
Viral infection is a profound challenge to host survival, 
in which the ability of the virus to replicate and spread 
is countered by the antiviral defence mechanisms that 
are mounted by the host. Based on the outcome of these 
sequential interactions, which begin almost immedi-
ately after virus challenge, a viral infection can be either 
productive (that is, progeny viruses are produced, new 
cells are infected and the virus transmission continues) 
or abortive (that is, progeny viruses are not produced or 
virus dissemination is blocked). For most viruses, the 
results of the initial infection can vary widely depending 
on the site of entry, the cell types infected, the responses 
of local sentinel immune cells, the architecture and 
vasculature of the tissues involved, and the host spe-
cies being infected1,2. The summation of these variable 
elements during viral infection has led to the concept 
of viral tropism. In a general sense, viral tropism refers 
to the ability of a given virus to productively infect a 
particular cell (cellular tropism), tissue (tissue tropism) 
or host species (host tropism) (FIG. 1). For example, if 
a particular virus can productively infect rabbits but 
not other vertebrate hosts such as humans, that virus 
would be said to have a host tropism limited to rabbits. 
Similarly, if the same virus could productively infect 
rabbit macrophages but not any other rabbit cells, that 
virus would be said to have a cellular tropism limited to 
macrophages. Importantly, this definition of tropism can 
only be applied to viruses with lytic replication cycles 
that produce progeny viruses. Viruses that establish 
latent infections can successfully enter cells and maintain 
the ability to produce infectious virus, but while they 
remain latent they never actually undergo productive 
replication. It is therefore debatable whether such latent 
infections are ‘productive’ or not and in this Review we 

focus only on the tropism of viruses that actively rep-
licate and disseminate through multiple cells, tissues 
and hosts. We consider the roles of various host innate 
immune antiviral cytokines, in particular the interferons 
(IFNs) and tumour necrosis factor (TNF), in mediating 
viral tropism at these various levels.

Infection of vertebrate hosts by most viruses begins 
with the breaching of the natural barriers that are designed 
to protect the host from challenge, such as the skin, 
mucus, saliva, stomach acid and tears. Once the virus 
finds its first sensitive cellular target, often in the local 
tissue or through the respiratory or gastrointestinal 
tracts, the infection itself is usually initiated by binding 
of the virion to the cell surface, often with the aid of host 
cell surface receptors that are hijacked from their nor-
mal cellular functions. For example, HIV-1 requires the 
presence of the T cell co-receptor CD4, CC-chemokine 
receptor 5 (CCR5) and CXC-chemokine receptor 4 
(CXCR4) to bind and enter cells3,4, whereas human 
rhinovirus requires intercellular adhesion molecule 1 
(ICAM1)5,6. As these receptors are often expressed 
in a cell type-specific manner — for example, CD4, 
CCR5 and CXCR4 are mainly expressed by T cells — 
their availability for virus binding is considered to be 
a primary determinant of cellular and tissue tropism. 
However, following identification of the binding and/or 
entry receptors for many viruses, it has become appar-
ent that the distribution of receptors for a particular 
virus is frequently much wider than the distribution of 
functionally susceptible cells for that virus7. Moreover, 
some viruses, such as poxviruses, can bind and enter 
cells and initiate infection without making use of any 
obvious cell surface receptor8. However, poxviruses can-
not productively replicate in all of the cell types that 
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Abstract | The specificity of a given virus for a cell type, tissue or species — collectively known 
as viral tropism — is an important factor in determining the outcome of viral infection in any 
particular host. Owing to the increased prevalence of zoonotic infections and the threat of 
emerging and re-emerging pathogens, gaining a better understanding of the factors that 
determine viral tropism has become particularly important. In this Review, we summarize our 
current understanding of the central role of antiviral and pro-inflammatory cytokines, 
particularly the interferons and tumour necrosis factor, in dictating viral tropism and how 
these cytokine pathways can be exploited therapeutically for cancer treatment and to better 
counter future threats from emerging zoonotic pathogens.
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HIV normally infects 
macrophages but not 
neurons

Influenza virus normally 
infects lung tissue 
but not brain tissue

Myxoma virus 
normally infects 
rabbits but not humans

Host tropism

Antiviral state
An intracellular state in which 
virus replication is blocked, 
restricting the spread of virus 
to neighbouring cells. By 
signalling through the type I 
IFN receptor, IFNs activate  
the inducible expression of 
hundreds of genes that 
together establish the  
antiviral state.

Zoonotic infection
The ability of a given virus to 
cross the host species barrier 
from its current or long-term 
evolutionary host to humans, 
causing disease.

Oncolytic virotherapy
The treatment of cancer by 
using a virus specifically 
tailored to infect cancer cells 
while leaving normal cells 
unharmed. The engineering of 
such viruses involves ensuring 
that the viruses can replicate 
only inside cancer cells, lysing 
the cells when they exit, and 
ensuring a high dosage at the 
site of the tumour.

they successfully enter8. This indicates that viral tropism 
at the cellular level can be affected by downstream cel-
lular factors that are distinct from the availability of any 
cell surface receptor used by the virus9,10, such as the cell 
lineage, the activation state of the cell, the route of infec-
tion and the ability of the virus to reach certain tissues, 
the availability of host factors and various intrinsic or 
induced antiviral signalling pathways8 (TABLE 1).

One mechanism by which a host can rapidly alter 
the intracellular milieu to inhibit viral replication is the 
induction and secretion of self-protective cytokines11. 
Cytokines, such as the IFNs, TNF and many immuno-
regulatory interleukins, are among the earliest host 
defence factors to be induced following various viral 
infections. each induced cytokine binds to unique 
cognate cellular receptors, which are frequently ubiq-
uitously expressed by most somatic cells, and thereby 
mediates distinct intracellular signalling events that 

help to inhibit viral infection. This inhibition can occur 
either directly, by inducing a specific antiviral state in 
which virus replication is blocked in responding cells 
(TABLE 2), or through the regulation of the adaptive 
immune response (summarized elsewhere12–15). TNF, 
IFNs and the interleukins can all inhibit viral replica-
tion through both of these mechanisms; however, TNF 
and the IFNs more frequently inhibit viral replication 
through the direct induction of an intracellular anti-
viral state, whereas the interleukins tend to exert their 
effects more indirectly through modulation of the adap-
tive immune response. Here, we summarize our current 
understanding of the direct roles of antiviral cytokines, 
in particular type I, II and III IFNs and TNF, in dictating 
viral tropism and the mechanisms that they are known 
to use. We also discuss the prospects of exploiting these 
cytokines to enhance innate immune responses against 
zoonotic infections and to achieve improved specificity of 
tissue-targeted oncolytic virotherapy.

Interferons
The IFNs are a group of inducible cytokines that have a 
central role in innate antiviral immune responses because 
they establish an intracellular antiviral state that pre-
vents virus replication and restricts the spread of virus 
between neighbouring cells16,17. They are grouped into 
three classes, known as type I, II and III IFNs, accord-
ing to their amino acid sequence, chromosomal location 
and receptor specificity18. Binding of the three classes of 
IFN to their known cellular receptors induces similar, 
but not identical, signalling events. These events include 
the phosphorylation of Janus family kinase 1 (JAk1)  
and non-receptor tyrosine-protein kinase 2 (Tyk2), and 
the activation of signal transducer and activator of 
transcription 1 (STAT1), STAT2 and, to a lesser extent, 
STAT3, STAT4 and STAT5 (REFs 18–21). Activated STATs 
then induce the transcription of specific sets of interferon- 
stimulated genes (ISGs), including those encoding  
important mediators of the antiviral response22–24. The 
best-characterized ISGs encode the dsRNA-dependent 

Figure 1 | levels of viral tropism. Viral tropism can be divided into three distinct 
categories depending on the physiological level at which it is measured. Tropism in which 
the virus replicates in one cell type but not another is known as cellular tropism , tropism 
in which the virus replicates in a particular tissue or organ but not another is known as 
tissue tropism, and tropism in which the virus replicates in one host species but not 
another is known as host tropism .

Table 1 | Host factors determining viral tropism

Determinants of viral 
tropism

Example Factor(s) involved Type of tropism Refs

Cell surface binding or 
entry receptors

HIV-1 Presence of CD4, CCR5 and CXCR4 
receptors on T cells required for cell entry

Cellular 3,4

Antiviral signalling by 
cytokines

Myxoma virus ERK-dependent type I IFN signalling 
restricts productive infection

Host and cellular 39

Availability of host factors Hepatitis B virus The nuclear hormone receptors 
hepatocyte nuclear factor 4 and retinoid 
X receptor-α as well as peroxisome 
proliferator-activated receptor-α, which 
positively regulate viral RNA synthesis, 
are enriched in the liver

Tissue and cellular 118

Route of entrance Influenza A virus Trachea and bronchi Cellular 119

Cell lineage Influenza A virus Lung cells  Cellular 69

Activation state of the cell Parvovirus H-1 Constitutive production of higher levels 
of nitric oxide and superoxide anion 
resticts virus infection

Cellular 120

CCR5, CC-chemokine receptor 5; CXCR4, CXC-chemokine receptor 4; ERK, extracellular signal-regulated kinase; IFN, interferon.
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Interferon-stimulated genes 
(IsGs). Genes that are induced 
or expressed as a result of IFN 
action and encode proteins 
such as: PKR, a dsRNA- 
activated kinase that 
phosphorylates eIF2α with a 
consequent blockade of the 
translation of most cellular and 
viral mRNAs; oligoadenylate 
synthases, which produce 2ʹ-5ʹ 
oligoadenylates, which in turn 
activate the latent nuclease 
RNase L, resulting in the 
degradation of both viral and 
host RNA transcripts; and 
myxovirus resistance proteins, 
which possibly interfere with 
viral assembly and trafficking 
in the cell. 

protein kinase (pkR), the 2ʹ-5ʹ oligoadenylate synthase 
(OAS) proteins and the myxovirus resistance proteins25. 
Some of these ISGs have broad antiviral effects. For 
example, the OAS proteins are activated by viral dsRNA 
and produce 2ʹ-5ʹ oligoadenylates, which in turn activate 
the latent nuclease RNase l, resulting in the degradation 
of both viral and host RNA transcripts25,26. Similarly, 
activation of pkR, a member of the eukaryotic initiation 
factor 2α (eIF2α) kinase family, by viral dsRNA leads 
to eIF2α phosphorylation with a consequent blockade 
of translation of most cellular and viral mRNAs25,27.  
In contrast to the relatively broad antiviral activities 
of pkR and the OAS–RNase l system, certain ISGs 
such as myxovirus resistance proteins and guanylate 

binding proteins of the dynamin family can inhibit  
specific families of viruses, such as influenza and other 
negative-strand RNA viruses25,28,29, possibly through 
interference with virus assembly and trafficking in the 
cell; however, the detailed mechanisms of their actions 
have yet to be determined30.

Despite the similarities between the effects of the 
three types of IFN, analyses of various knockout mice 
have shown that each class of IFN is essential for antiviral 
defence and that none of the three classes is functionally 
redundant31. Not surprisingly, many viruses have evolved 
potent defence strategies against specific IFNs, and the 
consequences of the many levels of interplay between 
viruses and the IFN system can vary widely16,32.

Table 2 | Cytokine-determined viral tropism

Cytokine Virus Demonstrated tropism Antiviral mechanism Refs

Type I IFNs Myxoma virus Host (mice) Inhibition of viral mRNA translation 
through EIF2α phosphorylation by a 
kinase other than PKR

39

Daniels strain of Theiler’s 
virus

Host (mice) Unknown 38

Coxsackievirus B3 Tissue (cardiac tissue) Unknown 44

Influenza A/WSN/33 virus Tissue (lung) Unknown 42

Polio virus Tissue (CNS) Expression of ISGs such as PKR and 
OAS proteins

10

Sindbis virus Tissue (CNS) and cellular 
(macrophage and dendritic 
cell lineage)

Inhibition of viral mRNA translation 
initiation

43,50

Edmonston measles virus Tissue (lung) Unknown 40

Vesicular stomatitis virus Tissue (CNS) Unknown 41

Neurotropic coronavirus Tissue (CNS) Unknown 46

West Nile virus Tissue (CNS) Expression of ISGs such as PKR and 
OAS proteins

45

Type II IFN Vaccinia virus Tissue (CNS) and cellular 
(mouse fibroblasts)

Activation of IRF1 signalling by IFNγ 
in mouse fibroblasts

58,59

Sindbis virus Tissue (CNS) and cellular 
(macrophage and dendritic 
cell lineage)

Activation of JAK–STAT signalling 
pathway in neurons

60,61

Mouse hepatitis virus Tissue (CNS) Unknown 62

Murine γ-herpesvirus 
(γMHV68)

Cellular (B cells, macrophages 
and dendritic cells) 

Unknown 121

Type III 
IFNs

Influenza A virus Tissue (lung) and cellular 
(alveolar type II epithelial cells)

Induction of antiviral genes such as 
those encoding myxovirus resistance 
proteins, OAS proteins and ISG56

67,69

Vaccinia virus Tissue and cellular (epithelial 
cells)

Unknown 68

TNF Adenovirus and 
coxsackievirus B3

Cellular (HUVECs) Downregulation of the expression of 
virus-specific cell surface receptor 
(CAR)

76,78

HIV-1 Cellular (macrophages) Downregulation of the expression of 
virus-specific cell surface receptor 
(CD4, CCR5 and CXCR4)

79

Type I IFNs 
and TNF

Myxoma virus Cellular (macrophages) Unknown 66,75

CAR, coxsackievirus and adenovirus receptor; CCR5, CC-chemokine receptor 5; CNS, central nervous system; CXCR4, 
CXC-chemokine receptor 4; EIF2α, eukaryotic initiation factor 2α; HUVEC, human umbilical vein endothelial cell; IFN, interferon; 
IRF1, IFN response factor 1; ISG, IFN-stimulated gene; JAK, Janus family kinase; OAS, 2ʹ-5ʹ oligoadenylate synthase; PKR, 
dsRNA-dependent protein kinase; STAT, signal transducer and activator of transcription; TNF, tumour necrosis factor.
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Plasmacytoid dendritic cell
An immature dendritic cell with 
a morphology that resembles 
that of a plasma cell. 
Plasmacytoid dendritic cells 
produce type I IFNs (that is, 
IFNα and IFNβ) in response to 
viral infection.

Type I interferons. Type I IFNs trigger potent innate 
defence mechanisms against diverse viruses, and they 
are key players in the earliest stages of most host–virus 
encounters33. Most somatic cells can induce and respond 
to type I IFNs, but certain specialized cells such as plasma-
cytoid dendritic cells can rapidly produce large quantities 
of type I IFNs in response to diverse virus infections34–36. 
Type I IFNs activate a common cell signalling pathway 
leading to the transcription of a set of several hundred 
inducible genes, controlled by the IFN-stimulated gene  
factor 3 (IsGF3) complex, which together establish the anti-
viral state25,37 (FIG. 2). Although we still have only a basic 
understanding of this antiviral state, it clearly targets and 
inhibits every stage of the viral life cycle.

It has long been known that type I IFNs have an 
important role in dictating viral host tropism, in part 
owing to the availability of targeted gene knockout 
mouse models lacking various elements of the type I IFN-
induced signalling pathway. Most of these observations 
were made using knockout mice lacking a functional 
type I IFN receptor, which had a marked increase in 
susceptibility to a wide variety of viruses31. For example, 
wild-type 129Sv mice were shown to be resistant to infec-
tion with the Daniels strain of Theiler’s virus, whereas 
type I IFN receptor-deficient 129Sv mice died from the 
infection38. Similarly, in vitro data show that wild-type 
mice are completely resistant to myxoma virus (MyXV) 
infection owing to the virus-induced upregulation and 

Figure 2 | Cytokine-mediated regulation of viral tropism. a | All viral replication cycles begin with the binding of an 
infectious virion to the cell surface. Frequently this step is mediated by a specific host cell surface receptor that the virus hijacks for 
attachment and/or entry. b | After binding, the virion is internalized into the cell and disassembles into its genome and associated 
proteins. c | The virus then uses a combination of viral and host proteins to transcribe and translate its own genes and replicate 
its genome. d | After replication, the newly synthesized genomes are packaged into nascent virus particles which then mature and 
traffic to the cell surface. e | Finally, the virus particles are released as infectious virus. It is important to note that this simplified life 
cycle is extremely general and that many viruses will deviate from this outline to some extent. Tumour necrosis factor (TNF) and 
interferons (IFNs) can inhibit this replication cycle by inducing the expression of proteins with antiviral properties. The important 
points in this replication cycle at which TNF and the IFNs can manipulate viral tropism, and the antiviral proteins that are involved,  
are indicated. APOBEC, apolipoprotein B mRNA editing enzyme, catalytic polypeptide; BST2, bone marrow stromal cell 
antigen 2; IFNAR, interferon-α/β receptor; INDO, indoleamine 2,3-dioxygenase; ISG: interferon-stimulated gene; JAK1, Janus 
family kinase 1; MAPK3, mitogen-activated protein kinase 3; MXA, myxovirus resistance protein A; NF-κB, nuclear factor-κB; 
OAS1, 2ʹ-5ʹ oligoadenylate synthase 1; PKR, dsRNA-dependent protein kinase; RIP1, receptor-interacting protein 1; STAT, 
signal transducer and activator of transcription; TNFR1, tumour necrosis factor receptor 1; TRADD, TNFR1-associated via 
death domain; TRAF2, TNFR-associated factor 2; TRIM22, tripartite motif-containing 22; TYK2, tyrosine-protein kinase 2.
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IFN-stimulated gene 
factor 3 (ISGF3) complex
An IFN-induced signal 
transduction and transcription 
activation complex. IsGF3 is 
assembled from three proteins, 
sTAT1, sTAT2 and interferon-
regulatory factor 9. Of these 
components, sTAT2 provides a 
fundamental and essential 
transcription activation 
function.

secretion of IFNβ39. By contrast, STAT1-deficient mice, 
which lack the ability to transmit a functional type I IFN 
signalling response, are highly susceptible to infection 
with MyXV39. Hence, both Daniels strain of Theiler’s 
virus and MyXV are considered to be atropic in mice 
owing to the presence of an active type I IFN response. 

The type I IFN response can also dictate viral tis-
sue tropism. For example, infection of wild-type mice 
with edmonston measles virus 40, vesicular stomatitis  
virus (VSV)41, influenza A/WSN/33 virus42, Sindbis virus 
(SBV)43, coxsackievirus B3 (CVB3)44, poliovirus10, West 
Nile virus (WNV)45 or neurotropic coronavirus46 results 
in tissue-specific infections that are frequently sub- 
clinical. However, infection of mice lacking a functional 
type I IFN response with any of these viruses resulted in 
a highly disseminated systemic infection, which indi-
cates an increased cellular and/or tissue tropism for 
these viruses in the absence of a type I IFN response. 
For example, in the case of CVB3 infection, type I IFN-
mediated signalling limited the productive virus infec-
tion to cardiac tissues, which prevented an otherwise 
lethal systemic infection. It is reasonable to postulate 
that this is an example of an evolutionarily tuned defence 
mechanism and not just a random tissue tropism effect. 
After disruption of the type I IFN response pathway, the  
limited cardiotropic nature of the infection could be 
relieved, resulting in lethal viral replication in the 
liver44. Similarly, in Stat1–/– mice, influenza A/WSN/33 
virus infection, the tissue tropism of which is normally 
restricted to the lungs, progressed to a lethal systemic 
infection42. Finally, infection of wild-type mice with WNV 
led to limited replication in the central nervous system 
(CNS), whereas infection of mice lacking the type I IFN 
receptor with WNV led to a highly disseminated lethal 
infection45. In many of these cases, it is not presently 
known whether the restriction by type I IFNs is medi-
ated by limiting the tropism of these viruses directly to 
specific cells of that tissue or by limiting total viral load 
in the specific tissue. In some cases, it is possible that 
type I IFNs function by severely restricting viral replica-
tion in all of the cells of the tissue, leading to insufficient 
virus progeny to mediate continued dissemination. More 
work on the relative IFN responses of different cell types 
in individual tissues is therefore needed to clarify the 
exact mechanism(s) by which type I IFNs functionally 
determine the tissue tropism of specific viruses.

Several studies have attempted to address the poten-
tial mechanisms underlying the ability of type I IFNs to 
restrict viral tropism. However, it is important to realize 
that there is no consensus mechanism that applies to all 
cells, as the JAks and STATs and many of the ISGs have 
different roles in different cells25. This raises interesting 
questions as to how the responses to IFNs intersect with 
more general aspects of cellular physiology and how the 
specificity of cytokine responses is maintained, but these 
questions have yet to be fully addressed. For poliovirus, 
the type I IFN system has an important role in deter-
mining tissue tropism by protecting atropic tissues from 
productive infection through the maintenance of expres-
sion of ISG products, such as pkR and OAS proteins, 
even in the absence of infection10. Conversely, in tissues 

that could be productively infected, ISG expression was 
low in the uninfected state and a significant increase in 
the ISG response was not observed even after poliovirus 
infection10. Another study47 showed that the ability of 
type I IFNs to protect mice against lethal WNV infec-
tion was largely based on the IFN-induced pkR and  
OAS–RNase l pathways. By contrast, studies of MyXV 
restriction in primary mouse embryo fibroblasts showed 
that MyXV-elicited phosphorylation of eIF2α on Ser51, 
with a consequent blockade of translation of most cell-
ular and viral mRNAs, can occur without pkR activa-
tion39. In this case, it is presumed that an IFN-induced 
eIF2α kinase other than pkR is responsible for the 
observed Ser51 phosphorylation. Similarly, the type I 
IFN-determined tropism of SBV for cells of the dendritic 
cell lineage was shown to be independent of both the 
pkR and the OAS–RNase l pathways48,49. Instead, at the 
cellular level, type I IFNs inhibited SBV mRNA trans-
lation; this occurred after initial translation factor cap 
binding but before formation of the mature 80S ribos-
ome50, a point in translation initiation that had not previ-
ously been identified as being regulated by IFN. Taken 
together, these data indicate that type I IFN responses 
determine viral tropism at the cellular level through  
several distinct mechanisms that can differ from one 
virus–host pairing to another. Furthermore, it is reason-
able to propose that the different responses by hosts of 
different species, and even different tissues in a single 
host, to the same type I IFNs have been (and continue 
to be) fine-tuned by the evolutionary pressures exerted 
by multiple pathogens over time.

Despite having crucial roles in vertebrate innate 
immunity by slowing down initial viral infections and 
severely limiting virus spread (and therefore downregu-
lating viral tropism), IFN treatment (in particular with 
type I IFNs) has, in some cases, been shown to enhance 
virus replication, resulting in increased viral tropism. 
For example, in vivo, porcine reproductive and respira-
tory syndrome virus (pRRSV) has a clear tropism for a 
subset of differentiated macrophages that express por-
cine sialoadhesin (poSn) but not for peripheral blood 
monocytes51, which have no or extremely low levels of 
poSn expression, indicating that poSn levels have an 
important role in determining susceptibility to pRRSV 
infection. In vitro treatment of cells with IFNα mark-
edly increased poSn expression by monocytes to levels 
similar to those expressed by macrophages, resulting in 
increased susceptibility of monocytes to pRRSV infec-
tion; this effect could be blocked with an IFNα-specific 
neutralizing monoclonal antibody52. However, as the 
outcome varies depending on the time of IFN treatment 
(before, during or after virus infection), it is important 
to appreciate that the effect of IFNα on the susceptibility  
of monocytes to pRRSV infection is determined by the 
balance between enhancement of infection due to induc-
tion of poSn expression and reduction of infection as a 
result of the antiviral actions of IFNα52.

A similar stimulatory effect of IFN was also described 
for porcine circovirus type 2 (pCV2), for which both 
IFNα and the type II IFN IFNγ increased virus infec-
tion in continuous cell lines53. Recently, it was shown 
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Oligodendrocyte
A type of glial cell that creates 
the myelin sheath that 
insulates axons and improves 
the speed and reliability of 
signal transmission by neurons.

Alveolar type II (ATII) 
epithelial cell
ATII cells are cuboidal in shape, 
with short microvilli along their 
apical surface. They secrete a 
pulmonary surfactant that 
decreases the surface tension 
of the alveolar surface, allowing 
the alveoli to expand during 
inspiration and preventing their 
collapse during expiration.

that virus-induced IFNα expression can also increase 
the susceptibility of animals to bacterial superinfec-
tions54, which indicates that IFN-dependent enhance-
ment of infection might be a new strategy, not only of 
viruses but also of other pathogens, to evade the innate 
immune response.

Type II interferon. The only known member of the 
type II IFN family is IFNγ, which is secreted by acti-
vated immune cells — mainly T cells and natural killer 
(Nk) cells and to a lesser extent B cells, NkT cells and 
professional antigen-presenting cells. IFNγ mediates its 
biological function through a heterodimeric receptor 
known as the IFNγ receptor25. Mice lacking either IFNγ 
or its functional receptor have increased susceptibility to 
both viral and bacterial infections55, which indicates that 
IFNγ has an important role in antiviral and antibacterial 
responses56,57. An early study found that IFNγ mediated 
the clearance of vaccinia virus (VACV) from the CNS 
but had no effect on viral replication in peripheral solid 
organs such as the ovaries or testes, showing that IFNγ 
could determine the tissue tropism of VACV58. A more 
recent study showed that IFNγ induced an IFN regula-
tory factor 1 (IRF1)-dependent antiviral state in mouse 
fibroblasts and blocked VACV replication in these cells; 
however, IFNγ had no antiviral role against VACV in 
human fibroblasts, which indicates that IFNγ could also 
regulate the host tropism of VACV59.

Of particular interest is the role of IFNγ in deter-
mining viral tropism in brain and spinal cord neurons. 
In vivo studies with SBV, which infects neurons of the 
CNS and causes persistent infection in immunodefi-
cient mice, indicate that IFNγ can result in virus clear-
ance from neurons without causing cell death60. A 
recent in vitro study has shown that activation of the 
JAk–STAT pathway is the main mechanism for IFNγ-
mediated noncytolytic clearance of SBV from neurons61. 
Detailed analysis of brain tissues, however, indicated that 
this IFNγ-mediated viral clearance is tissue dependent, 
as virus was cleared from the cerebellum but not from 
the cortex, hippocampus or brainstem60. In addition, 
in another neurotropic virus model of mouse hepatitis 
virus infection, it was shown that IFNγ can selectively 
clear virus from CNS oligodendrocytes62.

Type III interferons. In 2003, two reports were pub-
lished describing previously undiscovered antiviral 
cytokines, termed IFNλ1 and IFNλ2 by one group 
and interleukin-29 and interleukin-28 by the other20,63. 
These IFNs are structurally and genetically distinct from 
the other types of IFN, act through a distinct receptor 
system and were later termed type III IFNs. However, 
type I and type III IFNs induce similar sets of genes, 
including many that encode important mediators of the 
antiviral response22,23. Consequently, type I and type III 
IFNs can induce a similar cellular antiviral state21,64, but 
they probably have distinct roles in the determination 
of viral tropism in specific cells and tissues, mainly 
as a result of signalling through distinct receptors 
and because their expression patterns vary greatly in  
different cells and tissues65.

One basis for a role of IFNλ in determining viral tro-
pism has been shown by several studies65,66 that indicate 
that the main cell responders to IFNλ are of epithelial 
origin. For example, a recent in vivo study showed that 
mouse epithelial cells in the kidney and CNS respond 
to IFNλ, but that endothelial cells do not. In addition, 
tissues that contain large numbers of epithelial cells, 
such as stomach, intestine, skin and lung, respond well 
to IFNλ, whereas tissues that contain few epithelial cells, 
such as liver, spleen, brain and spinal cord, do not65. This 
responsiveness correlates with the level of IFNλ recep-
tor expressed by each tissue, which indicates that IFNλ 
responses are determined by the cellular levels of recep-
tor expression. However, the expression of IFNλ itself in 
response to virus infection is also highly tissue specific. 
For example, alveolar type II (ATII) epithelial cells secrete 
higher levels of IFNλ1 than do alveolar macrophages in 
response to influenza A virus infection67. When ATII 
epithelial cells were treated with IFNλ1 they induced 
the expression of antiviral genes, such as those encoding 
myxovirus resistance proteins, OAS proteins and ISG56, 
and decreased their viral load in a dose-dependent man-
ner67. IFNλ secretion is high in the liver but low in the 
brain after intraperitoneal challenge with viruses65. So, 
based on the expression pattern and response in selective 
tissues, IFNλ might restrict viral replication in epithelial 
cells but not in other cell types, and therefore be most 
effective against viruses that mainly infect epithelial cells 
such as poxviruses, herpesviruses and influenza virus.

The first description of an in vivo antiviral role for 
IFNλ was reported from a study in which the authors 
expressed mouse IFNλ using a recombinant VACV 
model68. Infection with VACV expressing either IFNλ2 
or IFNλ3 was attenuated in mice when the virus was 
administered intranasally but not when it was injected 
intradermally, which indictaes that IFNλ can directly 
shape VACV tissue tropism. In addition, when different 
routes of viral infection were compared, IFNλ protected 
against a lethal influenza A virus lung infection but did  
not protect against hepatotropic thogotovirus infection, or 
encephalomyocarditis virus or lymphocytic choriomen-
ingitis virus infections in the heart and spleen69. Mice that 
lacked expression of IFNλ receptors had decreased resist-
ance to influenza A virus in the lungs, indicating that IFNλ 
might have an antiviral role in this tissue. These observa-
tions suggest that IFNλ contributes to innate resistance 
against viral pathogens that infect the lungs but not those 
that infect other tissues.

In general, it is clear that intact IFN signalling is a key 
factor in determining the outcome of a viral infection and 
in some cases dictating viral host and tissue tropism. This 
action is mostly mediated through the induction of sets of 
cell-specific ISGs that ultimately block virus replication 
and dissemination at the tissue and organism levels.

Tumour necrosis factor
TNF has been shown to induce inflammation and 
apoptosis and thereby inhibit various viral and bacte-
rial infections70,71. TNF signals by binding to its cognate 
receptors, TNFR1 and TNFR2. This binding induces a 
complex series of signalling events, including receptor 
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phosphorylation and the recruitment of various signal 
transduction molecules, including TNFR1-associated 
via death domain (TRADD), TNFR-associated factor 2 
(TRAF2) and receptor-interacting protein 1 (RIp1). 
These signal transducers then activate downstream  
signals, including the mitogen-activated protein kinase 
kinase–extracellular signal-regulated kinase (Mek–eRk) 
signalling pathway, leading to activation of the pro-
inflammatory transcription factor nuclear factor-κB 
(NF-κB) and of the pro-apoptotic procaspases 8 and 10 
(REF. 72). Interestingly, the ability of TNF to induce an 
antiviral state analogous to that induced by the IFNs was 
first reported in the 1980s, but this has not been studied 
in as much detail as the IFN-induced antiviral state73,74. It 
is known that the induced set of cellular genes that medi-
ate the antiviral state in response to TNF is unique and 
includes many genes that are not induced by the IFNs. 
However, some antiviral genes, such as those that encode 
OAS proteins and myxovirus resistance proteins, are 
induced at varying levels by both IFNs and TNF, although 
the antiviral function of the low-level induction of these 
genes by TNF has yet to be determined75. Further inves-
tigation is needed to determine the complete repertoire 
of antiviral genes that are induced by TNF.

Owing to its highly pleiotropic nature, TNF can exert 
antiviral effects through a wide variety of mechanisms. 
Few studies, however, have addressed the direct role of 
TNF in viral tropism. TNF can have a direct effect on 
viral tropism by altering the expression levels of cell 
surface receptors used by viruses (FIG. 2). For exam-
ple, infection with adenovirus or CVB3 requires the 
expression of coxsackievirus and adenovirus receptor 
(CAR)76. primary human umbilical vein endothelial 
cells (HuVeCs) normally express CAR and are highly 
susceptible to these virus infections77. Treatment of 
HuVeCs with TNF, however, downregulates expres-
sion of CAR and prevents adenovirus infection78. 
Importantly, TNF also downregulates expression of CAR 
by primary human dermal microvascular endothelial 
cells, thereby inhibiting adenovirus infection of these 
cells, but not by bronchial epithelial cells or A549 can-
cer cells, which indicates that TNF can directly regulate 
the cellular and tissue tropism of adenovirus78. Similarly, 
infection with HIV-1 requires the expression of various 
cell surface receptors, including CD4, CCR5 and CXCR4 
(REFs 3,4). Treatment of primary human macrophages 
with TNF has been shown to downregulate expression 
of all three of these receptors, leading to a reduction in 
HIV-1 infection79. However, it is not yet known whether 
the downregulation of these receptors by TNF is directly 
intended to inhibit the binding and entry of these viruses 
or is a by-product of another cellular function of TNF. 
Interestingly, TNF can also upregulate the expression of 
certain cell surface receptors for viruses, leading to a gain 
of viral tropism. For example, treatment with TNF leads 
to increased expression of feline aminopeptidase N,  
the receptor for feline infectious peritonitis virus, by 
macrophages. This increased receptor expression results 
in increased virus infection and new virus production80. 
This gain of viral tropism shows that not all of the effects 
of TNF are directly antiviral. 

TNF also affects the expression level of a wide variety 
of other known cell surface receptors used by viruses, such 
as CD55 (also known as DAF)81, which is required for 
Hantavirus infection82; ICAM1 (REF. 6), which is the main 
receptor for human rhinovirus5; and several integrins83,84, 
which are thought to be receptors for human cytomegalo-
virus85. To our knowledge, however, a direct link between 
TNF-mediated modulation of these cell surface receptors 
and viral tropism has not yet been shown. 

So, TNF has been shown to alter viral tropism in both 
positive and negative manners by altering the expres-
sion level of cell surface receptors. Although this effect 
might be much more widespread than currently appreci-
ated, the in vivo relevance of these observations largely 
remains to be determined.

Clinical implications
Zoonotic infections, emerging pathogens and bioterrorist 
threats. Occasionally, probably owing to virus mutation 
or recombination, a virus crosses the species barrier from 
its current or long-term evolutionary host to a new host 
species (new host tropism), a phenomenon that is referred 
to as a zoonotic infection when it occurs in humans. 
Zoonotic infections introduce previously unencoun-
tered viral pathogens into the human population and are 
thought to have caused some of the most lethal viral pan-
demics in history, such as the 1918 influenza virus pan-
demic that originated from chickens or pigs86, the severe 
acute respiratory syndrome (SARS) outbreak in 2002 that 
originated from a bat coronavirus87, HIV, which probably 
originated from African monkeys88, and various haemor-
rhagic fever outbreaks. In the past few years there has been 
an increase in the number of reported zoonotic disease 
transmissions involving animal viruses, such as cowpox 
and monkeypox viruses 89–92 as well as swine and avian 
influenza viruses93, probably as a result of improved detec-
tion and monitoring techniques. Although many of these 
viruses did not necessarily ‘jump’ species owing to species- 
specific alterations in the host responses to innate 
cytokines, the prevalence and severity of these zoonotic 
infections highlight the growing need to better under-
stand the barriers in humans that are designed to restrict 
the host tropism of the viruses, particularly with regards to 
how these cytokine defences might be exploited to inhibit 
new viruses from crossing species boundaries or to treat 
viruses that can jump species. 

particularly troubling is the idea that some of these 
zoonotic viruses, in particular the haemorrhagic fever 
viruses, could be used as biological weapons or agents 
of bioterrorism. As a result of this concern, there 
has been a concerted effort to develop new vaccines  
and/or therapies for zoonotic viruses that are still poorly 
characterized, particularly in humans. Various recombinant 
cytokines, such as the IFNs, have been shown by several 
groups to be an effective treatment for an array of viruses 
with the potential to cause zoonotic infections in vivo. For 
example, injection of recombinant IFNα protects mice 
against lethal challenge with the haemorrhagic fever virus 
punta Toro virus94, and injection of IFNα or IFNγ protects 
rhesus monkeys against challenge with another haemor-
rhagic fever virus, Rift Valley virus, which infects mainly 
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domestic livestock95,96. In addition, recombinant IFNα or 
IFNβ fused to albumin, for increased stability and pharma-
cological properties, has been shown to inhibit infection 
by various potentially zoonotic viruses in vitro, including 
punta Toro virus, Venezuelan equine encephalitis (Vee) 
virus, ebola virus and the SARS coronavirus97. 

Although these data seem promising, several other 
studies have shown that some viruses can counter-
act the effects of IFN, and therefore treatment with 
recombinant IFNs is not effective against all zoonotic 
infections98,99. One study showed that IFNα effec-
tively protects mice against challenge with Vee and 
Banzi viruses whereas IFNγ protects only against Vee 
virus99. A later study tested the effectiveness of IFNα, 
IFNβ and IFNγ against herpes simplex virus type 2, 
Banzi virus, Semliki forest virus and Caraparu virus98. 
In both studies, the authors concluded that the differ-
ent IFNs had varying efficacies against each virus and 
that the dose and timing of the treatment were crucial. 
Also, many of these cytokines had to be administered 
before infection to have their optimal antiviral effects. 
So, although cytokines such as the IFNs might be one 
potential treatment for serious zoonotic infections, they 
seem unlikely to be a ‘magic bullet’ that will effectively 
eliminate the virus. Additional studies focusing on the 
mechanisms by which IFNs regulate viral tropism are 
therefore needed to develop a better understanding of 
how tropism-modifying cytokines, both alone and in 
combination (BOX 1), might be used to effectively prevent 
or treat such trans-species infections. 

Oncolytic virotherapy. Recently, the possibility of 
using live viruses as discriminating therapeutic agents 
against cancer has been investigated100–102. This con-
cept, known as oncolytic virotherapy, is based on the 
observation that certain viruses replicate in tumour 
cells but not in untransformed primary cells. Such 
viruses could be said to have tumour-specific tropism, 
which can be thought of as a specific variation of cel-
lular or tissue tropism. One mechanistic explanation 
for tumour tropism is linked to the inability of many 
cancer cells to respond properly to pro-inflammatory 
or antiviral cytokines (FIG. 3). For example, in normal 
primary mouse cells, the replication of VSV is strongly 
inhibited by IFNα103. In many cancer cells, however, 
VSV replicates even in the presence of IFNα owing to 

defects in the IFN responses of these cells103. Similarly, 
IFNβ and TNF strongly inhibit MyXV replication in 
normal primary human fibroblasts66,75, but MyXV can 
productively replicate in various human cancer cells 
even in the presence of these cytokines104. The injec-
tion of either VSV or MyXV into solid tumours in 
mice, even in the presence of an active IFN-mediated 
response, causes regression of the tumour, through 
an unknown mechanism, without significant viral  
pathology in normal tissues105,106. 

Whereas wild-type VSV and MyXV have intrin-
sic tumour tropism owing to their unique IFN and/or 
TNF sensitivities in untransformed cells, certain other 
potential oncolytic viruses, including VACV, adeno-
virus, influenza virus, measles virus and poliovirus, can 
be modified to increase tumour tropism through specific 
gene mutations and deletions107. One common method 
of genetically modifying an oncolytic virus candidate 
to increase tumour tropism is to delete or modify the 
viral genes responsible for countering the IFN-mediated 
immune response. For example, influenza virus can nor-
mally productively infect humans; however, deletion of 
the NS1 gene, which counters the host IFN response, 
results in a virus that can replicate only in the absence 
of an IFN-mediated response108. The mutant virus can 
preferentially replicate in cancer cells109 and in Stat1–/– 
mice110, and causes tumour regression108, but is unable 
to replicate or cause disease in wild-type mice109. Similar 
results have been observed with E1B gene-deleted adeno-
virus111,112 and B18R gene-deleted VACV113, which have 
also had cellular genes that encode IFNs inserted into 
the viral genome113,114. These recombinant viruses have 
stricter tumour tropism and higher oncolytic poten-
tial than their single-gene-deleted predecessors113–115. 
Together, these data indicate that the regulation of 
tumour tropism by innate pro-inflammatory and anti-
viral cytokines, such as TNF and the IFNs, might have 
a key role in the potential use of viruses as oncolytic 
therapeutics.

Concluding remarks
Cytokine responses are crucial for effective host defences 
against invading pathogens. Indeed, the ability of any 
pathogen to emerge, re-emerge or persist quietly in a 
host can be linked to its ability to subvert or evade pro-
tective antiviral cytokine responses. The outcomes of 

 Box 1 | Synergistic antiviral cytokine interactions

Individual cytokines such as the interferons (IFNs) and tumour necrosis factor (TNF) have similar but distinct abilities to 
regulate viral tropism. Several studies, however, have shown that certain viruses that are normally resistant to inhibition 
by individual cytokines are nevertheless susceptible to the effects of cytokine combinations (reviewed elsewhere117). 
However, so far there are few specific documented examples showing that combinations of cytokines actually regulate 
viral tropism at the host level. One example, in contrast to the complete restriction of myxoma virus (MYXV) replication 
by type I IFNs in mouse fibroblasts39, is that the complete restriction of MYXV infection in primary human fibroblasts 
requires both type I IFNs and TNF66,75. Moreover, MYXV infection of primary human macrophages was shown to induce 
the simultaneous production of TNF and type I IFNs, through activation of the cytoplasmic RNA sensor retinoic acid 
inducible gene‑I (RIG‑I; also known as DDX58)66. Although all of the observations about the synergistic nature of 
antiviral cytokines have been made in vitro, and have yet to be rigorously validated in vivo, it is probable that cytokine 
synergism makes a significant contribution to viral tropism in complex tissues in situ. This knowledge could be 
particularly useful in terms of its implications for the modulation of viral tropism in the clinic to combat natural 
zoonotic infections or threats from potential viral pandemics that have not yet emerged in the human population.
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such encounters can determine viral tropism at all three 
levels (cellular, tissue and host). Indeed, several lines of 
evidence have shown a major role for antiviral cytokines, 
in particular the IFNs and TNF, in directly dictating both 

tissue and host specificity of viruses. It is unclear at this 
point whether the dictation of viral tropism by the IFNs 
and TNF is an evolved cellular response or an unin-
tended consequence of the innate immune response in 
general. It seems unlikely that the host would evolve a 
defence mechanism aimed at allowing viral replication 
in one tissue but not others. For several reasons, including 
differential gene expression or splicing, the differential 
activation or expression of transcription factors such as 
STATs116 and altered signalling pathways, the response 
to innate cytokines can differ significantly from cell type 
to cell type or tissue to tissue. This could be because the 
innate immune system has evolved to counter all patho-
gen infections in a largely nonspecific manner. Although 
the innate immune system is highly efficient, it has not 
evolved to perfectly counter every infection under every 
circumstance, merely to counter most infections under 
most circumstances. So, the innate immune response 
will always be suboptimal for any single infecting patho-
gen. each virus has probably evolved specifically to take 
advantage of one aspect of this suboptimal response in 
at least one host species. exactly which aspect a virus 
has evolved to take advantage of is likely to dictate the 
tropism of that particular virus. So, the balance between 
the requirement of the innate immune system to be spe-
cific enough to counter one invading pathogen infection 
while still being nonspecific enough to counter a totally 
unrelated pathogen infection might be the evolutionary 
explanation for how inflammatory cytokines, such as 
TNF and the IFNs, dictate viral tropism. 

Further studies of how cytokines regulate viral 
tropism might result in practical outcomes, such as 
the improved development of more selective tumour-
restricted oncolytic viruses. We can also anticipate new 
insights into the fundamental mechanisms by which 
some viruses can occasionally cross from a long-term 
evolutionary host species to cause zoonotic infections in 
humans. By focusing on the essential interactive nature of 
the innate antiviral cytokine response pathways (BOX 1), 
we also predict the development of innovative therapeu-
tic strategies to better respond to emerging infections 
in general, even before the next new viral pathogen has 
appeared in the human population.
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