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CUTTING EDGE

#JOURNALS IMMUNOLO

Cutting Edge: The Direct Action of Type I IFN on CD4 T
Cells Is Critical for Sustaining Clonal Expansmn in
Response to a Viral but Not a Bacterial Infection’

Colin Havenar-Daughton, Ganesh A. Kolumam, and Kaja Murali-Krishna®

The action of type I IFN (IFN-1) on APCs is well studied,
but their direct effect on CD4 T cells is unclear. To address
this, we transferred IFEN-I receptor-deficient (IEN-IR°)
and -suffficient (wild-type, WT) TCR-transgenic CD4 T
cells into WT mice and analyzed their response to immu-
nization. In response to lymphocytic choriomeningitis vi-
rus immunization, WI CD4 T cells expanded ~ 100-
fold, whereas IEN-IR° CD4 T cells expanded <10-fold.
However, both WT and IFN-IR° CD4 T cells expanded
~10-fold after Listeria monocytogenes immunization.
Poor expansion of IEN-IR® CD4 T cells after lymphocytic
choriomeningitis virus immunization was not due to a de-
fect in proliferation or initial activation but to poor sur-
vival of the daughter cells. Thus, direct IFN-I signals can
play either a critical or minimal role in CD4 T cell clonal
expansion depending on the specific pathogen. The Jour-
nal of Immunology, 2006, 176: 3315-3319.

fficient functioning of Ag-experienced CD4 T cells is

dependent on two major processes: clonal expansion

and effector differentiation. It is generally accepted that
type [ TFN (IFN-I)?, a set of innate antiviral cytokines produced
in large quantities following infection (1), facilitate clonal ex-
pansion via their actions on APC (2, 3). The direct effects of
IFN-I on T cells are less clear (4—8). We found recently that
action of IFN-I on CD8 T cells is critical for clonal expansion in
response to lymphocytic choriomeningitis virus (LCMV) infec-
tion in mice (9). However, the direct effect of IFN-I on CD4 T
cell responses in vivo remains unclear. In this study, we address
the consequences of direct IFN-I-mediated signals on CD4 T
cells by comparing the response of adoptively transferred wild-
type (WT) and IFN-IR-deficient (IFN-IR%) CD4 T cells in
WT hosts using two well-characterized murine infection mod-
els: 1) acute infection with the intracellular bacterial pathogen
Listeria monocytogenes (LM) and 2) acute infection with LCMV.

Materials and Methods

Animals

B6.J.129S2-Ifnar<tm1Agt>, IFN-IR® mice on a 129/SvEv background de-
scribed in (10) that were backcrossed to C57BL/6 mice as described (9) will be
referred to hereafter as IFN-IR?. Dr. P. J. Fink (University of Washington, Se-
attle) provided B6J.Cg-Tg(TcraTcerb)425Cbn, the OVAs,5_530-specific OT-11
CD4 TCR transgenic (Tg) mice on a C57BL/6 background. These mice will be
referred to hereafter as OT-IL. B6-Tg(TcrLMCV)1Aox, LCMV-GPy,_go-spe-
cific SMARTA TCR Tg mice described in (11) were obtained on a C57BL/6
background from Dr. C. Surh (The Scripps Research Institute, La Jolla, CA) via
Dr. M. J. Bevan (University of Washington, Seattle). These mice will be re-
ferred to hereafter as SMARTA. These mice were bred with C57BL/6 IFN-IR®
mice to generate IFN-IR® OT-II and IFN-IR® SMARTA mice. Congenically
marked mice were generated by cross to B6.PL-7hy1?/Cy] (B6 Thyl.1) or
BG.SJL-Psprc“Pep3°/Boy] (B6 Ly5.1) purchased from The Jackson Laboratory.
Male OT-II or either male or female SMARTA mice at 412 wk of age were
used for experiments. Sex-matched mice were used for adoptive transfers. All
mice were maintained under specific pathogen-free conditions at the University
of Washington animal care facility under the guidelines of the Institutional An-
imal Care and Use Committee.

Reagents, Abs, in vitro cultures, adoptive transfers, and staining

Universal IFN-Iwere from PBL Biomedical Laboratories. OVA was from Sigma-
Aldrich. All Abs were purchased from either BD Biosciences or eBioscience.
Splenocytes from WT and IFN-IR® CD4 TCR Tg mice were cultured at a
concentration of 0.1 X 10° cells per well in 96-well plates for 66 h, either with
or without peptide (10 pg/ml), or peptide plus 1000 U/ml IFN-I. Intravenous
adoptive cell transfers contained 1-2 X 10°> Tg CD4 T cells unless otherwise
indicated. Intracellular cytokine staining was done as described (9).

Virus, bacteria, and immunizations

A total of 2 X 10° PFU of LCMV (Armstrong) was injected i.p. 24—48 h after
cell transfer. A total of 1-2 X 10* CFU of WT LM or rLM-Ova was injected
i.p. OVA (1 mg) was injected by s.c., i.v., and i.p. routes on 1-3 subsequent
days after infection.

Results
IFN-IR’ CD4 T cells are similar to WT CD4 T cells in phenotype and
proliferation but are not inhibited by IFN-I during in vitro culture

Previous reports suggest that IFN-I exert an antiproliferative ef-
fect on anti-CD3-stimulated CD4 T cells during in vitro cul-
ture (6, 7). We asked whether IFN-I have similar effects when
CD4 T cells were stimulated with cognate Ag in vitro. CD4 T
cells derived from both WT and IEN-IR® SMARTA mice were
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low for expression of CD44, CD25, and CD69, and were high
for expression of CD62L (Fig. 14). Both up-regulated CD25
(Fig. 1B) and underwent multiple cycles of proliferation (Fig
1 C, middle) when cultured in vitro with cognate antigenic pep-
tide for 3 days. The addition of exogenous IFN-I during in vitro
cultures strongly inhibited the proliferation of peptide-stimu-
lated WT but not IFN-IR® CD4 T cells (Fig. 1C, bottom). Sim-
ilar findings were made with OVA-specific OT-II CD4 T cells
(data not shown). Together, the above observations raise the
question of what would be the direct effect of IFN-I on CD4 T

cells during an immune response in vivo.

Direct IFN-I action on CD4 T cells is important for clonal expansion in
vivo following LCMV immunization

IFN-I have multiple effects on the cells of both the innate and
adaptive immune systems. IFN-I also influence pathogen clear-
ance and hence alter the antigenic load (10, 12-13). Conse-
quently, the comparison of CD4 T cell responses in infected
WT and IFN-IR® mice cannot specifically address the direct
role of IFN-Ton CD4 T cells during infection. Hence, we adop-
tively transferred a mixture of LCMV-specific WT and IFN-
IR%-naive SMARTA CD4 T cells into WT hosts and compared
their response to LCMV immunization (Fig. 24). As expected,
in recipient mice that were left uninfected, WT and [FN-IR®
SMARTA donor cells were recovered at a low frequency in a
ratio similar to the inoculum (Fig. 2B, zop). Donor SMARTA
CD4 T cells expanded in response to LCMV (Fig. 2B, bottom
lefi), but ~99% of the expanded donor cells were WT (Fig. 28,
botrom right, and Fig. 2C). IFN-IR® CD4 donor T cells in the
same host expand, but only marginally (Fig. 2B, bottom, and
Fig. 2C). The difference in expansion between WT and IFN-
IR” SMARTA CD4 T cells was not restricted to the spleen, as it
was seen in several tissues (Fig. 2D). Thus, IFN-I produced in
response to LCMV immunization act directly on virus-specific
CD4 T cells and greatly contribute to their clonal expansion.
To determine whether the diminished expansion of IFN-IR’
CD4 T cells was due to a defect in initial activation, we com-
pared the response of WT and IFN-IR” SMARTA CD4 T cells
early after LCMV immunization (Fig. 34). By 36 h after
LCMYV immunization, neither WT nor IFN-IR® CD4 T cells
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FIGURE 1. Phenotype and in vitro responses of WT and IFN-IR® CD4
T cells. A, Expression of indicated markers on WT and IFN -IR® SMARTA
CD4 T cells. B, Spleen cells from WT and IFN-IR® SMARTA mice were
cultured in vitro for 3 days and analyzed for CD25 expression. Data are
gated on CD4 T cells. C, CFSE-labeled splenocytes were cultured for 3
days under the indicated conditions. Data are representative of at least two
independent experiments.
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FIGURE 2. [IFN-I action on LCMV-specific CD4 T cells is critical for
clonal expansion. A, WT and IFN-IR® SMARTA CD4 T cells were mixed
at near a 1:1 ratio and transferred into WT hosts. B, Recovery of the donor
cells from the spleens of uninfected recipients (top), or after 7 days post-
LCMYV infection (bottom). Histograms indicate the ratio of WT to IFN-IR®
CD4 T cells in the gated donor population. C, Expansion of donor
SMARTA CD4 T cells (n = 2). D, Ratio of WT to IFN-IR® CD4 T cells
among the donor population, in the indicated tissues of LCMV-immunized
mice. LN, inguinal lymph node; BM, bone marrow; and PF, peritoneal
fluid. Data are representative of three experiments.

expanded (Fig. 3B, middle). The ratio of WT to IFN-IR® CD4
T cells did not change substantially despite activation as indi-
cated by CD25 up-regulation and CD62L down-regulation.
However, by 7 days after LCMV-immunization WT SMARTA
CD4 T cells expanded far better than IFN-IR” SMARTA CD4
T cells (Fig. 3B, bottom). Thus, direct signals mediated by
IFN-I on LCMV-specific CD4 T cells have little influence on
initial activation but greatly effect clonal expansion.

To assess whether diminished expansion of the IFN-IR’
CD4 T cells was due to a defect in proliferation, we compared
the proliferation of CFSE-labeled WT and IFN-IR® SMARTA
CD4 T cells in WT mice after LCMV immunization. By 2.5
days postimmunization, both WT and IFN-IR® CD4 T cells
were recruited to proliferate (Fig. 3C, middle). Despite their
proliferation, the expansion of the IFN-IR® CD4 T cells was
greatly reduced at this time point (Fig. 3D), indicating that
most of the daughter cells generated from the donor IFN-IR’
CD4 T cells failed to survive.

IFN-I promote IFN-vy production, at least in vitro, but this
process is less efficient in murine CD4 T cells, compared with
human CD4 T cells (4, 5). Therefore, we assessed whether IFN-
IR SMARTA CD4 T cells that were responding to LCMV Ag
in vivo could produce IFN-y. Donor CD4 T cells were able to
produce IEN-v irrespective of whether they could receive IFN-
I-mediated signals or not (Fig. 3E, middle and bottom). The lack
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FIGURE 3. [IFN-I action on LCMV-specific CD4 T cells is critical for
their sustained expansion, but not early activation, proliferation, or effector
functions. A, The ratio of WT to IFN-IR® SMARTA CD4 T cells in the
inoculum. B, Frequency of donor cells from the spleen (far left panels). The
ratio of the WT to IFN-IR" cells in the donor population (second from left).
CD25 and CD62L expression among WT and IFN-IR® SMARTA donor
CD4 T cells (third and fourth from left). C, CFSE labeled WT and IFN-IR°
SMARTA CD4 T cells were transferred into WT hosts as indicated in A.
data are gated on WT or IFN-IR® donor CD4 T cells in the spleens at
indicated points post LCMV infection. D, Recovery of WT and IFN-IR°
SMARTA CD4 T cells per spleen. E, Same as in B, except that splenocytes
were stimulated for 6 h in vitro and then stained for intracellular IFN-vy.
Data are gated on donor CD4 T cells. F, Percent of WT and IFN-IR®
SMARTA CD4 T cells producing IFN-vy at the specified time points. All
data are representative of two experiments.

of IFN-I-mediated signals has no substantial effect on IFN-y
production (Fig. 3F). In addition, both WT and IFN-IR?
SMARTA CD4 T cells populations contained TNF-a- and IL-

3317

2-producing cells (data not shown). Together, the above results
show that the absence of IFN-I action on LCMV-specific CD4
T cells in mice did not have a major affect on their ability to
become activated, their ability to proliferate, or their ability to
differentiate into IFN-y producing effectors, but greatly af-
fected their ability to survive during Ag-driven proliferation
and, as a consequence, drastically dampened clonal expansion.

IFN-I-mediated direct signals have a minimal contribution to the clonal
expansion of CD4 T cells following LM immunization

We next asked whether Ag-specific CD4 T cells become simi-
larly dependent on IFN-I under the conditions of immuniza-
tion with an intracellular bacterial pathogen, LM. For this, we
transferred CFSE-labeled OVA-specific WT and [FN-IR®
OT-1I CD4 TCR Tg T cells into WT hosts and analyzed their
response to immunization with recombinant LM expressing
OVA (rLM-Ova). Both WT and IEN-IR® OT-II CD4 T cells
proliferated (Fig. 44, right) and expanded (Fig. 4B) in response
to rLM-Ova.

In a different set of experiments, we transferred WT and
IFN-IR® OT-11 CD4 T cells together into WT hosts and gave
exogenous OVA following either LM or LCMV immunization.
Both WT and IEN-IR® OT-II CD4 T cells expanded similarly
to each other in response to exogenous OVA protein under the
conditions of LM immunization (Fig. 4C) and produced
IFN-vy upon in vitro restimulation (as described in the Fig. 4
legend). In contrast, in response to exogenous OVA under the
conditions of LCMV immunization, WT OT-II CD4 T cells
expanded markedly, whereas IFN-IR® OT-II CD4 T cells did
not (Fig. 4D). The diminished expansion of IFN-IR® OT-II
CD4 T cells in response to exogenous OVA in LCMV-immu-
nized mice was not due to a lack of proliferation, as determined
by CFSE dilution (Fig. 4F), but due to increased death during
proliferation, as suggested by annexin staining (Fig. 4G).

Thus, IFN-I produced in response to LCMV immunization
provide direct survival signals to Ag-specific CD4 T cells,
greatly contributing to their clonal expansion. In contrast, CD4
T cells primed under the conditions of LM are minimally de-
pendent on direct IFN-I-mediated signals.

Discussion

CD4 T cell expansion requires not only Ag-receptor-mediated
signals but also costimulatory signals via APCs. It is well estab-
lished that inflammatory cytokines induced by infection, such
as IFN-I, contribute to T cell expansion via their ability to up-
regulate costimulatory molecules on APC. Our study shows
that the responding CD4 T cells also need direct survival signals
mediated by IFN-I. In addition, we demonstrate that the
pathogen determines the extent to which CD4 T cells are de-
pendent on direct signals mediated by IFN-I. Thus, this study
not only unravels a novel mechanism by which IFN-I contrib-
ute to sustaining CD4 T cell expansion in vivo, but also high-
lights how such fundamental immune mechanisms become re-
dundant depending on the immunogen. These results have
implications in dissecting the critical factors involved in host-
pathogen interactions, microbial pathogenesis, and therapeutic
and vaccination strategies.

Why do CD4 T cells become highly dependent on direct
IFN-I signals under the conditions of LCMV but not LM in-
fection? We considered the possibility that the high-level anti-
genic load provided by LCMV due to its noncytopathic nature
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FIGURE 4. Direct signals mediated by IFN-I have minimal contribu-
tion for clonal expansion of CD4 T cells following LM immunization. A,
Purified WT (Ly5.2%) and IFN-R° (Ly5.2%) OT-II CD4 TCR Tg CD4 T
cells were labeled with CFSE and separately transferred into congenically
marked WT (Ly5.1") hosts. The mice were immunized with rLM-Ova.
Spleen cells were analyzed 6 days postimmunization. Data are gated on
CD4 T cells. B, Fold expansion in the spleen. C—E, Same as in B except,
WT (Thyl1.2*Ly5.1") and IFN-R® (Thy1.2*Ly5.2™) OT-II CD4 donor T
cells were mixed and transferred together into Thy1.1, WT hosts. The mice
were given soluble OVA after LM (C), or given soluble OVA after LCMV
(D), or LCMV alone (E). In C, 15% of WT and 10% of IFN-IR donor CD4
T cells produced IFN-vy upon in vitro peptide restimulation. In D, 43% of
WT and 40% of IFN-IR® donor CD4 T cells produced IFN-y upon in vitro
peptide restimulation. F. Same as in A, except mice were given soluble
OVA after LCMV immunization. G, Ex vivo annexin staining of WT and
IFN-R® OT-1I CD4 T cells derived from spleens of LCMV plus OVA
immunized mice at the indicated time points postimmunization. Data are
representative of at least two experiments.

and its ability to infect a variety of cells could play a role. If this
accounted for the difference that we observed, IFN-IR® OT-II
CD4 T cells should have expanded similarly to WT cells in re-

sponse to exogenous OVA administered under the conditions
of LCMYV infection. However, this was not the case. Data in
Fig. 4E show that LCMV was not preferentially killing IFN-TR®
OT-II CD4 donor T cells. Moreover, we observed that IFN-
IR SMARTA donor cells expand better in LCMV-infected
IFN-IR hosts than in WT hosts, despite having a much higher
viral load (data not shown). The profile of cytokines induced
and the dynamics of its regulation differ depending on the in-
fectious agent, characteristics of its tropism, antigenic load, per-
sistence, and host. LCMV induces high levels of IFN-I and al-
most no 1L-12 (10, 12). This cytokine balance is somewhat
skewed toward higher levels of IL-12 in LCMV-infected IFN-
IR? mice (10). In contrast, LM induces IL-12 in addition to
lower levels of IFN-I (14). IL-12 has been shown recently to
prolong the survival of Ag-activated CD8 T cells (15, 16).
Based on this, we predict that IL-12 might be involved in sup-
porting clonal expansion of CD4 T cells under the conditions
of LM infection and suggest that the IFN-I-dominated cyto-
kine milieu induced by LCMYV infection instructs the respond-
ing CD4 T cells to become highly dependent on direct signals
mediated by IFN-I. An alternative possibility might be that
high levels of IFN-I produced in response to LCMV may cause
very high clonal expansion by directly signaling to CD4 T cells.
In the absence of the IFN-I-mediated signal, the response is re-
duced to a level comparable to that seen for LM that does not
cause high IFN-I production. However, we cannot rule out the
involvement of other mechanisms and factors. For example, re-
cent studies indicate that IFN-I can cause T cell death during
LM infection via sensitization to listeriolysin O-mediated tox-
icity (17). This raises the possibility that IFN-IR’ CD4 T cells
responding under the conditions of LM infection, although suf-
fering from the lack of IFN-I mediated survival signals could be
simultaneously eluding listeriolysin O-mediated death. The
combination of these positive and negative effects may balance
each other, resulting in the expansion of IEN-IR® CD4 T cells
similar to WT CD4 T cells under the conditions of LM infec-
tion. These issues, together with the consequences of the cyto-
kine profile induced at the beginning of each infection and the
way these dynamic profiles change over time, especially during
chronic infection, remain unclear. Considering the difference
in the amount of IFN-T and the composition of other cytokines
induced in response to diverse viral and bacterial infectious
agents, it is important to further understand how critical medi-
ators of T cell survival, death, and expansion differ in different
infections.

IFN-I are known to exert an antiproliferative effect on CD4
T cells at least in vitro (6, 7). Our results confirmed this obser-
vation, and yet we were unable to replicate this effect in vivo.
One possible explanation for this is that the complex set of fac-
tors induced during host-pathogen interaction in vivo help to
overcome the anti-proliferative functions of IFN-IL. Interest-
ingly, IFN-v, which was originally thought to inhibit CD4 T
cell proliferation in vitro, has recently been shown to support
the expansion of adoptively transferred CD4 T cells in LCMV-
infected WT mice (18, 19).

The mechanisms by which IFN-T affect T cell survival, espe-
cially in vivo, require further investigation. This is especially im-
portant given the widespread use of IFN-I as therapy for viral
infection, cancer, and autoimmunity. Previous reports have es-
tablished that the antiviral properties of IFN-I are conducted by
STAT1 and STAT2 (1, 20). Recent studies have shown that
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experimental removal of STAT-1 allows IFN-I to provide pro-
survival and proproliferative signals to T cells (6). Based on
these studies, we suspect that IFN-I may be contributing to T
cell expansion by modulating the balance of STAT signaling. It
will be important to determine whether the dynamic changes in
the level of IFN-I and TCR stimulation during clonal expan-
sion alters this balance.
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