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This review presents evidence that the C-X-C motif chemokine receptor 3 (CXCR3) axis and its ligands, CXCL9, CXCL10, and
CXCL11, serve as crucial coordinators of immune responses in viral hemorrhagic fever diseases. We delineated the biology
of CXCR3 and its expression in Thl, Th17.1, T follicular helper, regulatory T, cytotoxic CD8 T, and natural killer cells. Ad-
ditionally, we summarized the role of interferon-mediated gradients of CXCL9, CXCL10, and CXCL11 in the recruitment and
programming of these effector cells within inflamed tissues. Research involving both human and animal subjects has consistently
associated elevated CXCL9/10/11 signaling with disease activity, endothelial dysfunction, and clinical outcomes. Experimental
models have further elucidated that these signals can exert both protective and detrimental effects depending on factors such
as timing, tissue compartment, and cell type. Proof-of-concept interventions demonstrate the greatest efficacy in dengue disease
models, where modulation of this pathway results in reduced viral replication, restoration of type I interferon functions, improve-
ment in hematologic parameters, and limitation of vascular leakage. In various hemorrhagic fevers, convergent transcriptomic
and proteomic signatures identify the pathway as a viable target and source of dynamic biomarkers for risk stratification and
response monitoring. Collectively, the CXCR3 axis emerged as a unifying mechanism and is a promising intervention for con-

trolling viral hemorrhagic fever.
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Introduction

Viral hemorrhagic fevers (VHFs) are severe, life-
threatening systemic febrile illnesses caused by a diverse
group of RNA viruses belonging to the Arenaviridae (e.g.,
Lassa virus), Filoviridae (e.g., Ebola and Marburg viruses),
Flaviviridae (e.g., Dengue virus), Hantaviridae (e.g., Han-
taan viruses), Nairoviridae (Crimean-congo hemorrhagic
fever virus), Paramyxoviridae (Nipah virus), Phenuiviri-
dae (Rift valley fever virus) families [1]. Despite their
taxonomic differences, these viruses share common clini-
cal features, such as fever, systemic inflammation, vascular
leakage, coagulopathy, and multi-organ dysfunction, all of
which contribute to their high mortality rates, particularly in
the absence of timely supportive care [ 1-4]. While specific
viral targets and clinical manifestations vary across differ-
ent VHF viruses, they exhibit similar pathogenic mech-
anisms, including direct viral cytotoxicity, immune eva-
sion strategies, and significant host immune dysregulation,
which collectively contribute to the disease [4-9]. Upon en-
try into the host, these viruses typically infect immune cells
such as monocytes, macrophages, dendritic cells [10-12],
and, in some instances, endothelial cells [13], facilitating
rapid viral replication and systemic dissemination [2,14].
Many of these viruses employ mechanisms to suppress or

delay the host’s early interferon response, thereby enabling
unchecked viral replication and increasing the potential for
widespread tissue damage [6,9,15].

A defining characteristic of severe VHFs is the dys-
regulated activation of the host immune system, result-
ing in the excessive production of pro-inflammatory cy-
tokines and chemokines [16—18]. This excessive inflamma-
tory response compromises vascular integrity, increases en-
dothelial permeability, and results in plasma leakage, tissue
edema, hypotension, and multiorgan dysfunction [19]. The
ensuing coagulopathy, including disseminated intravascu-
lar coagulation, in conjunction with systemic viral dissem-
ination, can result in multi-organ failure, hypovolemia, and
shock [20-25]. In addition to the hyperinflammatory re-
sponse, many VHFs are marked by significant lympho-
cyte depletion, particularly of CD4+ and CD8+ T cells,
leading to immunosuppression and impaired viral clearance
[26-29]. Lymphocyte apoptosis, particularly in the con-
text of Ebola virus (EBOV) infection, is well-documented
in severe cases, driven by both direct and indirect mech-
anisms [30-33]. In contrast, our recent study utilizing
an EBOV-infected non-human primates (NHPs) model re-
vealed that EBOV infection resulted in significant deple-
tion of myeloid, erythroid, and megakaryocyte hematopoi-
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etic cells in the bone marrow (BM). These depletions were
inversely correlated with cell proliferation and were not as-
sociated with BM apoptosis during the progression of the
disease [34].

Chemokine-mediated trafficking of immune cells is a
critical component of the dysregulated immune response
observed in VHFs. Elevated concentrations of interferon-
inducible chemokines, notably CXCL9, CXCL10 (IP-10),
and CXCL11 [28,33,35,36], have been consistently associ-
ated with severe outcomes in VHFs. C-X-C chemokine re-
ceptor 3 (CXCR3) plays a crucial role in antiviral immunity
by guiding effector lymphocytes to inflamed tissues in re-
sponse to the chemokines CXCL9, CXCL10, and CXCLI11
[37-42]. Although this axis is crucial for effective antivi-
ral responses, excessive or dysregulated CXCR3 signaling
may lead to pathological immune infiltration, tissue dam-
age, and vascular injury. A genetic association study sug-
gested that CXCL10 and CXCL11, along with their recep-
tor CXCR3, are significantly implicated in the severity of
dengue disease. Furthermore, haplotype analysis revealed
a significant association between CXCL10 and CXCL11
and vascular leakage. These findings highlight the role
of CXCR3 and its ligands in immune-mediated endothelial
dysfunction [43].

Our recent study demonstrated a significant reduction
in circulating CXCR3+ CD8+ T cells in NHPs exposed to
the EBOV, suggesting that the loss of these effector cells
may compromise the antiviral T cell response in severe in-
fections [44]. Supporting this, a separate study in humans
and NHPs also reported a marked decrease in both CXCR3+
B and T cells following EBOV infection [25]. Collectively,
these findings indicate that the disruption of CXCR3+ lym-
phocyte populations is a common feature of VHFs and may
contribute to both immune suppression and uncontrolled vi-
ral dissemination. Given these observations, understanding
the dynamics of CXCR3 expression and function in VHFs
is essential for elucidating the mechanisms of immune dys-
function and exploring potential therapeutic interventions
aimed at restoring effective antiviral immunity. In this re-
view, we discuss the role of CXCR3 in the immunopatho-
genesis of VHFs, highlighting the emerging link between
CXCR3-driven immune responses and disease severity. We
also explored the potential of targeting this pathway as a
novel therapeutic strategy.

Viral Hemorrhagic Fever Diseases (VHFDs)

Viral hemorrhagic fever diseases (VHFDs) include a
varied collection of viruses that cause febrile illnesses with
hemorrhagic symptoms, originating from families such
as Arenaviridae, Filoviridae, Flaviviridae, Hantaviridae,
Nairoviridae, Paramyxoviridae, and Phenuiviridae. These
enveloped viruses can lead to a range of symptoms, from
mild to severe and may even be life-threatening. The clin-
ical manifestations may include hemodynamic instability,

alterations in cognitive function, and coagulopathy. Most
of these viruses depend on secondary hosts for transmis-
sion to humans, with many being spread by arthropods, ro-
dents, and mammals. These diseases usually remain in ar-
eas where their animal hosts are located. However, due to
increased human travel and global connectivity, these dis-
eases can spread beyond their original geographic bound-
aries. Table 1 (Ref. [45-51]) provides a comprehensive
enumeration of all VHFDs, detailing their primary and sec-
ondary hosts, their current treatments, and the treatment op-
tions approved to date.

Most VHFs lack an approved vaccine, with yellow
fever, Ebola, and Junin being notable exceptions. For in-
stance, individuals infected with the yellow fever virus
(YFV) may exhibit no symptoms or only mild ones, such
as sudden fever, chills, severe headache, back pain, vom-
iting, fatigue, and weakness. While the majority of symp-
tomatic individuals recover within a week, a small percent-
age develop severe illness, with 30-60% of these cases re-
sulting in mortality due to shock and organ failure. Al-
though there is no medication to treat yellow fever, an ef-
fective 17D live attenuated vaccine is available [52]. Sim-
ilarly, the EBOV, first identified in 1976 in Zaire, now the
Democratic Republic of Congo, has experienced several
outbreaks throughout Africa. Ebola initially presents with
flu-like symptoms, including fever, loss of appetite, mus-
cle pain, and headache, which may progress to more se-
vere symptoms such as bleeding, diarrhea, rash, and black,
tarry stool. In later stages, Ebola can be severe, including
brain inflammation, seizures, and organ failure. Treatment
encompasses supportive therapy and may also incorporate
monoclonal antibody therapy. A highly effective vaccine is
available to mitigate the transmission of this infection and is
predominantly recommended for individuals who are at an
elevated risk of contracting the virus [53]. The Junin virus
(JUNV), responsible for Argentine hemorrhagic fever, ini-
tially presents with symptoms similar to the flu, including
fever, malaise, and headache. Over time, the virus can lead
to hemorrhagic and neurological complications, with a mor-
tality rate reaching up to 20% among those infected. The
primary treatment involved administering immune plasma
from individuals who had recovered, which significantly
lowered the mortality rate. Additionally, ribavirin has been
approved as a treatment option alongside supportive care.
Since the introduction of the live-attenuated Candid #1 vac-
cine in the 1990s, the disease has been brought under con-
trol, and its incidence has significantly decreased [54]. Al-
though research into new vaccine platforms is ongoing for
several VHFs, focusing on chemokine signaling pathways
is a significant research area for developing alternative and
preventive strategies. The role of the CXCR3 axis in each
disease is discussed separately in the following sections,
where relevant.
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Table 1. Detailed list of all viral hemorrhagic fever diseases.

Virus family Virus name Enveloped Diameter Incubation Geographic distribution Primary host Secondary Mode(s) of transmission Approved  Antiviral or other
and genome (nm)/Length period (in host vaccine treatment options
type (pm) days)
Arenaviridae Lassavirus ambisense  50-300 2-21  Benin, Burkina Faso, Cote Mastomys natalensis, Humans Contaminated objects, food, and rodents ~ None Supportive care
[45] (LASV) ssSRNA d’Ivoire, Ghana, Guinea,  Hylomyscus pamfi, exposed to infected urine or droppings
Liberia, Mali, Nigeria, Mastomys
Sierra Leone, Togo, erythroleucus, Mus
imported cases in Europe, baoulei
Japan, USA
Lujo virus  ambisense ~ 50-300 7-13 Zambia, South Africa  Still unknown, likely Humans Breathing in air with an infected rodent’s None Supportive care
(LUJV) ssRNA Rodents urine, droppings, or nesting materials,
contaminated objects, food, or being
bitten or scratched by infected rodents
Junin virus  ambisense  110-300 614 Argentina Calomys musculinus, Humans Mucosal exposure, aerosolized excretions Live- Ribavirin is the only
(JUNV) ssRNA also isolated from C. or secretions, or by direct contact of  attenuated approved antiviral drug
laucha, Akodon broken skin with infectious material from Candid#1 against arenaviruses in
azarae, and Oryzomys infected rodents vaccine  the USA; Supportive
flavescens care
Chapare virus ambisense  110-130 4-21 Bolivia Oligoryzomys microtis Humans Contact with the saliva, urine, and None Supportive care
(CHAPV) ssRNA droppings of infected rodents,
contaminated fine aerosol particles, or
bitten or scratched by an infected rodent
Sabia virus  ambisense ~ 30—400 6-21 Brazil Not yet identified, Humans Ingestion or exposure to aerosols None Ribavirin has shown
(SABV) ssSRNA likely a Rodent species generated from feces, urine, and saliva efficacy in treating
from the Calomys containing the virus human SABV
genus infections; ST-193, a
benzimidazole
derivative, showed in
vitro activity against
viral entry; Supportive
care
Machupo  ambisense  50-300 3-16 Bolivia Calomys callosus  Humans Exposure to chronically infected rodents, None Supportive care
virus ssRNA inhalation of aerosols generated from
(MACV) infected rodents
Guanarito  ambisense  50-200 3-19 Venezuela Zygodontomys Humans Contact with the excreta of its rodent None Supportive care
virus (GTOV)  ssRNA brevicauda reservoir, inhalation of virus in
aerosolized droplets of saliva, respiratory
secretions, urine, or blood from infected
rodents, or by inhalation of
virus-contaminated dust particles
Lymphocytic ambisense  110-130 7-14 Global Rodents Humans Contact with infectious mouse feces, None

choriomenin-  ssRNA
gitis virus
(LCMV)

urine, or secretions

Supportive care w
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Table 1. Continued.

Virus family Virus name Enveloped Diameter Incubation Geographic distribution Primary host Secondary Mode(s) of transmission Approved Antiviral or other
and genome (nm)/Length period (in host vaccine treatment options
type (um) days)
Filoviridae  Ebolavirus  negative- 80/upto 14  2-21  The Democratic Republic ~ Suspected: Eidolon =~ Non- Contact with infected person, ERVEBO Monoclonal antibodies
[46] (EBOV) sense of the Congo, Gabon,  helvum, Epomophorus human  contaminated materials, infected body (rVSVA- (Inmazeb and Ebanga);
ssSRNA Guinea, and the Republic gambianus, pri- fluids, Direct contact with bushmeat or ZEBOV- Supportive care
of the Congo Lissonycteris mates, bats, rodents, primates, living or dead in ~ GP) 2
angolensis, humans or from affected areas doses:
Micropteropus Zabdeno
pusillus, Mops (Ad26.ZEBOV)
condylurus, Rousettus and
aegyptiacus, Epomops Mvabea
franqueti, (MVA-
Hypsignathus BN-Filo)
monstrosus, and
Myonycteris torquata
Sudan virus  negative- 80/up to 14  2-21 Uganda, South Sudan Humans Contact with infected body fluids, None Supportive care
(SUDV) sense contaminated objects or surfaces,
ssRNA physical contact, and nursing care
Bundibugyo negative- 80/upto 14  2-21 Uganda, The Democratic Humans Contact with infected body fluids, None Supportive care
virus (BDBV)  sense Republic of the Congo infected animals, like a bat or primate
ssSRNA
Tai Forest  negative-  80/upto 14 2-21 Coéte d’Ivoire Humans, Only a single human was reported to be ~ None Supportive care
virus (TAFV) sense non- infected after being exposed to the virus
ssSRNA human during a wild chimpanzee necropsy,
pri- contact with infected body fluids, or
mates contact with an infected animal, like a bat
or primate
Marburg negative- 80/upto 2-21 Angola, The Democratic Egyptian fruit bat Humans, Human infections happen after direct None Supportive care
virus sense 0.79-0.97 Republic of the Congo, (Rousettus non- exposure to infected bats or after contact
(MARV) ssSRNA Equatorial Guinea, Ghana, aegyptiacus); also ~ human  with infected people’s body fluids and
Guinea, Kenya, Tanzania, detected in M. inflatus  pri- contaminated surfaces and materials
Uganda, Zimbabwe and Rh. Eloquens mates
Ravn virus  negative- 80/upto 2-21  The Democratic Republic ~ Egyptian fruit bat  Humans, Direct contact (through broken skin or None Supportive care
(RAVV) sense 0.66->1.0 of the Congo, Kenya, (Rousettus non- mucous membranes) with the blood,
ssSRNA Uganda aegyptiacus) human secretions, organs or other bodily fluids
pri- of infected people, and with
mates contaminated surfaces and materials
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Table 1. Continued.

Virus family Virus name Enveloped Diameter Incubation Geographic Primary host Secondary Mode(s) of transmission Approved vaccine  Antiviral or other
and genome (nm)/Length period (in distribution host treatment options
type (pm) days)
Flaviviridae  Yellow positive- 50 3-6 Africa, South Non-human Primates and ~ Humans Aedes aegypti, Haemagogus and 17D live attenuated ~ Supportive care
[47] fever virus sense America Humans Sabethes genera of mosquitoes vaccine
(YFV) ssRNA
Dengue positive- 50 5-7 Africa, the Humans, also detected in Humans Aedes aegypti, Aedes albopictus ~ Live-attenuated Supportive care
virus sense Americas, South  bats, non-human primates, Dengvaxia (3
(DENV) ssRNA and Southeast birds, bovids, dogs, horses, doses);
Asia, Western pigs, rodents, marsupials live-attenuated
Pacific region Qdenga (2 doses)
Kyasanur  positive- 40-65 3-8 India Monkeys, small mammals Non- Tick bites (Haemaphysalis Formalin- Supportive care
forest sense like rodents and shrews, and ~ human spinigera) inactivated vaccine
disease ssRNA Domesticated animals like  primates,
virus cattle, buffaloes, and goats humans
(KFDV)
Omsk hem-  positive- 3540 3-8 Western Siberia Ticks like Dermacentor Rodents, infected tick bite or by contact None Supportive care
orrhagic sense regions of Omsk,  reticulatus, Dermacentor humans  with biological material from an
fever virus ssRNA Novosibirsk, marginatus; mites belong to infected, sick, or deceased animal
(OHFV) Kurgan, and Gamasidae and
Tyumen Hydracarinae; Rodents like
Ondatra zibethicus,
Stenocranius gregalis and
Arvicola amphibius
Alkhurma  positive- 40 2-4 Saudi Arabia, Unknown. Hard ticks Humans, Transmitted from a domesticated None Supportive care
hemor- sense Egypt (Hyalomma sp.) may actas livestock animal by direct contact or
rhagic fever  ssRNA both vector and reservoir animals  through tick and mosquito bites
virus
(AHFV)
Hantaviridae Dobrava  segmented  80-120 2-42 Europe Apodemus flavicollis and Humans inhalation of aerosols or dust None Supportive care
[48] virus negative- Apodemus ponticus rodents particles contaminated with
(DOBV) sense virus-containing rodent excreta
ssRNA
Hantaan  segmented  80-120 7-56 Americas, Rodents (Peromyscus Humans  infected rodent or insectivore =~ Hantavax: licensed ~Supportive care
virus negative- Europe, Asia sonoriensis), Moles (Talpa hosts and even bats, only for use in
(HTNV) sense occidentalis), Shrews and contaminated aerosolized rodent Korea
ssRNA Bats excreta; person-to-person
transmission was reported with
the Andes virus strain of Hantaan
virus
Puumalavirus segmented ~ 80-160 7-35 Europe, Russia, M. glareolus Humans Inhalation of infected rodent None

(PUUV)

negative-
sense
ssSRNA

Asia

excreta

Supportive care W
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Table 1. Continued.

Virus family Virus name Enveloped  Diameter Incubation Geographic distribution Primary host Secondary Mode(s) of transmission Approved Antiviral or other
and genome (nm)/Length period (in host vaccine treatment options
type (um) days)
Saaremaa virus ~ segmented 80-120 7-35 Europe Apodemus agrarius ~ Humans inhalation of aerosolized None Supportive care
(SAAV) negative- virus-contaminated rodent excreta
sense sSSRNA
Sin Nombre virus  segmented 112 7-39 North America Peromyscus Humans  Inhalation of aerosolized excreta from None Supportive care
(SNV) negative- maniculatus, Rat infected rodents
sense sSRNA
Tula virus segmented 120-160 14-21 Europe, Russia Microtus arvalis Humans aerosolized excreta of rodents, bitten by a  None Supportive care
(TULV) negative- wild rodent
sense ssSRNA
Seoul virus segmented 80-160 14-21 Asia, Europe, Africa,  Rattus novergicus, Mus Humans inhalation of aerosolized None Supportive care
(SEOV) negative- North America musculus virus-contaminated rodent excreta
sense sSRNA
Nairoviridae  Crimean-Congo  segmented 100 1-14 Africa, Central Asia, the Hyalomma Livestock tick bites or through contact with infected None Supportive care
[49] Hemorrhagic negative- Middle East, and Southern  marginatum; also (cattle, animal blood or tissues during and
Fever virus sense ssSRNA and Eastern Europe isolated from other ticks  goats, immediately after slaughter
(CCHFV) belonging to the genera  sheep)
Amblyomma,
Dermacentor,
Haemaphysalis, and
Rhipicephalus
Paramyxoviridae Hendra virus negative- 280-300 9-16 Australia Flying fox bat (genus  Horses, = Humans may be infected after contact Equivac® Supportive care
[50] (HeV) sense ssSRNA Pteropus): Pteropus ~ humans with tissues or excretions of infected ~ HeV for
alecto and P. horses and domesticated animals, like horse;
Conspicillatus blood, urine, or birthing materials. None for
Horses may be infected after exposure to  human
the virus in the urine, droppings, or saliva  use
of infected flying foxes
Nipah virus (NiV)  negative- 120-150 5-14 Bangladesh, India, Flying fox bat (genus Pigs,  Contact with infected pigs, bats, or food  None Supportive care
sense ssSRNA Malaysia Pteropus): P. lylei, humans  contaminated with bat saliva or urine.

Pteropus medius,
Pteropus vampyrus,
Pteropus hypomelanus,
Rousettus leschenaultii,
Rousettus
amplexicaudatus, and

Hipposideros larvatus

Human to human transmission through

respiratory droplets or bodily fluids
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Table 1. Continued.

Virus family Virus name Enveloped Diameter Incubation Geographic distribution Primary host Secondary Mode(s) of transmission Approved Antiviral or other
and genome (nm)/Length period (in host vaccine treatment options
type (um) days)
Phenuiviridae Rift Valley segmented  90-110 2-6 Eastern and Southern Rodents (Muridae, Humans  Aedes and Culex bites, contact with None Supportive care
[51] Fever virus  negative- Africa Sciuridae), Ruminantia infected livestock
(RVFV) sense (Bovidae, Caprinae,
ssRNA Camelidae),
Mammalia (Suidae,
Elephantidae,
Vespertilionidae,
Equidae, Rhinoceros),
Non-human primates
(Cercopithecidae,
Chimpanzee)
Severe fever segmented  80-100 7-14 China, South Korea, Ticks (Haemophysalis Humans Tick bite None Supportive care
and thrombo- negative- Japan, Australia, United longicornis,
cytopenia sense States, Thailand, Vietnam, Amblyomma
syndrome ssSRNA Myanmar testudinarium, Ixodes
virus nipponensis, and
(SFTSV)

Rhipicephalus

microplus)

ss, single-stranded; nm, nanometer; pm, micrometer.
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CXCR3 Biology, Ligands and Function

The chemokine receptor CXCR3, a seven-
transmembrane G protein-coupled receptor, is pre-
dominantly expressed on activated immune cells, including
T helper 1 (Th1), cytotoxic CD8+, memory T, natural killer
(NK), and dendritic cells [55]. It is also present in various
non-immune cell types, such as epithelial, endothelial,
smooth muscle, and fibroblast cells [42,56].

Three different forms of CXCR3 have been discov-
ered in humans: CXCR3-A, CXCR3-B, and CXCR3-alt
[57]. The most common variant, CXCR3-A, is associated
with chemotactic and proliferative activities in leukocytes,
marked by calcium influx and increased cell movement.
CXCR3-B is mainly found on endothelial cells and has
anti-proliferative, anti-migratory, and angiostatic properties
[58,59]. The role of the third form, CXCR3-alt, is not well
understood. IFN-induced CXCL9, CXCL10, and CXCL11,
along with platelet-derived CXCL4 and its non-allelic vari-
ant CXCL4L1, bind to the IFN-inducible receptor CXCR3
to perform their biological functions [41,55,60]. Among
these, CXCLI11 has the strongest affinity and effectiveness
towards CXCR3A, leading to significant calcium mobiliza-
tion and chemotaxis. CXCL9 has the weakest binding affin-
ity, whereas CXCL10 is regarded as the most adaptable and
extensively researched ligand because of its inducibility by
various stimuli and broader expression patterns [61,62].

CXCR3+ T Cell Function

The chemokine axis comprising CXCR3 and its lig-
ands, CXCL9, CXCL10, and CXCLI11, plays a pivotal role
in directing T cell trafficking and function during infec-
tions, inflammation, and autoimmune responses [63]. Un-
der normal physiological conditions, expression of these
ligands is minimal. However, upon inflammatory stimu-
lation, particularly with IFN~ and type I interferons, their
expression increased significantly (Fig. 1). This results in
the formation of chemotactic gradients that attract CXCR3-
expressing T cells to the sites of inflammation [41]. The mi-
gration of CXCR3+ effector T cells to these sites is essential
for pathogen clearance. However, persistent antigenic stim-
ulation in the context of chronic infections or autoimmunity
can lead to sustained chemokine expression and pathologi-
cal tissue inflammation [63]. CXCR3 is predominantly ex-
pressed on Thl cells, which are characterized by the tran-
scription factor T-bet and a cytokine profile rich in IFN~,
TNFa, and IL-2 [64,65]. The differentiation of Th1 cells is
driven by IL-12 and IL-27 through T-bet—-dependent path-
ways, promoting the upregulation of CXCR3, which facil-
itates Thl migration to inflamed tissues [37,66]. At these
sites, Thl cells enhance inflammation by producing IFN-~,
which further induces the expression of CXCL9, CXCL10,
and CXCLI11 through STAT activation, thereby recruiting
additional effector cells, including cytotoxic CD8+ T lym-
phocytes, and promoting M1 macrophage polarization [67—
70].

Th17 cells represent a proinflammatory subset of T
cells, distinct from Th1 and Th2 cells, and are characterized
by the expression of retinoic acid receptor-related orphan
receptor vt (ROR~t) and IL-17. Th17.1 cells, which arise
from the plasticity of Th17 cells, express both IFN~ and
IL-17, and they share transcription factors with both Thl
and Th17 cells [71]. Two CXCR3-positive Th17 cell sub-
sets play pivotal roles in inflammatory trafficking and ef-
fector functions. The first subset is the non-classical Th17.1
population, which is characterized by CCR4-CXCR3+ ex-
pression. These cells co-express T-bet and ROR~t, exhibit
rapid expansion following T-cell receptor stimulation, and
secrete IFN~ and IL17-A, along with substantial amounts
of GM-CSF, which facilitates neutrophil recruitment and
macrophage activation [63,72]. These cells often exhibit
high CXCR3 expression with reduced aryl-hydrocarbon
receptors, and their transcripts are enriched with media-
tors such as CCL3, CCL4, CCLS, granzyme B, IL-3, IL-
22, GM-CSF, STAT1, T-bet, and IL-23R, supporting a
pathogenic role in chronic inflammation [71,73]. The sec-
ond subset was characterized by CCR6+CCR4+CXCR3+
expression. This group produces relatively lower levels
of IFN~, IL-17A, TNF«, and IL-13 than other Th17 lin-
eages yet expresses adhesion and homing receptors that fa-
cilitate entry into barrier sites, including /3-7 integrin and
CXCR3 in intestinal tissue, CCR2 and CCR4 in skin, and
(-1 integrin in the genitourinary mucosa [74]. Within these
CXCR3-positive Th17 compartments, CXCR3 facilitates
positioning within IFN-rich inflammatory niches. Concur-
rently, the Th17.1 program exhibits robust effector activity,
which is advantageous for rapid control of extracellular mi-
crobes. However, this activity also poses an increased risk
of prolonged tissue inflammation when antigen exposure
remains sustained.

CXCR3 also delineates T follicular helper (Tth) cell
subsets that regulate B cell differentiation. CXCR3+ Tthl
cells, defined by T-bet expression and IFN~ secretion, dif-
fer from Tfh2 and Tfh17 subsets by limiting B-cell ac-
tivation rather than promoting antibody production [75,
76]. These cells exhibit a Th1-like phenotype and produce
IFN~, rather than IL-21, limiting their B cell-help capac-
ity. In patients with Common Variable Immunodeficiency
with reduced switched-memory B cells, CXCR3+ Ttfhl
and CXCR3+CCR6+ (Tfhl7.1) subsets increased, while
CXCR3-CCR6+ Tthl7 cells decreased. This CXCR3+
Thl-dominant phenotype is associated with higher IFN~
production and reduced B cell maturation [75].

CXCR3 delineates a Thl-polarized regulatory T cell
(Treg) program, which is characterized by unique devel-
opmental, trafficking, and functional properties (Fig. 1).
Within memory Tregs and a subset of naive Tregs, CXCR3
identifies cells that develop under the influence of IL-12,
IFN, or IL-27, facilitated by STAT4- and STAT 1-dependent
induction of T-bet and its receptor [77,78]. Phenotypi-
cally, CXCR3+ Tregs retain their fundamental regulatory
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Fig. 1. CXCR3+ cells in host immunity. Viral infections prompt the secretion of inflammatory cytokines, such as IFNvy and TNFa,
by immune cells. In response to IFN~ and type I interferons, cells within inflamed tissues post-viral infection—including stromal cells,
epithelial cells, macrophages, and antigen-presenting cells—synthesize the CXCR3 ligands CXCL9, CXCL10, and CXCL11. This
process establishes chemokine gradients that facilitate the recruitment of CXCR3+ T cell subsets. CXCR3+ Thl (T helper 1) cells
secrete IFN+v, TNFa, and IL-2, thereby augmenting chemokine production, promoting M1 macrophage polarization, and facilitating the
recruitment of CD8+ Tcl (T cytotoxic 1, CXCR3+CCRS5+) cells. These recruited cells release IFN~, TNFq, and cytotoxic molecules
to effectively eliminate infected cells. T follicular helper 1 (Tth1) cells, characterized by the markers CXCR3+CCR6+T-bet+, exert a
negative regulatory effect on humoral immunity by inhibiting the differentiation of naive B cells into effector B cells. Concurrently,
CXCR3-expressing Th17 (T helper 17) subsets contribute to tissue inflammation: CCR4+CXCR3+ Th17 cells migrate into inflamed
tissues, whereas CCR4-CXCR3+ Th17.1 cells produce IFN~, IL-17A, and GM-CSF, collectively facilitating macrophage activation and
neutrophil recruitment. Thl-like regulatory T cells (CXCR3+T-bet+FoxP3+) play a crucial role in suppressing effector Thl responses
by producing IL-10, TGFf, and IFN~, thereby mitigating excessive inflammation. Interferon-induced chemokines CXCL9, CXCL10,
and CXCL11, produced at sites of inflammation, also interact with CXCR3 receptors on NK cells, thereby facilitating their recruitment
to infected tissues. Upon arrival, CXCR3+ NK cells initiate antiviral responses through cytokine production, activation of cytotoxic T
lymphocytes (CTLs) and Th1 helper cells to enhance adaptive immunity, as well as cytolytic granule release and death receptor-mediated
cytolysis of target cells. The figure was created using Biorender (http://biorender.com).

components, including FoxP3, CTLA-4, and Helios, simi- plasticity, as substantial exposure to IL-12 can temporarily

lar to the other Treg subsets. Nevertheless, they display a  induce IFN~ production in CXCR3+ Tregs, accompanied

Thl-oriented profile characterized by moderate production by a reduction in their suppressive capacity. This alteration

of [FN~ and IL-10, in conjunction with increased expres- is reversible upon withdrawal of IL-12 or blockade of IFN~

sion of CD73 and TGFfA1 [78,79]. Functionally, CXCR3 [82].

plays a crucial role in guiding Tregs along CXCL10 gradi-

ents, thereby directing them to sites of inflammation where CXCR3 is also expressed in the canonical T-cytotoxic

they preferentially modulate Th1-driven effector responses ~ (Tc) 1 subset of CD8+ T cells, which predominates in

in vivo [80,81]. Significantly, their program demonstrates type-1 inflammation. These CXCR3+ CD8+ lymphocytes
co-express CCRS5 and lack CCR4, CCR6, and CXCRS5,
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which are characteristic of Tc2, Tc17, and follicular CD8
subsets. They execute direct cytolysis through perforin
and granzymes while releasing IFN~ and TNFcq, thereby
shaping the inflammatory environment [83,84]. Function-
ally, these cells resemble a Thl-like program, as IFN~-
producing CD8+ cells frequently exhibit elevated IL-18R
expression, thereby enhancing their responsiveness to in-
nate cytokines during instances of infection or tissue stress
[85]. Conversely, CXCR3-negative Tc2 and Tc17-like pop-
ulations predominantly secrete cytokines with a limited cy-
tolytic capacity. Clinical outcomes frequently reflect the
balance between CXCR3+ Tcl cytotoxicity and helper-
skewed CDS subsets in autoimmune and infectious contexts
[86]. Consequently, CXCR3 functions as a trafficking re-
ceptor that guides CD8+ effector cells into IFN-rich envi-
ronments and serves as a phenotypic marker of a cytotoxic
IFN-high milieu. This environment aids in pathogen con-
trol but may lead to increased tissue damage if the regula-
tion is insufficient.

Collectively, CXCR3+ T cells, including Thl, Th17,
Tth, Treg, and CD8+ lineages, form a cohesive chemokine-
driven network that governs host defense, inflammation,
and immune modulation. The synchronized induction
of CXCL9-11 by IFN~ creates a self-sustaining recruit-
ment and activation loop, which is essential for controlling
pathogens but is potentially harmful in chronic or autoim-
mune situations. Thus, the CXCR3 axis acts as both a key
orchestrator of protective immunity and a possible target for
adjusting pathological inflammation.

CXCR3+ NK Cell Function

During viral infection, NK cells migrate to sites of in-
fection via chemokine signaling, where CXCR3 plays a piv-
otal role in directing NK cells to inflamed tissues [87,88].
CXCR3 facilitates NK cell migration to the liver during
Dengue virus (DENV) infection and, in conjunction with
CD62L, enables NK cell homing to lymph nodes during in-
flammatory responses [89]. Upon recruitment, NK cells ex-
pressing CXCR3 exhibit antiviral properties by producing
cytokines, releasing cytolytic granules, and inducing cytol-
ysis via death receptors [90]. These cells release IFN~,
which inhibits viral replication, limits viral dissemination,
and activates Tc and Th1 cells to enhance adaptive immu-
nity [91] (Fig. 1).

CXCR3-positive NK cells migrate into inflamed or
damaged tissues to amplify or resolve pathological con-
ditions and infiltrate tumors to modulate anti-cancer re-
sponses. Gradients of CXCL9/10/11, driven by type-I IFN,
engage CXCR3 to redirect NK cells from the splenic red
pulp into T-cell zones. This relocation facilitates perforin-
dependent pruning of activated antiviral T cells and modu-
lates subsequent T- and B-cell responses [92].

Following an intracerebral hemorrhage, CXCR3-
positive NK cells, which serve as tissue-trafficking effec-
tors, are recruited to the injured brain. These cells ac-

cumulate in the perihematomal regions, where they pro-
duce IFN~, thereby exacerbating white matter injury. The
genetic deletion of CXCR3 or systemic antagonism with
AMGA487 has been demonstrated to reduce NK cell ingress,
decrease the number of IFN+v-positive NK cells, preserve
white matter, and improve motor outcomes [93]. This pat-
tern suggests the involvement of a CXCR3-IFN~ axis in
neuroinflammation, with IFN~ serving as a downstream ef-
fector of CXCR3-expressing cells, including NK cells [93].

Within the liver, a subset of human CD56°7i9"t
CXCR3+ NK cells exhibits notable anti-fibrotic cytotox-
icity and IFN~ release targeting stellate cells. However,
in the context of chronic hepatitis C, this subset becomes
functionally impaired and paradoxically accumulates in ad-
vanced fibrosis, suggesting a context-dependent remodel-
ing of CXCR3+ NK cell activity [94]. In a separate study
utilizing a murine model of primary biliary cholangitis,
liver-infiltrating NK cells exhibited elevated CXCR3 ex-
pression. The engagement of the Tim-3 pathway further
enhances CXCR3 expression on liver-derived NK cells and
modulates [FN~ release, indicating checkpoint control over
CXCR3-guided trafficking and function [95].

Within tumors, IFN+ enhances the expression of
CXCL9, CXCL10, and CXCLI11, while the presence of
CXCR3 on NK cells is essential for their effective accu-
mulation within the tumor environment, with a preferen-
tial recruitment of the CD27 high subset. The administra-
tion of CXCL10 enhances the infiltration of NK cells and
is correlated with improved survival outcomes, thereby es-
tablishing a CXCR3-mediated pathway for anti-tumor NK
cell surveillance [96]. Recent review has delineated the
phenotypes of CXCR3-positive tumor-infiltrating NK cells
and have elucidated that CXCL9, CXCL10, and CXCLI1,
which are produced within the tumor microenvironment, re-
cruit and program these cells to modulate anti-tumor immu-
nity [97]. Collectively, these functions position CXCR3+
NK cells as a dynamic entity capable of detecting IFN-
licensed chemokine environments to (a) regulate access to
critical microanatomical sites for immune modulation, (b)
execute cytotoxic and cytokine responses in damaged or in-
fected tissues, and (¢) influence anti-tumor immunity. Their
effects can be either beneficial or detrimental, depending
on the tissue context and the presence of checkpoint and
chemokine signals.

The Role of CXCR3 and Its Ligand in VHFDs

Arenavirus
Lassa Virus (LASV)

When human macrophages infected with LASV were
cocultured with NK cells, a significant increase in NK cell
activation was observed, accompanied by a marked reduc-
tion in the surface expression of CXCR3 [98]. CXCR3 is
instrumental in inducing CXCL9, 10, and 11, which are es-
sential for the recruitment of activated T lymphocytes. This
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observation suggests that the reduction in surface CXCR3
expression may be partially attributable to its internaliza-
tion. The downregulation of CXCR3 may hinder the re-
cruitment and trafficking of effector lymphocytes to in-
fected tissues, thereby facilitating LASV-mediated immune
evasion and persistence.

Serum levels of IL-8 and CXCL10 were significantly
elevated in cases of acute nonfatal Lassa fever compared to
controls. In contrast, these cytokines and chemokines were
undetectable in fatal cases, suggesting that their reduced
presence may be associated with adverse outcomes [99]. In
cynomolgus monkeys infected with LASV, CXCL9 mRNA
levels remained unchanged in peripheral blood and tissues
relative to controls. However, increased mRNA levels of
CXCL10 and CXCL11 were observed in PBMCs from in-
fected monkeys 6 days post-infection and in lymph nodes
9 days post-infection. It is noteworthy that the mRNA lev-
els of CXCL10 and CXCL11 were significantly higher in
the lymph nodes of fatally infected monkeys compared to
those of survivors, suggesting an elevated or dysregulated
expression of CXCL10 and CXCL11 associated with severe
LASYV infection [28].

Filovirus
Ebola Virus (EBOV)

Our study [44], in conjunction with a prior investiga-
tion [25], revealed a decrease in CXCR3+ T cells within
the mesenteric lymph nodes and peripheral circulation, re-
spectively, in NHPs exposed to EBOV. This finding sug-
gests that EBOV infection leads to the downregulation of
CXCR3 expression in T cells. Additionally, several genes,
including CXCL11, were found to be upregulated in EBOV-
infected cynomolgus monkeys compared to those vacci-
nated with rVSV-ZEBOV-GP on day 7, indicating the sig-
nificance of the innate immune response in EBOV infection
[100].

The Ebola vaccine rVSV-ZEBOV induces an im-
mune response in healthy adult humans and is associ-
ated with an increase in plasma CXCL10 as early as the
first day post-vaccination. This finding suggests that the
vaccine’s efficacy may be mediated through the regula-
tion of CXCLI10 [101]. The concentrations of plasma
CXCL10 and CXCLI11 were observed to be significantly
elevated on Day 1 post- r'VSVG-ZEBOV-GP immuniza-
tion and were correlated with initial vaccine adverse ef-
fects, such as headache and fatigue, as measured using
a semi-quantitative proximity extension assay technology
[102]. The replication-competent Ad26.ZEBOV vaccine
also upregulates CXCL9, CXCL10, and CXCL11, which
are implicated in the recruitment of monocytes and lym-
phocytes [103]. Conversely, infection with EBOV results
in a delayed type I IFN response in hepatocyte-like cells
derived from induced pluripotent stem cells. In these cells,
the expression levels of CXCL10, CCL5, and ISG15 were
elevated within 2-3 days post-infection across multiple

11

donors, suggesting that this period is critical for the initi-
ation of antiviral responses [104].

Flavivirus
Yellow Fever Virus (YFV)

The live attenuated 17D strain of YFV elicits the
production of neutralizing antibodies and robust T cell
responses in human clinical trials. These immune re-
sponses are associated with YFV-specific T cells expressing
CXCR3, a marker indicative of a Th1l response [105]. Re-
cent studies have identified marker-negative T cells (Tyn),
which constitute approximately one-quarter of CD45RO-
CCR7+ tetramer-labeled T cells that do not express CD95,
CXCR3, CDlla, and CD49d in individuals vaccinated
against YFV. These Ty cells, which share TCR sequences
with memory and effector T cells, exhibited minimal de-
cline over time and maintained stability within the tetramer
population, suggesting that long-lived memory T cells can
be CXCR3 negative while producing IFN~, TNF«, and/or
IL-2 [106]. Notably, significant increases in CXCL10 pro-
tein expression were observed in individuals infected with
YFV compared to those with cardiovascular conditions or
sepsis, as demonstrated by analyses of frozen myocardial
tissues [107]. Similarly, patients infected with YFV during
the 2018 outbreak exhibited elevated CXCL10 expression
during the acute phase of the infection [108].

Elevated concentrations of CXCL10 are inversely cor-
related with immune responses to the live-attenuated yel-
low fever 17D vaccine in healthy vaccinated individuals
[109]. This finding suggests that increased levels of this
chemokine may be associated with a less favorable prog-
nosis. In contrast, another study involving the yellow fever
17D vaccine in healthy humans indicated that significantly
elevated CXCL10 levels were positively correlated with the
robustness of adaptive immune responses following vacci-
nation [110].

Dengue Virus (DENV)

CXCL10 competes with DENV for binding to hep-
aran sulfate on the cell surface, thereby reducing DENV
uptake and subsequent infection. A notable feature of acute
DENV infection is the upregulation of CXCR3 on T cells,
a phenomenon not observed during the convalescent phase
[36,111]. In co-culture studies, activated T cells interact-
ing with DENV-infected dendritic cells demonstrated in-
creased secretion of IFN-inducible chemokines CXCL9,
CXCL10, and CXCL11. Elevated levels of CXCL10 have
been detected in the plasma of patients with dengue hem-
orrhagic fever (DHF) grade II and other febrile illnesses
[36,112]. Furthermore, a higher frequency of plasmablasts
and plasma cells expressing CXCR3 was observed in pa-
tients with dengue compared to healthy individuals, sug-
gesting their migration to inflamed tissues [113]. Indi-
viduals with both primary and secondary DENV infec-
tions exhibited elevated serum levels of CXCL9, CXCL10,
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and CXCLI11 [114-117], as well as increased CXCL10
concentrations in the cerebrospinal fluid of DENV pa-
tients with neurological manifestations [118], compared
to healthy controls. This observation suggests that the
enhanced CXCL9/CXCL10/CXCL11 signaling pathways
play a critical role in DENV infection and are likely as-
sociated with increased vascular permeability [119-121].
Additionally, elevated plasma levels of CXCL9 were found
in DENV-infected patients even when asymptomatic, com-
pared to those who were not infected [122]. Individu-
als who later develop conditions such as DHF or dengue
shock syndrome exhibit higher CXCL10 levels [115]. Pa-
tients with dengue presenting warning signs showed el-
evated plasma CXCLI10, serving as potential markers to
identify the risk of warning signs in early infection [123].
The tetravalent dengue vaccine TV005 has demonstrated
enhanced efficacy against rDEN2A30 challenge, as evi-
denced by reduced CXCL10 expression and decreased in-
cidence of viremia among patients. These findings suggest
that CXCL10 may serve as a critical biomarker for evaluat-
ing the effectiveness of dengue vaccines [124].

Mouse models lacking CXCR3 demonstrated an in-
creased vulnerability to intracerebral DENV infection,
which resulted in hind limb paralysis. The reduced recruit-
ment of effector T cells impairs the clearance of the virus
from the brain, thereby increasing the risk of paralysis. Ad-
ditionally, mice deficient in the CXCR3 ligand, CXCL10,
when infected with DENYV, exhibited higher mortality rates
compared to CXCR3(-/-) mice. This suggests that both
CXCR3 and CXCL10 contribute to resistance against pri-
mary DENV infection [125]. The increased susceptibility
of CXCL10(-/-) mice to DENV infection is attributed to an-
tiviral activity that promotes viral clearance, rather than de-
fective lymphocytes recruitment [126].

The frequency of CXCR3+CD4+ T cells was elevated
in patients with acute DENV infection compared to con-
trols, irrespective of the severity of the infection, whereas
the levels of CXCR3+CD8+ T cells remained consistent
across all groups. Notably, CD107a expression increased
in CXCR3+CD4+ T cells in patients with acute DENV in-
fection. In contrast, the expression of CD38+and CD107a+
expression was elevated in CXCR3+CDS8+ T cells in pa-
tients with DENV-2 and DENV-3 who exhibited warning
signs, as compared to controls [127]. This may suggest
that CXCR3+CD4+ Th cells represent an activated Th1-like
population with cytotoxic potential, contributing to antivi-
ral effector responses during acute DENV infection.

Platelet activation is a hallmark of dengue infections.
CXCL4, the ligand responsible for platelet activation, is
synthesized by megakaryocytes and interacts with CXCR3-
B in vascular endothelial cells, epithelial cells, fibroblasts,
and leukocytes to modulate immune function and throm-
bosis. Monocytes deficient in CXCL4 exhibited reduced
DENV2 replication and NS1 protein levels compared to
wild-type mice monocytes. Treatment of DENV2-infected

cells with CXCL4 resulted in increased viral replication
by inhibiting lysosomal degradation and the synthesis of
IFNa/3. Plasma CXCL4 levels were positively corre-
lated with NS1-positive cells in patients with DENV and
inversely correlated with autophagic rescue mechanisms
[128-130].

Hantavirus
Hantaan Virus (HTNV)

Elevated serum levels of CXCL10 have been posi-
tively correlated with individuals infected with HTNV who
exhibit severe, lethal hemorrhagic fever with renal syn-
drome (HFRS) [131]. CXCL10-CXCR3 signaling facili-
tates the recruitment of virus-specific T cells to sites of in-
flammation during infection [132]. The increased expres-
sion of CXCR3 on the CD14+ subset in the PBMCs of
HFRS patients suggests that CXCL10 in acute HFRS may
recruit CD14+ monocytes, potentially leading to exces-
sive cytokine production and contributing to the “cytokine
storm”[131]. In HTN V-infected HaCaT cells, there is a sig-
nificant increase in CXCL10 levels, indicating an enhanced
antiviral immune response [133]. Infected human lung mi-
crovascular endothelial cells demonstrate increased gene
and protein expression of CXCL10 and CXCLI11 when
exposed to both pathogenic Andes and HTNV and non-
pathogenic Prospect Hill viruses. This suggests that both
types of viruses can enhance the recruitment of host im-
mune cells in an in vitro infection setting [134]. Levels
of CXCL9 and CXCL10 are consistently elevated in pa-
tients with HTNV disease. These chemokines increase dur-
ing early stages and remain elevated throughout both HFRS
and Hantavirus Pulmonary Syndrome (HPS), exhibiting
broader and more pro-inflammatory profiles in HPS com-
pared to HFRS. CXCL9 and CXCL10 are upregulated in
the early phase, with CXCL9 remaining elevated in later
stages of HPS [135].

Puumala Virus (PUUV)

PUUYV is implicated in the etiology of a mild form
of HFRS, exhibiting pathophysiological responses akin to
those of other pathogenic hantaviruses, such as thrombocy-
topenia and disseminated intravascular coagulation. This
makes it an exemplary model for studying hantavirus in-
fections. During the acute phase of HFRS, patients demon-
strated reduced platelet reactivity, affecting both degranula-
tion and the activation of the fibrinogen receptor GPIIb/IIIa.
The levels of CXCL4 corresponded with the platelet count,
being lower during the acute phase compared to the recov-
ery phase. Although CXCL4 exhibited a weak correlation
with platelet count, it remained consistent throughout the
disease when normalized. This observation challenges the
hypothesis that latent platelet activation is responsible for
thrombocytopenia in PUUV-HFRS [136]. The activation of
the innate lymphoid cells 2 subset by PUUV is dependent on
IFN, with an observed increase in CXCL10 expression in
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vitro [137]. In patients with severe PUUYV, serum CXCL10
levels are significantly elevated compared to those in pa-
tients with milder forms of the disease [138]. Conversely,
among patients with severe conditions, CXCL10 levels
were markedly lower than those experiencing less kidney
dysfunction [139]. This suggests that elevated CXCL10
levels may exert a more substantial influence on the pro-
gression of severe thrombocytopenia than on kidney dys-
function.

Andes Orthohantavirus (ANDV)

Andes virus (ANDYV) is a notable zoonotic pathogen
and the primary etiological agent of hantavirus cardiopul-
monary syndrome (HCPS) in South America, which is char-
acterized by a high mortality rate. Research has indicated
that individuals who have survived HCPS exhibit a re-
duction in Treg phenotypes (CXCR3+CCR6-) compared to
healthy donors. This observation suggests that ANDV in-
fection may alter the phenotype of memory CD4+ Treg cells
post-infection, potentially influencing their trafficking to
inflammatory sites [140].

Nairovirus
Crimean-Congo Hemorrhagic Fever Virus (CCHFV)

In patients infected with CCHFV, a significant
positive correlation was identified between serum vi-
ral load and CXCLI10 levels, suggesting that CXCL10
plays a crucial role in the pathogenesis of CCHFV [138,
141]. Whole-blood transcriptomic analysis of CCHFV-
infected cynomolgus monkeys revealed an early and sig-
nificant upregulation of CXCL10, beginning on the first
day post-challenge and persisting throughout the initial
week. Among the differentially expressed genes, CXCL10
demonstrated the most substantial cytokine fold-change and
maintained the longest duration of elevation before dimin-
ishing as viremia and clinical scores decreased [142].

Paramyxoviruses
Nipah Virus (NiV)

Infection with NiV in primary human umbilical vein
endothelial cells and in vivo using hamster models results
in a significant upregulation of CXCL10 mRNA expres-
sion. Additionally, elevated CXCL10 protein expression
levels were observed in patients infected with NiV from the
1999 outbreak in Malaysia, indicating that the overexpres-
sion of CXCL10 may play a critical role in the pathogenesis
of NiV-associated encephalitis [ 143]. Moreover, NiV stim-
ulates the production of inflammatory chemokines, such as
CXCL10, which promote the chemotaxis of monocytes and
T cells in primary human endothelial cells [144].

Hendra Virus (HeV)

In lung and spleen tissues infected with HeV, the ex-
pression of CXCL10 mRNA was significantly elevated 60
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hours post-exposure compared to the levels observed in
the lung and spleen tissues of healthy, uninfected controls.
The enrichment of the T cell activation pathway in bats
aligns with the upregulation of CXCL10, underscoring the
importance of cell-mediated immunity in managing infec-
tion, as all bats remained clinically healthy throughout the
study following viral infection [145]. This finding suggests
a species-specific difference in the regulation of CXCL10
[145].

Phlebovirus
Rift Valley Fever Virus (RVFV)

Wild type or EGR1-/- U87MG cells were subjected
to either mock-infection or viral infection at a multiplicity
of infection of 5 for 1 hour. Post-infection with RVFYV,
there was a significant upregulation of CXCL10 expres-
sion, with its transcription being at least partially dependent
on EGR1, as compared to mock-infected cells [146]. Lev-
els of CXCL9 and CXCL10 were notably elevated in fatal
cases compared to infected survivors and uninfected con-
trols. Furthermore, these chemokines were increased in the
infected patients compared to uninfected controls, suggest-
ing their role as indicators of severe disease [35]. A signif-
icant positive correlation was observed between CXCL10
and plasma viral load in patients infected with RVFV. Ad-
ditionally, CXCL4 levels were markedly elevated in RVF V-
infected individuals compared to controls, indicating abnor-
malities in the coagulation pathway [147].

The Intricacies of the CXCR3 Axis Across
VHFDs

The CXCR3 chemokine axis constitutes a dynamic,
context-dependent immunoregulatory network during var-
ious VHFDs. Its activation, modulation, and distribu-
tion differ among viral families, reflecting variations in vi-
ral tropism, replication kinetics, immune evasion strate-
gies, and host responses. In hemorrhagic fever—associated
viruses such as LASV, EBOV, CCHFYV, and RVFV, the
CXCR3 axis exhibits a dual role. Early induction of
CXCL9, CXCL10, and CXCLI1 is associated with an-
tiviral immune activation and survival, whereas their sup-
pression or dysregulated overexpression correlates with fa-
tal outcomes [28,99,101,138,146]. LASV infection re-
duces CXCR3 surface expression on macrophages and
NK cells, thereby limiting effector T-cell trafficking to in-
fected tissues. Conversely, EBOV infection downregu-
lates CXCR3+ T-cell subsets while upregulating CXCL10
and CXCLI11 transcripts during acute inflammation. These
findings underscore the axis’s role in both protective im-
munity and immune paralysis, contingent on the timing and
location of infection.

In flaviviral infections such as DENV and YFV, the
CXCR3 axis promotes antiviral Thl polarization but can
lead to immunopathology when hyperactivated. Elevated


https://www.discovmed.com/

14

levels of CXCL10 and CXCL11 during acute dengue cor-
relate with vascular leakage, plasma cell recruitment, and
disease severity [114—117]. YFV-17D vaccination induces
CXCR3+ T-cell responses, highlighting its role in protec-
tive immunity [109]. Long-lived YFV-specific memory T
cells maintain functional cytokine production even in the
absence of CXCR3 expression, suggesting that CXCR3
expression defines effector localization rather than mem-
ory potential. CXCL10 upregulation is a hallmark of
HTNYV and PUUYV infections, mediating the recruitment of
monocytes and virus-specific T cells. However, excessive
CXCL10/CXCR3 signaling contributes to endothelial acti-
vation and cytokine storm, linking chemokine dysregula-
tion to renal and pulmonary syndromes. The persistence
of elevated CXCL9/CXCL10 throughout the disease course
underscores the chronic inflammatory imprint of these in-
fections.

Paramyxoviruses (NiV and HeV) and Phleboviruses
(RVFV) demonstrate CXCLI10 induction in endothelial
and neuronal tissues, indicating tissue-specific chemokine-
driven inflammation [144,146]. In NiV infection, CXCL10
elevation in brain endothelium and sera is associated with
encephalitis, while HeV-infected bats exhibit controlled
CXCLI10 expression linked to asymptomatic outcomes,
highlighting a species-specific balance between antiviral
signaling and tolerance.

These findings illustrate that the CXCR3 axis func-
tions as a finely tuned sensor-effector module, whose spa-
tiotemporal regulation determines viral clearance or im-
munopathology. Early, localized induction supports antivi-
ral defense and vaccine efficacy, whereas prolonged or sys-
temic expression drives immune-mediated tissue damage.
Tissue tropism (endothelial, hepatic, neural, or lymphoid)
and infection stage critically dictate the nature of CXCR3—
ligand interactions. This complexity positions the CXCR3
axis as both a biomarker of disease progression and a poten-
tial target for immunomodulatory intervention across RNA
viral infections.

Chemokine Receptors and Chemokine Ligands
as Therapeutic Targets

Numerous preclinical studies utilizing animal mod-
els have underscored the potential therapeutic advan-
tages of small molecule CXCR3 antagonists. Notably,
piperazine-based piperidine has demonstrated promise in
the treatment of autoimmune diseases, while Azaquinazoli-
none (AMG487) has shown efficacy in managing psori-
asis and inflammatory conditions. Furthermore, deriva-
tives of 1-phenyl-3-piperidin-4-ylurea have been identi-
fied as promising candidates for addressing inflammatory
disorders [148]. In a similar vein, CXCR3 agonists like
VUF11222, VUF11418, and FAUC1036 have been devel-
oped. The peptidomimetic PS372424, a CXCR3 agonist,
has been effective in reducing the chemotaxis of activated

T cells in a rheumatoid arthritis model [149]. Addition-
ally, blocking CXCR3 with anti-CXCR3 antibodies has
been found to effectively decrease the migration of cardiac
CDS8+ T cells towards macrophages, thereby preventing
cardiac inflammation in an immune checkpoint inhibitors
myocarditis animal model [150]. These findings suggest
that regulating CXCR3 in specific disease conditions is cru-
cial and may lead to favorable outcomes. However, for
VHEFDs, the study of CXCR3 regulation through agonists,
antagonists, or anti-CXCR3 antibodies is limited, with most
research conducted in the DENV model.

Research efforts at developing strategies to prevent
DENV infection have focused on the application of var-
ious pharmacological agents and antibody-based method-
ologies. Mice deficient in the CXCR3 receptor exhibit in-
creased mortality and hind limb paralysis, highlighting the
protective role of this pathway during infection. These
mice showed elevated viral loads and impaired T cell re-
cruitment, particularly of CD8 T cells, thereby establish-
ing a link between CXCR3 and antiviral control. CXCL10
has been identified as the principal ligand, as mice defi-
cient in this chemokine display greater susceptibility than
those lacking CXCR3, thus demonstrating CXCL10’s pro-
tective role in DENV infection [125]. CXCL10 is rapidly
induced in the liver following dengue infection. Neutral-
ization of this chemokine reduces the recruitment of acti-
vated NK cells and the hepatic expression of their effec-
tor molecules [89]. Additionally, CXCL10 directly affects
the virus by inhibiting dengue attachment to target cells
through competition for heparan sulfate. Mutants unable to
bind heparan sulfate lose their inhibitory capacity. Plaque
assays reveal that this attachment blockade prevents vi-
ral uptake, indicating that CXCL10 contributes to host de-
fense by recruiting antiviral NK cells and inhibiting viral
entry [89]. Antibodies targeting CXCL4 or the inhibition
of CXCR3 with AMG487 restored IFNa production and
suppressed DENV replication in monocytes. These find-
ings suggest that a deficiency in CXCL4 or inhibition of the
CXCL4:CXCR3:IFN pathway can prevent DENV infection
[128,129]. Compound 7D, acting as a CXCR3 antagonist,
binds to CXCR3 and prevents CXCL4-driven DENV repli-
cation in monocytes, thereby enhancing IFN«/f and the
expression of IFN-stimulated genes. Furthermore, 7D al-
leviates dengue symptoms by reducing DENV?2 replication
in tissues, enhancing platelet and monocyte counts, and in-
creasing IFN production and antibody generation in mice
[151]. These findings collectively support two comple-
mentary strategies for managing dengue. The first strategy
involves maintaining beneficial CXCR3 signaling through
the addition of CXCL10 or its mimetics. The second strat-
egy seeks to counteract the harmful effects of platelet fac-
tor 4 by utilizing CXCR3 antagonists, such as AMG487
or 7D, or by inhibiting platelet factor 4 activity. Both ap-
proaches have demonstrated the ability to enhance antiviral
IFN responses and improve disease outcomes in preclin-
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ical models. The peptides COOH-terminal CXCL9 (74—
103), acetyl-CXCL9 (74-103)-amide, and CXCL9 (74-93)
have shown significant antiviral activity against DENV2,
with ECgg values ranging from 23 to 115 pM. These pep-
tides may play a critical role in inhibiting the virus’s abil-
ity to bind to target cells, functioning independently of
chemokine receptors [152]. Furthermore, a study on «-
mangostin has demonstrated its efficacy in suppressing
DENV replication in primary monocyte-derived dendritic
cells, thereby reducing virus infection-induced cytokine
production [153].

The findings related to changes in CXCR3 and its lig-
ands during the development of VHFDs align with the well-
known concept that CXCL9, CXCL10, and CXCL11 have a
strong affinity for CXCR3, guiding T- and NK cells to areas
of inflammation. Therefore, exploring small-molecule an-
tagonists, neutralizing antibodies, or decoy strategies that
target this pathway could be beneficial for these VHFDs,
much like their use in other medical conditions. Recent
progress in modulating the CXCR3 axis in DENV infec-
tion has shown promise in preclinical models, highlighting
its potential as a therapeutic target. However, to success-
fully apply these strategies to other VHFDs, it is crucial to
thoroughly understand the role of CXCR3 signaling in each
specific infection. The use of agonists or antagonists may
differently enhance the host immune response, depending
on the viral pathogenesis and immune dynamics involved.

Discussion

Research on CXCR3-mediated immune regulation
employs various methodologies, including the use of
knockout mice, protein antagonists, small molecule in-
hibitors, and antibodies, to either inhibit or activate
receptor-ligand interactions. These approaches elucidate
the role of CXCR3 in the trafficking, activation, and re-
sponse of immune cells within both innate and adaptive im-
munity, with significant implications for understanding in-
flammation, autoimmune diseases, cardiovascular diseases,
neuronal diseases, infectious diseases, and cancer. The
CXCR3 signaling pathway, which includes the receptor
CXCR3 and the IFN-induced ligands CXCL9, CXCL10,
and CXCLI11, plays a crucial role in balancing protective
and pathological responses in VHFDs. This pathway en-
hances antiviral control and aids in the clearance of in-
fected cells by directing activated T-, NK-, and other effec-
tor cells to infection sites. However, if the response is ex-
cessive or poorly timed, these signals can worsen endothe-
lial injury, vascular leakage, and organ dysfunction, which
are characteristic of severe disease. In diseases such as
Dengue, Ebola, Lassa, Crimean-congo hemorrhagic fever,
HFRS, HPS, Rift valley fever, and yellow fever, the levels
of CXCR3 ligands increase with disease activity and often
correlated viral load and tissue damage. This consistent pat-
tern presents two practical opportunities. Firstly, the path-

15

way facilitates the identification of measurable biomarkers
for patient monitoring and the assessment of potential ther-
apeutic interventions. Secondly, it serves as a therapeutic
mechanism that can be adjusted to meet the specific re-
quirements of each disease. The aim is to achieve selective
modulation that preserves beneficial trafficking and IFN-
driven processes while minimizing excessive inflammation
and microvascular damage.

Future research endeavors should prioritize the inves-
tigation of the timing and compartmentalization of immune
responses. The initial IFN response may provide early de-
fense, whereas prolonged chemokine signaling could ex-
acerbate tissue damage and inflammation. While plasma
analyses are indispensable for understanding systemic in-
flammation, the examination of tissue and endothelial cells
is crucial for identifying specific sites of injury. Various
methodologies can be employed to explore cytokine timing
and compartmentalization, including longitudinal cytokine
profiling in serum and tissues, single-cell RNA sequenc-
ing, flow cytometry-based cytokine analysis, immunohisto-
chemistry or immunofluorescence imaging, the use of cy-
tokine reporter mice, cytokine inhibition or blockade stud-
ies in animal models, virus tracking with cytokine profil-
ing, cell-specific knockout mice, and spatiotemporal tran-
scriptomics. Collectively, these complementary techniques
offer a comprehensive evaluation of cytokine dynamics
across different tissue compartments, immune cell subsets,
and stages of infection.

Conclusion

Evidence from VHFs collectively suggests that pre-
cise, disease-specific modulation of the CXCR3 axis could
enhance existing therapeutic strategies and improve patient
outcomes. By employing clear biomarker strategies, con-
sidering timing and compartmentalization, and conducting
mechanistically informed trials, the CXCR3 pathway could
transition from observational studies to actionable interven-
tions in future outbreaks.
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