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Moreover, CPXV14 also contains a smallpox virus-encoded chemokine receptor (SECRET)

domain that was shown to bind to a subset of CC and CXC chemokines [22]. To determine

whether CPXV14 was responsible for the observed T cell inhibition we deleted the CPXV14

ORF from CPXV by homologous recombination replacing CPXV14 with a GFP-GPT cassette

(S2A Fig). The recombinant virus was plaque purified three times under gpt selection condi-

tions (S2B Fig). Using next-generation sequencing of the entire viral genome we demon-

strated that no other CPXV ORF was affected by the �� ���� homologous recombination (S2C

Fig). CPXV14 is expressed with late kinetics and deletion of CPXV14 did not affect viral

growth in vitro (S3 Fig). When CPXVΔ14-infected cells were added to α-CD3/α-

Fig 2. CPXV14 inhibits activation of na�ve T cells by anti-CD3 and anti-CD28. A) A20 cells were infected with VACV, CPXV, or the two large deletion

mutants A518 or A694 (MOI = 5), or uninfected and co-incubated with splenocytes from BALB/cByJ mice prior to α-CD3/α-CD28 stimulation and ICS as

described in Fig 1. Top: Schematic of the approximate size and location of the deletion, Middle: dot plot from a representative experiment. Bottom: Average

frequencies of TNFα+ CD4+ or CD8+ T cells (+SEM) within each experimental group (n = 5). B) A20 cells were infected with the deletion viruses A530, A531

or A529 (MOI = 5) or control viruses prior to co-incubation with splenocytes from BALB/cByJ mice, followed by α-CD3/α-CD28 stimulation and ICS. Bottom:

Average frequencies of TNFα+ CD4+ or CD8+ T cells (+SEM) within each experimental group (n = 5). C) A20 cells were infected with CPXVΔ15, VACV or

CPXV (MOI = 5), or uninfected prior to co-incubation with splenocytes from BALB/cByJ mice, α-CD3/α-CD28 stimulation and ICS. Right panel: Average

frequencies of TNFα+ CD4+ or CD8+ T cells (+SEM) within each experimental group (n = 5). D) CPXVΔ14 was generated and characterized as shown in S2

Fig. A20 cells infected with CPXVΔ14 or control viruses (MOI = 5) were co-incubated with splenocytes from BALB/cByJ mice followed by α-CD3/α-CD28

stimulation and ICS. Right Panel: Average frequencies of TNFα+ CD4+ or CD8+ T cells (+SEM) from two experiments each with n = 5 per experimental

group. Indicated P-values were calculated using unpaired two-tailed Student’s T test.

https://doi.org/10.1371/journal.ppat.1010783.g002
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CD28-stimulated splenocytes, we no longer observed a reduction of stimulation as observed

for wildtype CPXV. Instead, CD4+ and CD8+ T cell stimulation was unaffected by

CPXVΔ14-infected cells similar to VACV (Fig 2D). These observations suggested that

CPXV14 was necessary for the observed inhibition of T cell activation.

CPXV14 comprises 202 amino acids (AA) including a predicted 23 AA signal sequence

and, upon cleavage, a predicted molecular weight (MW) of 22.5 kDa (Fig 3A). In addition,

CPXV14 contains five predicted N-linked glycosylation sites. (Fig 3A). To determine whether

purified CPXV14 would block T cell activation, we isolated a His-tagged version of CPXV14

from transfected HEK293F cells. The purified protein is highly glycosylated as shown by

PNGase F treatment (Fig 3C). When increasing concentrations of purified CPXV14 were

added to splenocytes in α-CD3/α-CD28 coated plates we observed that CD8+ T cell stimula-

tion was reduced with a half-maximal concentration of 90pM (Fig 3D. Thus, CPXV14 is both

necessary and sufficient for the observed inhibition of T cell stimulation by CPXV.

Inhibition of CD8+ T cell activation was also observed when SECRET-domain containing

protein-2 (ECTV008), the ECTV homologue of CPXV14 (Fig 3A), was used in this assay (Fig

3E). SECRET domains are also found in the C-terminal domain (CTD) of the cytokine-

response modifier (Crm) B and D proteins of CPXV and ECTV whereas the N-terminal

Fig 3. Poxviral SECRET-domain proteins inhibit T cell activation by plate-bound anti-CD3 and anti-CD28 antibodies. A) Alignment of CPXV14 with

SECRET-domain containing protein-2 (ECTV008) of ectromelia virus (ECTV). Proteins were aligned using CLUSTAL O v1.2.1. The predicted signal sequence

is highlighted with a red box. N-linked glycosylation sites were predicted with GlycolEP and are indicated in green. Amino-acid differences are shown in blue.

B) Alignment of the SECRET-domain containing C terminal domain (CTD) of CPXV221 (CrmD) with that of the CrmD CTD in ECTV003. C) N-linked

glycosylation of CPXV14-His. Immunoblot of purified, recombinant CPXV14-His without or with PNGase treatment. D) Recombinant CPXV14-His inhibits

T cell activation by plate bound antibodies. Splenocytes from BALB/cByJ mice were incubated with recombinant CPXV14-His at the indicated concentrations

for 4h prior to ICS. The mean TNFα response frequencies of CD8+ T cells from 5 mice are shown (+SEM). E) T cell inhibition by ECTV homologs of CPXV14

and CPXV221 is dependent on an intact SECRET domain. The indicated recombinant proteins were added to splenocytes of BALB/cByJ mice at a

concentration of 1.1μM for 4h prior to ICS as in (C). Average frequencies of TNFα+ CD8+ T cells are shown (n = 5, +SEM). F) The CTD of CPXV221 (CrmD)

does not inhibit T cell activation. T cell inhibition by 1.1μM of CPXV14-His or his-tagged recombinant CTD of CPXV221 was examined as in (D). Average

frequencies of TNFα+ CD8+ T cells are shown (3 experiments, n = 3 each, +SEM). P values in D, E and F were calculated using paired two-tailed Student’s T

test (���p�0.001,��p�0.01, �p�0.05, NS = p>0.05).

https://doi.org/10.1371/journal.ppat.1010783.g003
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domain contains TNF-binding activity [22,23]. To determine whether the observed inhibition

of T cell stimulation was a general activity of SECRET domains, we isolated His-tagged ver-

sions of the ECTV003 CrmD CTD, including mutants that lacked a functional SECRET

domain (3Ala-His, 3Lys-His) as well as the CrmD CTD of CPXV221 (Fig 3B). Interestingly,

inhibition of CD8+ T cell stimulation was observed for the ECTV003 CrmD CTD (Fig 3E),

but not for the CrmD CTD of CPXV221 (Fig 3F), despite their close homology (Fig 3B). The

two mutant proteins of ECTV003 CrmD CTD were also unable to inhibit T cell stimulation

(Fig 3E). With the caveat that we did not examine the full-length protein of ECTV003, these

observations suggested that ECTV encodes at least two SECRET-domain proteins capable of

interfering with antibody-mediated T cell activation. However, it seems that CPXV14 is the

only SECRET-domain containing protein encoded by CPXV capable of this interference given

the finding that the knockout virus restores T cell stimulation.

CPXV14 binds to Fcγ-receptors and interferes with antibody-mediated

activation of T cells

To investigate whether CPXV14 also impairs T cell proliferation we monitored T cell division

after stimulation with soluble α-CD3 and IL-2 in the presence or absence of CPXV14, or a con-

trol protein (ECTV003 CrmD CTD 3Lys). Upon CFSE labeling, proliferation was monitored

using flow cytometry. Untreated, or control-protein treated T cells proliferated in response to

α-CD3 and IL-2 treatment as reflected in reduced CFSE fluorescence (Fig 4A). In the presence

of CPXV14, however, proliferation of CD4+ T cells was highly reduced whereas CD8+ T cell

proliferation was not affected in this assay. To determine whether antibody-independent T cell

stimulation would be inhibited, we used phytohaemagglutinin (PHA) instead of α-CD3 to

monitor proliferation in response to IL-2. However, CPXV14 did not impact PHA-mediated

proliferation of CD4+ T cells (Fig 4A). Similarly, we did not observe inhibition when T cells

were simulated by PMA/Ionomycin (S4A Fig). Since this observation raised the question

whether CPXV14 interference only occurred when T cells were activated by α-CD3, but not by

antigen-specific activation, we further examined whether the SIINFEKL peptide /Kb-depen-

dent activation of naïve T cells obtained from OT-1 TCR transgenic mice would be inhibited

by CPXV14. As with PHA and PMA, we did not observe inhibition (S4B and S4C Fig).

Together, these observations suggested that CPXV14 interfered only with antibody-medi-

ated activation of naïve T cells. To determine whether this was due to CPXV14 interfering

with α-CD3 binding to T cells, we purified CD8+ T cells prior to Ab-dependent stimulation.

Surprisingly, purified CD8+ T cells responded poorly to antibody-mediated T cell stimulation,

even when plate-bound. Moreover, CPXV14 was less able to prevent this residual stimulation

(Fig 4B). In contrast, CD8+ T cell stimulation and CPXV14 inhibition was restored in the

presence of A20 B cell lymphoma bystander cells (Fig 4C). The requirement for accessory cells

for α-CD3-mediated T cell proliferation has been reported previously [26–28]. Moreover, it

was reported that this auxiliary effect was due to Fcγ-receptors (FcγR) expressed by bystander

cells [26,29,30]. Indeed, when a mixture of FcγR-targeting antibodies (anti-FcγRIII (CD16)

and anti-FcγRIIB (CD32)) was added to plate-bound α-CD3 and α-CD28, we observed a sig-

nificant reduction of T cell proliferation (Fig 5A) and T cell stimulation (Fig 5B). Similar to

CPXV14, inhibition of CD4+ proliferation was more pronounced than inhibition of CD8+ T

cell proliferation (Fig 5A) whereas the reverse was true for T cell stimulation by α-CD3/α-

CD28 (Fig 5B). The similarity of the inhibitory effect of FcγR-targeting antibodies and

CPXV14 on T cell stimulation by α-CD3 suggested that CPXV14 might inhibit T cell activa-

tion similarly by interference with the FcγR. Indeed, CD8+ T cell activation in splenocytes

from FcγRIIB-knockout mice was less inhibited by CPXV14 compared to wildtype mice
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