)
Human (Albania) Y Serum + (Papa et al., 2006)
Human (Kosovo) Y Serum + (Saksida et al., 2010)
Human (Turkey) YIN Serum + (Papa et al., 2016b)
Mouse (STAT-1, YIN Plasma/serum + (Bente et al., 2010), (Hawman et al., 2019)
IFNAR)
Cell (DC) - PBMC Slightly elevated or | (Connolly-Andersen et al., 2009),
NSF (Peyrefitte et al., 2010)
Cell (dDC, LC) - Cord Blood NSF (Rodriguez et al., 2018)
IL-19 Cell (DC) - PBMC NSF (Connolly-Andersen et al., 2009)
G-CSF Human (Turkey) Y/N Serum +/- (Papa et al., 2016b)
Mouse (IFNAR) N Serum -) (Hawman et al., 2019)

DC, dendritic cell; dDC dermal dendritic cell; IFNAR, type | interferon (IFN) receptor deficient mice; LC, Langerhans cell; Mg, macrophage;
-, not applicable; STAT-1, STAT 1-deficient mice; NHP, non-human primate (all NHP data are from Cynomolgus macaques); NSF, no significant
findings; +, elevated; +/-, can be elevated; (=), decreased; Y, reported in lethal disease; Y/N, reported in lethal and non-lethal disease; N, reported

in non-lethal disease;

*
, significantly higher in fatal CCHF than in nonfatal CCHF.
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Source N Location Date* IgM | 1gG | NAbs | Parameters associated | Reference

with survival
Human 7 Bulgaria 1989 NR NR - - (Vassilenko et al., 1990)
Human 8 Bulgaria 2011 + + + 1gG, Non-NAbs (Mousavi-Jazi et al., 2012)
Human 11 Bulgaria 2013-4 + + - 1gG (Papa et al., 2016a)
Human 5 India 2015 + - - (1gM not associated (Yadav et al., 2016)

with
survival)
Human 12 India 2011-9 + - - IgM (Gambhir and Rathod, 2019)
Human 24 Kosovo 2001, + + - 1gG, (Duh et al., 2007)
2003, (IgM not associated
2005 with survival)
Human 3 Pakistan 2016 - + - 19G (Yaqub et al., 2019)
Human 7 Russia 19614 NR NR - - (Leshchinskaya, 1965)
Human 1 Senegal 2003 + + - 1gM/1gG (Nabeth et al., 2004)
Human 7 South Africa | 1984 NR NR - - (Van Eeden et al., 1985)
Human 35 South Africa | 1981-7 + + + 1gM/1gG, Non-NAbs (Shepherd et al., 1989)
Human 7 South Africa | 1984 NR NR - Abs (unspecified) (Shepherd et al., 1985)
Human 101 | South Africa | 1981-92 + + - 1gM/1gG (Burt et al., 1994)
Human 2 Spain 2016 + + - 1gM/1gG (Negredo et al., 2017)
Human 20 Turkey 2012 + + - Anti-NP IgM/IgG, (Ergunay et al., 2014)
(Anti-GPC IgM/1gG
not
associated with
survival)

Human 31 Turkey 2012-4 - + - 1gG (Kaya et al., 2014)
Human 1 Uganda 2015 + + - 1gM/1gG (Balinandi et al., 2018)
Human 7 UAE 1979-80 | NR NR - Abs (unspecified) (Suleiman et al., 1980)
Human 1 UK 2014 + + - 1gM/1gG (Lumley et al., 2014)
Cynomolgus 12 NA 2018 + + + - (Haddock et al., 2018)
macaque
Suckling mice 5-8 | NA 2005 - + + NADbs, Non-NAbs (Bertolotti-Ciarlet et al., 2005)
IFNAR ™~ mice 23 NA 2019 - + + Non-Nabs (Golden et al., 2019)
IFNAR ™~ mice 5-8 | NA 2019 + + + Non-Nabs (Hawman et al., 2019)
IFN-1 deficient 8 NA 2019 - + + Non-NAb in the (Golden et al., 2019)
(Ab) absence of FcR
FcR—/- mice
IFN-1 deficient 8 NA 2019 - + + Non-NAb + (Golden et al., 2019)
(Ab) complement
C3-/- mice
Ragl™~ mice 5-8 | NA 2021 + + - IgM/1gG (Hawman et al., 2021)

*
Date of sampling; N, sample size; NA, not applicable; NR, not reported; +, detected; —, not detected.
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