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Recent evidence has identified the role of granzyme B- and perforin-expressing CD4™ T cells with cytotoxic potential in antiviral
immunity. However, the in vivo cytokine cues and downstream pathways governing the differentiation of these cells are unclear.
Here, we have identified that CD4™ T cells with cytotoxic potential are specifically induced at the site of infection during influ-
enza virus infection. The development of CD4™ T cells with cytotoxic potential in vivo was dependent on the cooperation of the

STAT2-dependent type I interferon signaling and the interleukin-2/interleukin-2 receptor alpha pathway for the induction of
the transcription factors T-bet and Blimp-1. We showed that Blimp-1 promoted the binding of T-bet to the promoters of cyto-
Iytic genes in CD4™ T cells and was required for the cytolytic function of the in vitro- and in vivo-generated CD4™ T cells with
cytotoxic potential. Thus, our data define the molecular basis of regulation of the in vivo development of this functionally cyto-
toxic Th subset during acute respiratory virus infection. The potential implications for the functions of these cells are discussed.

N aive CD4" T cells can differentiate into diverse Th effector
subsets upon activation in response to environmental cues
and often, the cytokine milieu (1). The appropriate differentiation
of a variety of functionally specialized effector Th cells is required
for generating productive immune responses against different
types of pathogens. Classically, Th cells participate in the antiviral
immune responses by providing essential “help” for the develop-
ment of effector and memory CD8" T and B cell responses. In
contrast, direct effector functions, such as target cell killing or
pathogen neutralization, are typically mediated by CD8* cyto-
toxic T cells and/or via antibody production by B cells. However,
the detection of CD4™ T cells with cytotoxic potential has chal-
lenged this conventional view (2, 3). Antigen-dependent cytolytic
activity of CD4* T cells was initially observed in murine and hu-
man T cell clones and T cell lines in vitro (4-7). Subsequently,
CD4™ T cells with cytotoxic potential were detected in both mice
and humans with chronic viral infections such as HIV, cytomeg-
alovirus, Epstein-Barr virus, and lymphocytic choriomeningitis
virus (LCMV) infection as well as acute viral infections, such as
influenza virus infection (8, 9). CD4™ T cells with cytotoxic po-
tential express cytolytic molecules, such as granzyme B (Gzmb)
and perforin, and can undergo granule exocytosis upon antigen
stimulation. Studies have established that the expression of these
cytolytic molecules is crucial for the in vitro and in vivo killing
activities of these CD4™" T cells (9, 10).

Recent advances have also begun to uncover the functions of
CD4™ T cells with cytotoxic potential in antiviral and antitumor
immunity in vivo (7, 10, 11). In a mouse model of ectromelia virus
infection, CD4™ T cells with cytotoxic potential were shown to
directly control virus replication in a perforin-dependent manner,
demonstrating the physiological role of these cells during a pri-
mary viral infection (10). In a murine advanced model of mela-
noma, T cell receptor (TCR)-transgenic naive CD4* T cells dif-
ferentiated into Gzmb- and perforin-expressing cells capable of
lysing melanoma cells in vitro and in vivo, suggesting the potential
of these cells for cancer immunotherapy (11). Conversely, CD4*
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T cells with cytotoxic potential may also exhibit adverse effects
that trigger autoimmunity and tissue injury. CD4™ T cells with
cytotoxic potential have been detected in rheumatoid arthritis and
ankylosing spondylitis and were able to mediate transplant rejec-
tion through a perforin-dependent mechanism (2, 12). Thus, un-
derstanding the cellular and molecular mechanisms regulating the
development of these cells is of considerable significance with re-
spect to viral infections, cancer, and autoimmunity. Currently,
interleukin-2 (IL-2) signaling, low antigen dose, as well as OX40
and 41BB stimulation (13-15), have been suggested to promote
the development of CD4™ T cells with cytotoxic potential. How-
ever, the physiological signals in vivo and the downstream signal-
ing pathways, as well as the underlying transcription factors reg-
ulating the development of these CD4 ™" T cells remain undefined.

Influenza virus is the leading cause of upper and lower respi-
ratory infections and constitutes an ongoing threat to global
health. B cells and CD4" and CD8" T cells all contribute to the
clearance of influenza virus during primary and secondary infec-
tion. Besides their role in helping B celland CD8™" T cell responses,
evidence has suggested the direct effector activity of CD4" T cells
in anti-influenza virus immunity (3). CD4" T cell clones derived
from influenza virus-infected mice and the in vitro-generated in-
fluenza virus-specific primary CD4" T cells exhibited cytotoxic
activity and were capable of protecting against lethal influenza
virus infection (5, 16). More recently, it was demonstrated that
CD4" T cells isolated from influenza virus-infected lungs ex-
pressed Gzmb and perforin and were able to kill virus-infected
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cells through perforin-dependent mechanisms (9). Furthermore,
such perforin-dependent cytotoxic mechanisms were able to place
evolutionary pressure on the selection of epitope-specific influ-
enza virus escape mutants (17). Collectively, these data support
the importance of CD4™ T cells with cytotoxic potential in pro-
moting the clearance of influenza virus in vivo and highlight the
need to better understand the cellular and molecular mechanisms
guiding the development of these T cells in vivo during influenza
virus infection.

We investigated the molecular cues in vivo that govern the
development of CD4™ T cells with cytotoxic potential during in-
fluenza virus infection. We found that the innate antiviral type I
interferons (IFNs) and the adaptive cytokine IL-2 coordinated the
in vivo development of CD4™ T cells with cytotoxic potential. We
further identified downstream signaling pathways and two tran-
scription factors (T-bet and Blimp-1) that control the develop-
ment of these CD4™ T cells during influenza virus infection. Thus,
we have begun to unravel the complex molecular network that
controls the development of CD4™ T cells with cytotoxic potential
during an acute viral infection.

MATERIALS AND METHODS

Mice and infection. Wild-type (WT) C57BL/6 mice were purchased from
the Jackson Laboratory. T-bet-deficient mice (7bx21 ~/7), IFNAR1-defi-
cient (Ifnarl~'"), Blimp-1 control (Prdm-1"1%), Blimp-1 conditional
knockout (cKO; CD4-Cre Prdm1""), STAT4-deficient (Statd /™),
STAT2-deficient (Stat2~ /™), IL-2 receptor a-deficient (II2ra™'7), Ragl-
deficient (Ragl~’~), OTII TCR-transgenic, perforin-deficient OTII
(Prfi~'~ OTII), Blimp-1 cKO OTIL, and Thy1.1 congenic mice were bred
in-house. All mice were housed in a specific-pathogen-free environment,
and all animal experiments were performed in accordance with protocols
approved by the University of Virginia Animal Care and Use Committee
or the Indiana University Institutional Animal Care and Use Committee.
For influenza virus infection, mice were infected with an ~500 egg infec-
tious units (EIU) dose of wild-type A/PR/8-34 or ~2,500 (for Ragl-defi-
cient mice), or ~5,000 (for WT mice) EIU of A/PR/8/34 expressing
ovalbumin (PR8-OVA) in serum-free Iscove’s medium intranasally fol-
lowing anesthesia with ketamine and xylazine. In vivo IL-2 blockade was
achieved through the injection of anti-IL-2 (clone S4B6; Bio-X-Cell) at
day 3 and day 5 postinfection (p.i.) intraperitoneally (i.p.; 750 pg/mouse/
injection).

Quantitative RT-PCR. Lung single-cell suspensions were prepared as
previously described (18). CD4™ cells pooled from 2 to 3 lungs per group
were purified through magnetic-activated cell sorting (MACS) beads
(Miltenyi Biotech) through positive selection. mRNA from in vivo-puri-
fied cells or in vitro-cultured cells, as indicated, was isolated by using an
RNeasy kit (Qiagen) and treated with DNase I (Invitrogen). Random
primers (Invitrogen) and SuperScript II (Invitrogen) were used to synthe-
size first-strand cDNAs from equivalent amounts of RNA from each sam-
ple. Reverse transcription-PCR (RT-PCR) was performed with SYBR
green PCR master mix (Applied Biosystems). Data were generated with
the comparative threshold cycle (AC;) method by normalizing the results
to those for hypoxanthine phosphoribosyltransferase (HPRT). Prfl,
IFNa6, and IENbI primers were bought from Qiagen. Sequences for the
rest of the primers used in the studies were as follows: Hprt forward,
5'-CTCCGCCGGCTTCCTCCTCA-3', and reverse, 5'-ACCTGGTTCAT
CATCGCTAATC-3'; Prdm1I forward, 5'-GAAGGGAACACGCTTTGGA
C-3',andreverse, 5'-GATTCACGTAGCGCATCCAG-3'. II2 forward, 5'-
CGGCATGTTCTGGATTTGAC-3', and reverse, 5'-CATCATCGAATT
GGCACTCAA-3'.

In vitro DC/T cell coculture. Bone marrow-derived DC (BMDC)
were generated as described previously (18). CD4™" T cells were isolated
from spleen and lymph nodes of the indicated mice by using MACS beads
(Miltenyi Biotech). Then, we mixed DC with CD4™ T cells at the ratio of
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1:10, DC:T cells, in round-bottom 96-well plates (5 X 10* T cells/well) in
the presence of 0.1 pg/ml anti-CD3. The conditions of the culture are
indicated below. For RNA isolation and RT-PCR, T cells were harvested at
day 3 of culture. For Gzmb and T-bet intracellular staining, T cells were
harvested at day 4 of culture. For generating large numbers of T cells for
use in the chromatin immunoprecipitation (ChIP) assay, T cells were
cultured in 6-well tissue culture plate. T-bet and Gzmb staining was per-
formed using the Foxp3 staining buffer set (eBioscience) according to the
manufacturer’s protocols. The concentrations of the cytokines used were
as follows: human IL-2, 30 U/ml (low dose) or 300 U/ml (high dose);
IFN-a4 (eBioscience), 50 ng/ml.

Retroviral transduction. CD4™ T cells were stimulated with plate-
bound anti-CD3 and soluble anti-CD28 (both 2 g/ml) to ensure optimal
T cell activation for retroviral transduction. At days 1 and 2 of culture,
cells were transduced with bicistronic retrovirus expressing enhanced
green fluorescent protein (EGFP) only (control), T-bet and EGFP (T-
bet), hCD2 only (control), or hCD2-Blimp-1 (Blimp-1) through spin
infection (2,500 rpm; 90 min). After transduction, cells were cultured for
an additional 2 days prior to direct flow cytometry or cell sorting (for
GFP-expressing virus), followed by intracellular staining of Gzmb as de-
scribed above.

ChIP. The ChIP assay was performed as previously described (19). In
brief, 6 X 10° cells were cross-linked for 10 min with 1% formaldehyde,
lysed by sonication, and precleared with salmon sperm DNA, bovine se-
rum albumin, and a protein A-agarose bead slurry (50%). Cell extracts
were incubated with either rabbit polyclonal T-bet (4B10) or normal rab-
bit IgG (Milipore) overnight at 4°C. The immunocomplexes were precip-
itated with protein A-agarose beads at 4°C for 2 h, washed, eluted, and
reverse cross-linked at 65°C overnight. DNA was purified, resuspended in
H,O0, and analyzed by quantitative PCR. The following primer pairs were
used for T-bet binding: Gzmb forward, 5'-ATGCTCCTGATTACCCTCA
C-3', and reverse, 5'-CAGAGAACCACCACTTACAG-3'; PrfI forward,
5'-GTACTAGCCTGCTCAAACCT-3', and reverse, 5'-CTAATCACAGT
GTCCCATGAG-3'. ChIP results are represented as percentages of input,
and the amount of immunoprecipitated DNA from the IgG control was
subtracted from the amount of immunoprecipitated DNA from the spe-
cific antibody ChIP, followed by normalization against the amount of
input DNA.

BMDC and PMA-ionomycin stimulation. On day 6 to 7 of BMDC
culture, BMDC were harvested and infected with influenza virus at an
approximate multiplicity of infection (MOI) of 100 for 6 h. Then, BMDC
were counted and mixed with total lung cells at a 1.5-to-1 ratio in the
presence of Golgi-Stop (BD Biosciences, 1 pl/ml) and human IL-2 (hIL-2;
40 U/ml) for an additional 6 h. The surface staining of cell surface markers
and intracellular staining of cytokines were performed using the Foxp3
staining buffer set (eBioscience) according to the manufacturer’s instruc-
tions. For CD107a staining, lung cells were stimulated with influenza
virus-infected BMDC or phorbol myristate acetate (PMA;100 ng/ml) and
ionomycin (1 pg/ml; all from Sigma) in the presence of fluorescein iso-
thiocyanate—anti-CD107c, hIL-2, and Golgi-Stop (BD Biosciences) for 5
to 6 h. The surface staining of cell surface markers and intracellular stain-
ing of cytokines as well as CD107« staining were performed as described
before (20). For perforin staining, lung cells were restimulated with PMA
and ionomycin as described previously (18), and then the surface staining
of cell surface markers and intracellular staining of perforin were per-
formed with the Foxp3 staining buffer set (eBioscience).

Generation of mixed bone marrow chimeras. To generate mixed
bone marrow chimeras, we lethally irradiated (1,100 rads) WT mice and
then intravenously injected the 1:1 mixed BM cells from WT (Thyl.1%)
mice and BM cells from IL-2Ra-deficient mice. After 12 weeks for recon-
stitution, the chimeric mice were then infected with influenza A/PR8 vi-
rus.

OTII cell sorting. Eight million splenocytes from WT OTII or
Blimp-1 ¢KO OTII mice were transferred into Thyl.l congenic mice.
Then, the mice were infected with PR8-OVA virus. At day 7 p.i., infected
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lungs were collected and CD4™ T cells were first enriched with MACS
beads. Then, the cells were stained with Thy1.2, and Thyl.2+ cells were
sorted using an I-cyt Reflection cell sorter (Sony Biotechnology). The
sorted OTII cells were then mixed with peptide-pulsed target cells to de-
termine the cytotoxicity of the OTII cells.

Calcein-AM release cytotoxicity assay. LB27.4 target cells expressing
I-A® were pulsed with OVA,,; 55, peptide at a concentration of 2 pg/ml
for 2 h. Calcein AM (Invitrogen) was added to target cells for the second
hour of pulsing at a concentration of 30 WM. LB27.4 target cells were then
washed twice and adjusted to a concentration of 2 X 10° cells/ml. Effector
OTII cells were cultured as described and added to LB27.4 cells at the
indicated effector-to-target (E/T) ratios. After 3 to 4 h of incubation,
supernatants were collected, and cytotoxicity (based on absorbance) was
measured using a Spectramax Gemini dual-scanning microplate spectro-
fluorimeter (Molecular Devices) with an excitation wavelength of 485 nm
and an emission wavelength of 530 nm. Specific cytotoxicity was calcu-
lated as follows: percent specific cytotoxic killing = (experimental release —
spontaneous release) X 100/(maximum release — spontaneous release).
Spontaneous release represents calcein release from target cells in medium
alone, and maximum release is the calcein release from target cells lysed in
medium plus 5% Triton X-100.

Cell transfer and infection. To generate sufficient numbers of T cells
for in vivo transfer, we modified our initial culture by first stimulating WT
OTII cells or Blimp-1-deficient OTII cells with BMDC and anti-CD3 for 3
days. Then, we expanded and polarized the activated cells with IL-2 plus
IFN-a.. We confirmed that the expression of Gzmb by OTII cells is
Blimp-1 dependentin culture (data not shown). After an additional 2 days
in culture, equal numbers (~3.5 million) of WT OTII effector cells or
Blimp-1-deficient OTII effector cells were transferred into Ragl-deficient
mice. Two hours later, the mice that received the transferred cells were
infected with PR8-OVA virus. Weight loss was monitored daily.

Airway cytokine determination. Bronchoalveolar lavage (BAL) fluid
was obtained by flushing the airway multiple times with a single volume of
600 .l sterile phosphate-buffered saline. Cells in the BAL fluid were spun
down, and supernatants were collected for multiplex analysis (Millipore)
according to the manufacturer’s instructions.

FACS analysis. All fluorescence-activated cell sorting (FACS) anti-
bodies were purchased from Biolegend, BD Biosciences, or eBioscience.
Cells were acquired through a FACSCalibur, FACSCanto, or LSR II appa-
ratus (BD Biosciences). Data were then analyzed by using Flow]Jo software
(Treestar).

Statistical analyses. Data are reported as means * standard errors of
the means. A paired or unpaired two-tailed Student’s ¢ test was used. We
considered P values of <0.05 significant.

RESULTS

T-bet- and Blimp-1-dependent development of CD4™ T cells
with cytotoxic potential in vivo during influenza virus infec-
tion. Previous studies had demonstrated that effector CD4* T
cells can directly kill target cells by employing the cytolytic mole-
cules Gzmb and perforin (13, 16). We examined the expression of
Gzmb in CD4™ T cells during influenza A/PR8 virus infection. We
found that lung CD4* T cells, but not CD4* T cells in the draining
mediastinal lymph nodes (MLN), expressed Gzmb at day 7 p.i.
(Fig. 1A and B). We also examined Gzmb expression in antigen-
specific MLN and lung CD4 " T cells during influenza virus infec-
tion by transferring OVA-specific CD4* OTII cells into Thyl-
mismatched congenic mice and infecting the mice with OVA
epitope-expressing influenza PR8 virus (PR8-OVA). We found
that lung OTII T cells but not MLN or spleen OT1I cells expressed
Gzmb (Fig. 1C and D and data not shown), demonstrating that
Gzmb expression in antigen-specific CD4* T cells was also re-
stricted to the site of infection. We also found that lung OTII cells
expressed more perforin than MLN or spleen OTII cells (Fig. 1E
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and F and data not shown). Notably, MLN and spleen OTII cells
expressed significant levels of IFN-v, suggesting they indeed were
Th effector cells (data not shown). A hallmark of cytotoxic T cells
is that they undergo granule exocytosis following antigenic stim-
ulation. Therefore, we examined whether lung CD4™ T cells could
transiently upregulate CD107a as a marker for T cell cytolytic
granule exocytosis (21). We found that lung antigen-specific
CD4% T cells (IFN-y™) underwent the degranulation process in
response to mitogen (PMA and ionomycin) or antigen (virus-
infected BMDC) stimulation (Fig. 1G and H). Collectively, these
data, in agreement with a recent report (9), demonstrated that
influenza virus infection induces the development of CD4™ T cells
with a cytotoxic potential at the site of infection. Importantly,
Gzmb- and perforin-expressing CD4* T cells have recently been
demonstrated to directly kill virus-infected major histocompati-
bility complex IT (MHC-II)-expressing cells and confered protec-
tion against influenza virus infection (9). However, the underlying
molecular and cellular cues required for the development of these
CD4™* T cells during viral infection remain elusive.

We next sought to investigate the molecular mechanisms un-
derlying the development of CD4* T cells with cytotoxic potential
during influenza virus infection. T-bet is a transcription factor
that plays important roles in the development of CD8™ cytotoxic
T cells (22). We found that lung polyclonal or OTII TCR-trans-
genic CD4™ T cells expressed higher levels of T-bet than their
counterparts in MLN or spleen, and lung CD4™ T-bet™ cells ex-
pressed higher levels of Gzmb than lung CD4 " T-bet ™ cells (data
not shown), suggesting that T-bet may positively regulate the de-
velopment of CD4"* T cells with cytotoxic potential. Consistent
with this idea, we found that T-bet deficiency impaired the expres-
sion of Gzmb in CD4™ T cells in vivo (Fig. 11 and J). Thus, these
data indicate that T-bet is required for the generation of CD4* T
cells with cytotoxic potential in vivo.

Although T-bet is required for the induction of CD4* T cells
with cytotoxic potential in the lung, T-bet expression alone was
not sufficient to induce Gzmb expression in MLN CD4™" T cells
(data not shown), suggesting that additional factors play a role in
regulating the development of CD4 ™" T cells with cytotoxic poten-
tial in vivo. We found that lung CD4" T cells expressed higher
levels of Blimp-1 mRNA (Prdm1) than MLN CD4" T cells (data
not shown), indicating a possible role of Blimp-1 in regulating
Gzmb and perforin expression in lung CD4™ T cells in vivo. To
explore this idea, we infected control (PrdmI1¥") or T cell-specific
Blimp-1 conditional mutant mice (CD4-Cre PrdmI™") with in-
fluenza virus and examined the Gzmb expression by CD4™ T cells.
We found that Blimp-1 deficiency in T cells drastically impaired
the expression of Gzmb in CD4 ™ T cells (Fig. 1K and L). We also
examined whether CD4™ T cells isolated in vivo were able to kill
peptide-pulsed MHC-II-expressing target cells in a Blimp-1-de-
pendent manner. To this end, we transferred naive WT OTII cells
or Blimp-1-deficient OTII cells (by crossing OTII transgenic mice
to conditional Blimp-1 mutant mice) into Thyl-mismatched con-
genic mice and infected the mice with PR8-OVA. We then sorted
WT and Blimp-1-deficient OTII cells from the infected lungs and
examined their ability to kill target cells in vitro. We found that
Blimp-1 deficiency impaired the ability of the in vivo-generated
CD4™" T cells with cytotoxic potential to kill target cells (Fig. 1M).
Together, these data indicated that the generation of CD4™ T cells
with cytotoxic potential in vivo is dependent on the expression of
Blimp-1in CD4™ T cells.
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FIG 1 T-bet- and Blimp-1-dependent induction of CD4™" T cells with cytotoxic potential in vivo. (A and B) Gzmb expression (A) and MFI (B) in WT lung and
MLN CD4 " T cells at day 7 post-PR8 infection (n = 3). (C to F) OTII cells were transferred into Thyl-mismatched WT mice, and then the mice were infected
with PR8-OVA (n = 3). Gzmb expression (C) and MFI (D), perforin expression (E), and the percentage of perforin™ cells (F) in lung and MLN OTTI cells at day
7 p.i. are illustrated. (G) Lung CD4™" T cell degranulation (CD107a expression) in IFN-y ™ cells (indication of antigen-specific CD4" cells) and IFN-y ™~ cells
following stimulation with PMA-ionomycin or virus-infected BMDC. (H) Lung CD107ac MFI in IFN-y™ and IFN-y ™~ cells following stimulation with virus-
infected BMDC (n = 3). (Iand J) Gzmb expression (I) and MFI (J) of MLN and lung CD4 ™" T cells from WT or T-bet-deficient mice at day 7 post-PR8 infection
(n=2to03).(Kand L) Gzmb expression (K) and MFI (L) of lung CD4 ™ T cells from WT or Blimp-1-deficient (Blimp-1 cKO) mice at day 7 post-PR8 infection
(n=3). (M) Cytolytic activity of WT or Blimp-1-deficient lung OTII cells (day 7 post-PR8-OVA infection) was measured by calcein AM release of peptide-pulsed

LB27.4 target cells. Data are representative of two to four separate experiments. *, P < 0.05.

STAT4-independent, STAT2-dependent development of
CD4" T cells with cytotoxic potential during influenza virus in-
fection. We next examined the upstream signaling pathways re-
quired for the generation of CD4™ T cells with cytotoxic potential
during influenza virus infection. Since STAT4 is a major factor
that controls T-bet expression in CD4* T cells (23), we examined
whether STATA4 is required for the development of CD4™ T cells
with cytotoxic potential during influenza virus infection. Remark-
ably, STAT4-deficient CD4 ™ T cells expressed equivalent levels of
Gzmb and T-bet as WT CD4 " T cells upon viral challenge (Fig. 2A
and B and data not shown), suggesting that STAT4 is dispensable
for the induction of CD4* T cells with cytotoxic potential in vivo
during influenza virus infection. We also infected WT and
STAT2-deficient mice with influenza virus and examined Gzmb
expression in lung CD4 " T cells at day 7 p.i. We found that STAT2
deficiency significantly abrogated Gzmb expression in lung CD4 ™"
T cells (Fig. 2C and D). The diminished expression of Gzmb in
CD4™ T cells was correlated with lower T-bet expression in
STAT2-deficient CD4™ T cells (Fig. 2E and F). Together, these
data suggested that STAT2 rather than STAT4 is required for the
development of CD4* T cells with cytotoxic potential in vivo dur-
ing influenza virus infection.

IL-2 and type I IFNs cooperate to induce the development of
CD4™ T cells with cytotoxic potential in vitro. The fact that
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STAT? is required for the development of CD4™ T cells with cy-
totoxic potential in vivo suggests that type I IFNs, which signal
through STAT2, may be required for the generation of CD4" T
cells with cytotoxic potential. In addition, a role for IL-2 has also
been indicated in the induction of cytotolytic molecule expression
in CD8™ T cells (24). To investigate the role of IL-2 and type I TFNs
in the development of CD4™ T cells with cytotoxic potential, we
developed an in vitro coculture system in which we stimulated
CD4" T cells with BMDC plus soluble anti-CD3 in the presence or
absence of IFN-« and increasing concentrations of IL-2. We then
examined Gzmb expression in CD4* T cells. We found that addi-
tion of IFN-a or IL-2 alone to the culture modestly increased
Gzmb expression in CD4™ T cells (Fig. 3A). However, IFN-a and
a high concentration of IL-2 (300 U) had drastic synergistic effects
in the induction of Gzmb expression in CD4* T cells (Fig. 3A).
IL-2 plus IFN-a also induced perforin mRNA expression in CD4™
T cells (Fig. 3B). These data suggest that IL-2 cooperates with type
I TFNs to induce cytolytic gene expression in CD4* T cells in vitro.
We next examined whether OTII cells cultured in the presence of
IL-2 and IFN-a could kill peptide-pulsed MHC-II-expressing tar-
get cells. Consistent with the enhanced Gzmb and perforin expres-
sionin CD4™ T cells cultured with IL-2 plus IFN-a, we found that
OTII cells cultured under this condition exhibited an enhanced
ability to kill target cells (Fig. 3C). Importantly, the killing of the
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target cells by these OTII cells was perforin dependent (Fig. 3D),
further supporting the idea that they have cytotoxic potential.
Taken together, these data suggest that a high concentration of
IL-2 in combination with type I IFNs induces the development of
CD4* T cells with cytotoxic potential in vitro.
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concentration, 30 U/ml; high concentration, 300 U/ml). Gzmb protein (A)
and perforin mRNA (B) expression in CD4™ T cells was measured. (C) Cyto-
lytic activity of WT OTII cells cultured under neutral (no cytokine added) or in
the presence of IL-2 plus IFN-a was measured based on calcein AM release by
peptide-pulsed LB27.4 target cells. (D) Cytolytic activity of WT or perforin-
deficient OTII cells cultured in the presence of IL-2 plus IFN-a was measured
based on calcein AM release by peptide-pulsed LB27.4 target cells. Data are
representative of at least three separate experiments.
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T-bet and Blimp-1 are required for the induction of CD4™ T
cells with cytotoxic potential by IL-2 plus type I IFNs. We next
examined whether the induction of CD4™ T cells with cytotoxic
potential by IL-2 and IFN-o was dependent on T-bet and/or
Blimp-1. To this end, we found that IL-2 plus IFN-a induced
T-bet expression in CD4™ T cells in vitro (Fig. 4A). Furthermore,
T-bet-deficient CD4™ T cells displayed greatly reduced levels of
Gzmb and perforin mRNA when cultured in the presence of IL-2
plus IFN-a (Fig. 4B and C). Thus, T-bet is required for the induc-
tion by IL-2 plus IFN-a of CD4* T cells with cytotoxic potential in
vitro. IL-2 plus IFN-a also induced Blimp-1 expression in CD4* T
cells (Fig. 4D), suggesting that Blimp-1 is required for the induc-
tion by IL-2 and IFN-a of CD4™ T cells with cytotoxic potential.
To explore this idea, we cultured WT or Blimp-1-deficient CD4™
T cells in the presence of IL-2 plus IFN-a to induce CD4™ T cells
with cytotoxic potential. We observed that Blimp-1 deficiency
greatly impaired the expression of Gzmb in CD4 ™ T cells (Fig. 4E).
We also found that Blimp-1 deficiency impaired perforin mRNA
expression in CD4" T cells (Fig. 4F). To determine the role of
Blimp-1 in regulating the function of CD4™ T cells with cytotoxic
potential, we cultured WT OTII or Blimp-1-deficient OTII cells
with IL-2 plus IFN-a and examined their ability to kill target cells.
We found that Blimp-1 deficiency impaired the ability of the in
vitro-generated CD4™ T cells with cytotoxic potential to kill target
cells (Fig. 4G). Recent evidence demonstrated that, when trans-
ferred into naive hosts, in vitro- and in vivo-generated CD4" T
cells with cytotoxic potential are able to provide protection against
influenza virus infection (9, 13, 16). We next examined whether
the protection from influenza virus infection by CD4 * T cells with
cytotoxic potential was Blimp-1 dependent. To do so, we cultured
WT and Blimp-1-deficient OTII cells with IL-2 plus IFN-a and
transferred the cultured cells into Ragl-deficient mice. We then
infected Ragl-deficient mice with PR8-OVA and monitored the
weight loss of the mice following infection. Consistent with pre-
vious findings (16), we found that CD4™ T cells with cytotoxic
potential generated in vitro were able to provide protection to the
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FIG 4 Induction of CD4" T cells with cytotoxic potential by IL-2 plus type I IFNs is dependent on T-bet and Blimp-1. (A) T-bet expression in CD4* T cells
cultured under the indicated conditions. (B and C) WT or T-bet-deficient CD4™" T cells were cultured under the indicated conditions. Gzmb protein (B) and
perforin mRNA (C) expression in WT or T-bet-deficient CD4 " T cells are shown. (D) Blimp-1 mRNA expression in CD4™" T cells cultured under the indicated
conditions. (E and F) Control or Blimp-1-deficient CD4* T cells were cultured under the indicated conditions. Gzmb protein (E) and perforin mRNA (F)
expression in control or Blimp-1-deficient CD4™ T cells are shown. (G) Cytolytic activity of WT or Blimp-1-deficient OTII cells cultured under the indicated
conditions was measured based on calcein AM release of peptide-pulsed LB27.4 target cells. (H) Weight loss of PR8-OVA-infected Ragl-deficient mice which
received IL-2/IFN-a-cultured WT or Blimp-1-deficient (cKO) OTII cells. Data are representative of two to three separate experiments. Data were pooled from

two independent experiments (n = 5 to 8). *, P < 0.05.

host (Fig. 4H). Importantly, Blimp-1 deficiency in CD4" T cells
impaired the ability of these cells to provide protection against
influenza virus-induced host morbidity (Fig. 4H). These data thus
demonstrated that Blimp-1 is essential for the function of CD4* T
cells with cytotoxic potential in vivo.

Blimp-1 controls T-bet binding to cytolytic genes in CD4* T
cells. Blimp-1 is a transcriptional repressor, and it is unclear how
Blimp-1 positively controls Gzmb and perforin expression in T
cells. We found that Blimp-1 deficiency enhanced T-bet expres-
sion in CD4™ T cells (Fig. 5A), suggesting that the diminished
Gzmb expression in Blimp-1-deficient T cells was not due to the
absence of T-bet. We next examined whether T-bet or Blimp-1
expression was sufficient to induce Gzmb expression in CD4" T
cells. To do so, we ectopically expressed T-bet and Blimp-1 in
CD4™ T cells by transducing CD4 ™" T cells with T-bet- and Blimp-
1-expressing retrovirus. We found that ectopic T-bet or Blimp-1
expression alone modestly enhanced Gzmb expression in CD4* T
cells (Fig. 5B). However, coexpression of T-bet and Blimp-1 co-
operatively induced higher levels of Gzmb expression in CD4" T
cells (Fig. 5B). T-bet can directly bind to the Gzmb and PrfI pro-
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moters in CD8™ T cells to promote the expression of these cyto-
toxic molecules (25). We next examined whether T-bet was able to
bind to the Gzmb and Prfl promoters in CD4™ T cells in ChIP
experiments. We found that T-bet bound directly to the Gzmb and
Prfl promoters in CD4™ T cells cultured under the conditions to
induce CD4" T cells with cytotoxic potential (Fig. 5C and D).
Interestingly, Blimp-1 deficiency impaired the binding of T-bet to
the Gzmb and Prfl promoters (Fig. 5C and D). These data suggest
that Blimp-1 controls the development of CD4™ T cells with cy-
totoxic potential by regulating the binding of T-bet to the promot-
ers of cytolytic molecules. These data also established that T-bet
and Blimp-1 act cooperatively during the development of CD4* T
cells with cytotoxic potential.

IL-2 and type I IFNs cooperate to induce the development of
CD4™ T cells with cytotoxic potential in vivo. The fact that IL-2
and IFN-a induced cytolytic molecule expression in CD4* T cells
in vitro strongly suggests that they are required for the generation
of CD4™ T cells with cytotoxic potential in vivo during influenza
virus infection. Indeed, type I IFNs are produced at the time of
effector T cell infiltration into the lungs during influenza virus
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FIG 5 Blimp-1 controls T-bet binding to cytolytic genes in CD4™ T cells. (A) T-bet expression in control or Blimp-1-deficient CD4™ T cells cultured under the
indicated conditions. (B) CD4" T cells were cotransduced with T-bet- plus Blimp-1-expressing retroviruses. Gzmb expression in untransduced cells, T-bet
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depicted. (C and D) Control or Blimp-1 ¢KO CD4™" T cells were cultured under the indicated conditions. The binding of T-bet to the Gzmb (C) or Prfl (D)
promoters in cultured CD4 ™" T cells was assessed by ChIP. ChIP data are presented as the percentages of input, as described in Materials and Methods. Data are
representative of three separate experiments.
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FIG 7 IL-2 and type I IFN signaling cooperate in the development of CD4" T
cells with cytotoxic potential in vivo. (A to D) WT or IENAR1-deficient mice
were infected with influenza virus PR8 and treated under the indicated condi-
tions (n = 3 to 5). Gzmb expression (A) and MFI (B), the percentages of
perforin™ cells (C), and also the T-bet MFI (D) of lung CD4 ™ T cells at day 7
p.i. are shown. Data are representative of at least two experiments. ¥, P < 0.05;
NS, nonsignificant.

cytotoxic potential during influenza virus infection. We next ex-
amined whether IL-2 is required for cytolytic molecule expression
in CD4" T cells in vivo. To this end, we infected WT mice with
influenza virus and then blocked IL-2 signaling via injection of an
IL-2-neutralizing antibody. We found that IL-2 neutralization in
vivo partially, but significantly, diminished Gzmb expression in
CD4™ T cells (Fig. 6D and E). To investigate whether IL-2 signal-
ing is intrinsically required in CD4™" T cells, we infected WT and
IL-2Ra-deficient mixed BM chimeric mice with influenza virus
and examined Gzmb expression in CD4" T cells (Fig. 6F). We
found that the deficiency of IL-2Ra on CD4 " T cells diminished
Gzmb expression (Fig. 6G and H), suggesting that the intrinsic
IL-2Ra signaling in CD4™ T cells is required for the optimal ex-
pression of Gzmb in CD4™ T cells in vivo.

Notably, the single deficiency of IL-2Ra or IFNARI in vivo
only partially impaired Gzmb expression in CD4™ T cells. There-
fore, we blocked IL-2 and type I IFN signaling simultaneously
during influenza virus infection by administering anti-IL-2 to in-
fluenza virus-infected IFNAR1-deficient mice. We found that the
blockade of type I IFN and IL-2 signaling together completely
abrogated Gzmb expression in CD4 " T cells (Fig. 7A and B). The
combined blockade of type I IFN and IL-2 signaling also signifi-
cantly impaired perforin expression in lung CD4" T cells (Fig.
7C). The impaired expression of Gzmb and perforin in CD4* T
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cells was associated with diminished T-bet expression in CD4™ T
cells following the double blockade of type I IFN and IL-2 signal-
ing in vivo (Fig. 7D). Taken together, these data suggest that the
development of CD4" T cells with cytotoxic potential in vivo is
dependent on the cooperation between IL-2 and type I IFN sig-
naling pathways during influenza virus infection. Notably, the
blockade of IL-2 and type I IFN signaling together also disrupted
the expression of Gzmb in CD8™ T cells (data not shown), sug-
gesting that IL-2 and type IFNs coordinate the development of
both cytotoxic CD4" and CD8™ T cells in vivo during influenza
virus infection.

DISCUSSION

Emerging evidence has highlighted the role of CD4* T cells with
cytotoxic potential in antiviral and antitumor immunity. In this
report, we demonstrated that IL-2 and type I IFNs cooperatively
induce the development of CD4 " T cells with cytotoxic potential
in vitro and in vivo during acute respiratory virus infection. Mech-
anistically, IL-2 and type I IFNs induced the expression of T-bet
and Blimp-1, two transcription factors that cooperate to induce
the expression of cytolytic molecules in CD4™" T cells. Notably, we
showed that the antiviral function of CD4™ T cells with cytotoxic
potential in vivo is critically dependent on the expression of
Blimp-1. We thus have identified the molecular mechanisms reg-
ulating the development of CD4™ T cells with cytotoxic potential
during acute viral infection.

Recent analyses have begun to elucidate the function of CD4*
T cells with cytotoxic potential during viral infections. By using
mice with a selective deficiency of perforin in CD4 ™" T cells, it was
demonstrated that CD4* T cells with cytotoxic potential directly
controlled ectromelia virus replication in vivo (10). In influenza
virus infection, antiviral effector CD4* T cells generated in vitro or
in vivo, upon transfer, were able to attenuate influenza virus-in-
duced host morbidity and mortality in WT and B cell-deficient
mice, in part through a perforin-dependent cytotoxic mechanism
(9, 16). We likewise have reported here that antiviral CD4* T cells
exhibit Blimp-1-dependent protection against influenza virus in-
fection in adaptive immune (B and T cell)-deficient recipients.
These data suggest that CD4™" T cells with cytotoxic potential may
contribute to the elimination of virus-infected cells in vivo during
a primary or secondary influenza virus infection. Strikingly, a re-
cent clinical study implicated preexisting CD4™ T cells in directly
killing target cells through perforin-dependent mechanisms and
contributing to the heterologous influenza virus immunity in hu-
mans (28). Notably, lung alveolar type II cells and some airway
epithelial cells, the critical cell targets of influenza virus (29), con-
stitutively or inducibly express MHC-II (30), and this raises the
possibility that CD4™" T cells may directly control influenza virus
replication in vivo. Furthermore, tumor necrosis factor-inducible
nitric oxide synthase DC (TipDCs), the major injury-inducing
cells during influenza virus infection (31-33), harbor influenza
virus antigen and express high levels of MHC-II (31). Thus, it is
also possible that CD4™ T cells with cytotoxic potential may indi-
rectly protect the host from influenza virus-induced diseases
through the killing of TipDCs. Although the exact physiological
function of CD4™ T cells with cytotoxic potential during influenza
virus infection warrants further studies, the existence of such cells
presumably enlarges the pool of cytotoxic T cells to enable host
clearance of virus-infected cells faster and/or to avert virus escape
mutants. Potentially, the functionality of these CD4™ T cells with
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cytotoxic potential during a viral infection may be determined by
virus tropism. CD4™ T cells with cytotoxic potential may play
more significant roles when MHC-II" cells are the prominent
target of virus infection.

Various cytokines, including IL-2, IL-12, IL-27, type I IFNs,
and type II IFN (IFN-v), have been shown to promote Gzmb
and/or perforin expression in CD8" T cells and NK cells. How-
ever, the in vivo significance and relative contribution of these
cytokines in regulating the expression of cytolytic molecules are
currently poorly defined. IL-2 is critical in promoting Gzmb ex-
pression in CD8™ T cells in vitro and in vivo during LCMV infec-
tion (24, 34). With a murine influenza virus model, we recently
showed that in an inflammatory milieu, the ablation of IL-2 sig-
naling alone in T cells only partially affected Gzmb expression in
effector CD8™ T cells (18). Similarly, we found here that IL-2 was
partially required for Gzmb expression in CD4" T cells in vivo
during influenza virus infection. This is in contrast to a recent
report that IL-2 ablation completely abrogated Gzmb expression
in vivoin CD4™ T cells stimulated with OX40 plus 41BB (15). The
presence of strong inflammation (i.e., abundant type I IFNs) at the
site of infection may partially compensate for the requirement of
IL-2 in Gzmb expression within both CD4™ and CD8™" T cells. In
accordance with this idea, the combined blockade of IL-2 plus
type I IFNs completely abrogated the expression of Gzmb in both
CD4" and CD8™" T cells (data not shown).

Blimp-1 is required for Gzmb expression in effector CD8* T
cells and NK cells (35, 36). However, the underlying mechanisms
by which Blimp-1 controls the expression of Gzmb in CD8* and
NK cells remain to be determined. Here we have demonstrated
that the expression of both Gzmb and perforin is dependent on
the expression of Blimp-1 in CD4" T cells as well. Blimp-1 was
previously found to inhibit T-bet and IFN-v expression during
Th1 polarization (37). In agreement with this finding, we found
here that Blimp-1-deficient T cells expressed higher levels of T-
bet. However, T-bet was unable to bind to the Gzmb and Prfl
promoters in the absence of Blimp-1. Thus, Blimp-1 exhibits dif-
ferential effects in regulating the expression of effector cytokine
IFN-vy and cytolytic molecules (Gzmb and perforin) in CD4" T
cells (37). The exact mechanism underlying such differential ef-
fects of Blimp-1 in the expression of IFN-y and cytolytic mole-
cules is currently unknown. One possible reason is that Blimp-1
directly binds to Ifng and Tbx21 loci to repress their expression
through its transcriptional repressor activity (37), while it works
independently of its DNA binding/repressor activity to modulate
the function of T-bet for Gzmb and PrfI transcription. Whether
Blimp-1 directly associates with T-bet or simply maintains the
active chromatin structure of Gzmb and PrfI loci to facilitate T-bet
binding requires further investigation. In addition, Blimp-1 may
also repress repressors of the Gzmb and Prfl genes (such as mi-
croRNAs that target Gzmb and Prfl genes) to promote the expres-
sion of cytolytic molecules during Th cell differentiation.

Recently, 0X40-induced Gzmb expression in CD4 ™" T cells was
shown to be Eomes-dependent (14). Furthermore, these CD4™ T
cells, capable of producing both Th1 and Th2 cytokines, exhibit
characteristics of both memory and terminal effector phenotypes
(14). In contrast, we showed here that type I IFN- and IL-2-in-
duced Gzmb expression requires T-bet expression but not Eomes
(data not shown) and can be categorized as CD4™" effector cells
under type 1 lineage. Interestingly, although antigen-specific
CD4™ T cells in the MLN expressed T-bet and Th1 signature cy-
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tokine IFN-v, they did not express Gzmb or perforin. The likely
explanation is that a high threshold of T-bet is required for driving
the transcription of cytolytic molecules in CD4 " T cells. However,
ectopic expression of T-bet in CD4™" T cells is not sufficient to
induce optimal expression of Gzmb in vitro, suggesting an addi-
tional factor, such as Blimp-1, plays an important role in the de-
velopment of the cytotoxic potential of CD4™ T cells. Our data
also suggest that the development of CD4™ T cells with cytotoxic
potential passes through a conventional Th1 cell stage. Under-
standing the complex interaction of the cellular and molecular
networks governing the differentiation of antiviral Th cells may
provide the basis for better treatment and vaccine strategies for
viral infections in the future.
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