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Antiviral Effector RTP4 Bats against Flaviviruses
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Bats harbor diverse viruses and manifest distinct antiviral immune responses. Recently in Cell Host &
Microbe, Boys et al. demonstrated that bat receptor transporter protein 4 (RTP4) is an innate antiviral effector
that inhibits flavivirus replication, revealing an evolutionary arms race between flaviviruses and their hosts.
The Red Queen hypothesis posits that or-

ganisms must constantly change and

adapt to selective pressures, including

pathogens (Van Valen, 1973). This pro-

cess leads to an evolutionary arms race

at a molecular level that prevents either

pathogens or hosts from achieving

complete victory over each other (Daugh-

erty and Malik, 2012). In vertebrate

animals, interferons and interferon-stimu-

lated genes (ISGs) are key players in the

innate antiviral immune response. In a

recent issue of Cell Host & Microbe,

Boys et al. demonstrate that a bat ortho-

log of the ISG RTP4 (receptor transporter

protein 4) inhibits flavivirus replication,

which suggests a molecular arms race

waged between flaviviruses and mamma-

lian innate immunity (Boys et al., 2020).

Bats serve as reservoir hosts for a wide

diversity of viruses, including some that

are highly pathogenic in humans, such

as Marburg virus, Nipah virus, and

SARS-CoV-2 (Letko et al., 2020). Despite

expanding research on bat virology and

bat immunology, interactions between

bats and flaviviruses have not been stud-

ied extensively (Fagre and Kading, 2019).

Flaviviruses include significant human

pathogens such as dengue virus (DENV),

Zika virus (ZIKV), West Nile virus (WNV),

and yellow fever virus (YFV) (Pierson and

Diamond, 2020). The flaviviruses known

to cause human disease are all trans-

mitted by arthropod vectors (mosquitoes

or ticks), but some flaviviruses circulating

in nature have no known arthropod vec-

tor. Many of these no-known-vector flavi-

viruses were isolated from bats (Blitvich

and Firth, 2017). Since there are unusual

features of the bat antiviral response that

may contribute to their ability to serve as

reservoir hosts (Hayman, 2016), Boys

et al. set out to identify genes in the black

flying fox bat (Pteropus alecto) that

restrict flavivirus infection. They ex-
pressed a P. alecto cDNA library (en-

riched for ISGs) in a human hepatocyte

cell line, then infected with DENV or

ZIKV. Antiviral genes were identified by

sequencing the P. alecto transcripts

from cells that survived viral infection.

This approach identified some ISGs that

had previously been shown to inhibit flavi-

viruses in studies with their human ortho-

logs. However, one of the most potent

inhibitors of both DENV and ZIKV was

RTP4, whose human ortholog had shown

only modest antiviral activity in prior

studies. To confirm this observation, the

group demonstrated that P. alecto RTP4

(paRTP4) inhibited YFV infection more

potently than Homo sapiens RTP4

(hsRTP4) in both P. alecto and human

cell lines.

To define the scope of paRTP4 antiviral

activity, the group tested diverse viruses

in cells expressing paRTP4 or hsRTP4.

They found that both paRTP4 and

hsRTP4 broadly inhibit flaviviruses, and

paRTP4 additionally inhibited hepatitis C

virus (HCV, a Flaviviridae family member

not in the Flavivirus genus), and two nido-

viruses (equine arteritis virus, and human

coronavirus OC43 [HCoV-OC43]). The in-

hibited viruses are all enveloped positive-

sense RNA viruses that replicate on

endoplasmic reticulum (ER) membranes.

Boys et al. confirmed that RTP4 localized

to the ER, suggesting an interaction with

the viral replication complex. However,

paRTP4 mutants lacking their transmem-

brane domains retained full antiviral

activity.

Next, Boys et al. asked what stage of

flavivirus replication was inhibited by

paRTP4. They demonstrated a direct

interaction between paRTP4 and viral

RNA using cross-linking immunoprecipi-

tation. This interaction was distributed

throughout the viral genome, on both pos-

itive-sense and negative-sense viral RNA.
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paRTP4 did not inhibit translation of viral

RNA, as shown by translation reporter as-

says and a polysome-association assay.

Instead, they found that paRTP4 inhibits

flavivirus RNA replication by binding the

double-stranded RNA replication inter-

mediate and disrupting the viral replicase

complex.

Having shown how paRTP4 inhibits fla-

vivirus replication, the authors next re-

turned to the Red Queen concept, asking

why paRTP4 was so much more potent

than hsRTP4. Amino acid sequence anal-

ysis revealed that paRTP4 is over 70%

larger than hsRTP4 and that neither ortho-

log was an extreme example of mamma-

lian RTP4 ortholog sizes. Such a wide

range of protein sizes is unusual and is

consistent with the idea that RTP4

evolves rapidly. To investigate this further,

the group tested additional mammalian

RTP4 orthologs (cow, pig, dog, and

mouse, as well as additional bat and pri-

mate species), for antiviral activity against

DENV, ZIKV, WNV, YFV, HCV, and a bat-

origin flavivirus with no known arthropod

vector, Entebbe bat virus (ENTV). This

array of infections revealed that evolu-

tionary relatedness of RTP4 orthologs

correlates with their antiviral activity

against a given virus. Additionally, it

showed that viruses were most resistant

to RTP4 from their natural host, e.g.,

HCV and YFV to human RTP4 and ENTV

to bat RTP4. These relationships further

support the rapid evolution of RTP4

and flaviviruses in a virus-host arms

race (Figure 1). The group further demon-

strated this by reconstructing an inferred

ancestral RTP4 ortholog, which exhibited

slightly reduced potency against flavivi-

ruses compared to paRTP4 but increased

potency against HCoV-OC43 compared

to other mammalian orthologs. Collec-

tively, these data suggest that modern

RTP4 orthologs evolved to more
cember 15, 2020 ª 2020 Elsevier Inc. 1133

mailto:helen.lazear@med.unc.edu
https://doi.org/10.1016/j.immuni.2020.11.019
http://crossmark.crossref.org/dialog/?doi=10.1016/j.immuni.2020.11.019&domain=pdf


e

t

b

t

t

t

t

h

(

s

t

s

o

e

a

d

n

h

m

t

is

ic

B

h

a

m

u

o

r

w

a

s

li

in

a

fl

R

a

w

r

e

d

d

a

T

v

a

m

a

h

v

c

f

t

f

t

R

k

Figure 1. An Evolutionary Arms Race between Flaviviruses and RTP4
Flaviviruses replicate in their natural host species, but non-natural host species also may be exposed to
infection, for example through a mosquito or tick bite. Boys et al. found that the antiviral effector RTP4
inhibits flaviviruses in a species-specificmanner, with RTP4 orthologs from natural hosts being less potent
against particular flaviviruses than orthologs from non-natural hosts. Their work suggests a molecular
arms race, wherein RTP4 inhibits flavivirus replication, creating selective pressure for flaviviruses to evolve
to antagonize RTP4 in their natural hosts, and in turn pressuring RTP4 to evolve greater potency against
the specific flaviviruses that target that host.
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specifically target flaviviruses and high-

light the trade-offs between potency and

specificity for antiviral effectors.

Interestingly, ENTV was the only virus

tested that was efficiently inhibited by

hsRTP4, but it was efficiently inhibited

by only one of three bat orthologs tested.

Conversely, YFV, the closest relative to

ENTV tested, showed the opposite

pattern, being strongly inhibited by all

three bat RTP4 orthologs but only weakly

by hsRTP4. This is consistent with a

model wherein flaviviruses evolve to

antagonize the RTP4 of the specific hosts

they infect. To test the viral side of the

evolutionary arms race, the authors seri-

ally passaged YFV in cells expressing

a bat RTP4 ortholog. After several

passages, YFV replication increased

due to the emergence of an escape
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mutant located in a component of the viral

replicase complex, consistent with the

observation that RTP4 disrupts this com-

plex. Although the escape mutant repli-

cated better than the parental virus in

the presence of the specific bat RTP4 or-

tholog it arose against, the mutant was

attenuated in the presence of other

RTP4 orthologs. This observation again

reveals the potential trade-offs involved

in evolving to more potently antagonize

an antiviral effector in a particular host

species.

The work by Boys et al. supports the

idea that flavivirus host range is deter-

mined, in part, by the ability of viruses to

antagonize the antiviral response in

particular host species. For example,

ZIKV, DENV, and YFV naturally infect hu-

mans and other primates. These viruses
fficiently antagonize the ISG-inducing

ranscription factor STAT2 in human cells,

ut not mouse cells, and accordingly,

hey replicate poorly in immune-compe-

ent mice (Best, 2017). Consistent with

his paradigm, DENV and YFV were rela-

ively resistant to the antiviral effects of

sRTP4 compared to other orthologs

although ZIKV inhibition was less species

pecific). These flaviviruses circulate be-

ween humans and mosquitoes, but

ome mosquito-borne flaviviruses require

ther animals for circulation in nature. For

xample, WNV circulates between birds

nd mosquitoes, with humans as inci-

ental dead-end hosts. Since WNV does

ot replicate to sufficiently high levels in

umans to be transmitted back to

osquitoes, humans do not contribute

o the WNV transmission cycle, so there

no selective pressure forWNV to specif-

ally antagonize human RTP4. Although

oys et al. found that WNV was poorly in-

ibited by primate orthologs of RTP4,

nd more efficiently inhibited by other

ammalian orthologs, any specificity is

nlikely to derive from selective pressures

n WNV evolution. Since many flavivi-

uses use birds as amplifying hosts, it

ill be interesting to determine whether

vian RTP4 orthologs have similar diver-

ity and antiviral activity as their mamma-

an counterparts. Since bird species vary

their susceptibility to flavivirus disease

nd their ability to sustain high levels of

avivirus replication, comparing avian

TP4 orthologs may yield evidence of

dditional evolutionary arms races. Like-

ise, many tick-borne flaviviruses use

odents as amplifying hosts and may

xhibit species-specific antagonism of ro-

ent RTP4.

The Red Queen hypothesis can

escribe an ongoing arms race between

virus and a particular host species.

his relationship is more complicated for

ector-borne viruses, such as mosquito-

nd tick-borne flaviviruses, which must

aintain the ability to replicate in both

n arthropod vector and a vertebrate

ost, thus constraining the ability of these

iruses to adapt to a particular host spe-

ies. These constraints may be relaxed

or flaviviruses such as ENTV that are

hought not to require an arthropod vector

or their transmission. It will be interesting

o investigate the antiviral activity of bat

TP4 orthologs against additional no-

nown-vector flaviviruses, which may



712–723.e9. Theory 1, 1–30.

Previews
ll
have a greater ability to engage in an arms

race with their vertebrate host compared

to vector-borne flaviviruses.

In conclusion, Boys et al. demonstrate

that the ortholog of RTP4 found in

P. alecto is a potent antiviral effector,

particularly against flaviviruses. They

defined the antiviral domain of the protein

and showed that it targets viral double-

stranded RNA, ultimately disrupting viral

replication. They then compared RTP4

activity across diverse sets of mammals

and flaviviruses, identifying relationships

consistent with an evolutionary virus-

host arms race. These data raise exciting

new questions for the fields of innate anti-
viral immunity, flavivirus host-pathogen

interactions, and mammalian and viral

evolution.
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