
Nature | Vol 620 | 24 August 2023 | 873

Article

TRIM5α restricts poxviruses and is 
antagonized by CypA and the viral protein C6

Yiqi Zhao1,2,6, Yongxu Lu1,2,6, Samuel Richardson3, Meghna Sreekumar1, Jonas D. Albarnaz1,5 ✉ 
& Geoffrey L. Smith1,2,3,4 ✉

Human tripartite motif protein 5α (TRIM5α) is a well-characterized restriction factor 
for some RNA viruses, including HIV1–5; however, reports are limited for DNA viruses6,7. 
Here we demonstrate that TRIM5α also restricts orthopoxviruses and, via its SPRY 
domain, binds to the orthopoxvirus capsid protein L3 to diminish virus replication 
and activate innate immunity. In response, several orthopoxviruses, including 
vaccinia, rabbitpox, cowpox, monkeypox, camelpox and variola viruses, deploy 
countermeasures. First, the protein C6 binds to TRIM5 via the RING domain to induce 
its proteasome-dependent degradation. Second, cyclophilin A (CypA) is recruited  
via interaction with the capsid protein L3 to virus factories and virions to antagonize 
TRIM5α; this interaction is prevented by cyclosporine A (CsA) and the non- 
immunosuppressive derivatives alisporivir and NIM811. Both the proviral effect of 
CypA and the antiviral effect of CsA are dependent on TRIM5α. CsA, alisporivir and 
NIM811 have antiviral activity against orthopoxviruses, and because these drugs 
target a cellular protein, CypA, the emergence of viral drug resistance is difficult. 
These results warrant testing of CsA derivatives against orthopoxviruses, including 
monkeypox and variola.

Vaccinia virus (VACV) is the live vaccine used to eradicate smallpox 
and is currently being used to immunize at-risk populations against 
monkeypox virus (MPXV), the cause of the disease mpox. VACV, cowpox 
virus (CPXV), MPXV, camelpox virus (CMLV) and variola virus (VARV), 
the cause of smallpox, are all orthopoxviruses and are immunologically 
cross-protective. After the eradication of smallpox, VACV has continued 
to be studied as a platform for vaccine development, as an oncolytic 
agent and as an excellent model for studying virus–host interactions. In 
particular, VACV and other orthopoxviruses encode scores of proteins 
that subvert the host immune system8,9.

Previously, a proteomic study had revealed that infection of human 
fibroblasts with VACV strain Western Reserve (VACV-WR) induced the 
reduction of 265 cellular proteins (approximately 3% of those quanti-
fied), mostly by proteasome-mediated degradation10. To explain this 
targeted degradation, one hypothesis is that the degraded proteins 
have antiviral activity and so are eliminated as a viral evasion strategy. 
For histone deacetylase 4 (HDAC4) and HDAC5, this hypothesis was 
shown to be correct, and HDAC4 was antiviral and functions in the type 
I interferon (IFN)-mediated signal transduction pathway to induce 
expression of IFN-stimulated genes11. Another protein, TRIM5, was 
also degraded during VACV infection and is the subject of this study.

The VACV protein C6 binds to the TRIM5α RING domain
The proteasomal degradation of TRIM5α observed in VACV-infected 
TERT-immortalized human fetal foreskin fibroblasts by mass 

spectrometry10 (Fig. 1a) was confirmed by immunoblotting in HeLa cells 
(Fig. 1b). Only the TRIM5α isoform was detected in these cells. To iden-
tify the VACV protein (or proteins) responsible, VACV mutants lacking 
blocks of genes from near either genomic terminus12 were utilized and 
showed that the mutant v6/2 was unable to degrade TRIM5α (Fig. 1c). 
Bioinformatic analysis of the proteins encoded by the genes missing 
in v6/2 (ref. 13) and analysis of single-gene deletion mutants identified 
the gene C6L as being necessary for TRIM5α degradation (Fig. 1d). C6 is 
a multifunctional antagonist of innate immunity that is expressed early 
during infection and has a predicted BCL-2-like fold10,11,14–16. A cell line 
engineered to express the VACV-WR protein C6 also reduced TRIM5α, 
showing that no other viral protein is needed (Fig. 1e). TRIM5α is an 
E3 ubiquitin ligase and can regulate its own stability via autoubiquity-
lation17–19. To determine whether C6-mediated TRIM5α degradation 
required TRIM5α E3 ligase activity, mutant TRIM5α(N70A) lacking 
autoubiquitylation activity18 was examined and found to be degraded as 
for the wild-type (WT) protein (Fig. 1f and Extended Data Fig. 1a). Thus, 
degradation of TRIM5α is probably mediated by one or more unknown 
cellular E3 ligases that C6 might co-opt to ubiquitylate TRIM5α, leading 
to proteasomal degradation.

Infection of HEK293T cells with VACV strains expressing TAP-tagged 
C6 or N1, another BCL-2-like VACV immunomodulatory protein20, fol-
lowed by affinity purification demonstrated that C6 co-precipitates 
with TRIM5α when expressed during infection at endogenous levels 
(Fig. 1g). Ectopic expression of epitope-tagged viral proteins confirmed 
that C6, but not the VACV protein B14 (a BCL-2-like VACV protein that 
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antagonizes NF-κB14,21), co-precipitated with endogenous TRIM5α 
(Extended Data Fig. 1b). HDAC5 and IKKβ were analysed as known bind-
ing partners of C6 and B14, respectively21. Use of recombinant protein 
produced in vitro by the wheat germ transcription and translation 
system showed that the interaction of C6 and TRIM5α was not mediated 
via other mammalian proteins and so probably is direct (Extended Data 
Fig. 1c). By expressing several tagged TRIM5α mutants that lack differ-
ent domains, C6 was shown to interact with the TRIM5α N-terminal 
RING domain (Fig. 1h). Finally, C6 enhances ubiquitylation of TRIM5α 
in the presence of ectopic ubiquitin or a ubiquitin mutant containing 
only K63, but not only K48, indicating that K63 ubiquitylation mediates 
C6-induced degradation of TRIM5α (Extended Data Fig. 1d).

TRIM5α restricts VACV
Next, the antiviral activity of TRIM5 was investigated in T-REx-293 and 
HeLa cells engineered, by CRISPR–Cas9-mediated genome editing, to 
lack all TRIM5 isoforms. Loss of TRIM5 was confirmed in two clones for 
each cell type by immunoblotting (Extended Data Fig. 2a,b) and DNA 
sequencing. The replication and spread of VACV in these cells were 
investigated using WT or an eGFP-tagged VACV-WR strain22. In both 
T-REx-293 (Fig. 2a) and HeLa (Extended Data Fig. 2c) cells lacking TRIM5, 
the yields of infectious virus after high multiplicity of infection (MOI) 

were enhanced. Similar data on virus titre and size of virus plaques were 
obtained after low MOI (Fig. 2b and Extended Data Fig. 2d–f). Although 
TRIM5α is known to be antiviral for some RNA viruses, other isoforms 
such as TRIM5γ and TRIM5δ are proviral, by antagonizing TRIM5α23. To 
test the roles of these isoforms against VACV, each isoform was overex-
pressed in WT T-REx-293 cells and the replication and spread of VACV 
were examined. Whereas overexpression of TRIM5α was antiviral, the 
expression of TRIM5γ or TRIM5δ was proviral (Extended Data Fig. 2g–k), 
due to dominant negative antagonism of TRIM5α in WT cells. Next, the 
TRIM5−/− T-REx-293 cells were complemented by stable transfection to 
express TRIM5α, TRIM5γ or TRIM5δ inducibly (Extended Data Fig. 2l), 
and the growth and spread of VACV in these cells were investigated. 
This showed that expression of TRIM5α, but not TRIM5γ or TRIM5δ, 
reduced virus plaque size and yields of infectious virus (Fig. 2c,d and 
Extended Data Fig. 2m,n).

To address how TRIM5α was antiviral for VACV, the TRIM5−/− T-REx-
293 cells were complemented by inducible expression of the TRIM5α 
mutants L19R, N70A, R119E and one lacking the SPRY domain (also 
known as PRY-SPRY or B30.2) (∆SPRY) (Extended Data Fig. 2o). L19R 
is catalytically defective, strongly impaired in its ability to synthesize 
anchored and unanchored polyubiquitin chains, as well as monoubiq-
uitylation18. N70A has impaired monoubiquitylation and anchored 
polyubiquitin chain synthesis, but has retained its ability to synthesize 

a

0

0.5

1.0

0 6 12 18

R
el

at
iv

e 
ab

un
d

an
ce

Time post-infection (h)

b c

d e f g

VACV
VACV + AraC

Mock
Mock + AraC

h

hpi Mock 4 8 16 16

MG132 – – – – +

Actin

D8

63

WT

35

35

TRIM5α

TRIM5α WT TRIM5α WT

TRIM5α
TRIM5α

TRIM5α

GAPDH

D8

v6/2

hpi Mock

Mock

4 8 12 18 4 8 12 18 kDa

hpi Mock 8 16 16 4 8 16 16

MG132 – – – + – – – +

63

WT

Actin

D8

vΔC6

48

25

48

kDa

Dox – +

17

Actin

Myc

hpi 4 8 12 12 4 8 12 12
MG132 – – – – + – – – +

63FLAG
N70A

Actin

D8

vΔC6

48

35

WT

kDa

VACV N1 C6

Input AP: Strep

63
48

135

17

11
48

HDAC5

FLAG

Actin

kDa

RING RB BCS CS ΔSPRY

72

57

42

24

15

FLAG

HA

TAP

HA–N1

HA–C6 – + + + – +

GAPDH

Input AP: Strep

15

35

+ – – –

+

–

+

–

+

–

+

–

+

–

+

–

+

–

+

–+ –

kDa

RING B-Box2 Coiled coil SPRYTRIM5α WT

RING
RB

BCS
CS

ΔSPRY

TRIM5α

63

48
48

kDa

63

48

25

48

kDa

RING RB BCS CS ΔSPRY

N1 C6
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v6/2 lacking genes near the left genomic terminus (c); HFFF-TERT cells after 
infection with VACV-WR WT or mutant v∆C6 lacking the gene C6L (d); HEK293T 
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of the TAP-tagged TRIM5α mutant N70A and infected with WT VACV-WR or 

vΔC6 (f). g, Endogenous C6 and TRIM5α co-precipitate during VACV infection. 
HEK293T cells were infected with VACV-expressing TAP-tagged C6 or N1. 
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D8 were controls for equal loading and viral infection, respectively. Data from 
b–h are representative of three independent experiments.
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free polyubiquitin chains, which subsequently activate innate immune 
signalling pathways such as NF-κB and AP1 (ref. 18). R119E is defective 
in oligomerization24 and the SPRY domain is required for retrovirus 
capsid recognition25. Whereas expression of TRIM5α WT and N70A were 
antiviral after low MOI and reduced plaque size, the mutants L19R, R119E 
and ∆SPRY were not (Fig. 2e and Extended Data Fig. 2p,q), indicating 
that polyubiquitylation, oligomerization and SPRY domains were all 
needed for antiviral activity during low MOI. After high MOI, the yields 
of VACV showed a similar sensitivity to the TRIM5α mutants, except 
for N70A, which was no longer antiviral (Fig. 2f). Thus, high MOI can 
overcome the antiviral effect of TRIM5α(N70A), suggesting that this 
might reflect viral evasion from the innate immune response to infec-
tion (see below), rather than inhibition of virus replication itself. This 
implies that TRIM5α-mediated restriction may operate by influencing 
both virus replication and innate immunity.

CypA is proviral but TRIM5α dependent
In retroviruses, the antiviral activity of TRIM5α is negated by the proviral 
activity of CypA (encoded by PPIA, also known as CypA) that binds to the 
same viral capsid protein and antagonizes TRIM5α binding4,5. Previous 
studies have reported that CypA is also recruited to the VACV core26 and 
that CsA and non-immunosuppressive derivatives are antiviral27,28. To 
investigate this further, cell lines lacking either CypA (Extended Data 
Fig. 3a) or both CypA and TRIM5α (Extended Data Fig. 3b) were con-
structed. In cells lacking only CypA, VACV plaque size and viral titres 
were reduced (Fig. 3a–c and Extended Data Fig. 3c), whereas in cells also 
lacking TRIM5α, loss of CypA had no effect (Fig. 3a,d,e and Extended 
Data Fig. 3d). Thus, CypA was only proviral in the presence of TRIM5α. 

In addition, although increasing doses of CsA diminished VACV plaque 
size in WT cells, in the absence of TRIM5α, the drug was not antiviral 
(Fig. 3f and Extended Data Fig. 3e). Thus, both the proviral activity of 
CypA and the antiviral activity of CsA are dependent on TRIM5α.

CypA is a prolyl isomerase and can aid protein folding but, when 
bound by CsA, can form an immunosuppressive complex that affects 
the phosphatase activity of calcineurin and thereby the transcrip-
tional activity of NFAT29–31. To investigate which activity was needed 
for pro-poxviral potency, either WT CypA or the catalytically defec-
tive CypA mutants R55A and F113A were expressed inducibly in the 
CypA−/− T-REx-293 cells (Extended Data Fig. 3f) and the plaque size and 
yield of infectious virus were measured. Whereas the expression of 
WT CypA was proviral, the mutants were not (Fig. 3g,h and Extended 
Data Fig. 3g,h) and thus the enzymatic activity of CypA was needed 
for proviral activity.

CypA and TRIM5α bind to the capsid protein L3
In retroviruses, both CypA and TRIM5α bind to the same capsid protein, 
and which retroviral capsids can be bound is determined by variation 
in the TRIM5α SPRY domain32–34. To investigate which VACV protein  
(or proteins) TRIM5α and CypA bind to, an unbiased proteomic screen 
was done in cells transfected with tagged versions of TRIM5α or CypA 
and infected with VACV lacking the gene C6L (v∆C6; so that TRIM5α 
would not be degraded). The screen with CypA was done with or without 
CsA. Of the several viral proteins co-purified by either TRIM5α or CypA, 
L3 was the only structural protein enriched by both cellular proteins and 
the interaction with CypA was lost in the presence of CsA (Fig. 4a–c). 
To validate these observations, a codon-optimized VACV-WR L3L gene 
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was expressed alongside either TRIM5α or CypA with or without CsA. 
Of note, L3 co-precipitated with both TRIM5α and CypA, and the latter 
interaction was prevented by CsA (Fig. 4d). The interactions between 
L3 and both CypA and TRIM5α were confirmed using endogenous 
L3 protein expressed during VACV infection and detected with an 
anti-L3 antibody35. Of note, catalytically defective CypA(R55A) and 
CypA(F113A) still co-precipitated L3 (Extended Data Fig. 4a), but were 
not proviral, indicating that the proviral activity of CypA is unlikely to 
merely reflect competition with TRIM5α for L3 binding.

To map where L3 binds to TRIM5α, the TRIM5α mutants shown in 
Fig. 1h were expressed alongside haemagglutinin (HA)-tagged L3, C6 
or N1 (ref. 20). Immunoprecipitation showed that whereas C6 bound 
the TRIM5α RING domain, L3 required the SPRY domain, although this 
alone was insufficient for interaction (Fig. 4e). Possibly, the interaction 
requires TRIM5α dimerization to position SPRY domains appropriately, 
as is needed for retrovirus capsid binding36–38. To determine whether 
interactions were direct, the tagged proteins were expressed by in vitro 
transcription and translation followed by affinity purification. This 
showed that the TRIM5α–L3 interaction was likely to be direct, was 
greatly reduced in the absence of the SPRY domain and that L3 can 
dimerize (Extended Data Fig. 4b). TRIM5α enhances L3 dimeriza-
tion in an E3 ubiquitin ligase activity-dependent manner (Extended 
Data Fig. 5a–d) and this is reversed in the presence of WT CypA, but 
not enzymatically inactive CypA mutants (Extended Data Fig. 5a,b). 

Moreover, L3 undergoes a post-translational modification reminis-
cent of ubiquitylation in the presence of TRIM5α WT, but not the L19R 
mutant lacking E3 ubiquitin ligase activity, and this is also reversed by 
CypA (Extended Data Fig. 5e).

L3 directs TRIM5α to virus factories
Next, the subcellular localization of TRIM5α and L3 were examined 
during VACV infection. Expression of tagged TRIM5α in T-REx-293 cells 
showed a broad cytoplasmic distribution; however, 10 h after infection 
with VACV v∆C6, the expression of TRIM5α was reduced (due to inhibi-
tion of host protein synthesis and protein turnover) and its location 
was restricted to virus factories that co-stained with L3 and cytoplas-
mic DNA (DAPI) (Extended Data Fig. 6a). To examine whether TRIM5α 
recruitment to factories was dependent on L3, TRIM5−/−CypA−/− cells 
complemented with TRIM5α by transfection were infected with the 
VACV strain vL3Li in which L3 protein expression is repressed, but were 
inducible by isopropyl β-d-1-thiogalactopyranoside (IPTG)35. This virus 
was used previously to demonstrate that L3 is critical for VACV infectiv-
ity, and although repression of L3 expression produced morphologi-
cally normal virions that bind to and enter cells, these virions fail to 
establish a productive infection due to a defect in early transcription35. 
This virus, grown with IPTG, was used to infect cells with or without 
IPTG. In uninfected cells, TRIM5α was broadly cytoplasmic with some 
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at 5 PFU per cell for 16 h. n = 3 per condition. d, Plaque area quantification of 
cells described in the bottom panels of a. n ≥ 236 per condition. e, Infectious 
VACV titres following infection of T-REx-293 (WT) and derivative TRIM5−/−,  
and TRIM5−/−CypA−/− (DKO1 and DKO2) cells at 5 PFU per cell for 16 h. n = 3 per 
condition. f, Plaque area quantification 2 days post-infection (dpi) of HeLa and 
derivative TRIM5−/− cells with VACV A5–GFP with the indicated concentrations 

of CsA. n ≥ 13 per condition. g, Plaque area quantification 24 hpi of T-REx-293 
CypA−/− cells engineered to inducibly express (+Dox) TAP-tagged WT CypA and 
mutants R55A and F113A with VACV A5–GFP. n ≥ 140 per condition. h, Infectious 
VACV titres following infection of cells described in g at 5 PFU per cell for 16 h. 
n = 3 per condition. In g,h, cells were treated with 150 ng ml−1 doxycycline from 
seeding for 24 h to express tagged proteins before harvest or infection. Data 
shown in a,b,d,f,g are representative of three independent experiments, and  
in c,e,h are from two independent experiments. Data from b–f were analysed 
using one-way Welch’s ANOVA test (P < 0.0001 in f), and pairwise comparisons 
in f were performed using post-hoc Dunnett’s T3 multiple comparisons test. 
Data from g,h were analysed using two-tailed unpaired Student’s t-test. 
Analyses were performed on GraphPad Prism. Data are mean ± s.e.m. (b–h).
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puncta, whereas after infection in the presence of L3 (+IPTG), but not 
its absence (−IPTG), TRIM5α was recruited to virus factories (Fig. 4f 
and Extended Data Fig. 6b).

L3 activates NF-κB signalling
In retroviruses, binding of TRIM5α to the virus capsid can trigger both 
premature uncoating of the capsid and activation of innate immune 
signalling18,33,39. To address whether TRIM5α interaction with the pox-
virus protein L3 activated innate immunity, we utilized NF-κB reporter 
gene assays in cell lines lacking endogenous TRIM5α and CypA. Ectopic 
expression of TRIM5α induced NF-κB activation as noted by others18,39,40, 
but L3 expression also activated this innate immune response, indicat-
ing that L3 can be recognized by innate immune sensors independ-
ent of TRIM5α (Fig. 4g). This was corroborated by IκBα (an inhibitor 
of NF-κB) degradation and upregulation of NF-κB-responsive genes 
upon the ectopic expression of L3 in TRIM5−/−CypA−/− cells (Extended 
Data Fig. 6c,d). Furthermore, phosphorylation of TAK1 (p-TAK1) was 
investigated to explore the mechanism underlying TRIM5-independent 
L3-mediated NF-κB activation. Despite NF-κB activation, under the 

conditions tested, p-TAK1 levels were not above background in control 
cells, suggesting that the activation is independent of p-TAK1 (Extended 
Data Fig. 6c). L3 and TRIM5α acted synergistically and NF-κB activa-
tion was enhanced in the presence of both proteins. The L3-mediated 
enhancement was reversed in the presence of CypA, but not by the 
catalytically inactive mutant R55A41. Of note, in the absence of TRIM5α, 
CypA could still antagonize L3-induced NF-κB activation (Fig. 4g). Next, 
the functional domains of TRIM5α that are needed for NF-κB activation, 
in the presence or absence of L3, were examined (Extended Data Fig. 6e). 
TRIM5α(L19R) and TRIM5α(∆SPRY) were deficient in NF-κB activation in 
the absence of L3 and, unlike TRIM5α WT, did not augment L3-mediated 
pathway activation. By contrast, TRIM5α(N70A) was a more potent 
activator either alone or together with L3 (Extended Data Fig. 6e); this 
may be relevant to the ability of this mutant to restrict virus plaque 
size after low MOI, but not virus replication after high MOI (Fig. 2e,f).

C6 and L3 are conserved in orthopoxviruses
C6 is a well-characterized multifunctional antagonist of innate immu-
nity that co-precipitates with the IKKε and TBK1 adaptor proteins 
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plus 20 μM CsA (c) and analysed by mass spectrometry. T-REx-293 TRIM5−/− 
CypA−/− cells were transfected with TAP–TRIM5α or CypA and infected with 
vΔC6 at 3 PFU per cell for 10 h. Dashed lines indicate a false discovery rate of 
<0.05. The P values for L3 in a–c are 0.01763, 0.12212 and 0.93991, respectively. 
d, L3 precipitation with TRIM5α and CypA. T-REx-293 TRIM5−/−CypA−/− cells were 
transfected with HA–L3 and TAP–TRIM5α or CypA ± CsA and infected with vΔC6 
at 3 PFU per cell for 12 h, or mock-infected. e, Mapping of the L3 interaction 
domain. T-REx-293 TRIM5−/−CypA−/− cells were co-transfected with HA–L3, HA–C6 
or HA–N1 and TAP–TRIM5α WT and mutants (Fig. 1h). IP, Immunoprecipitation. 
f, TRIM5α localization for vL3Li ± IPTG. T-REx-293 TRIM5−/−CypA−/− cells were 
transfected with TAP–TRIM5α for 12 h. Cells were infected with vL3Li at 2.5 PFU 
per cell for 10 h. The graph shows the relative number of cells in which TRIM5α 
is either localized in the viral factory only or also elsewhere in the cytoplasm ± 
IPTG. Data are from three independent experiments. n ≥ 36 per experiment.  

g, TRIM5α and L3 stimulate NF-κB activation. T-REx-293 TRIM5−/−CypA−/− cells 
were co-transfected with NF-κB–luciferase (Luc) and Renilla luciferase reporters 
alongside either empty vector, TRIM5α, L3 or CypA WT individually, or TRIM5α 
and L3 with CypA WT or R55A, or L3 with CypA WT or R55A. After 20 h, firefly 
luciferase activity was measured and normalized to Renilla luciferase. Fold 
induction is relative to empty vector. n = 3 per condition. TAP-tagged (d) or 
HA-tagged (e) proteins were precipitated using Strep-Tactin and anti-HA 
agarose beads and analysed alongside inputs by immunoblotting. Data shown 
are representative of three independent experiments, except a–c. In a–c, 
enriched proteins in the TRIM5 and CypA pulldowns were identified by 
comparison with empty vector using a two-sided Student’s t-test and a 
permutation-based false discovery rate of <0.05. Data from f,g were analysed 
using one-way Welch’s ANOVA test (where P < 0.0001 in f and P < 0.0001 in g), 
and pairwise comparisons were performed using post-hoc Dunnett’s T3 
multiple comparisons test. Data are mean ± s.e.m. (f,g).
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TANK, SINTBAD and NAP1 to antagonize IRF3 activation16, antagonizes 
type I IFN-induced signalling15 and induces degradation of HDAC4 to 
inhibit type I IFN-mediated JAK–STAT signalling and IFN-stimulated 
gene expression11. Loss of C6 has been shown to reduce VACV viru-
lence and enhance immunogenicity42,43. Highly conserved versions 
of C6 are encoded by most orthopoxviruses, including rabbitpox 
virus (RPXV; a VACV strain), CPXV, CMLV, elephantpox virus (a CPXV 
strain), MPXV and VARV (Extended Data Fig. 7a). The C6 orthologues 
from these viruses were expressed inducibly in cells and found to 
co-precipitate human TRIM5α (Extended Data Fig. 7b) and induce its 
degradation (Fig. 5a). CPXV C6 bound human TRIM5α and induced 
its degradation particularly well. The degradation of TRIM5α in a 
time-dependent manner was also observed after infection with RPXV, 

CPXV, elephantpox virus, CMLV and MPXV-CVR-S1, a strain isolated 
during the 2022 global mpox epidemic (Fig. 5b and Extended Data 
Fig. 7c). The ability of all of these C6 orthologues to bind and degrade 
human TRIM5α is notable given that, except for VARV, the parent 
viruses are not endemic in humans and have natural reservoirs in  
other mammals.

Like C6, the L3 protein is highly conserved in orthopoxviruses, and 
orthologues from MPXV and VARV share more than 95% amino acid 
identity with VACV-WR L3 (Extended Data Fig. 8a). To test whether the 
L3 from MPXV and VARV could also bind to CypA and TRIM5α, L3 from 
MPXV (clade I), MPXV (clade IIb, representing the 2022 global mpox 
epidemic), VARV and VACV-WR were expressed in cells alongside CypA, 
TRIM5α or TRIM5α(∆SPRY). Each L3 protein was able to co-precipitate 
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Fig. 5 | Conservation of C6 and L3 in orthopoxviruses and the effect of CsA 
and derivatives. a, Immunoblot showing TRIM5α in T-REx-293 cells inducibly 
expressing TAP–C6 proteins from VACV-WR, RPXV, CPXV, elephantpox virus, 
CMLV, MPXV UK2022, MPXV Zaire and VARV India 1967. The numbers indicate 
the band intensity of TRIM5α normalized to α-actin and relative to non-induced 
control. b, Immunoblot showing TRIM5α in HEK293T cells infected with CPXV 
or CMLV, and HeLa cells infected with MPXV-CVR-S1. Cells were infected at 
5 PFU per cell. MG132 was added at 2 hpi. c, MPXV UK2022, MPXV Zaire, VARV 
and VACV L3 co-precipitation with TRIM5α and CypA. T-REx-293 TRIM5−/−CypA−/− 
cells were transfected with HA–L3 and TAP–TRIM5α, ΔSPRY or CypA ± CsA 24 h 
before harvest. d, Effect of CsA and derivatives on infectious VACV titre following 
infection in T-REx-293 cells at 5 PFU per cell for 16 h. n = 3 per condition. e, Effect 

of CsA and derivatives on infectious MPXV-CVR-S1 titres following infection in 
HFFF-TERT cells at 0.01 PFU per cell for 72 h. n = 3 per condition. f, Effect of CsA 
and derivatives on infectious MPXV-CVR-S1 titres following infection in HFFF- 
TERT cells at 5 PFU per cell for 18 h. n = 3 per condition. In a, cells were treated 
with 150 ng ml−1 doxycycline for 16 h before harvest. Protein extracts (b) and 
inputs and AP proteins (c) were analysed by immunoblotting. In d–f, DMSO, 
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experiments. Data from d–f were analysed using one-way Welch’s ANOVA test 
(where P < 0.0001 for d), and pairwise comparisons in d were performed using 
post-hoc Dunnett’s T3 multiple comparisons test. Analyses were performed on 
GraphPad Prism. Data are mean ± s.e.m. (d–f).
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with CypA and TRIM5α, but not TRIM5α(∆SPRY) (Fig. 5c). Moreover, in 
each case, the interaction with CypA was prevented by CsA.

CsA is a potent immunosuppressive cyclic decapeptide from which 
many non-immunosuppressive derivatives have been made, some of 
which have been tested in human clinical trials for other viral infec-
tions44,45. Therefore, we tested whether two of these compounds, 
alisporivir and NIM811, could also prevent the binding of CypA with 
the L3 protein from MPXV. Both compounds diminished the inter-
action of CypA with MPXV L3 (Extended Data Fig. 8b), just as for 
endogenous VACV L3 (Extended Data Fig. 8c). Finally, to test whether 
these compounds might restrict orthopoxvirus replication or spread, 
they were added to VACV-infected HEK293T cells (Fig. 5d). All of the 
drugs reduced virus yield significantly in a dose-dependent man-
ner (Fig. 5d). However, CsA did not alter the virus yield in CypA−/− or 
TRIM5−/− cells (Extended Data Fig. 8d,e), confirming that its antiviral 
activity is dependent on CypA and TRIM5α, and that the antiviral activ-
ity was not due to cellular toxicity. These observations also extended 
to infection with MPXV-CVR-S1, in which the addition of CsA and 
non-immunosuppressive derivatives significantly reduced plaque 
size and infectious virus titre (Fig. 5e,f and Extended Data Fig. 8f). CsA 
also reduced the size of plaques formed by RPXV and CMLV (Extended 
Data Fig. 8g), in which the latter is closely related to VARV.

Discussion
The study identifies TRIM5α as a restriction factor for orthopox-
viruses. It shows that, as for retroviruses, the antiviral activity of 
TRIM5α is countered by the proviral activity of CypA, which in turn is 
antagonized by CsA and derivatives that prevent the binding of CypA 
to its viral target, the poxvirus capsid protein L3. L3 can dimerize, 
binds directly to the TRIM5α SPRY domain and is highly conserved in 
orthopoxviruses. The E3 ligase activity of TRIM5α is needed for anti-
poxviral activity and the prolyl isomerase activity of CypA is needed 
to antagonize this. In contrast to retroviruses, where interaction of 
TRIM5α with the viral capsid leads to capsid degradation, the interac-
tion of TRIM5α with the poxvirus L3 protein enhances its dimeriza-
tion, a novel consequence of TRIM5α recognition of the viral capsid 
protein. Dimerization is accompanied by biochemical modification, 
which is very reminiscent of ubiquitylation, and is antagonized by the 
prolyl isomerase activity of CypA. L3 is highly conserved in ortho-
poxviruses and we show that L3 from VACV, MPXV and VARV binds 
to human CypA and human TRIM5α, and the former interaction is 
prevented by CsA and derivatives. Given that human TRIM5α has 
exquisite specificity for different retroviral capsids, its interaction 
with L3 from non-human orthopoxviruses is notable. Furthermore, 
RPXV, MPXV and CMLV are restricted by CsA when grown in BS-C-1 
cells, indicating that the African green monkey CypA and TRIM5α are 
likely to function in a similar manner to their human counterparts. 
The restriction of VACV replication by TRIM5α requires the RING 
domain, oligomerization and the SPRY domain. In addition, the abil-
ity of the N70A mutant to reduce viral titres after low, but not high, 
MOI suggests a second mechanism of viral restriction. Consistent 
with this idea, the L3 protein together with TRIM5α can induce NF-κB 
activation. Moreover, in the absence of TRIM5, L3 can still activate 
NF-κB, suggesting recognition of L3 via an additional unknown cel-
lular factor acting at or upstream of IκBα. L3 is expressed late during 
infection, after NF-κB activation is suppressed by many viral inhibitors 
that are expressed early during infection, but L3 might be detected 
during uncoating of incoming virions unless encapsidated CypA 
blocks this. Nonetheless, the ability of a highly conserved poxvirus 
capsid protein to induce NF-κB activation might explain, in part, 
why VACV has evolved at least 15 different intracellular inhibitors of 
NF-κB activation46,47.

This report also describes a second mechanism by which 
VACV and other orthopoxviruses antagonize TRIM5α. The viral 

protein C6 binds directly to the TRIM5α RING domain and induces its 
proteasome-dependent degradation. This is one of the first reports of 
a virus-encoded protein that induces TRIM5 degradation. Like L3, C6 is 
highly conserved in orthopoxviruses, and C6 orthologues from VACV, 
CPXV, CMLV, MPXV and VARV all bind to human TRIM5α and induce 
its degradation, despite most of these proteins deriving from viruses 
that are not endemic in humans. C6 is a small BCL-2-like protein that 
has multiple functions, including the inhibition of IRF3 signalling16, 
JAK–STAT signalling via degradation of HDAC4 (refs. 11,15), degradation 
of the antiviral restriction factor HDAC5 (ref. 10) and, as shown here, 
degradation of TRIM5α. The degradation of TRIM5α that is induced by 
C6 is not via autoubiquitylation, because a mutant TRIM5α defective in 
autoubiquitylation is still degraded by C6. Rather, it seems likely that 
C6 engages additional E3 ubiquitin ligases and TRIM5α and facilitates 
the K63 ubiquitylation of the latter.

The role of CypA in antagonizing the antiviral activity of TRIM5α 
provides a route to antiviral drug development for orthopoxviruses 
such as MPXV and VARV. CsA and the non-immunosuppressive deriva-
tives alisporivir and NIM811, interrupt the interaction of CypA and 
L3, and thereby reverse the proviral activity of CypA and enhance 
TRIM5α-mediated restriction. These compounds are therefore anti-
viral in the presence of CypA and TRIM5α and can restrict the repli-
cation and spread of orthopoxviruses. The potency of these drugs 
against viruses expressing C6, which degrades TRIM5α, will probably 
be enhanced if used in combination with drugs that disable C6. Finally, 
although the drugs brincidofovir and tecovirimat are licensed against 
VARV, these drugs target the viral proteins E9 (a DNA polymerase) 
or F13 (which is needed for virus spread48,49), respectively, so evolu-
tion of drug resistance will occur, as seen in the case of a patient with 
progressive vaccinia50 and 22 patients infected with MPXV reported 
by the US Centers for Disease Control and Prevention during the cur-
rent outbreak51. For tecovirimat, which does not block replication, a 
functional immune system is also needed to remove virus-infected 
cells alongside drug treatment; without this, infection can be fatal52. 
By contrast, CsA, alisporivir and NIM811 hinder virus replication by 
targeting a cellular protein, making the emergence of drug resistance 
difficult. Furthermore, both non-immunosuppressive derivatives have 
proceeded to at least phase II clinical trials44,45, providing assurance in 
their safety. Therefore, clinical testing of these drugs against MPXV 
is warranted.
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Methods

Cell lines and cell culture
The following cell lines were used in this study: human fetal foreskin 
fibroblast cells immortalized with human telomerase (HFFF-TERTs; 
male)53, HeLa (American Type Culture Collection (ATCC) CCL-2), 
HEK293T (ATCC CRL-11268), T-REx-293 (Life Technologies), BS-C-1 (ATCC 
CCL-26) and RK13 (ATCC CCL-37). All cell lines were cultured in DMEM 
(Gibco), supplemented with 10% FBS (PAN Biotech) and 50 μg ml−1 peni-
cillin–streptomycin (Gibco). T-REx-293-derived cells that were stably 
transfected with pcDNA4/TO plasmids were further supplemented 
with 10 μg ml−1 blasticidin (Thermo Fisher) and 100 μg ml−1 zeocin 
(Gibco). HEK293T cells that were transduced to overexpress Myc-tagged 
proteins10 were supplemented with 1 μg ml−1 puromycin (Invivogen).  
A complete list of cell lines is described in Supplementary Table 1.

Virus stocks
The viruses used in this study were VACV-WR and derivative viruses—
v6/2 (ref. 54), vΔC6 (ref. 16), vTAP-C6 (ref. 55), vTAP-N1 (ref. 55), 
vA5L-EGFP22 and vL3Li35—RPXV strain Utrecht, CPXV strain Brighton 
Red, elephantpox virus, CMLV strain CMS56 and a strain of MPXV clade 
IIb isolated from a patient in Glasgow (UK) in 2022 (MPXV-CVR-S1). 
Viruses were grown in RK13 cells except for MPXV, which was grown 
in HFFF-TERTs. For vL3Li, infections were carried out in the presence 
of 25 μM IPTG. Infected cells were scraped from the culture flasks, col-
lected by centrifugation and resuspended in 1 ml DMEM supplemented 
with 2% FBS (DMEM–2% FBS). Virus stocks were freeze-thawed three 
times and sonicated to release intracellular virus particles, and virus 
infectivity was measured by plaque assay on BS-C-1 cells.

Plasmids
Single guide RNAs designed with UCSC Genome Browser to target 
either the genomic DNA encoding TRIM5, CypA or a small G protein 
signalling modulator in Oryza sativa Japonica Group (RICE), used as 
non-targeting, negative control, were annealed and cloned into the 
CRISPR–Cas9 plasmid px459 (#62988, Addgene) for the generation 
of knockout cell lines. cDNA for TRIM5α, TRIM5γ and TRIM5δ isoforms 
were amplified from HEK293T cells stimulated with IFNα and cloned 
into pcDNA4/TO-based plasmids with either FLAG or TAP tags; the 
TAP tag consisted of two copies of the Strep-tag II epitope and one 
copy of the FLAG epitope57. cDNA for PPIA was cloned into pcDNA4/
TO with DNA encoding a TAP tag at the 5′ end. TRIM5α and PPIA genes 
encoding mutants bearing amino acid substitutions were generated by 
using the Q5 Site-Directed Mutagenesis Kit (as directed by the manu-
facturer (New England Biolabs)) and were cloned into the pcDNA4/
TO plasmid with DNA encoding TAP tags at the 5′ end. The TRIM5α 
domain deletion mutants, RING (amino acids 1–87), RB (amino acids 
1–129), BSC (amino acids 90–493), CS (amino acids 130–493) and ΔSPRY 
(amino acids 1–280), were generated by PCR from the TRIM5α expres-
sion plasmids described above. VACV-WR L3L codon-optimized for 
expression in human cells was synthesized by GenScript Biotech and 
cloned into the pcDNA3 and pcDNA4/TO plasmids with DNA encoding 
HA and TAP tags at the 5′ end, respectively. L3L orthologues from MPXV 
UK2022 (OP413717.1), MPXV Zaire (NP_536509.1) and VARV strain India 
1967 (APR62813.1) were generated by site-directed mutagenesis of 
codon-optimized VACV L3L. pcDNA4/TO-based plasmids expressing the 
VACV-WR proteins C6, B14 and N1 have been previously described16,55,58. 
Codon-optimized VACV-WR C1L was synthesized by GeneArt (Thermo 
Fisher) and cloned into the pcDNA4/TO-based plasmid. C6L from ortho-
poxviruses was either amplified from viral genomic DNA (for CPXV, 
RPXV, elephantpox virus and CMLV), codon-optimized and synthesized 
by GenScript Biotech (for MPXV UK22), or generated by site-directed 
mutagenesis (for MPXV Zaire and VARV from codon-optimized MPXV 
UK2022 and VACV C6L, respectively) and cloned into the pcDNA4/TO 
plasmid encoding a TAP tag at the 5′ end. The NF-κB firefly luciferase 

reporter and TK-Renilla luciferase plasmids were gifts from A. Bowie 
(Trinity College Dublin, Republic of Ireland). For in vitro transcription 
and translation assays, HDAC5–HA, HDAC1–HA, HA–TRIM5α, HA–L3L, 
TAP–TRIM5α, TAP–TRIM5α(ΔSPRY), TAP–CypA (PPIA), TAP–L3L and 
TAP–C6L were amplified from pcDNA4/TO plasmids either previ-
ously described10,11 or from the above-described expression vectors 
and cloned into the pF3A WG (BYDV) plasmid (Promega). For the con-
struction of vectors expressing a protein with different tags (HA or 
TAP), restriction enzymes were used to digest the open reading frame 
without tag from one vector and subclone it into the other vector that 
encodes the other tag. Oligonucleotides and primers used for cloning 
and sequencing are listed in Supplementary Table 2. A complete list of 
plasmids is described in Supplementary Table 3.

Construction of knockout, complementation and 
overexpression cell lines
To generate TRIM5 and CypA CRISPR–Cas9 knockout cell lines, HeLa 
(for TRIM5−/−) and T-REx-293 (TRIM5−/− and CypA−/−) clonal cells were 
transfected with pX459-derived plasmids expressing single guide RNAs 
targeting their respective genes. Transfected cells were selected with 
1 μg ml−1 puromycin and clonal cell lines obtained by limiting dilution 
were screened by immunoblotting and TOPO TA cloning (Thermo 
Fisher) and DNA sequencing. Complementation of knocked-out 
genes and overexpression of TRIM5 isoforms in T-REx-293 cells, which 
expresses the Tet repressor (TetR), were done by stable transfection of 
linearized pcDNA4/TO-based plasmids. Transfected cells were selected 
in DMEM–10% FBS supplemented with 10 μg ml−1 blasticidin (Thermo 
Fisher) and 100 μg ml−1 zeocin (Gibco).

Virus replication, spread and infection assays
For virus growth assays, cells were infected with 0.01 or 5 PFU per cell 
at least three times. The inoculum was removed at 1 hpi and cells were 
washed once with warm DMEM and overlaid with DMEM–2% FBS. Cells 
were harvested at 16 and 24 hpi for 5 and 0.01 PFU per cell infections, 
respectively, and were freeze-thawed three times and sonicated. 
For MPXV growth assays, infected cells were harvested at 48 hpi for 
0.01 PFU per cell infection. Infectious viral titres were determined by 
plaque assay on BS-C-1 cells. To assess viral spread, T-REx-293 or HeLa 
cell monolayers were infected with vA5L–eGFP22 at 50–300 PFU per 
well and were overlaid with MEM–2% FBS supplemented with 2 mM 
l-glutamine, and 2% carboxymethylcellulose. Plaques were photo-
graphed at 24 hpi and the plaque size was measured using ImageJ. For 
immunoblotting, co-precipitation and immunofluorescence assays, 
cells were infected with the appropriate virus in DMEM–2% FBS. For 
infection with vL3Li, where indicated, 25 μM IPTG was added at the time 
of infection to induce expression of L3L. Virus adsorption was carried 
out at 37 °C for 1 h, and then cells were overlaid with DMEM–2% FBS.

Transfection
Transfections were carried out using either TransIT-LT1 reagent (Mirus 
Bio) for HeLa cells and T-REx-293 (for reporter gene assay and mass 
spectrometry) or polyethylenimine (Polysciences) for HEK293T or 
T-REx-293 cells. Cells were seeded in the appropriate tissue culture 
dishes to reach 50% confluence on the day of transfection. The required 
amount of plasmid DNA and TransIT-LT1 (Mirus Bio) or polyethylen-
imine (2 μl per 1 μg DNA) were mixed into Opti-MEM (Gibco) (50 μl 
per 1 μg DNA) and incubated at room temperature for 25 min. Culture 
medium was replenished with DMEM–2% FBS and transfection mixtures 
were added dropwise to cells.

Immunoblotting
Cells were scraped, washed twice with PBS (Sigma-Aldrich) and lysed 
with cell lysis buffer (50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM 
EDTA, 10% (v/v) glycerol, 1% (v/v) Triton X-100 and 0.05% (v/v) NP-40), 
supplemented with protease (cOmplete Mini, Roche) and phosphatase 
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(PhosSTOP, Roche) inhibitors for 40 min on ice. Cell lysates were clari-
fied by centrifugation at 13,000g for 10 min at 4 °C. Protein concen-
trations were determined using Pierce BCA protein assay (Thermo 
Fisher). Laemmli buffer (5×) was added to the samples and boiled at 
100 °C for 10 min. Equal concentrations of protein samples were loaded 
onto SDS–polyacrylamide gels or NuPAGE 4–12% Bis-Tris precast gels 
(Invitrogen), separated by electrophoresis, and transferred to a nitro-
cellulose membrane (GE Healthcare). Membranes were blocked at 
room temperature with 5% (v/v) skimmed milk in TBS containing 0.1% 
(v/v) Tween-20 (TBS/T) for 1 h before incubation with the appropriate 
primary antibodies at room temperature for 1 h or at 4 °C overnight. 
After three 5-min washes with TBS/T, membranes were incubated with 
fluorophore-conjugated secondary antibodies (LI-COR Biosciences) 
at room temperature for 1 h. Membranes were washed three times 
with TBS/T and left to dry before imaging. Band intensities indicated 
in immunoblots and graphs were quantified using the Image Studio 
software (LI-COR Biosciences) and normalized to protein levels of 
loading control (α-actin or GAPDH). Primary and secondary antibodies 
used are listed in Supplementary Table 4.

Co-precipitation assays
T-REx-293 or HEK293T cells were seeded in 10-cm dishes for transfection 
with indicated epitope-tagged plasmids, or for transfection followed 
by infection with the specified virus. Cells were harvested 24 h after 
transfection or 12 hpi on ice and washed twice with ice-cold PBS. For 
co-precipitation with Strep-Tactin Superflow agarose resin (IBA), 0.5% 
NP-40 in PBS was used as lysis and wash buffers. For immunoprecipita-
tion with anti-HA agarose (Sigma-Aldrich), HA lysis/wash buffer (50 mM 
Tris-HCl (pH 6.8), 150 mM NaCl and 1% NP-40) was used. Lysis buffers 
were supplemented with protease (cOmplete Mini, Roche) and phos-
phatase (PhosSTOP, Roche) inhibitors. Lysis was carried out at 4 °C for 
3 h. The insoluble fraction was collected by centrifugation at 13,000g 
for 15 min at 4 °C. Ten percent of the soluble fraction was collected as 
input and the remaining volume was incubated with the appropriate 
resin at 4 °C for 16 h. Protein-bound resins were washed three times 
with ice-cold wash buffer and proteins were eluted by boiling in 2× 
Laemmli buffer before analysis by SDS–PAGE and immunoblotting.

In vitro transcription and translation
Equal amounts of pF3A-derived plasmids expressing proteins of inter-
est were added to the TnT Sp6 high yield wheat germ protein expression 
system (Promega) according to the manufacturer’s instructions and 
10 μM CsA was added to the mixture where appropriate.

Immunofluorescence
T-REx-293-derived cell lines were seeded on poly-d-lysine (Sigma- 
Aldrich)-coated sterile glass coverslips in six-well plates. Cells were 
either transfected or induced with 150 ng ml−1 doxycycline (Melford) 
to express the protein of interest at least 12 h before infection at 2.5 PFU 
per cell with the appropriate VACV strain for 10 h. To harvest, cells 
were washed twice with warm PBS and fixed with 4% (v/v) paraformal-
dehyde for 15 min. Samples were quenched with 150 mM ammonium 
chloride for 5 min, washed twice with PBS and permeabilized with 0.1% 
Triton X-100 in PBS for 5 min. Cells were blocked with 10% (v/v) FBS in 
PBS for 30 min followed by staining with primary antibodies in 10% 
(v/v) FBS in PBS for 1 h at room temperature. Coverslips were washed 
three times with 10% (v/v) FBS in PBS for 5 min each and incubated 
with the appropriate AlexaFluor fluorophore-conjugated secondary 
antibodies (Molecular Probes) diluted in 10% (v/v) FBS in PBS supple-
mented with 2.5% of the corresponding normal serum (donkey or goat; 
Sigma-Aldrich) for 1 h in the dark at room temperature. Coverslips were 
washed three times with 10% (v/v) FBS in PBS and once with PBS before 
mounting onto glass slides with Mowiol 4-88 (Calbiochem) containing 
0.5 μg ml−1 4′,6-diamidino-2-phenylindole (DAPI; Biotium). Images 
were acquired on a LSM700 confocal microscope (Zeiss) using the ZEN 

system software (Zeiss). The antibodies used in immunofluorescence 
are listed in Supplementary Table 4.

Reporter gene assay
T-REx-293 TRIM5−/− or TRIM5−/−CypA−/− cells were seeded in 96-well plates 
and used when 50% confluent. Plasmids expressing tagged proteins 
were co-transfected with 100 ng NF-κB–luciferase and 10 ng Renilla 
luciferase reporter plasmids using TransIT-LT1 (Mirus Bio). To induce 
protein expression, 150 ng ml−1 doxycycline was added at the time of 
transfection for 24 h. Cells were then harvested in passive lysis buffer 
(Promega). Firefly luciferase activity was measured and normalized 
to Renilla luciferase control, and the fold induction was calculated 
relative to empty vector. Protein expression levels were determined 
by immunoblotting.

Tandem affinity purification and mass spectrometry
T-REx-293 TRIM5−/−CypA−/− cells, complemented with either empty vec-
tor or TAP-tagged CypA by stable transfection, were seeded in three 
10-cm dishes per sample and used at 50% confluency the next day. Cells 
were either transfected or induced to express TAP-tagged TRIM5α or 
CypA, respectively, for 12 h and then infected with vΔC6 at 3 PFU per 
cell for 10 h, in duplicate. Where appropriate, 20 μM CsA was added at 
1 hpi. To harvest cells, they were scraped and washed twice with ice-cold 
PBS before lysis in 1 ml IP lysis buffer (0.5% NP-40 in PBS, supplemented 
with protease (cOmplete Mini, Roche) and phosphatase (PhosSTOP, 
Roche) inhibitors) at 4 °C for 2 h. The insoluble fraction was removed 
by centrifugation at 13,000g for 15 min at 4 °C. Of the soluble fraction, 
10% was collected as input and the rest was incubated with anti-FLAG 
M2 agarose beads (Sigma) at 4 °C for 2 h. Protein-bound resins were 
washed three times with ice-cold wash buffer. Resin-bound proteins 
were eluted with 250 μg ml−1 FLAG-peptide solution (Sigma-Aldrich) at 
4 °C for 1.5 h and the eluted fractions were transferred to fresh tubes and 
incubated with Strep-Tactin Superflow agarose resin (IBA) at 4 °C for 
8 h. Protein-bound resins were washed three times with ice-cold wash 
buffer. Of the resin-bound proteins, 25% were eluted by boiling in 2× 
Laemmli buffer before analysis by SDS–PAGE and Coomassie staining 
to validate the pulldown efficiency.

The remaining volumes were reduced, alkylated and trypsin-digested 
using the S-Trap protocol (ProtiFi). The resulting tryptic peptides were 
lyophilized and redissolved in 3% acetonitrile and 0.1% trifluoroacetic 
acid. Mass spectrometry data were acquired using a Q Exactive Plus cou-
pled to an Ultimate 3000 RSLC nano UHPLC equipped with a 100-μm ID 
× 2-cm Acclaim PepMap precolumn (Thermo Fisher) and a 50-μm ID × 
50 cm, 2-μm particle Acclaim PepMap RSLC analytical column. Loading 
solvent was 0.1% formic acid with analytical solvent A (0.1% formic acid) 
and solvent B (80% acetonitrile plus 0.1% formic acid). Samples were 
loaded at 5 μl min−1 for 5 min before beginning the analytical gradient. 
The analytical gradient was 10–40% B over 67 min, increasing to 95% B 
by 80 min, and followed by a 4-min wash at 95% B and equilibration at 
3% B for 12 min. Columns were held at 40 °C. Data were acquired in a 
data-dependent acquisition mode with the following settings: (1) first 
stage of mass spectrometry (MS1): 400–1,500 Th, 17,500 resolution, 
1 × 105 automatic gain control target and 250-ms maximum injection 
time. (2) MS2: quadrupole isolation at an isolation width of m/z 3.0 and 
higher-energy C-trap dissociation fragmentation (normalized collision 
energy 30). Dynamic exclusion was set for 30 s and MS2 fragmentation 
was triggered on precursors of 3.2 × 104 counts and above. Raw files 
were processed using MaxQuant (v.2.0.1.0) and searched against a 
human UniProt database (downloaded on 23 September 2020) and 
a UniProt vaccinia virus database (downloaded on 10 March 2022). 
Carbamidomethyl (C) was set as a fixed modification with oxidation 
(M) and acetyl (protein N terminus) as variable peptide modifications. 
Additional analyses were conducted using Perseus software (version 
1.6.2.1)59, obtaining sample relative protein abundance after potential 
contaminants and reverse protein identifications were removed, and 



data imputation to account for missing values in individual samples. 
Comparisons between empty vector and TRIM5 or CypA pulldowns 
were performed with a two-sided Student’s t-test with significance 
cut-offs defined by a permutation-based false discovery rate of 0.05, an 
S0 parameter of 0.1 and 250 permutations (implemented in Perseus).

The mass spectrometry proteomics data have been deposited 
to the iProX repository60, a ProteomeXchange Consortium (http://
www.proteomexchange.org/) partner, with the dataset identifiers 
IPX0005650001 and PXD039094, respectively.

RT–qPCR
Quantitative PCR with reverse transcription (RT–qPCR) analysis of 
NF-κB-responsive genes was undertaken as previously described61. 
In brief, the TRIM5−/−CypA−/− cell line was modified to express induc-
ibly either VACV TAP-tagged-L3 or empty vector. These cells were 
seeded in 12-well plates at a density of 6 × 105 cells per well; the next 
day, these cells were incubated in medium without serum for 3 h and 
then either mock-treated or treated with doxycycline (150 ng ml−1) for 
4 h in triplicate. Total RNA was extracted from the cells and cDNA was 
synthesized by reverse transcription using oligo-dT primers (Thermo 
Fisher). The mRNA levels of the NF-κB-responsive genes NFKBIA, CCL2, 
CXCL8, CXCL10, IL6 and the housekeeping control gene GAPDH were 
measured by qPCR using Fast SYBR Green master mix (Thermo Fisher) 
and a ViiA 7 real-time PCR machine (Thermo Fisher). The fold induction 
of the mRNA levels was calculated by the 2−ΔΔCt method using induced 
T-REx-293 empty vector and GAPDH as the internal control. The primers 
used in the qPCR are listed in Supplementary Table 2.

Alignment
Identifiers for the C6L orthologues in orthopoxvirus genomes are as 
follows: VACV (YP_232904.1), RPXV (AAS49727.1), CPXV (NP_619819.1), 
CMLV (NP_570410.1), MPXV UK 2022 (UWM73173.1), MPXV Zaire 
(NP_536441.1) and VARV major strain India 1967 (P0DSX3.1). Identi-
fiers for the L3L orthologues in orthopoxvirus genomes are as fol-
lows: VACV (YP_232972.1), RPXV (AAS49792.1), CPXV (ADZ24099.1), 
CMLV (NP_570478.1), MPXV UK 2022 (UWM73237.1), MPXV Zaire 
(NP_536509.1) and VARV major strain India 1967 (APR62813.1). Amino 
acid sequences were aligned using Clustal Omega.

Statistical analysis
Data are presented as means ± s.e.m., and statistical significance was 
analysed in Prism (GraphPad) using Welch’s ANOVA test and followed 
by post-hoc Dunnett’s T3 multiple comparisons test where indicated or 
two-tailed unpaired t-test with Welch’s correction. The exact P values 
are shown in each figure and the horizontal bars indicate the samples 
being compared. The number of repeats and the values of n in each 
experiment are indicated in the respective figure legends; n represents 
the number of biological replicates.

Reporting summary
Further information on research design is available in the Nature  
Portfolio Reporting Summary linked to this article.
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Extended Data Fig. 1 | VACV protein C6 induces proteosomal degradation of 
TRIM5α. a) Immunoblots showing TRIM5α abundance in T-REx-293 TRIM5-/- 
cells complemented with inducible expression (+dox) of TAP-tagged TRIM5α 
and infected with WT or vΔC6. b) C6 and TRIM5α co-precipitate. HEK293T cell 
lines were induced (+Dox) to express TAP-tagged C6 or B14 +/- MG132. c) C6 and 
TRIM5α interact. HA-tagged TRIM5, HDAC1 and HDAC5 were co-expressed 
with TAP-tagged C6 using the wheat germ transcription/translation system. 
HDAC1 and HDAC5 were used as negative and positive controls for direct 
interaction with C6, respectively. d) C6-mediated ubiquitylation of TRIM5α. 
T-REx-293 TRIM5-/-CypA-/- cells were transfected to co-express TAP-tagged B14 
or C6, FLAG-tagged WT/K48/K63 ubiquitin and HA-tagged TRIM5α N70A.  

Red bracket indicates modified TRIM5α N70A. Graph shows band intensity of 
higher molecular mass TRIM5α N70A indicated by the red bracket from three 
independent experiments, normalised to the unmodified TRIM5α N70A band 
shown by the HA lower exposure blot and relative to the sample transfected 
with TAP-tagged C6, FLAG-tagged WT ubiquitin and HA-tagged TRIM5α N70A. 
n = 3/condition. Data was analysed using One-Way Welch’s ANOVA test 
(p = 0.0031) and pairwise comparisons was performed using Dunnett’s T3 
multiple comparisons test. Mean ± s.e.m. Protein extracts in a) and inputs  
and AP proteins in b-d) were analysed by SDS-PAGE and immunoblotted for  
the indicated epitope/protein. Data shown in a), b) and d) are representative  
of three independent experiments and c) is from two.



Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | TRIM5α is a VACV restriction factor. a) Immunoblot 
showing TRIM5 levels in T-REx-293 (WT) and derivative TRIM5-/- (KO1/2) cells.  
b) Immunoblot showing TRIM5 levels in HeLa (WT) and derivative TRIM5-/- 
(KO1/2) cells. c) Infectious VACV titres following infection of cells described in 
b) at 5 PFU/cell for 16 h. n = 3/condition. d) Infectious VACV titres following 
infection of cells described in a) at 0.01 PFU/cell for 24 h. n = 3/condition.  
e) Plaque image (left) and plaque area quantification (right) 24 hpi of cells 
indicated in c) with VACV A5-GFP. n ≥ 6/condition. f) Infectious VACV titres 
following infection of cells described in b) at 0.01 PFU/cell for 24 h. n = 3/
condition. g) Immunoblot showing inducible expression (+Dox) of FLAG-tagged 
TRIM5α/γ/δ isoforms, in T-REx-293 cells. h) Plaque image 24 hpi of cells indicated 
in g) with VACV A5-GFP. i) Plaque area quantification of h). n ≥ 48/condition.  
j) Infectious VACV titres following infection of cells described in g) at 0.01 PFU/
cell for 24 h. n = 3/condition. k) Infectious VACV titres following infection of 
cells described in g) at 5 PFU/cell for 16 h. n = 3/condition. l) Immunoblot showing 
inducible expression (+Dox) of TAP-tagged TRIM5α/γ/δ isoforms, introduced 
into T-REx-293 TRIM5-/- cells. m) Plaque image 24 hpi of cells indicated in l) with 

VACV A5-GFP. n) Infectious VACV titres following infection of cells described in 
l) at 0.01 PFU/cell for 24 h. n = 3/condition. o) Immunoblot showing inducible 
expression (+Dox) of TAP-tagged TRIM5α mutants, L19R, N70A, R119E and 
ΔSPRY introduced into T-REx-293 TRIM5-/- cells. p) Plaque images of VACV A5-GFP 
infection of cells described in o) for 24 h. q) Infectious VACV titres following 
infection of cells described in o) at 0.01 PFU/cell for 24 h. Viral titres were 
normalised to the respective uninduced (-dox) controls. n = 3/condition.  
In g-n) cells were treated with 150 ng/mL doxycycline from seeding for 24 h to 
express tagged proteins before harvest or infection. In o-q) doxycycline was 
added at 24 h after seeding. In a), b), g), l) and o) protein extracts were analysed 
by SDS-PAGE and immunoblotted for the indicated epitope/protein. Data shown 
in d), h), i), m) and p) are representative of three independent experiments, and 
in b), e), f), j), k) and q) are from two. Data from b) and d-f) were analysed using 
One-Way Welch’s ANOVA test. Data from i-k), n) and q) were analysed using  
two-tailed unpaired Student’s t-test. Analyses were performed on GraphPad 
Prism. Mean ± s.e.m.



Extended Data Fig. 3 | CypA is a pro-viral factor in the presence of TRIM5.  
a) Immunoblot showing CypA levels in T-REx-293 (WT) and derivative CypA-/- 
(KO1/2) cells. b) Immunoblot showing TRIM5 and CypA levels in T-REx-293 (WT) 
and derivative TRIM5-/-, and TRIM5-/-CypA-/- (DKO1/2) cells. c) Infectious VACV 
titres following infection of cells described in a) at 0.01 PFU/cell for 24 h. n = 3/
condition. d) Infectious VACV titres following infection of cells described in b) 
at 0.01 PFU/cell for 24 h. n = 3/condition. e) Plaque image of Fig. 3f. Plaques were 
selected at random, imaged using AxioVision 4.8 and measured using ImageJ. 
f) Immunoblot showing inducible expression (+Dox) of TAP-tagged WT CypA 

and mutants R55A and F113A, introduced into T-REx-293 CypA-/- cells. g) Plaque 
image 24 hpi of cells indicated in f) with VACV A5-GFP. h) Infectious VACV titres 
following infection in cells described in f) at 0.01 PFU/cell for 24 h. n = 8/
condition for EV, n = 4/condition for CypA WT and n = 6/condition for R55A and 
F113A. Data shown in e) and g) are representative of three independent 
experiments, and c), d) and h) are from two. Data from c) and d) were analysed 
using One-Way Welch’s ANOVA test. Data from h) was analysed using two-tailed 
unpaired Student’s t-test. Analyses were performed on GraphPad Prism.  
Mean ± s.e.m.
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Extended Data Fig. 4 | Identification of TRIM5α and CypA interaction 
partner(s). a) L3 co-precipitation with CypA WT and mutants. T-REx-293 TRIM5-/- 
CypA-/- cells were transfected with TAP-tagged TRIM5α, CypA WT +/− CsA or 
CypA mutants, R55A and F113A, and infected with vΔC6 at 3 PFU/cell for 12 h.  
b) L3 dimerisation and direct interaction with CypA and TRIM5α shown using 
cell-free transcription and translation system. TAP-tagged L3, TRIM5α WT, 

ΔSPRY and CypA were co-expressed with HA-tagged L3. In a) and b) TAP-tagged 
proteins were precipitated using Strep-Tactin. Inputs and AP proteins were 
analysed by SDS-PAGE and immunoblotted for the indicated epitope/protein. 
α-Actin and D8 were controls for loading and viral infection, respectively. Data 
from a) are representative of three independent experiments, and b) is from two.



Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | L3 dimerisation. a) L3 dimerisation is stabilised by 
TRIM5α and reversed by CypA WT. T-REx-293 TRIM5-/-CypA-/- cells were  
co-transfected with TAP-tagged L3 or N1, HA-tagged L3, TRIM5α WT, ZAP-L, 
CypA WT, R55A or F113A with or without 5 μM CsA for 24 h. b) Relative band 
intensity of HA-tagged L3 in a) AP samples. Graph shows band intensity of  
HA-tagged L3 from three independent experiments, normalised to TAP-tagged 
L3 and relative to the sample transfected with TAP-tagged and HA-tagged L3.  
n/condition is as indicated. Data points were excluded in samples where n < 3 
due to high background noise causing inaccuracy in quantification. c) 
Stabilisation of L3 dimerisation by TRIM5α requires its E3 ubiquitin ligase 
activity. T-REx-293 TRIM5-/-CypA-/- cells were co-transfected with TAP-tagged 
L3 or N1 and HA-tagged L3, TRIM5α WT, L19R or CypA WT. d) Relative band 
intensity of HA-tagged L3 in c) AP samples. Graph shows band intensity of  

HA-tagged L3 from three independent experiments, normalised to TAP-tagged 
L3 and relative to the sample transfected with TAP-tagged and HA-tagged L3. 
n = 3/condition. Data were analysed using were analysed using One-Way 
Welch’s ANOVA test (p = 0.0007) and pairwise comparisons were performed 
using Dunnett’s T3 multiple comparisons test on GraphPad Prism. Mean ± s.e.m.  
e) Modification of L3 by TRIM5α WT requires its E3 ubiquitin ligase activity and 
is reversed by CypA WT. T-REx-293 TRIM5-/-CypA-/- cells were co-transfected with 
TAP-tagged TRIM5α WT, L19R or CypA WT and HA-tagged L3 or CypA. Tagged 
viral proteins were affinity-purified using Strep-Tactin beads. Inputs and AP 
proteins in a), c) and e) were analysed by SDS-PAGE and immunoblotted for the 
indicated epitope/protein. Data shown are representative of three independent 
experiments.



Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Localisation of L3 and activation of innate immunity. 
a) TAP-tagged TRIM5α and HA-tagged L3 localisation during vΔC6 infection. 
T-REx-293 TRIM5-/-CypA-/- cells were transfected with TAP-tagged TRIM5α and 
HA-tagged L3 and infected with vΔC6 at 2.5 PFU/cell for 10 h. Cells were stained 
with DAPI (blue) and antibodies against FLAG (red) and HA (green). White 
arrows indicate viral factories. Images were acquired using a Zeiss LSM 700 
confocal microscope. b) TRIM5α localisation during vL3Li +/- IPTG. T-REx-293 
TRIM5-/-CypA-/- cells were transfected with TAP-tagged TRIM5α for 12 h. Cells 
were infected with vL3Li, whose L3 expression is induced only upon IPTG 
treatment, at 2.5 PFU/cell for 10 h. Cells were stained with DAPI (blue), and 
antibodies against FLAG (red). Images were acquired using Zeiss LSM 700. 
Quantitative analysis shown in Fig. 4f. c) IκBα degradation following TAP-
tagged L3 expression. T-REx-293 TRIM5-/-CypA-/- cells stably transfected with 
TAP-tagged EV or L3 were serum starved for 4 h prior to doxycycline treatment 
for the indicated times. TNF-α stimulation was for 30 min. d) Fold induction of 

IL6, CXCL8, CCL2, NFKBIA and CXCL10 mRNAs. T-REx-293 TRIM5-/-CypA-/- cells 
stably transfected with TAP-tagged EV or L3 were induced with doxycycline for 
4 h before harvest and analysis by RT-qPCR. n = 3/condition. e) L3 and TRIM5α 
WT or mutant N70A stimulate NF-κB synergistically. TRIM5-/-CypA-/- cells were 
co-transfected with 100 ng NF-κB-luciferase and 10 ng Renilla luciferase 
alongside either EV, L3, TRIM5α WT or mutants L19R, N70A and ΔSPRY, 
individually, or TRIM5α WT or mutants with L3 or C1. Cells were harvested 24 h 
after transfection, firefly luciferase activity was measured and normalised to 
Renilla luciferase. Fold induction is relative to EV. n = 3/condition. Data shown 
in a), b), and e) are representative of three independent experiments and c) and 
d) are from two. Data from d) was analysed using two-tailed unpaired Student’s 
t-test on GraphPad Prism. Data from e) was analysed using One-Way Welch’s 
ANOVA test (p < 0.0001) and pairwise comparisons were performed using 
Dunnett’s T3 multiple comparisons test. Mean ± s.e.m.



Extended Data Fig. 7 | Conservation of C6 in orthopoxviruses. a) Amino acid 
sequence alignment of orthopoxvirus C6 proteins created by Clustal Omega. 
Amino acids were colour-coded according to their properties. Asterisks (*) 
indicate fully conserved residues, colons (:) indicate amino acids with strongly 
similar properties and dots (.) indicate amino acids with weakly similar 
properties. Numbers on the left indicate % amino acid identity compared to 
VACV WR C6. b) Orthopoxvirus C6 co-precipitation with endogenous TRIM5α 
in T-REx-293 cells inducibly expressing TAP-tagged C6 proteins from VACV WR, 
rabbitpox virus (RPXV), cowpox virus strain Brighton Red (CPXV), elephantpox 
virus, camelpox virus (CMLV) strain CMS, monkeypox virus (MPXV) strain 

UK2022, MPXV Zaire and variola major virus (VARV) strain India 1967. TAP-tagged 
proteins were affinity-purified using Strep-Tactin beads. c) Immunoblot showing 
TRIM5α down-regulation in HEK293T cells during RPXV and elephantpox virus 
infections. Cells were infected at 5 PFU/cell for the indicated times. MG132 was 
added at 2 hpi. In b), cells were treated with 150 ng/mL doxycycline for 16 h 
before harvest. Inputs and AP proteins in b) or protein extracts in c) were 
analysed by SDS-PAGE and immunoblotted for epitope/protein. α-Actin, and 
C6 and D8 were controls for loading and viral infection, respectively. Data 
shown are representative of two independent experiments.
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Extended Data Fig. 8 | See next page for caption.



Extended Data Fig. 8 | Conservation of L3 in VARV and MPXV and the effect 
of CsA and derivatives. a) Amino acid sequence alignment of L3 proteins from 
orthopoxviruses created as in Extended Data Fig. 7a. b) Effect of CsA and 
derivatives, NIM811 or alisporivir, on MPXV UK2022 L3 co-precipitation with 
CypA. T-REx-293 TRIM5-/-CypA-/- cells were co-transfected with HA-tagged L3 
and TAP-tagged TRIM5α, ΔSPRY or CypA +/− 20 μM CsA, NIM811 or alisporivir 
20 h before harvest. Graph shows band intensity of HA-tagged MPXV L3 in the 
rightmost 4 lanes from three independent experiments, normalised to TAP-
tagged CypA and relative to the DMSO carrier sample. c) Effect of CsA and 
derivatives, NIM811 and alisporivir on endogenous VACV L3 co-precipitation 
with CypA. T-REx-293 TRIM5-/-CypA-/- cells were co-transfected with TAP-tagged 
TRIM5α, ΔSPRY or CypA and infected with vΔC6 at 3 PFU/cell +/− 10 μM CsA, 
NIM811 or alisporivir for 12 h. The graph shows band intensity of VACV L3 from 
the rightmost 4 lanes from three independent experiments, normalised to TAP-
tagged CypA and relative to the DMSO carrier sample. d) Effect of CsA on virus 
titres following VACV infection in T-REx-293 CypA-/- cells at 5 PFU/cell for 16 h. 

n = 3/condition. e) Effect of CsA on virus titres following VACV infection in 
T-REx-293 TRIM5-/- cells at 5 PFU/cell for 16 h. n = 3/condition. f) Plaque area 
quantification of MPXV-CVR-S1 infection +/− 5 μM CsA and derivatives. BS-C-1 
cells were infected with MPXV-CVR-S1 and 5 μM CsA, NIM811 or alisporivir were 
added to the semi-solid overlay. Plaques were measured using ImageJ and area 
relative to DMSO carrier were calculated. n ≥ 19/condition. g) Effect of CsA on 
plaque size following RPXV and CMLV infection in BS-C-1 cells. CsA at the 
indicated concentrations were added at 1 hpi. Plaques were measured using 
ImageJ and their area relative to DMSO carrier were calculated. n = 69/condition 
for CMLV and n = 68/condition for RPXV. Inputs and AP proteins in b) and c) 
were analysed by SDS-PAGE and immunoblotted for the indicated epitope/
protein. Data shown in b) and f) is representative of four independent 
experiments, c) is from three and d), e) and g) are from two. Data from b), c), d) 
and g) were analysed using One-Way Welch’s ANOVA test. Data from e) and f) 
was analysed using two-tailed unpaired Student’s t-test. Analyses were 
performed on GraphPad Prism. Mean ± s.e.m.
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