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Inhibits T-Cell Receptor—-Mediated T-Cell Function by an
RNA-Based Mechanism
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The Flavivirus genus within the Flaviviridae family is comprised of many important human pathogens including yellow fever virus
(YEV), dengue virus (DENV), and Zika virus (ZKV), all of which are global public health concerns. Although the related flaviviruses
hepatitis C virus and human pegivirus (formerly named GBV-C) interfere with T-cell receptor (TCR) signaling by novel RNA and
protein-based mechanisms, the effect of other flaviviruses on TCR signaling is unknown. Here, we studied the effect of YFV, DENV,
and ZKV on TCR signaling. Both YFV and ZKYV replicated in human T cells in vitro; however, only YFV inhibited TCR signaling.
This effect was mediated at least in part by the YFV envelope (env) protein coding RNA. Deletion mutagenesis studies demonstrated
that expression of a short, YFV env RNA motif (vsRNA) was required and sufficient to inhibit TCR signaling. Expression of this
vsRNA and YFV infection of T cells reduced the expression of a Src-kinase regulatory phosphatase (PTPRE), while ZKV infection
did not. YFV infection in mice resulted in impaired TCR signaling and PTPRE expression, with associated reduction in murine
response to experimental ovalbumin vaccination. Together, these data suggest that viruses within the flavivirus genus inhibit TCR

signaling in a species-dependent manner.
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T-cell receptor (TCR) signaling is required to initiate T-cell
responses to foreign antigens, and many viruses have evolved
mechanisms to interfere with host T-cell function [1-3]. The
Flaviviridae family is comprised of 4 genera: Hepacivirus,
Pegivirus, Pestivirus, and Flavivirus. Prototype viruses for each
genus include hepatitis C virus (HCV), human pegivirus (HPgV;
previously called GB virus C), bovine viral diarrhea virus, and
yellow fever virus (YFV), respectively. The Flavivirus genus
includes many important human pathogens including YFV,
Zika virus (ZKV), and dengue virus (DENV) [4], and ZKV and
YFV recently emerged in the Americas and Africa [5-8].
HPgV and HCV dampen T-cell activation in vitro and
in vivo at least in part by inhibiting TCR signaling [1, 9-11].
Incubation of T cells with HPgV virions, serum-derived vesi-
cles, or recombinant envelope (E2) protein inhibits activation
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of the lymphocyte-specific Src kinase Lck [9, 10]. HCV also
reduces proximal TCR signaling using 2 different mecha-
nisms [1, 11]. HCV genomic RNA transferred into T cells by
serum-derived virions and vesicles is sufficient to reduce TCR
signaling. HCV genomic RNA is processed into virus-derived
short RNAs (vsRNAs) [12] including an envelope (E2) coding
vsRNA that targets and reduces expression of a Src-kinase reg-
ulatory phosphatase (protein tyrosine phosphatase receptor
epsilon [PTPRE]) in vitro [1] and in vivo [11]. Reduction in
PTPRE expression results in impaired Lck activation [1].

Because divergent viruses within the Flaviviridae inhibit TCR
signaling, and YFV vaccination is associated with reduced re-
sponse to subsequent heterologous vaccines [13, 14], we sought
to determine if TCR inhibition is shared among flaviviruses. We
found that YFV, but not ZKV or DENV, impaired TCR signal-
ing. A YFV vsRNA derived from the envelope (env) coding RNA
was sufficient to regulate TCR signaling, and targeted the same
phosphatase (PTPRE) that HCV vsRNA targets, despite a lack
of sequence homology between the viral sequences. Reduction
of PTPRE expression impaired TCR signaling and enhanced
YFV replication. Murine infection with YFV reduced inter-
leukin 2 (IL-2) release following TCR engagement, and reduced
PTPRE expression in tissues. This corresponded with a reduc-
tion in antigen-specific cytokine response following vaccination
with ovalbumin. Together, these data identify a novel effect of
YFV on TCR signaling and suggest that some viruses within the
Flavivirus genus modulate T-cell function.
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METHODS

See Supplementary Methods for more details.

Study Approval

Animal and human protocols were approved by the University
of JTowa Institutional Animal Care and Use Committee and
Institutional Review Board (IRB-01), respectively. All human
participants provided written informed consent.

Cells

Jurkat cells expressing Lck (Jurkat E6.1) or not (JCAM 1.6),
and human peripheral blood mononuclear cells (PBMCs) and
murine splenocytes were prepared and maintained as described
[15-17]. 293T, HepG2, Huh7, Huh7D (provided by Dr Dino
Feigelstock), 293T HEK, BHK and Vero cells were maintained
as described previously [1, 11, 15, 18, 19].

Viruses

YFV (17D; Sanofi), mumps virus (Jeryl Lynn strain; Merck),
and ZKV (PR strain) were used in these studies. YFV, ZKV, and
mumps virus replication was determined using either median
tissue culture infective dose (TCID,;) or measuring viral RNA
of cell culture supernatant fluids by real-time polymerase
chain reaction (PCR) as described previously [16, 20, 21]
(Supplementary Table 1). Viral titers correlated well between
the 2 methods (Supplementary Figure 1A).

T-Cell Activation

PBMCs and Jurkat cells were stimulated with plate-bound
anti-CD3 and soluble anti-CD28 as described [1, 18]. Murine
mononuclear cells were stimulated with antimurine CD3/CD28
antibody. TCR-mediated activation was determined by measur-
ing human or murine IL-2 release by enzyme-linked immuno-
sorbent assay as described previously [9, 10]. Lck and ZAP-70,
PTPRE, YFV-ZKV-DENV env proteins were detected using
immune blotting as described previously [1].

Small RNA Sequencing

Jurkat cell RNA was extracted from YFV-infected cells (3 days
postinfection) or Jurkat cells stably expressing YFV env using
mirVana miRNA Isolation Kit (ThermoFisher) following the
manufacturer’s protocol. RNA concentrations were determined
by NanoDrop 1000, and RNA integrity determined by Agilent
bioanalyzer. RNA libraries were generated from both samples
using Truseq small RNA library preparation kit (Illumina), and
purified cDNA libraries <200 nt in length were sequenced on
the Illumina platform. Raw sequences were assembled and ana-
lyzed using SeqBuilder, and SeqMan Pro modules on Lasergene
software (DNAStar).

Flavivirus Env Protein Expression
DENV serotype 2 env coding region (provided by Dr Lewis
Markoff), YFV env coding region amplified from the infectious

clone (17D strain, GenBank NC_002031 provided by Dr Charles
Rice) [22, 23], and the ZKV env coding region was derived from
infected cell-derived RNA. Env proteins were expressed in Tet-
off Jurkat cells as described previously [1, 23, 24].

Murine Studies

C57BL/6N mice (Charles River Laboratories) were infected
with 1 x 10° TCID,, YFV, or mumps virus intraperitoneally
(IP). Mice were euthanized at indicated dates, and splenocytes,
draining lymph nodes (LNs), and liver obtained for PTPRE
analysis. Five mice were studied in each group and results
describe 3 independent experiments, each performed in tripli-
cate. Mice were inoculated IP with 200 ug of chicken egg ovalbu-
min (Grade V, Sigma) mixed with 50 pL of alum (Imject Alum,
Invitrogen) in 200 puL phosphate-buffered saline (final volume)
7 and 14 days following YFV or mumps virus infection. Cells
from the draining LNs and spleen were cultured with ovalbu-
min (1-2 x 10° cells per well) for 72 hours, and supernatants
analyzed for ovalbumin-specific cytokines (IL-2, interferon
gamma [IFN-y], interleukin 13 [IL-13], interleukin 5 [IL-5]) as
described previously [18].

Statistical Analysis

Statistics were performed using GraphPad software version
4.0 (GraphPad Software Inc). Analysis of variance was used to
determine differences in viral replication kinetics. Two-sided ¢
tests were used to compare results between test and controls on
specific days postinfection. P values <.05 were considered sta-
tistically significant.

RESULTS

Flavivirus T-Cell Replication and Envelope RNA Expression Effects on
TCR Signaling

YFV replicates in transformed T-cell lines and PBMCs [16];
however, ZKV T-cell replication has not been described. We
found that YFV, ZKV, and mumps virus replicated in a CD4*
T-cell line (Jurkat) (Figure 1A). Mumps was used as an RNA
nonflavivirus control because, unlike ZKV, it infects wild-type
mice [25].

YEV replication was reduced in Jurkat cells expressing the
lymphocyte-specific Src-kinase (Lck, Jurkat E6.1) [26] com-
pared to Jurkat cells lacking Lck (JCaM1.6). In contrast, Lck
expression did not affect ZKV or mumps virus replication
(Figure 1A). Activation of Jurkat cells with anti-CD3/CD28
24 hours prior to YFV infection significantly reduced viral
replication in Jurkat cells expressing Lck, but not in the Lck-
negative Jurkat cells (Supplementary Figure 1B). TCR stimula-
tion did not affect ZKV or mumps replication in Jurkat cells
(not shown). YFV replication in Jurkat and PBMCs increased
when Lck function was inhibited using a Lck-specific inhibitor
II (Figure 1B), and YFV inhibited TCR-mediated IL-2 release
(Figure 1C). Together, these data suggest that T-cell activation
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Flavivirus replication and envelope (env) expression in resting and activated T cells. Yellow fever virus (YFV) replication was greater in Jurkat cells lacking Lck,

whereas Zika virus (ZKV) and mumps virus replication was similar in Jurkat cells with and without Lck (A) (P< .01 analysis of variance; *P< .01 ¢ test on individual days
postinfection). Inhibition of Lck function with Lek inhibitor Il prior to infection enhanced YFV replication in Jurkat cells and primary human peripheral blood mononuclear cells
(PBMCs) (B) in a dose-dependent manner. Infection of Jurkat cells and PBMCs with YFV reduced interleukin 2 (IL-2) release compared to uninfected cells (mock) following
anti-CD3/CD28 whereas ZKV and mumps virus infection did not reduce IL-2 release (C). YFV and mumps virus multiplicity of infection was 0.5 and data represent IL-2 levels
in culture supernatant fluids 5 days postinfection. IL-2 release 24 h post=TCR stimulation in Jurkat cell lines stably expressing the plasmid vector control (VC), hepatitis C
virus envelope 2 protein (HCV E2), dengue virus serotype 2 envelope (DENV env), Zika virus envelope (ZKV env), and the YFV envelope (YFV env) proteins and frameshift
expressing YFV env RNA without protein (D). GE indicates genomic equivalents. *P< .01 compared to control. All data represent averages (+ standard error of the mean) of

3 independent experiments.

interferes with YFV, but not ZKV or mumps virus replica-
tion, and that TCR signaling through Lck is required for this
inhibition.

HPgV E2 sequences contain conserved amino acids pre-
dicted to serve as Lck substrates [1, 10], and TCR-mediated
Lck activation is inhibited by expression of HPgV E2 protein
in Jurkat cells [1, 9, 10]. Examination of ZKV, YFV, and DENV
envelope sequences identified 8 conserved tyrosine residues
in the ZKV env (GenBank KX198135), 2 in YFV (17D) env
(GenBank NC_003021), and 1 tyrosine in the DENV serotype
2 env (GenBank L10055.1) predicted to be Lck substrates [27].

Jurkat cell lines stably expressing ZKV, YEV, or DENV 2 env
proteins were generated as described [10, 23] and env expres-
sion confirmed (representative data shown in Supplementary
Figure 2A and 2B). YFV, but not ZKV or DENV2 envelope

expression reduced IL-2 release in Jurkat cells stimulated with
anti-CD3/CD28 compared to the vector control (Figure 1D).
Jurkat cell lines were generated expressing predicted YFV env
Lck substrate peptide regions (Y274, Y375), or a peptide pre-
dicted to be a different Src-kinase (Fyn Y96) substrate (sche-
matic in Supplementary Figure 2C). Cell lines expressing
a Y274A substitution and the YFV env coding region with a
frameshift mutation to abolish translation were also gener-
ated. Following TCR stimulation, IL-2 release was lower in
cells expressing the YFV env protein and RNA without protein
sequence, and the Y274 peptide, but not in cells expressing the
Y375 peptide or the Fyn substrate Y96 peptide (Figure 1D).
Upon TCR engagement, Lck activation is initiated by
dephosphorylation of tyrosine 505 (Y505) resulting in subse-
quent Lck-mediated autophosphorylation in trans at position
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Y394 [26]. Consistent with the IL-2 release data, Lck activation
was reduced by YFV env (Supplementary Figure 3). Activated
Lck phosphorylates ZAP-70 at Y319, and YFV env reduced
phosphorylation of ZAP-70 Y319 following TCR engagement
(Supplementary Figure 3). Thus, YFV env RNA impaired TCR-
mediated IL-2 release.

YFV RNA Reduces Expression of the Src Kinase Regulatory

Phosphatase PTPRE

Structural prediction of the YFV env indicates that it is a
target for cellular RNA-exonuclease cleavage (Supplementary
Figure 4A) [28], and suggests that YFV RNA regulates TCR via
an RNA-based mechanism. The YFV RNA sequence coding
the env Y274 peptide that inhibited TCR signaling (Figure 1D)
was examined for complementary sequences with cellular
genes. Two sites within the 3’-UTR of a Src-kinase activating

phosphatase (PTPRE) had considerable complementarity with
this sequence (Figure 2A). PTPRE regulates Src-kinase signal-
ing through the adaptor protein Grb2 [11, 29, 30], and Grb2
deficient T cells have impaired Lck activation [30]. Of note,
PTPRE 3’-UTR is also targeted by HCV E2 vsRNA [1] de-
spite no sequence homology with the YFV vsRNA sequence
(Supplementary Figure 4B). PTPRE mRNA was not reduced in
Jurkat cells expressing YFV env RNA (data not shown); how-
ever, protein expression was reduced in these cells (Figure 2B).
PTPRE was restored when the YFV env RNA was expressed
with a Y274A substitution, but not Y274F. Y274F contains a
single RNA base change (A to U) whereas Y274A has 2 changes
(UA to GC; Figure 2B) within the RNA sequence complemen-
tary to the PTPRE 3’-UTR (Figure 2A).

To validate that PTPRE regulation required the 3-UTR RNA
sequences, chimeric green fluorescent protein (GFP) expression

=3 <
A B YFV ¥ F
Env & & FS VC
Site 1
YFV 5’ AUGACAACAACCUUUACAAACUACAUGGUGGA 3’ . " |PTPRE
IR | e |
PTPRE 3’/ UAAUUGUACUAAAAAUGUUUUAUAUGACUGGU 5’ e —
S & S £ 2 PIPRE/Actn
Site 2 =] S S
YFV 5’ AUGACAACAACCUUUACAAACUACAUGGUGGA 3/ YFVEnw GACAACAACCUUUACAAACUACAUGGU
| LT L YO74F JACAACAACCUUUUCAAACUACAUGGU
PTPRE 3’ ACAGAGUCGAAAAAAUGUUCUUUACARAUUUA 5/  Y274A  GAGAACGAACCUUCCCAAACUACAUGGY
C
. PTPRE 3’ , PTPRE
1500 GFP YFV site 1 &2 GFP HCV site 1 &2
1000 2 L.
= ms---- oy (o Loy [y P01 I I S
2
Ay
&
A
500
0

(&135135135

L]
M3 5 1 3 5 1 3 5

4% YFenv YF-FS
&
Q

Y274A 9 YFenv
Q)

YF-FS Y274A

Figure 2. Yellow fever virus (YFV) env RNA expression specifically regulates protein tyrosine phosphatase receptor epsilon (PTPRE) expression. YFV Y274 peptide coding
sequence aligned with 2 sites on the 3"-UTR of PTPRE (A). PTPRE expression in Jurkat cells expressing YFV env, YFV env with Y274F or Y274A substitutions, or the YFV env
coding RNA with a frameshift to abolish protein translation (YFV-FS) (B). PTPRE expression was normalized using actin. The mutations introduced into the Y274 env RNA to
generate amino acid mutations are underlined (B). To determine if YFV env RNA targets PTPRE 3'-UTR sequences, HEK 293T cells were transfected with plasmid DNA encod-
ing GFP with either the YFV PTPRE 3'UTR target site 1 and site 2 sequence or the HCV PTPRE 3'-UTR site 1 and site 2 sequence. GFP expression in cells transfected with the
GFP-PTPRE plasmids alone, or co-transfected with various concentrations of plasmid DNA encoding YFV native env, YFV env frameshift (with no protein translation; YFV-FS)
or the Y274A mutant env were examined 72 h posttransfection (C). Data represent the averages (+ standard error of the mean) of 3 independent transfection experiments. *
P<.01; TP< .05. Abbreviations: FS, frameshift; GFP, green fluorescent protein; HCV, hepatitis C virus; MFI, mean fluorescent intensity; PTPRE, protein tyrosine phosphatase

receptor epsilon; VC, vector control; YFV, yellow fever virus.
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plasmids containing either the YFV or HCV E2 PTPRE 3’-UTR
target sequences were constructed (Figure 2C) [1]. Following
transient transfection of YFV envand GFP-PTPRE in HEK 293T
cells, GFP expression was reduced in cells co-expressing the YEV
env RNA in a dose-dependent manner (Figure 2C). In contrast,
GFP was not reduced by co-transfection with the Y274A plas-
mid. YFV env RNA did not regulate GFP gene expression when
PTPRE 3’-UTR sequences targeted by HCV E2 were placed after
GFP (Figure 2C). Transfection efficiency was not different in any
of the transfected cells (Supplementary Figure 5).

YFV and ZKV replicated to higher levels in CD3"* enriched
primary PBMCs than in bulk PBMCs (Supplementary Figure 6A
and B), but only YFV regulated PTPRE 4 days postinfection
(Figure 3A; Supplementary Figure 6C). Of note, anti-CD3 was
not included in the media as it was in Supplementary Figure 1B.

Cell viability was similar in YFV, ZKV, and mumps-infected
cells (Supplementary Figure 6D). These data suggest that T
cells support YFV replication to a greater extent than other
PBMC cell populations, since an equal number of PBMCs and
CD3* enriched cells were infected. Three or more days of YEV
infection was required to reduce PTPRE expression by >50%
(Supplementary Figure 6C).

To determine if YFV env RNA sequences were sufficient to
regulate PTPRE, synthetic duplex sequences were transfected
into 293 HEK cells. The putative YFV “seed” sequence was
placed at either the 3" end (vsRNA duplex 1) or the 5" end of the
synthetic RNA (vsRNA -2). vsRNA duplex 1, but not duplex 2
reduced PTPRE expression compared to mock transfected cells
(Figure 3C). Thus, YFV infection and RNA expression regulated
PTPRE in Jurkat cells and regulated GFP via adding the PTPRE
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Figure 3.  Protein tyrosine phosphatase receptor epsilon (PTPRE) is regulated by yellow fever virus (YFV) infection and synthetic YFV RNA sequences, and short YFV RNAs

are generated during YFV infection of Jurkat cells. Replication of YFV, Zika virus (ZKV), and mumps virus in HepG2 cells (A). YFV, but not ZKV or mumps virus, regulated PTPRE
expression 4 days postinfection (A). Using next-generation sequencing, YFV short RNA sequences were detected 3 days postinfection in Jurkat cells (B) and in Jurkat cells
stably expressing YFV env RNA sequences (C). The level of complementarity with PTPRE 3'-UTR target sites 1 and 2 are shown. HEK cells were transfected with synthetic
YFV sequence duplex RNAs with the putative seed sequence (underlined) at the 3" end (D) (YFV RNA duplex 1) or the 5" end of the YFV sequence (YFV RNA duplex 2). PTPRE
expression was reduced in cells transfected with RNA duplex 1 on days 4 and 5 posttransfection, but not by RNA duplex 2 (0). PTPRE expression was normalized to actin
measured on the day of transfection (PTPRE/Actin). Abbreviations: PTPRE, protein tyrosine phosphatase receptor epsilon; TCIDy;, median tissue culture infective dose; YFV,

yellow fever virus; ZKV, Zika virus.

1168 « JID 2017:216 (1 November) « McLinden et al



3’-UTR target sequence. Furthermore, transfection of synthetic
YFV RNA representing this genome area was sufficient to regu-
late PTPRE following transfection of HEK cells. Thus, YFV and
HCV independently evolved to inhibit PTPRE expression using
an RNA-based mechanism [1].

To determine if the YFV-derived vsRNA sequences were pres-
ent in YFV-infected Jurkat cells, next-generation RNA sequenc-
ing was performed using short (<200 nt) RNAs enriched from
total cellular RNA obtained 4 days post-YFV infection [12].
In addition, short RNAs from Jurkat cells stably expressing the
YFV envelope RNA were sequenced. YFV-specific vsRNAs con-
taining the Y274 coding region were detected in infected Jurkat
cells (Figure 3C) and Jurkat cells expressing YFV env RNA
(Figure 3D). The size of the vsRNA sequences detected differed in
the 2 cell types: a 39 nucleotide vsRNA present in YFV-infected
cells and a 48-nt vsRNA in Jurkat cells expressing YFV env RNA.
Both vsRNAs contained the PTPRE targeting sequence.

PTPRE Restricts YFV Replication In Vitro

Huh?7 cells do not support HCV replication as well as the clon-
ally derived Huh7D cells [31]. PTPRE expression was higher in
Huh?7 cells compared with Huh7D cells (Figure 4A). Like HCV,

YFV replicated significantly better in Huh7D cells (Figure 4B),
while ZKV and mumps replicated better in the parental Huh7
cells (Figure 4C), suggesting that PTPRE may restrict YFV repli-
cation and promote mumps and ZKV virus replication. To assess
this further, HEK293T cells were transfected with a recombi-
nant PTPRE expression plasmid in which the PTPRE 3’-UTR
was replaced with the bovine growth hormone 3’-UTR lacking
the YFV RNA “target” sequence (PTPREAUTR). Endogenous
cytoplasmic PTPRE variant 2 was detected in HEK293T cells
transfected with either PTPREAUTR or an empty vector control
plasmid (VC); however, the transmembrane variant 1 was only
observed in HEK 293T cells transfected with PTPRE AUTR
(Figure 4D). YFV replication was reduced 5 days postinfection
in HEK 239T cells expressing PTPRE AUTR compared to the
VC (Figure 4D), demonstrating an inverse relationship between
YFV replication and PTPRE expression, providing further evi-
dence that YFV-mediated inhibition of PTPRE promotes viral
replication in addition to reducing T-cell function.

YFV Infection Reduces TCR Signaling and PTPRE Expression In Vivo
YFV and mumps infection of CD3* enriched, murine lympho-
cytes obtained from C57BL/6N mice splenocytes demonstrated
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Figure 4. Protein tyrosine phosphatase receptor epsilon (PTPRE) levels correlate with reduced yellow fever virus (YFV) and increased Zika and mumps virus replication.
Huh7 cells express significantly more PTPRE than Huh7D cells (4), and YFV replication was significantly higher in Huh7D cells (B), whereas Zika virus (ZKV) and mumps virus
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replication by both viruses (Supplementary Figure 7). As with
human PBMCs, there was no difference in cell viability between
YFV- and mumps-infected cells (not shown).

Sequence analysis determined that the human PTPRE 3’-
UTR YFV “seed” sequences are conserved in murine PTPRE.
To determine if YFV infection regulated PTPRE expression in
vivo, C57BL/6N mice were infected IP with YFV or mumps
virus (2 x 10° TCID, for each) using virus preparations gen-
erated in Vero cells. Mice were sacrificed on days 6, 12, and 18,
and equal numbers of viable splenocytes were stimulated with
anti-CD3/CD28. IL-2 release was lower in mice inoculated
with YFV on days 12 and 18 compared with mumps-infected
mice (Figure 5A). Splenocyte, draining LNs, and liver PTPRE
expression was also lower in YFV-inoculated mice compared
to mice inoculated with mumps virus 7 days postinfection
(Figure 5B-D and Supplementary Figure 8).

YFV vaccination is associated with reduced responsiveness
to other vaccines [13, 14]. We examined the effect of YFV infec-
tion on immune responses to experimental vaccination. Mice
infected with YFV, mumps virus, or uninfected controls (day
0) were inoculated IP with chicken ovalbumin in alum 7 and

14 days after YFV inoculation. On day 21, LN cells and sple-
nocytes were restimulated with ovalbumin for 72 hours and
ova-specific T-cell responses assessed by measuring IL-2, IFN-y,
IL-5, and IL-13 in culture supernatant fluids. YFV-infected mice
had aglobal reduction in LN and splenocyte cytokine levels com-
pared to uninfected and mumps-infected mice (Figures 6 and 7).
Taken together, these data suggest that YFV RNA regulates
PTPRE expression, resulting in a reduction in T-cell receptor—

mediated immune responses in vivo.

DISCUSSION

Expression of HCV and HPgV E2 protein reduces, but does not
ameliorate, T-cell activation through the TCR [1, 9-11]. HCV
and HPgV frequently cause persistent infection, and HPgV- and
HCV-infected people have a demonstrable reduction in T-cell
activation and ex vivo TCR signaling [1, 11, 17, 32]. We exam-
ined 3 flaviviruses that cause self-limited human infections to
see if TCR signaling effects are conserved among the Flavivirus
genus. ZKV and DENV-2 env expression did not reduce TCR
signaling, nor did ZKV replication in Jurkat cells or primary
human PBMCs. In contrast, YFV replication and expression of
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env coding RNA reduced TCR-mediated T-cell function. YFV
is related to ZKV and DENV-2 more closely than HCV by phy-
logeny, transmission, and disease, so it is surprising that YFV
and HCV share a TCR inhibition mechanism. Because PTPRE
appears to restrict YFV and HCV replication, we speculate that
these viruses evolved mechanisms to reduce PTPRE expression
to allow amplification of replication. Since PTPRE enhanced
ZKV and mumps virus replication, reducing PTPRE would be
detrimental for these viruses.

The YFV-17D vaccine is one of the oldest and most effec-
tive human vaccines, and it elicits a broad repertoire of specific
CD4*and CD8" T-cell responses [33]. At first glance, TCR inhi-
bition may not seem biologically plausible. However, 2 features
of YFV infection may contribute to our findings. First, YFV
replication occurs in many cell types including epithelial cells,
dendritic cells (DCs), T cells and B cells, and local virus rep-
lication disseminates by viremia [34, 35]. Thus, viral antigens
are presented to T cells at multiple locations during infection,
and YFV activates DCs [34]. Second, YFV regulated, but did
not abolish, TCR signaling. Our data show that YFV infec-
tion modulates TCR signaling and PTPRE expression in mice,
reducing T-cell cytokine production including IL-2, resulting in
a blunting of immunological signals to numerous cell types in

both the innate and adaptive immune systems [36]. As a result,
YFV-mediated inhibition of TCR signaling may facilitate the
establishment of infection and contribute to immune evasion
by slowing the activation of the adaptive immune response.
Our study identified several novel features regarding YFV
infection effects on T-cell function. First, YFV infection of
primary T cells and transformed T-cell lines reduced TCR-
mediated activation, and TCR stimulation prior to infection
reduced YFV replication. Second, YFV infection of human and
murine primary T cells and a transformed human T-cell line
reduced expression of PTPRE, a Src kinase-activating phos-
phatase. This sequence targeted 2 sites on the PTPRE 3’-UTR.
Substitution of 2 residues in the YFV targeting sequence restored
PTPRE expression and T-cell function. Third, transfection of
a synthetic YFV vsRNA duplex reduced PTPRE expression in
vitro. Fourth, PTPRE expression correlated with YFV repli-
cation, and expression of PTPRE lacking the 3’-UTR reduced
YFV replication in vitro. Thus, it appears that PTPRE may be
a novel YFV restriction factor. Finally, PTPRE expression in
liver, draining LN, and splenic mononuclear cells was reduced
in YFV-infected mice, and this correlated with impaired TCR
signaling and reduced responses to immunization with ovalbu-
min. Taken together, these data suggest that YFV RNA targets
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PTPRE, a novel restriction factor expressed by numerous cell
types including T cells, to promote viral replication and impair
host T-cell function.

The finding that YFV reduced T-cell function is consistent
with clinical studies showing that coadministration of YFV
vaccine results in a reduction in immune response to the other
vaccine [13, 14]. Furthermore, the reduction in YFV replica-
tion following T-cell activation may explain why YFV vaccine
efficacy is reduced in recipients with activated immune profiles
compared to those without [37]. This effect is shared with HCV,
but not 2 other viruses in the Flavivirus genus (ZKV, DENV).
The finding that PTPRE inhibited YFV but not ZKV replica-
tion may explain why YFV evolved to target this Lck-regulating
phosphatase.

Although DNA viruses and retroviruses encode small RNAs
that influence viral replication and host immune responses [38,
39], there is controversy regarding the ability of strictly cyto-
plasmic RNA viruses to generate functional vsRNAs [40, 41].
Studies by Andrew Fire’s group and others identified vsSRNAs in
cells infected with several cytoplasmic RNA viruses [1, 12, 42—
47]. Many of these vsRNAs have characteristics distinguishing
them from RNAs generated by nonspecific degradation of

full-length viral RNA [12]. A previous study concluded that
vsRNAs do not influence YFV replication as replication was the
same in 293T cells with or without Dicer 36 hours postinfec-
tion [41]. However, we found that 72 hours of YFV infection
was required to reduce cellular PTPRE levels by 50% (Figure 4)
[41]. Furthermore, Dicer-independent miRNA biogenesis may
occur [48, 49]. We identify a previously unrecognized role of
vsRNAs during RNA virus replication, and YFV vsRNA may
represent a novel posttranscriptional mechanism of host cell
gene regulation that promotes viral replication while blunting
T-cell immune responses.

Many DNA and RNA viruses interfere with TCR signaling
[1, 3, 10]. For viruses that primarily grow in T lymphocytes,
this likely maintains the balance between inducing activation
required for viral growth (ie, human immunodeficiency virus
[HIV]), and dampening levels of activation that lead to activa-
tion-induced-T-cell death. In contrast, reducing TCR signal-
ing by viruses that replicate primarily in other cell types (eg,
HCV and YFV) may provide a previously unrecognized mech-
anism of T-cell immune evasion. A previous study found that
PTPRE facilitates HIV replication [50], and both ZKV and
mumps virus infections were reduced in the Huh7D cells with
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low PTPRE levels (Figure 4). Thus, PTPRE may serve as either
arestriction factor (YFV) or proviral factor (HIV, possibly ZKV
and mumps). Future studies into the role of PTPRE in the viral
replication cycle may identify novel targets for therapeutics.

Supplementary Data

Supplementary materials are available at The Journal of Infectious
Diseases online. Consisting of data provided by the authors to
benefit the reader, the posted materials are not copyedited and
are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.
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