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ABSTRACT Cytotoxic CD4 T lymphocytes (CD4-CTL) are important in antiviral immu-
nity. For example, we have previously shown that in mice, CD4-CTL are important to
control ectromelia virus (ECTV) infection. How viral infections induce CD4-CTL responses
remains incompletely understood. We demonstrate here that not only ECTV but also
vaccinia virus and lymphocytic choriomeningitis virus induce CD4-CTL, though the
response to ECTV is stronger. Using ECTV, we also demonstrate that in contrast to CD8-
CTL, CD4-CTL differentiation requires constant virus replication and ceases once the virus
is controlled. We also show that major histocompatibility complex class II molecules on
CD11c1 cells are required for CD4-CTL differentiation and for mousepox resistance.
Transcriptional analysis indicated that antiviral CD4-CTL and noncytolytic T helper 1
(Th1) CD4 T cells have similar transcriptional profiles, suggesting that CD4-CTL are termi-
nally differentiated classical Th1 cells. Interestingly, CD4-CTL and classical Th1 cells
expressed similar mRNA levels of the transcription factors ThPOK and GATA-3, necessary
for CD4 T cell linage commitment, and Runx3, required for CD8 T cell development and
effector function. However, at the protein level, CD4-CTL had higher levels of the three
transcription factors, suggesting that further posttranscriptional regulation is required for
CD4-CTL differentiation. Finally, CRISPR/Cas9-mediated deletion of Runx3 in CD4 T cells
inhibited CD4-CTL but not classical Th1 cell differentiation in response to ECTV infection.
These results further our understanding of the mechanisms of CD4-CTL differentiation
during viral infection and the role of posttranscriptionally regulated Runx3 in this
process.

IMPORTANCE While it is well established that cytotoxic CD4 T cells (CD4-CTLs) directly
contribute to viral clearance, it remains unclear how CD4-CTL are induced. We now
show that CD4-CTLs require sustained antigen presentation and are induced by CD11c-
expressing antigen-presenting cells. Moreover, we show that CD4-CTLs are derived from
the terminal differentiation of classical T helper 1 (Th1) subset of CD4 cells. Compared
to Th1 cells, CD4-CTLs upregulate protein levels of the transcription factors ThPOK,
Runx3, and GATA-3 posttranscriptionally. Deletion of Runx3 in differentiated CD4 T cells
prevents induction of CD4-CTLs but not classical Th1 cells. These results advance our
knowledge of how CD4-CTLs are induced during viral infection.

KEYWORDS CD4 T cells, Runx3, cytotoxic CD4 T cells, ectromelia virus, immune
mechanisms, immune response

Cytotoxic lymphocytes play a key role in eliminating virus-infected and tumor cells
and in the pathogenesis of IgG4-related disease through direct cytolysis (1–5). The

classically defined cytotoxic lymphocytes are CD8 T cells and natural killer (NK) cells,
but CD4 T cells can also have cytolytic function. The underappreciated subset of CD4
cytotoxic T lymphocytes (CD4-CTLs) has been observed in human blood samples for a
number of chronic viral infections, including human immunodeficiency virus (6, 7),
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hepatitis viruses (8), human cytomegalovirus (7, 9) and also following vaccinia virus im-
munization (10). CD4-CTL responses have also been shown in mice following virus
infection with ectromelia virus (ECTV) (1), influenza A virus (IAV) (2), lymphocytic chori-
omeningitis virus (LCMV) (3), and gammaherpesvirus 68 (11), as well as in murine mod-
els of melanoma (4, 5).

We previously demonstrated that CD4-CTLs contribute to the direct killing of
infected cells in vivo in mice infected with the DNA poxvirus ECTV, a natural mouse
pathogen and causative agent of mousepox (1). CD4 T cells specifically required the cy-
tolytic molecule, perforin, to help eliminate ECTV (1). Likewise, others demonstrated
that CD4 T cells expressing perforin can protect mice from IAV lethality (2). Thus, simi-
lar to CD8 T cells (12), CD4-CTLs mediate apoptosis of target cells primarily through
release of cytolytic granzymes and perforin. Interestingly, CD4-CTLs targeted major his-
tocompatibility complex class II (MHC-II)-expressing cells that were infected (1), in con-
trast to CD8 T cells and NK cells, which utilize MHC class I for activation or inhibition,
respectively, suggesting a unique target cell population for the CD4-CTL response.
However, despite the important role of CD4-CTLs during viral infection, the mechanism
for their induction in vivo remains unclear.

In the present study, we determine that multiple acute viral infections can induce CD4-
CTLs, although the response is transient in comparison to the CD8-CTL response. We also
show that MHC-II on CD11c1 cells, most likely dendritic cells (DCs), are required to for opti-
mal total and cytotoxic CD4 T cell responses. We further determined that CD4-CTLs have a
transcriptional profile similar to that of activated noncytotoxic T helper 1 (Th1) CD4 T cells
(classical Th1 cells) but vastly different compared to naive CD4 T cells. These results indi-
cate a singular differentiation pathway in which activated classical Th1 cells are further ter-
minally differentiated to produce CD4-CTLs rather than arising from a separate unique
pathway. We also demonstrate that CD4-CTLs posttranscriptionally upregulate protein lev-
els of the transcription factors ThPOK and GATA-3, required for CD4 T cell differentiation,
and Runx3, which is necessary for CD8 T cell commitment (13, 14). Finally, we also show
that deletion of Runx3, known to be necessary for CD8 T cell maintenance (15), NK cell
maturation (16), and intestinal epithelial CD4 T cell programing (17, 18), prevents CD4-CTL
differentiation but does not alter the overall CD4 T cell response. These findings define
several of the mechanisms involved in antiviral CD4-CTL differentiation.

RESULTS
CD4-CTLs are induced following viral infection and require the presence of live

virus for optimal accumulation. We have previously demonstrated that infection of
C57BL/6 (B6) with ECTV elicits robust CD4-CTL responses in the liver and spleen follow-
ing viral dissemination (1). The subset of CD4-CTLs can be readily identified via flow
cytometry by their expression of activation marker CD44 and the cytolytic granule
granzyme B (GzmB; Fig. 1A). In addition, a portion of CD4 T cells expressed perforin
(Fig. 1A), which together with GzmB can mediate cytolysis. The frequency and total
number of GzmB or perforin expressing CD4-CTLs peaked at 8 days postinfection (dpi)
with ECTV in both the liver and the spleen (Fig. 1B and C). Of note, the expression of
GzmB in CD4 T cells was transient. For example, in the liver, ;15%, ;39%, ;20%, and
;14% of CD4 T cells were GzmB1 at 7, 8, 9, and 10 dpi, respectively.

Approximately 40% of the CD4 T cells that expressed GzmB also coexpressed per-
forin (Fig. 1D). The magnitude of the CD4-CTL response for both frequency and total
number was greater in the liver than in the spleen on all days analyzed. However, there
was no significant change in the frequency of activated CD4 T cells from 7 to 10 dpi, as
measured by CD44 expression or upregulation of integrins CD11a and CD49d, which
denote antigen-experienced T cells (Fig. 1E) (19). Importantly, 40 to 60% of virus-spe-
cific CD4 T cells corresponding to the I1L7-21 epitope (QLIFNSISARALKAY) (1) expressed
GzmB at 8 dpi (Fig. 1F to H). While the frequency of I1L7-21-specific CD4 T cells was simi-
lar between the liver and spleen, the total number was significantly greater in the
spleen (Fig. 1F). The percentage of I1L7-21-specific CD4 T cells expressing GzmB at 8 dpi
was significantly greater in the liver compared to the spleen (Fig. 1G). Furthermore,
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FIG 1 Transient CD4-CTL response induced following ECTV infection. B6 mice were infected with 3,000 PFU of ECTV in the footpad.
(A) Representative flow plots of CD44 by GzmB (top panels) or perforin (bottom panels) gated on CD4 T cells from the liver at the
indicated time points after infection. The percentages (top panels) and total numbers (bottom panels) of GzmB1 and perforin1 CD4 T
cells in the liver (B) or spleen (C) are shown for the indicated dpi. (D) Frequency perforin1 cells of GzmB1 CD4 T cells. (E) Percentage
activated CD441 or CD11ahi CD49d1 of CD4 T cells. (F) Frequency and total number of I1L7-21-specific CD4 T cells in the liver and
spleen at 8 dpi. (G) Percent GzmB1 of I1L7-21-specific CD4 T cells at 8 dpi in the liver and spleen. (H) Staining of I1L7-21 tetramer, GzmB,
CD44, CD11a, and CD49d at 8 dpi in the liver. Flow plots are concatenated from four mice. The top panels show control stains
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approximately 90% of I1L7-21-specific GzmB1 CD4 T cells were CD441, CD11ahi, and
CD49d1 (Fig. 1H to J). These results show that virus-specific CD4-CTL response corre-
lates with the overall antigen-experienced CD4 T cell response against ECTV.

The CD8-CTL response also peaked at 8 dpi (Fig. 2A to C) and was larger than the
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FIG 2 Robust CD8-CTL response following ECTV infection. B6 mice were infected with 3,000 PFU of ECTV in the
footpad. (A) Representative flow plot CD44 by GzmB (top) or perforin (bottom) gated on CD8 T cells from the
liver at the indicated time points after infection. (B and C) Percentages (top) and total numbers (bottom) of
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FIG 1 Legend (Continued)
for determination of gate placement, as indicated by text. (I and J) CD441 (I) or CD11ahi CD49d1 (J) frequency of GzmB1I1L7-21-
specific CD4 T cells at 8 dpi in the liver and spleen. Asterisks (*) denote statistical differences compared to 7 dpi, whereas number
symbols (#) denote statistical differences compared to 8 dpi. Compiled data are displayed as means 6 the standard errors of the
mean (SEM) representing two independent experiments (A to E, n=6; F to J, n= 9).
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CD4-CTL response (compare to Fig. 1B and C), with a significant increase in the fre-
quency of activated CD441 CD8 T cells at 8 and 9 dpi (Fig. 2D). Of note, in contrast to
the transient response of CD4-CTLs (Fig. 1B-C), CD8-CTL maintained high frequencies
from 7 to 10 dpi (Fig. 2A to C). Together, the data in Fig. 1 and 2 suggested that the
presence of CD4-CTLs, but not of CD8-CTLs, may be driven by high virus loads.

To test this hypothesis, infected mice were administered the antiviral drug cidofovir,
which effectively reduces ECTV titers in mice, at 3 dpi (1, 20). Cidofovir treatment
resulted in almost undetectable virus loads at 8 dpi (Fig. 3A and B) but did not reduce
the total CD4 and CD8 T cell responses as indicated by CD44 expression (Fig. 3C and
D). However, cidofovir-treated mice had a significant reduction (;66% in liver and
;41% in spleen) in frequency of GzmB1 CD4-CTLs (Fig. 3E). Conversely, the frequency
of GzmB1 CD8-CTLs was not affected in the liver and spleen (Fig. 3F). These results sug-
gest that, in contrast to noncytolytic CD4s and CD8-CTLs, CD4-CTLs require the pres-
ence of virus-infected cells and likely constant TCR signaling prior to the peak of the
CD4 T cell response for optimal cytotoxic programming.

We questioned whether, similar to ECTV, other viral infections could also induce
large CD4-CTL responses. Mice were infected in the footpad with the RNA arenavirus
LCMV, which has been previously shown to induce CD4 T cells capable of lysing target
cells (3). We also evaluated another poxvirus, vaccinia virus (VACV), as well as the natu-
ral mouse pathogen murine cytomegalovirus (MCMV). At 8 dpi, all viruses except

A B

C D

Liver Spleen

PBS

Cido
fov

ir
0
1
2
3
4
5
6
7

EC
TV

PF
U

/g
(lo

g1
0)

***

PBS

Cido
fov

ir
0
1
2
3
4
5
6
7

EC
TV

PF
U

/g
(lo

g1
0)

***

PBS

Cido
fov

ir
0

20

40

60

80

100

%
C

D
44

hi
of

C
D

4
T

ce
lls

PBS

Cido
fov

ir
0

10

20

30

40

50

%
C

D
44

+
G

zm
B+

of
C

D
4

T
ce

lls

***

PBS

Cido
fov

ir
0

20

40

60

80

100

%
C

D
44

+ 
G

zm
B+

of
C

D
8

T
ce

lls

PBS

Cido
fov

ir
0

20

40

60

80

100

%
C

D
44

hi
of

C
D

8
T

ce
lls

E F

PBS

Cido
fov

ir
0

5

10

15

*

PBS

Cido
fov

ir
0

20

40

60

80

100

PBS

Cido
fov

ir
0

20

40

60

80

100

PBS

Cido
fov

ir
0

20

40

60

80

100Liver Spleen

Liver Spleen

Liver Spleen

Liver Spleen

FIG 3 CD4-CTL response requires late viral replication. ECTV-infected mice were treated with PBS or
600mg of cidofovir intraperitoneally at 3 dpi. (A and B) Virus titers in the liver (A) and spleen (B) at
8 dpi. (C and D) Percentage of CD441 in CD4 (C) or CD8 (D) T cells in the liver and spleen at 8 dpi. (E
and F) Frequency of GzmB1 in CD4 T cells (E) and CD8 T cells (F) in the liver and spleen at day 8
after infection. Unpaired t tests were conducted on all graphs, and asterisks (*) denote statistical
differences. Compiled data are displayed as means 6 the SEM representing three independent
experiments (n= 12 to 15).

Anti-Viral Cytotoxic CD4 T Cell Differentiation Journal of Virology

October 2021 Volume 95 Issue 19 e00566-21 jvi.asm.org 5

https://jvi.asm.org


MCMV induced significantly increased CD4 T cell responses in the liver and spleen, as
indicated by CD44 or CD11a and CD49d expression. However, ECTV infection resulted
in a significantly higher CD4 T cell response compared to the other viruses (Fig. 4A and
B). Accordingly, infection with ECTV also resulted in a higher frequency and total num-
ber of CD4-CTLs in both the liver and the spleen (Fig. 4C to E). Of note, mice infected
with LCMV or VACV had detectable CD4-CTL responses in the liver, as indicated by fre-
quency (Fig. 4D). While the total number of CD4-CTLs in the liver and spleen following
LCMV or VACV infection was not increased compared to naive mice by one-way analy-
sis of variance (ANOVA), a more direct unpaired t test comparison indicated significant
increases in both groups (LCMV, P, 0.001; VACV, P, 0.01; Fig. 4E). In contrast, the fre-
quency of CD8-CTLs in the liver and spleen was significantly greater in all infection
groups compared to naive mice (Fig. 4D). ECTV also generated the greatest frequency
and total number of CD8-CTLs in both the liver and the spleen compared to all other
groups. Furthermore, the relative frequency of CD4-CTLs and CD8-CTLs in relation to
total activated CD44hi T cells was the highest following ECTV infection and significantly
greater than all other infections in both the liver and the spleen (Fig. 4F and G). To
account for potentially altered kinetics and peak magnitude of the T cell response, we
examined the ratio of percentage CD4-CTLs to CD8-CTLs at 8 dpi. Relative to the other
viruses, ECTV infection induced the greatest ratio of CD4-CTLs in relation to the CD8-
CTL response (Fig. 4H). These results indicate that different acute viral infections can
induce CD4-CTLs. However, after footpad infection, ECTV promotes the largest total T
cell and CTL responses (for both CD4 and CD8 T cells) when measured at 8 dpi.
Whether the other viruses could induce stronger responses at other times postinfec-
tion was not tested. Nevertheless, our data indicate that ECTV is an excellent model to
study the immune factors that induce CD4-CTLs.

MHC-II on CD11c+ cells is required for the CD4 T cell response and protection
against mousepox.MHC-II is primarily expressed by DCs, B cells, and monocytes/mac-
rophages. Interestingly, when comparing the different viral infections, the number of
DCs and monocytes/macrophages, but not B cells, directly correlated with the size of
the CD4-CTL response in the liver (Fig. 4C and 5A). To determine whether MHC-II on
specific subsets of antigen-presenting cells is required to induce CD4-CTLs, we crossed
MHC-II floxed mice (MHC-IIfl/fl) with mouse strains expressing cre recombinase under
specific promoters. Cre expressed from the Vav1 (Vav1-cre), CD11c (Itgax-cre), lyso-
zyme 2 (Lyz2-cre), or CD79a (Mb1-cre) is known to, respectively, delete floxed genes
from all hematopoietic cells, CD11c1 cells, monocytes/macrophages, or B cells (21–24).
Only cre-expressing mice with a normal CD4/CD8 ratio of T cells in the blood were
used for experimentation to ensure differences were not due to an absence of CD4 T
cells. Analysis of the target antigen-presenting cell populations revealed almost com-
plete ablation of MHC-II expression on CD11c1 cells in Itgax-cre MHC-IIfl/fl and B cells in
Mb1-cre MHC-IIfl/fl mice (Fig. 5B and C). Lyz2-cre MHC-IIfl/fl mice had a greater, but
incomplete deletion of MHC-II on monocytes and macrophages (Fig. 5C). In addition,
we also observed leakiness of the cre-lox system across the three strains where the fre-
quency of MHC-II-expressing cells was reduced in the nontargeted antigen-presenting
cell subsets (Fig. 5C). However, MHC-II expression was not completely absent in other
antigen-presenting cell subsets that were not being targeted by the gene expressing
cre recombinase.

After ECTV infection, both Itgax-cre MHC-IIfl/fl and Vav1-cre MHC-IIfl/fl mice had a sig-
nificantly reduced CD4-CTL response in the liver at 8 dpi compared to control MHC-IIfl/fl

mice (Fig. 5D). The CD4-CTL response was not altered in the Lyz2-cre- or Mb1-cre
expressing strains. This result indicates that MHC-II on CD11c1 cells, most likely DCs, is
necessary for the CD4-CTL response following ECTV infection. Itgax-cre MHC-IIfl/fl mice
also had a statistically significant, albeit relatively small, reduction in the frequency of
GzmB1 CD8-CTLs (Fig. 5E). However, deletion of MHC-II on CD11c1 cells also resulted
in a significant decrease to the overall percentage of activated CD4 T cells (Fig. 5F). In
contrast, there was no significant change to the overall CD8 T cell response of Itgax-cre
MHC-IIfl/fl mice (Fig. 5G). These results suggest that CD11c1 cells induce the CD4 T cell
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response following ECTV infection, thereby affecting the overall magnitude of the
CD4-CTL response. Despite having strong CD8 T cell responses, most Itgax-cre- and Vav1-
cre-expressing mice succumbed to ECTV infection (66 and 100% mortality, respectively;
Fig. 5H), whereas Mb1-cre MHC-IIfl/fl mice were resistant. Furthermore, Itgax-cre and Vav1-
cre MHC-IIfl/fl mice had significantly increased virus titers in the livers and spleens at 8dpi
compared to MHC-IIfl/fl controls (Fig. 5I and J). Mortality is not likely to be mediated by
altered antibody responses, since B cell-deficient mice only succumb to ECTV after approxi-
mately 2months of infection (1). In addition, the deletion of MHC-II on nontargeted anti-
gen-presenting cell populations of Lyz2-cre MHC-IIfl/fl or Mb1-cre MHCIIfl/fl mice was insuffi-
cient to significantly alter the CD4-CTL and overall CD4 T cell response. Only the near
complete ablation of MHC-II on CD11c1 cells in Itgax-cre MHC-IIfl/fl mice caused impair-
ment of the CD4 T cell response and mortality following ECTV infection. These data indi-
cate that the total and cytotoxic CD4 T cell responses are induced by CD11c1 cells and
that effector CD4 T cells are required for protection against ECTV infection.

CD4-CTLs and activated noncytolytic classical Th1 CD4 T cells have similar
transcriptional profiles.While the magnitude of the CD4-CTL response directly corre-
lated with the overall CD4 T cell response, it was unclear whether CD4-CTLs repre-
sented a distinct subset of T helper cell differentiation. Therefore, we performed total
RNA sequencing on nonactivated (CD44lo), activated noncytotoxic (CD44hi GzmB–), and
cytotoxic (CD44hi GzmB1) CD4 T cells (Fig. 6A). To identify CTLs during live cell sorting,
we used transgenic reporter mice in which GzmB is fused to the fluorescent protein
tdTomato (GzmB-tdTomato) (25). For controls, CD44lo and CD44hi T cells from naive
mice were included in the analysis along with CD8-CTLs from infected mice. The T cell
subsets were sorted at 7 dpi to analyze a time point prior to the peak of the CD4-CTL
response as CD4 T cells continue to acquire cytolytic function (Fig. 1). Heatmap cluster
analysis of all sequenced genes revealed that noncytotoxic classical Th1 (CD44hi

GzmB–) and cytotoxic (CD44hi GzmB1) CD4 T cells from infected mice were transcrip-
tionally similar and that both of these groups were also comparable to cytotoxic CD8 T
cells (Fig. 6B). The remaining CD4 and CD8 T cell groups from naive mice and non-acti-
vated CD44lo CD4 T cells from infected mice formed a separate cluster, suggesting that
their transcriptional profiles were similar. These data suggest that a similar transcrip-
tional circuitry is induced in all activated T cell subsets compared to resting T cells,
whether antigen experienced or not.

Principal-component analysis (PCA) of only the CD4 T cell subsets from infected
mice demonstrated a clear similarity between activated CD44hi CD4 T cells, regardless
of GzmB expression (Fig. 6C). In contrast, the nonactivated CD44lo CD4 T cells clustered
separately, suggesting a vastly different transcriptional profile compared to the virus-
specific CD4 T cells. A Venn diagram of differentially expressed genes (P, 0.05) further
corroborated the heatmap cluster analysis in which subsets of T cells from naive mice
did not have a large number of unique genes (Fig. 6D). The CD44hi CD4 T cells were
the most different group among the four T cell subsets from naive mice (521 unique
genes), which may be due to a greater diversity of differentiation for CD4 T helper cells.
We also found a greater number of unique genes differentially expressed by non-acti-
vated CD44lo CD4 T cells (829 genes) compared to virus-specific CD4 and CD8 T cells
regardless of GzmB expression (only 37 to 92 genes; Fig. 6E).

When directly comparing the differentially expressed genes with a fold change of

FIG 5 Legend (Continued)
symbols (#) are comparisons to the ECTV-infected group. The data are displayed as means 6 the SEM compiled from two independent experiments
(n= 6). (B) Concatenated flow plot representing gating for antigen-presenting cell subsets from spleens of 4 naive MHC-IIfl/fl mice. MHC-IIfl/fl mice were
bred with indicated cre-expressing strains. (C) Histograms of MHC-II expression on CD11c1 cells, monocytes and macrophages, or B cells in spleens
from crossed naive mice. The data are concatenated from four mice in each group. (D to J) The crossed cre-lox mice were challenged with ECTV and
analyzed at 8 dpi. Groups are compared to the MHC-IIfl/fl mice with no cre expression (none) for statistical analysis. (D and E) GzmB1 or perforin1

frequency of CD4 T cells (D) and CD8 T cells (E) in the liver. (F and G) Frequency of activated CD441 or CD11ahi CD49d1 of CD4 T cells (F) and CD8 T
cells (G). (H) Survival curve tracking mice for 30 days following infection (cre negative, n= 38; Itgax-cre, n= 12; Mb1-cre, n= 10; Vav1-cre, n= 6). (I and
J) Virus titers in the livers (I) and spleens (J) of infected mice. Asterisks (*) denote statistical differences compared to naive mice, while number
symbols (#) denote differences compared to the ECTV-infected group. Compiled data are displayed as means 6 the SEM from two to three
independent experiments (None, n= 12; Itgax, n= 14; Lyz2, n= 9; Mb1, n= 14; Vav1, n=5).
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FIG 6 Activated noncytotoxic and cytotoxic CD4 T cells have similar transcriptional profiles. GzmB-tdTomato reporter mice were
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RNA samples for each cell population were collected a total of three times across independent experiments. (A) Representative flow
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at least 2, only three genes met the requirements between GzmB– and GzmB1 CD4 T
cells. As expected, Gzmb was significantly upregulated in the cytotoxic CD4 T cells, but
both Tcf7 and Nsg2 were decreased compared to noncytotoxic classical Th1 CD44hi

CD4 T cells (Fig. 6F). This was in stark contrast to GzmB1 versus nonactivated CD44lo

CD4 T cells, which had 1,317 increased and 1,438 decreased genes (Fig. 6G).
Furthermore, comparison of CD4-CTLs and CD8-CTLs revealed 66 upregulated and 43
downregulated genes (Fig. 6H). CD4-CTLs had increased expression of a number of
molecules commonly associated with CD4 T cells, including Foxp3, Zbtb7b (ThPOK),
CD40lg (CD40 ligand), Tnfrsf4 (OX40 receptor), and Tnfrsf25 (death receptor 3), com-
pared to CD8-CTL (Fig. 6H). On the other hand, CD8-CTLs had greater expression of
genes, including cytolytic proteins Prf1 (Perforin), Gzma, Gzmk, the activating receptor
Klrk1 (NKG2D), and the transcription factor Eomes. Analysis using the Kyoto Encyclopedia
of Genes and Genomes (KEGG) database revealed that cell cycle was the top ranked path-
way upregulated in CD4-CTLs compared to CD44hi GzmB– Th1 (Fig. 6I) or CD44lo (Fig. 6J)
CD4 T cells. DNA replication and repair pathways were also upregulated in CD4-CTLs, indi-
cating that robust cellular division is required for clonal expansion. Furthermore, pathways
related to energy metabolism were altered in CD4-CTLs. Gene expression pathways related
to oxidative phosphorylation were enriched in CD4-CTLs compared to non-activated
CD44lo CD4 T cells (Fig. 6J), but there was an increase in glycolysis-related pathways, con-
trasting the change from noncytolytic CD44hi CD4 T cells. These results demonstrate CD4-
CTLs are highly similar to the noncytolytic but activated CD44hi CD4 T cells, suggesting a
single pathway of development with further terminal differentiation.

CD4-CTLs express Runx3 and are type 1 T helper cells. Given the similarity between
cytolytic and noncytolytic activated CD4 T cells, we searched for any key transcription
factors that would induce cytotoxic function in activated CD4 T cells. Previous work by
Reis et al. demonstrated that a subset of CD41 CD8aa1 intraepithelial lymphocytes
(IELs), which have cytotoxic effector function, require expression of Runx3 and down-
regulation of ThPOK (18), the master transcriptional regulators that, respectively, deter-
mine CD8 and CD4 T cell lineage commitment (14, 26, 27). Peripheral naive T cells
largely express only their respective lineage commitment transcription factor due to
negative regulation of the opposing factor (Fig. 7A). Interestingly, we did observe
minor Runx3 expression by naive splenic CD4 T cells above the isotype control staining
(Fig. 7A). We examined the relative gene counts from RNA sequencing and observed
that CD4 T cells expressed ThPOK with some minor transcript detected in CD8 T cells
(Fig. 7B). Following ECTV infection, ThPOK gene transcript number was reduced in CD4
T cells but upregulated upon activation. Interestingly, Runx3 transcripts were detected
in both CD4 and CD8 T cells, regardless of infection status (Fig. 7B). Activated CD4 T
cells also had similar transcript copy number as CD8 T cells, but this did not appear to
change in CD4-CTLs. The T helper type 1 (Th1)-associated transcription factor T-bet
was upregulated in all CD44hi T cells. GATA-3, which is necessary for Th2 differentiation
and important for CD4 lineage commitment, was expressed in all sorted CD4 T cell
subsets and increased in CD44hi CD8 T cells. Transcription factor Eomes was only
expressed in CD8 T cells and is known to contribute to CD8 T cell expansion and mem-
ory formation (28), as well as NK cell maturation (16). While Runx3 and T-bet gene
expression was increased in activated CD4 T cells, no obvious differences were
observed compared to CD4-CTLs.

We next investigated the protein levels of the same transcription factors following
infection using flow cytometry. Both CD4 and CD8 T cells from infected mice had anti-
body-staining profiles for ThPOK, T-bet, and Eomes that were consistent to what was
observed with RNA sequencing (Fig. 7C). However, CD4 T cell protein expression of
ThPOK was not greatly reduced following infection, as suggested from the RNA-seq
analysis, but rather increased upon T cell activation compared to cells from naive mice
(Fig. 7C). GATA-3 protein expression was increased in CD4-CTLs specifically in contrast
to the transcript levels, which did not change compared to CD44hi GzmB– CD4 T cells.
Interestingly, Runx3 expression was increased in CD4-CTLs compared to both CD44lo
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Concatenated or representative flow plots gated on three to four mice were used for histograms, and the results are representative of two
independent experiments.
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and classical Th1 CD44hi GzmB– CD4 T cell subsets. In addition, the level of Runx3 in
CD4-CTLs was similar to what was observed in CD8 T cells. Furthermore, almost all
Runx31 CD4-CTLs still expressed the transcription factor ThPOK (Fig. 7D).

Since T-bet expression would suggest a largely Th1-biased CD4 T cell response, we
also examined the phosphorylation status of signal transducer and activator of tran-
scription (STAT) protein family members. Only phosphorylated STAT4 levels were
increased in both activated CD44hi CD4 and CD8 T cells (Fig. 8A). This is consistent with
previous results, as STAT4 also helps to promote Th1 differentiation of the CD4 T cell
response (29, 30). Since CD4-CTLs had increased expression of both Runx3 and T-bet,
we determined whether Runx31 CD4 T cells could produce gamma interferon (IFN-g).
When we compared activated CD44hi CD4 T cells based on Runx3 expression (Fig. 8B),
virtually all Runx31 cells expressed IFN-g at 7 dpi, and more than two-thirds were also
positive for tumor necrosis factor alpha (TNF-a1) (Fig. 8C). In contrast, only ;33% of
CD44hi Runx3– CD4 T cells were IFN-g1, and CD44lo cells expressed neither cytokine.
Furthermore, almost 70% of Runx31 CD4 T cells expressed CD107a, a marker of degra-
nulation (Fig. 8D). Taken together, these data demonstrate CD4-CTLs are differentiated
from Th1 cells and express the CD8 T cell lineage commitment transcription factor
Runx3 but do not downregulate ThPOK at the protein level. Of note, the increase in
Runx3 protein of CD4-CTLs was posttranscriptionally regulated.

Runx3 expression is required for CTL differentiation in CD4 T cells. Given the im-
portant role of transcription factor Runx3 in NK maturation (16) and CD8 T cell lineage
programming (27, 31), we hypothesized that Runx3 was also responsible for inducing
the CD4-CTL response. To test this theory, we isolated CD4 T cells from spleens of naive
CD45.1 homozygous and F1 CD45.1/2 heterozygous mice and electroporated cells
with Cas9 protein and single-guide RNA (sgRNA) targeting either Runx3 or control non-
targeting sgRNA, respectively (Fig. 9A). The electroporated CD4 T cells were then
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adoptively transferred into CD45.2 wild type B6 recipient mice at a 1:1 ratio and
infected with ECTV. At 8 days after infection, we observed a significant reduction in the
frequency of CD44hi GzmB1 CD4 T cells in the CD45.1 cells transfected with Runx3
sgRNA compared to the control treated CD45.1/2 cells and the endogenous CD45.2
response in both the liver and the spleen (Fig. 9B and C). There was no change in the
frequency of activated CD44hi CD4 T cells in the liver, with a relatively small, but statis-
tically significant decrease in the spleen for Runx3 sgRNA-treated cells compared to
the control sgRNA group (Fig. 9D). In addition, the frequency of IFN-g1 and IFN-g1 TNF-
a1 CD4 T cells was similar across all groups in the spleen and liver following restimulation
(Fig. 9E). Taken together, these results highlight a role for Runx3 in the induction of CD4-
CTL programming that is distinct from overall CD4 T cell activation and Th1 differentiation.

CD4
T cells

CD4
T cells

Runx3
sgRNA

Control
sgRNA

CD45.1/CD45.2

CD45.1

CD45.2

Cas9
sgRNA 1:1 Ratio

EndogenousControl Runx3
0

10

20

30

40

%
C

D
44

+
G

zm
B+

of
C

D
4

T
ce

lls

***
###

EndogenousControl Runx3
0

20

40

60

80

100

%
C

D
44

+
of

C
D

4
T

ce
lls

0

10

20

30

40

50

%
of

C
D

4
T

ce
lls

 TNF-αIFN-γ IFN-γ

EndogenousControl Runx3
0

2

4

6

8

10

%
C

D
44

+
G

zm
B+

of
C

D
4

T
ce

lls

***
#

EndogenousControl Runx3
0

20

40

60

80

%
C

D
44

+
of

C
D

4
T

ce
lls

***

0

10

20

30

%
of

C
D

4
T

ce
lls

 TNF-αIFN-γ IFN-γ

Endogenous

Runx3
Control

A B

EDC
Liver Liver

Spleen Spleen

Liver

Spleen

Endogenous

Control sgRNA Runx3 sgRNA

GzmB

C
D

44

GzmB

C
D

44

FIG 9 Runx3 is required for GzmB expression but not IFN-g production. CD45.1 and CD45.1/2 splenocytes were magnetically purified
for CD4 T cells and electroporated to incorporate Cas9 and Runx3 sgRNA or control nontargeting sgRNA. Totals of 2� 106 to 4� 106

electroporated cells were mixed at a 1:1 ratio, adoptively transferred into CD45.2 recipient mice, and infected with ECTV. The spleens
and livers were collected at 8 dpi for analysis. (A) Depiction of experimental design. (B) Representative flow plot of CD44 by GzmB
expression by CD4 T cell populations. Samples were concatenated across each cell population group. (C) Percentage of GzmB1 for
CD4 T cell populations. (D) Frequency activated CD441 of CD4 T cell populations. (E) Percentage IFN-g1 or IFN-g1 TNF-a1 for CD4 T
cells for each CD4 T cell population. Asterisks (*) represent statistical differences compared to the control sgRNA group, whereas
number symbols (#) denote differences compared to the endogenous group. Compiled data are displayed as means 6 the SEM from
three independent experiments (n= 14).

Knudson et al. Journal of Virology

October 2021 Volume 95 Issue 19 e00566-21 jvi.asm.org 14

https://jvi.asm.org


DISCUSSION

Previous work in our lab demonstrated that CD4-CTLs kill antigen-bearing cells in
vivo and are necessary for survival to mousepox (1). A similar role was also observed
with lethal influenza A virus infection (2). In both models, viral clearance required the
cytolytic protein perforin in CD4 T cells. This suggested CD4-CTLs utilize granzymes
and perforin to mediate cytolysis of target cells following viral infection. During ECTV
infection, the CD4-CTL response targeted infected MHC-II1 cells (1), implying that CD4-
CTLs may have a distinct role in killing infected cells presenting viral peptides on MHC-
II, in contrast to NK cells, which recognize the loss of MHC-I on infected cells, and CD8
T cells, which recognize viral peptide bound to MHC-I. We show that CD4-CTLs are
induced following murine infection with ECTV, LCMV, VACV, or MCMV, as has been pre-
viously observed, but not in direct comparison (1, 3, 32, 33). Footpad infection with
ECTV results in the greatest overall proportion of CD4-CTLs even compared to a similar
poxvirus, VACV (Fig. 4). The greater CD4-CTL response following ECTV infection com-
pared to VACV has been previously demonstrated by Siciliano et al. (33).

Despite the important role of CD4-CTLs in mediating protection against ECTV infec-
tion, it remained unknown how CD4 T cells differentiated into CTLs. We show here that
sustained viral replication and the posttranscriptional upregulation of Runx3 protein
are required for the differentiation of classical noncytolytic Th1 cells into CD4-CTLs.
Notably, the increase in Runx3 occurs despite high levels of ThPOK, which is a negative
regulator of Runx3.

Our work demonstrates that, compared to the CD8 T cell response, the CD4-CTL
response is more transient, peaking 1 day following the maximum virus titers in the
spleen and liver during ECTV infection (34) and rapidly waning as the virus is elimi-
nated. The transient response of CD4-CTLs may be due to the limited availability of
MHC-II, which is largely found on antigen-presenting cells, whereas MHC-I is ubiqui-
tously expressed. The continuous presence of live replicating virus, likely due to a need
for high antigen load, is also important for CD4-CTLs, but not CD8-CTL differentiation
because cidofovir treatment severely impaired only the CD4-CTL response. In addition,
the inhibition of viral replication and subsequent loss of CD4-CTLs did not significantly
alter the overall frequency of activated CD4 T cells. A possible explanation for the dif-
ference between CD4-CTLs and CD8-CTLs is that Runx3 is constitutively expressed in
CD8 T cells but may require strong and continuous TCR signaling for posttranscrip-
tional upregulation in CD4 T cells (14, 26). The transient kinetics and probable require-
ment for constant antigen exposure to maintain the CTL phenotype may explain why
CD4-CTLs have been more commonly identified during chronic viral infections in
humans. Whether the posttranscriptional upregulation of Runx3 is due to increased
translation or protein half-life is not resolve by our studies.

We determined that CD4-CTLs were not a unique CD4 T cell subset, but rather Th1
cells that acquired CTL function. Activated noncytotoxic CD4 T cells and CD4-CTLs had
transcriptional profiles that were very similar. Only three genes exhibited more than a
2-fold change, with Gzmb being increased and both Tcf7 (TCF-1) and Nsg2 reduced in
CD4-CTLs (Fig. 10A to C). Nsg2 is a neuron-associated endosomal protein that modu-
lates trafficking of AMPA receptors in the brain (35, 36). It is unclear what role it would
be playing in T cells, but Nsg2 gene transcripts are expressed in both naive CD4 and
CD8 T cells. Interestingly, transcription factor TCF-1 is required for CD4 lineage commit-
ment, and its absence redirects CD4 T cells into the CD8 lineage (37). In addition, it has
been previously suggested that Blimp1-mediated downregulation of both BCL6 and
TCF-1 may be important for CD4-CTL differentiation during infection by an adenovirus
5-based vector (38). While TCF-1 gene expression was greatly reduced in CD4-CTLs dur-
ing ECTV infection, there was no increase in CD8a transcript levels (Fig. 10D). TCF-1 is
also suppressed in CD8 T cells to promote CD8 T cell effector function by IL-12 and
STAT4 signaling (39). Thus, TCF-1 may also be downregulated in activated CD4 T cells
to help promote cytotoxic function.

Pathway analysis further highlighted significant increases in cell cycle, DNA
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replication, and DNA repair transcripts in CD4-CTLs. This could be due to CD4-CTLs
undergoing constant cellular division during clonal expansion in response to the infec-
tion and to sustained TCR signaling. Furthermore, compared to activated noncytolytic
CD4 T cells, CD4-CTLs upregulate glycolysis to help fulfill the energy demand from cel-
lular division, differentiation, and effector functions (40). Thus, CD4-CTLs appear to
undergo extensive terminal differentiation to ultimately acquire cytotoxic capabilities.

Several notable genes were differentially expressed in CD4- and CD8-CTLs (Fig. 6H).
CD4-CTLs had higher expression of genes commonly associated with CD4 T cells,
including regulatory transcription factor Foxp3, costimulatory ligands for CD40 and
OX40, and death receptor 3, which has been shown to contribute to autoimmunity
and inflammatory disease (41, 42). CD8-CTLs had greater expression of cytolytic mole-
cules granzyme A, granzyme K, and perforin. This supported our previous data show-
ing a greater magnitude of CD8-CTLs and a higher frequency of perforin-expressing
CD8 compared to CD4 T cells (Fig. 1 and 2). CD8-CTLs also express more of the NK cell-
associated activating receptor, NKG2D. Although NKG2D expression by NK cells is im-
portant for protection against ECTV (43), its expression can also improve CD8 T cell
activation and effector function, serving as a costimulatory signal (44, 45). The transcrip-
tion factor Eomes was largely upregulated by activated CD8 T cells, but minimal protein
expression was observed in CD4 T cells (Fig. 7B and C). Previously, Eomes was demon-
strated to contribute to CD8 T cell expansion and memory transition (28). These results
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indicate that whereas both CD4- and CD8-CTLs have a similar function to directly kill
infected cells, they still have distinct gene profiles.

CD4-CTLs exhibited increases in the transcription factor protein levels of ThPOK,
Runx3, T-bet, and GATA-3. T-bet expression was upregulated in activated noncytolytic
CD4 T cells and had greater expression in CD4-CTLs. Paired with the elevated phospho-
rylated STAT4 levels, IFN-g production following restimulation, and the similar tran-
scriptional profile between GzmB– and GzmB1 CD44hi CD4 T cells, our data indicate
that CD4-CTLs are a subset of Th1 cells. It was surprising to find that both Runx3 and
ThPOK were highly expressed in CD4-CTLs at the same time. These opposing thymo-
cyte lineage commitment, master transcription factors are almost exclusively expressed
in their respective T cell subsets and have mechanisms to inhibit expression of one
another (14, 26, 27, 46). Interestingly, despite being a Th2-associated transcription fac-
tor, GATA-3 protein was also upregulated in CD4-CTLs (47, 48). GATA-3 is known to
induce ThPOK expression during thymocyte lineage commitment (49). Thus, the ele-
vated GATA-3 protein expression may help explain why ThPOK is also increased in
CD4-CTLs despite elevated Runx3. It is possible that GATA-3 in CD4-CTLs promotes
ThPOK expression to help maintain their CD4 identity. A possible explanation for how
Runx3 is expressed in the presence of ThPOK is that the levels of suppressor of cyto-
kine signaling 1 (SOCS1) and SOCS3 gene transcripts were drastically lower in CD4-
CTLs than in nonactivated CD44lo CD4 T cells (Fig. 10E and F). During thymocyte devel-
opment, ThPOK induces SOCS proteins to repress expression of Runx3 (46). Therefore,
the lack of SOCS1 and SOCS3 in activated CD4 T cells may allow CD4 T cells to express
Runx3.

While Runx3 is the lineage commitment transcription factor for CD8 T cells, previ-
ous work has identified a population of CD41 CD8aa1 IELs that express Runx3 and
downregulate ThPOK to acquire cytotoxic programming (18, 50). In contrast, CD4-CTLs
did not lose ThPOK expression or upregulate CD8a following viral challenge (Fig. 7D).
This suggests CD4-CTLs programmed under drastically different environmental cues
may have altered transcriptional profiles. We demonstrate that CD4 T cells deleted of
Runx3 mount poor CD4-CTL responses following ECTV infection but produce IFN-g nor-
mally. This contrasts with the findings of a previous study by Djuretic et al. (51), show-
ing that CD4 T cells deficient in Runx3 produce reduced amounts of IFN-g. These con-
trasting findings may be due to differences in mice, since Djuretic et al. used outbred
strains, and all the experiments were done using in vitro cultured cells following anti-
CD3/CD28 stimulation. Thus, our data imply that CD4-CTLs are generated from termi-
nal differentiation of Th1 cells that eventually acquire Runx3 expression. Taken to-
gether, these results highlight a previously unknown role for Runx3 in the induction of
cytotoxic programming in CD4 T cells during acute viral infection.

MATERIALS ANDMETHODS
Mice. All experiments were approved by the Thomas Jefferson University Institutional Animal Care

and Use Committee (IACUC). Wild type C57BL/6N (B6; CD45.2) mice and B6.SJL-Ptprca Pepcb/BoyJ
(CD45.1) mice were purchased from Charles River and bred with B6 mice to generate F1 CD45.1/2 heter-
ozygous mice. C57BL/6-Gzmbtm1Asmv/Orl (Gzmb-tdTomato) mice were purchased through the European
Mutant Mouse Archive (EMMA), and heterozygous mice were used in experiments.

B6.129� 1-H2-Ab1tm1Koni/J (MHC-IIfl/fl), B6.Cg-Tg(Itgax-cre)1-1Reiz/J (Itgax-cre), B6.129P2-Lyz2tm1(cre)Ifo/J
(Lyz2-cre), and B6.Cg-Tg(Vav1-icre)A2Kio/J (Vav1-cre) mice were purchased from The Jackson Laboratory.
The B6.C(Cg)-Cd79atm1(cre)Reth/EhobJ (Mb1-cre) strain was kindly provided by Kishore Alugupalli (Thomas
Jefferson University, Philadelphia, PA). Strains generated from crossing MHC-IIfl/fl and cre-expressing mice
were screened by flow cytometry to have normal levels of CD4 T cells in the periphery prior to use. cre-nega-
tive littermates were used as controls. All mice were bred and maintained in-house. Both females and males
6 to 12weeks of age were used, and no gender biased results were observed.

Viruses and infection. ECTV strain Moscow was obtained from ATCC (VR-1374) and propagated as
previously described (20). Titers for ECTV were determined by plaque assay as previously outlined (52)
with slight modifications. Briefly, BS-C-1 cells (ATCC CCL-26) were grown in 24-well tissue culture plates
to 80 to 90% confluence in Dulbecco modified Eagle medium (DMEM) tissue culture medium
(Invitrogen Life Technologies) supplemented with 10% fetal calf serum (FCS; Sigma-Aldrich), 4.5 g/liter
glucose, 4.5 g/liter L-glutamine, 4.5 g/liter sodium pyruvate, 1� nonessential amino acids, and 100 IU/ml
penicillin and streptomycin (complete DMEM). BS-C-1 monolayers were infected with 10-fold dilutions
of organ homogenate for 1.5 h at 37°C with 5% CO2 in complete DMEM containing 2% FCS. Organ
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homogenate was obtained from processing samples for flow cytometry or by whole organ mechanical
disruption using a TissueLyser (Qiagen) on frequency of 30/s for 2 min. After incubation, virus was
removed, and monolayers were overlaid with 1:1 mixture of 2% carboxymethyl cellulose and complete
DMEM containing 5% FCS. After 5 to 6 days of incubation at 37°C with 5% CO2, monolayers were fixed
for 20 min at room temperature in 1% crystal violet in 20% ethanol solution containing 4% paraformal-
dehyde. Excess crystal violet was washed off in a pool of water and plaques were quantified. LCMV strain
Armstrong was kindly provided by E. John Wherry (University of Pennsylvania, Philadelphia, PA) and
propagated as previously described (53). VACV strain Western Reserve was initially obtained from
Bernard Moss (National Institute of Allergy and Infectious Diseases [NIAID]) and amplified according to
previous literature (54). MCMV (strain K181) was propagated as previously described (55). Mice were
infected with 30ml in the hind footpad with 3,000 PFU of ECTV, 1� 105 PFU of LCMV, 1� 103 PFU of
VACV, or 1� 105 PFU of MCMV. Virus doses for infection were based on previous studies using footpad
infection route (1, 33, 56–58). Where indicated, mice were administered 600mg of cidofovir in a 200-ml
volume via i.p. route on day 3 after ECTV infection.

Flow cytometry. Spleens were processed into single cell suspensions by gentle tissue dissociation
using frosted microscope slides (Fisher Scientific). Livers were carefully manipulated through stainless
steel wire mesh (88 T316 0.00350 diameter; TWC, Inc.) in a 1.50 � 1.250 polyvinyl chloride female trap
adapter (catalog no. 4804; Nibco). Hepatocytes were removed after resuspension in 37% Percoll (GE
Healthcare Life Sciences) and centrifugation for 20 min at 930 relative centrifugal force at room tempera-
ture. The resulting liver cell pellet and splenocytes were treated with ammonium chloride potassium
(ACK) buffer (155mM NH4Cl, 1mM KHCO3, 0.1mM EDTA) for 5 min and washed with RPMI 1640 medium.
For T cell restimulation experiments, up to 2� 106 cells were incubated with brefeldin A (BFA; 10mg/ml),
phorbol myristate acetate (PMA; 50 ng/ml), and ionomycin (500 ng/ml) or BFA alone as a control for 4 h
at 37°C and 5% CO2 in complete RPMI 1640 medium. For some experiments, CD107a antibody was
added during the stimulation incubation. Stimulated samples were washed once in fluorescence-acti-
vated cell sorting (FACS) buffer (phosphate-buffered saline [PBS] with 3% Gibco newborn calf serum and
0.04% sodium azide) and further stained for other markers. To prevent nonspecific Fc receptor binding
to antibodies, cells were stained with anti-CD16/32 (Fc-Block; 2.4G2 ATCC). For extracellular staining of
surface molecules, single cell suspensions were incubated with antibodies in FACS buffer for 30 min at
4°C. In experiments requiring tetramer staining, I-Ab-QLIFNSISARALKAY tetramer conjugated to Alexa
Fluor 647 (obtained from the NIH Tetramer Core Facility) was incubated with cells for 30 min at 4°C prior
to staining with other antibodies. As negative control, cells were incubated with tetramer loaded with
CLIP peptide (obtained from the NIH Tetramer Core Facility). For intracellular staining, samples were
stained as described above and then fixed for 10 min in 1% paraformaldehyde in PBS. Cells were then
incubated in 1� Perm/Wash buffer (BD Biosciences) for 5 min at 4°C and stained for 30 min with anti-
bodies in 1� Perm/Wash buffer. Transcription factors were stained using an eBioscience transcription factor
staining buffer kit (Thermo Fisher Scientific). Most transcription factors were stained after a 40-min incuba-
tion in fixation and permeabilization buffer for 30 min with antibodies in the 1� permeabilization buffer.
Phospho-STAT antibodies required pretreatment of fixed cells with 100% ice-cold methanol for 30 min at
4°C. Samples were then stained for phospho-STAT molecules, along with other intracellular staining antibod-
ies, in FACS buffer for 30 min at 4°C.

Antibodies targeting the following molecules were used in this study: CD3 (clone 17A2; BV785), CD4
(clone M4-5; BV605, BV785), CD8a (clone 53-6.7; FITC, BV711, PE), CD11a (clone 2D7; FITC BioLegend;
BUV395 BD Biosciences), CD11b (clone M1/70; BV605), CD11c (clone N418; APC, PE/Cy7), CD19 (clone
6D5; PerCP/Cy5.5), CD44 (clone IM7; APC BioLegend, BUV395 BD Biosciences), CD45 (clone 30-F11; FITC),
CD45.1 (clone A20; PE/Cy7), CD45.2 (clone 104; FITC), CD49d (clone 9C10 PE; clone R1-2 PerCP/Cy5.5),
CD90.2 (clone 53-2.1; BV605), CD107a (clone 1D4B; PE), B220 (clone RA3-6B2; PerCP/Cy5.5), Eomes (clone
Dan11mag; eBioscience Thermo Fisher Scientific; Alexa Fluor 488, PE/Cy7), F4/80 (clone BM8; FITC
BioLegend, BUV395; BD Biosciences), GATA-3 (clone TWAJ; eBioscience/Thermo Fisher Scientific; PE), Gr-
1 (clone RB6-8C5; APC/Fire750; Pacific Blue), granzyme B (clone GB11; Alexa Fluor 647, FITC; Pacific Blue),
IFN-g (clone XMG1.2; PE/Cy7, BV785), Ly6G (clone 1A8; PE), NK1.1 (clone PK136; APC, BV605), perforin
(clone S16009A; PE), Runx3 (clone R3-5G4 purified BD Biosciences; conjugated to APC using an Abcam
conjugation kit ab201807), pSTAT1 (clone A15151B; Alexa Fluor 488), pSTAT3 (clone 4/P-STAT3; BD
Biosciences; Alexa Fluor 488), pSTAT4 (clone 38/p-Stat4; BD Biosciences; PE), pSTAT5 (clone SRBCZX;
eBioscience/Thermo Fisher Scientific; PE/Cy7), pSTAT6 (clone CHI2S4N; eBioscience Thermo Fisher
Scientific; PE), T-bet (clone 4B10; FITC, APC), TCRb (clone H57-597; BV605; Pacific Blue), ThPOK (clone
11H11A14; PE), and TNF-a (clone MP6-XT22; Alexa Fluor 647). All antibodies, including any isotype con-
trol antibodies, were purchased from BioLegend unless otherwise stated. The following expression pat-
terns were used to identify specific leukocyte populations: T cells, TCRb1 CD90.21; B cells, B2201

CD191; DCs, TCRb– CD3– B220– CD19– NK1.1– Gr1– CD11c1; and monocytes/macrophages, TCRb– CD3–

B220– CD19– NK1.1– Ly6g– CD11b1 Gr11F4/80lo/hi. Data were acquired using the BD LSRFortessa or BD
LSR II cytometers (BD Biosciences) and analyzed with FlowJo software (BD Biosciences).

Total RNA sequencing. Livers from infected mice at 7 dpi were processed as described above and
pooled across 10 mice. T cells were initially purified using the BioLegend magnetic cell sorting system
targeting CD90.2 for positive selection (catalog no. 480102). Splenocytes from noninfected mice were
used to select naive T cell populations due to lower T cell numbers in naive livers. The indicated popula-
tions of T cells were then sorted on a BD FACSAria II cytometer into PBS supplemented with 2% FCS for
up to 1� 106 cells. Cells were pelleted by centrifugation, and total RNA was extracted with DNase I treat-
ment using RNA Clean and Concentrator-5 kit (Zymo Research). RNA for each T cell population was iso-
lated three separate times over different experiments. RNA samples were submitted to Novogene for
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quality control analysis (All RIN values were .7) and sequencing on the Illumina NovaSeq 6000 system.
Differentially expressed genes were identified using DESeq2 R package (59) where genes had an
adjusted P value of ,0.05. Heatmap cluster analysis, PCA, and volcano plots were generated using
python packages matplotlib, seaborn, and pandas. KEGG pathway analysis was performed on differen-
tially expressed genes that were significantly altered between groups, as indicated, and the top 10 path-
ways ranked by P value were shown (60–62).

CRISPR/Cas9 gene editing of CD4 T cells. Spleens from CD45.1 and F1 CD45.1/2 mice were proc-
essed into single cell suspensions, and red blood cells were lysed as indicated above. CD4 T cells were
purified using BioLegend Mojosort magnetic separation kits for total CD4 T cells by negative selection
(catalog no. 480033). Approximately 2� 106 to 4� 106 CD4 T cells were electroporated with 180 pmol of
Cas9 protein (from S. pyogenes; PNA Bio) and 540pmol of sgRNA via program X-001 on the Amaxa
Nucleofector II apparatus using the mouse T cell Nucleofector kit (Lonza; VPA-1006) according to the
manufacturer’s instructions, with slight modifications. The Cas9 protein and sgRNA were mixed at a 3:1
ratio, followed by incubation for 2 min at room temperature, and then added to the CD4 T cells resus-
pended in the nucleofection solution as previously described (63). CD4 T cells were electroporated with
a mixture containing 180 pmol of each of three sgRNA constructs (540 pmol total; Synthego)—59-
GGGGGGAGUGAAGCGGCGGC, 59-CGCAGGGGAAGGCCGUGGAG, and 59-ACGGCCUUCCCCUGCGGCGG—
targeting exon 2 of Runx3. As a negative control, sgRNA that was designed through bioinformatic
approaches to not recognize any sequence in the murine genome was used (540 pmol; Synthego
Negative nontargeting control sgRNA 1: 59-GCACUACCAGAGCUAACUCA). Electroporated CD4 T cells
were rested at 37°C with 5% CO2 for 4 h prior to counting, mixed at a 1:1 ratio, and adoptively trans-
ferred into B6 mice through tail vein injection. Recipient mice were then immediately infected with
ECTV. A representative model figure was generated with BioRender.com.

Statistical analysis. Data were analyzed using Prism (GraphPad) software. A parametric unpaired t
test was used to compare two groups, while one-way ANOVA with the Tukey’s multiple-comparison test
was used for more than two groups. Survival curves were analyzed using the log-rank Mantel-Cox test.
All experiments were done a minimum of two times. For all figures, P values are represented in the fig-
ures by symbols: */#, P, 0.05; **/##, P, 0.01; and ***/###, P, 0.001.

Data availability. Raw and processed mRNA-Seq data are available in the Gene Expression Omnibus
(GEO) under series entry GSE179289.
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