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Abstract

T cell proliferation and survival are regulated by the cytokine receptor common y chain (y¢)3-
associated cytokines IL-2, IL-7 and IL-15 while IL-4, another yc-associated cytokine, is thought to
primarily affect T cell quality rather than quantity. In contrast, our experiments reveal that
endogenously produced IL-4 is a direct, non-redundant and potent stimulator of CD8* T cell
proliferation in antigen- and pathogen-induced CD8" T cell responses. These stimulatory effects of
IL-4 are observed in both BALB/c and C57BL/6 mice and activate both naive and memory/activated
phenotype CD8* T cells, although the former are stimulated less than the latter. IL-4 effects are IL-7-
and IL-15-independent, but MHC class I-dependent stimulation appears to be required for the
mitogenic effect of 1L-4 on naive phenotype CD8" T cells. Thus, endogenously produced IL-4 is an
important regulator of quantitative as well as qualitative aspects of T cell immunity.
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Introduction

T cell proliferation and survival are regulated by cytokines and MHC and costimulatory
molecules on antigen presenting cells (1,2). IL-2, IL-7, and IL-15, are particularly important
for T cell homeostasis. IL-7 is critical for T lymphopoiesis and promotes survival of naive,
activated, and memory T cells (3), while IL-15 selectively promotes proliferative renewal of
activated/memory CD8" T cells (4). The role of IL-2 is more complex. IL-2- and IL-2Ra-
deficient mice develop T lymphoproliferation because IL-2 is required for survival of T
regulatory cells that limit conventional T cell proliferation (5). However, increased levels of
IL-2 can also stimulate conventional T cells (6). All of these cytokines bind to receptors that
contain cytokine receptor common y chain (y¢) (7) and activate Stat5 transcription factors that
are essential for their T cell stimulatory effects (8).

In contrast, although IL-4 binds to a constitutively expressed receptor on T cells that includes
vc (9) and is known to promote T cell survival, it fails to directly stimulate T cell proliferation
in vitro (10,11) and relatively little is known about its role in T cell homeostasis and expansion
in vivo. In vivo studies have shown that treatment of mice with IL-4, in the form of IL-4/anti-
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IL-4 mAb complexes, can strongly stimulate CD8* T cell proliferation (12) and that IL-4
produced by NKT cells in response to the synthetic ligand, a-galactosylceramide, can act
through a Sta6-dependent mechanisms to enhance proliferation by donor CD8* T cells
transferred into an irradiated host (13). In contrast, T cell proliferation has never been shown
to be influenced by IL-4 produced in response to a T cell-dependent Ag or an infectious agent.
In fact, some in vivo studies suggest that IL-4 suppresses CD8" T cell function in models of
virus and worm infection, tumor rejection, and trauma (14-17) although other studies suggest
that IL-4 is important for CD8* T cell-mediated tumor rejection (18), CD8* T cell-mediated
host protection against malaria parasites (19), and the generation of CD8" memory T cells
(20). These apparently discrepant results led us to investigate the in vivo effects of exogenous
and endogenously produced IL-4 on CD8" T cells. We find that IL-4 has two opposite effects:
1) a direct, activating effect that potently promotes proliferation and survival, which is
described in this paper; and 2) an indirect effect that inhibits and kills activated T cells, which
will be described in a future publication.

Materials and Methods

Mice

Female BALB/c, C57BL/6, C57BL/6 IL-15-deficient and C57BL/6 B,-microglobulin-
deficient mice were purchased from Taconic Farms. BALB/c SCID mice were purchased from
Jackson Laboratory. BALB/c IL-4-deficient (21) and IL-4Ra-deficient (22) mice were a gift
of Nancy Noben-Trauth (George Washington University). BALB/c Thy1.1 mice were a gift
of Richard Dutton (Trudeau Institute). P14 TCR transgenic mice (23), whose T cells express
a TCR specific for amino acids 33—-41 of the lymphocytic choriomeningitis virus (LCMV)
glycoprotein (gp) peptide, were a gift of Michael Jordan (Cincinnati Children’s Hospital
Medical Center). B6.SJL Ptprc® mice were purchased from Taconic. IL-4Ra-deficient C57BL/
6 mice were a gift of Frank Brombacher (University of Cape Town). These strains were bred
at Cincinnati Children’s Hospital Medical Center. All mice were age-, sex- and strain-matched
with controls in each experiment. All mouse studies were approved by IACUCSs and the
Cincinnati Veterans Affairs Medical Center and Cincinnati Children’s Hospital Medical
Center.

Antibodies and immunological reagents

Cytokines

The following hybridomas and plasmacytoma were produced as ascites in Pristane-primed
athymic nude or BALB/c mice, and Abs were purified from ascites by (NH4)»SO4 precipitation
and DE-52 (Whatman) cation exchange column chromatography: BVD4-1D11.2 (rat 1gG2b
anti-1L-4), GK1.5 (rat IgG2b anti-CD4), RA3-6B2 (rat IgG2a anti-mouse CD45R/B220), 2.43
(rat 1lgG2b anti-CD8), MPC-11 (control mouse 1gG2b), 2.4G2 (rat 1IgG2b anti-mouse FcyRII/
I1/1V), 2D1 (mouse 1gG1 anti-hen egg lysozyme, used as a control), M25 (mouse IgG2b anti-
IL-7). 4-3 (mouse 1gG1 anti-IL-4Ra) was a gift of Dr. Joel Tocker (Amgen). GaMD was
produced and purified as described (24). Goat anti-mouse IL-4Ra antibody (GaMIL-4Ra) was
produced by immunizing a goat s.c. with recombinant IL-4Ra (Amgen) in CFA and boosting
with the same Ag in IFA. Immune serum was affinity purified on a column of the same Ag
bound to Sepharose. Some antibodies were labeled with Sulfo-NHS-LC-biotin (Pierce), or
Alexa Fluor 647 (Molecular Probes). PerCP- or PE-anti-CD8, biotin-anti-Ly6C, biotin-anti-
CD44, APC-anti-CD62L, FITC-anti-I-AP, PE-anti-CD19, FITC-anti-CD4, PE-anti-Thy1.2,
anti-TCR V8.1/8.2, FITC-anti-CD45.2, streptavidin-PE and streptavidin-PerCP were
purchased from BD Biosciences. gp33-41 peptide from LCMV gp (sequence KAVYNFATM)
was a gift of Joel Collier (University of Chicago).

Recombinant mouse 1L-4 was purchased from PeproTech.
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IL-4C

A long-acting formulation of IL-4 (IL-4C) was prepared by mixing IL-4 and BVD4-1D11 at
a 2:1 molar (1:6 weight) ratio, which was then diluted in 1% autologous mouse serum in saline
to the appropriate concentration for injection of mice. IL-4C has an in vivo half-life of ~24 h
(unlike IL-4, which has an in vivo half-life of a few minutes) and slowly dissociates to maintain
high IL-4 levels for 3-5 days (25). IL-4C does not fix complement or bind avidly to low affinity
IgG receptors, because it contains a single 1IgG molecule. Neither can it bind to IL-4Rs
(BVD4-1D11 is a blocking mAb). Studies in many experimental systems demonstrate that
IL-4C has no effects in IL-4Ra-deficient mice and that all effects of IL-4C can be replicated
by frequent injections of larger amounts of IL-4 (26-29).

Cell Sorting

Single cell suspensions were negatively sorted for CD8" cells with a Milteny Biotec
autoMACS; then positively sorted for either CD8" cells or for CD44!oWLy6C!oWCD8* cells
with a BD FACSVantage.

Carboxyfluorescein diacetate, succinimidyl ester (CFSE) labeling

Single cell suspensions of cells at 20 x 10%/ml in PBS were mixed with an equal volume of 2.5
pM/ml CFSE in PBS (Molecular Probes). Cells were incubated for 5 minutes at room
temperature in the dark. Labeling was stopped by addition of FBS and cells were washed twice
with PBS.

In vivo 5-bromo-2'-deoxyuridine (BrdU) labeling

Mice were injected i.p. 24 and 16 hr prior to staining, unless stated otherwise, with 0.2 ml of
a 3 mg/ml solution of BrdU (Sigma).

Cultures

CFSE-labeled spleen cells were cultured at 10 x 10° cells/ml with or without IL-4 (20 ng/ml).
ToPro3 (Molecular Probes) was used to gate out dead cells.

Immunofluorescence staining

Cells were stained for 30 min on ice with 1 ug each of appropriately labeled Abs. All staining
was performed in the presence of 1 ug of unlabeled anti-mouse FcyRII/III mAb (24G2).
Samples were stained for BrdU incorporation using instructions provided by BD Pharmingen
in staining kit 559619. All samples were analyzed on a FACSCalibur equipped with a red diode
laser (Becton Dickinson). Data analysis was performed with CellQuest software (BD). Light
scatter gates were set to exclude most nonlymphoid cells and cells that had died before fixation
except in the cases where ToPro3 exclusion was used to gate out dead cells.

Parasite inoculation

Mice were inoculated with 500 infective N. brasiliensis larvae (30) or 60-70 S. mansoni
cercariae (31).

Allergen inoculation

Anesthetized mice were inoculated intratracheally with 50 pl (125 pg) of house dust mite
antigen (Greer Labs) ond0, 6, 13 and 16. Mice were sacrificed ond 17 and BAL was performed.
Single cell suspensions of lung cells were prepared by librase digestion, followed by filtration
through a strainer and through nylon gause.
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Statistics
A 1-tailed t test was used to test the hypothesis that IL-4 was increasing T cell proliferation or
number. A 2-tailed t test was used when 2 groups were compared in the absence of a pre-
existing hypothesis. p values >.05 are reported as “not significant” (NS).

Results

Endogenously produced IL-4 contributes to T cell expansion during Th2 responses

Recent studies demonstrate that injection of mice with IL-4, in the form of IL-4/anti-IL-4 mADb
complexes, can stimulate CD8" T cells in unimmunized mice to proliferate (12). To determine
whether IL-4 generated during a Th2 immune response is sufficient to stimulate CD8* T cell
proliferation, we first investigated whether immunization with a T cell-dependent Ag, goat
anti-mouse IgD antiserum (GaMD), or inoculation with the nematode parasite,
Nippostrongylus brasiliensis, would have this effect. Mice were immunized with GaMD or
inoculated with N. brasiliensis because these stimuli induce strong Th2 responses in IL-4Ra-
deficient mice (32). Both GaMD immunization and N. brasiliensis inoculation induced
dramatic proliferation by wild-type, but not IL-4Ra-deficient donor CD8* T cells transferred
into IL-4Ra-deficient recipients, with ~10-fold greater accumulation of IL-4Ro™* than
IL-4Ro donor CD8* T cells in the GaMD system (Figures 1A and B). Much stronger splenic
CD8* T cell division (BrdU incorporation) and accumulation were also observed in S.
mansoni-infected wild-type mice than in IL-4- or IL-4Ra-deficient mice; the ~3-fold increase
in splenic CD8" T cell number observed in infected wild-type mice was entirely 1L-4 and
IL-4Ra-dependent (Figure 1C). This was true both for CD8* T cells that had expressed large
amounts of a marker for memory/activated CD8" cells, Ly6C (33,34) and for CD8* T cells
that expressed only low amounts of this marker.

Because pulmonary CD8* T cells contribute to airway hyperresponsiveness in a mouse model
of asthma (35), we also determined whether pulmonary CD8" T cell proliferation induced by
inhalation of dust mite allergen is IL-4-dependent. Because Stat6, which is activated by IL-4R
ligation (36—-38), is important for cell homing to the lungs during a Th2 response (39), we used
wild-type rather than IL-4Ra-deficient mice for this experiment. Intratracheal inoculation with
dust mite allergen was used to induce a strong pulmonary Th2 response before treating mice
with anti-1L-4Ra or control mAbs 2 d prior to terminating the experiment (Figure 1D, lower
panels). Results demonstrated that: 1) dust mite allergen inoculation increased DNA synthesis
(BrdU incorporation) by pulmonary T cells ~5-fold (Figure 1D, upper panel); and 2) anti-
IL-4Ra. mADb treatment significantly suppressed DNA synthesis (BrdU incorporation) by
CD8™* T cells in the lungs and bronchi, but did not significantly affect DNA synthesis by lung
CD4™* T cells or splenic CD4" or CD8™" T cells (Figure 1D, lower panels). Thus, endogenously
produced IL-4 can stimulate substantial CD8* T cell proliferation and accumulation during a
Th2 response.

IL-4 stimulates T cell proliferation in vivo but not in vitro

The above-described observations are consistent with previous reports of IL-4 stimulation or
enhancement of CD8* T cell proliferation in vivo (12,13), but seemed to contradict in vitro
studies that demonstrated that IL-4 enhances T cell survival (10,11) and TCR crosslinking-
dependent T cell proliferation (40), but fails to induce T cell proliferation in the absence of
additional stimuli. Our own results confirm the negative in vitro finding: IL-4 stimulation
initially induces a slight increase in T cell size (forward light scatter), but fails to induce cell
division (Figure 2A). Because of this apparent discrepancy we repeated in vivo studies in which
otherwise unstimulated mice are injected with recombinant IL-4 (12). Because IL-4 has a very
short in vivo half-life, we treated mice with a long-acting formulation of recombinant I1L-4
(IL-4/anti-1L-4 mAb complexes (IL-4C)) (25,41). IL-4C stimulated large increases in T cell
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size and DNA synthesis (CFSE dilution) in vivo. IL-4-driven proliferation was evident 2 d
after IL-4C injection and dramatic by d 3 (Figure 2B). IL-4C stimulated significant DNA
synthesis (BrdU incorporation) by CD4* T cells and considerably greater DNA synthesis by
CD8* T cells in 2-3 d (Figure 2C). Although the stimulatory effect of IL-4 was dose-related,
even 40 ng of IL-4 (as IL-4C), an amount that increases B cell class Il MHC expression less
than endogenously produced IL-4 in worm-infected mice (25,42), induced significant CD8*
T cell proliferation and accumulation (Figure 2D). Thus, physiological quantities of IL-4
induce CD8" T cell proliferation and accumulation in vivo and IL-4-induced T cell proliferation
must be co-stimulated by factors that are present only in vivo or blocked by inhibitors that are
present only in vitro.

IL-4 directly stimulates CD8" T cells to proliferate

This in vitro/in vivo difference suggested that IL-4 might stimulate in vivo T cell proliferation
indirectly. Both CFSE dilution and BrdU incorporation techniques were used to evaluate this
possibility. CFSE-labeled, purified CD8* T cells proliferated in response to IL-4C stimulation
when transferred into IL-4Ra-deficient mice and nearly doubled in number over 3 d (Figure
3A). Even more dramatic results were observed when unlabeled, purified IL-4Ra*CD8* T
cells were transferred into IL-4Ra-deficient mice that were then stimulated with IL-4C for 3
or 9 d (Figure 3B). Greater than 80% of the transferred CD8" T cells were synthesizing DNA
by d 2-3 and recovery of transferred cells was ~6-fold greater in IL-4C-treated mice than in
vehicle-treated mice at d 3. Donor cell number increased another 30—-40-fold during the next
6 d of IL-4C treatment. In contrast, IL-4C treatment had no effect on the IL-4Ra-deficient host
CD8™* T cells (Figure 3B) and stimulated proliferation by wild-type, but not IL-4Ra-deficient
CFSE-labeled CD8* T cells when both cell types were transferred into wild-type mice (Figure
3C). Thus, IL-4 directly stimulates CD8* T cells to proliferate and has no indirect mitogenic
effect on IL-4-unresponsive T cells.

Endogenously produced IL-4 can promote proliferation by bystander CD8* cells and
accumulation of antigen-activated CD8* T cells

The very large percentage of CD8* T cells that can be induced to incorporate BrdU by high
concentrations of 1L-4 suggested that this cytokine induces division by CD8* T cells that are
not being simultaneously stimulated by antigen (i.e., bystander cells). Relative effects of IL-4
on antigen-stimulated and bystander CD8* T cells could theoretically be evaluated by
transferring a mixture of antigen-specific TCR transgenic CD8* T cells and conventional
CD8™ T cells into recipient mice, immunizing these mice with an antigen that induces a Th2
response and is recognized by the transgenic TCR and comparing the responses of the TCR
transgenic and conventional T cells. This approach was impractical, however, because of the
non-availability of TCR transgenic CD8" T cells that bind a peptide derived from an antigen
that induces a Th2 response. Consequently, we required a more complex experimental protocol
(Figure 4A) to compare the effects of endogenously produced IL-4 on antigen-activated vs.
bystander CD8* T cells.

To do this, C57BL/6 IL-4Ra-deficient mice were inoculated with N. brasiliensis, which
stimulates a relatively normal Th2 response in these mice. At the time of worm inoculation or
6 d later, when IL-4 production becomes considerable, these mice were inoculated with spleen
cells that included 5 x 106 CD8* T cells, 95% of which were from B6.SJL Ptprc2 mice (C57BL/
6 background, CD45.1* Thy1.2%) and 5% of which were from P14 mice (C57BL/6 background,
VB8* TCR transgene specific for LCMV gp33-41, CD45.2* Thy1.1*). Both donor mouse
strains were IL-4Ra-sufficient. To determine the effects of IL-4 on the antigen-specific and
bystander donor CD8* T cells, mice were injected i.p. with 1 mg of a blocking anti-1L-4 mAb
(BVD4-1D11) or an isotype-matched control mAb (J1.2) on the day of worm inoculation and
3and 6 d later. All mice were inoculated with 75 ug of gp33-41 peptide 2 h after the transfer

J Immunol. Author manuscript; available in PMC 2010 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Morris et al.

Page 6

of donor cells, injected twice i.p. with BrdU 8 d after worm inoculation and sacrificed 1 d later.
Flow cytometry was used to differentiate donor gp33-41-specific T cells, which expressed
Thyl.1, CD45.2, and V8, from non-Ag-specific (bystander) donor cells (Thy 1.2,
CD45.1%) and host cells (Thy1.2* CD45.2%), and to determine the percentages of antigen-
specific and bystander cells that had divided (incorporated BrdU) during the 24 hr prior to
sacrifice.

Results of this experiment (Figure 4B) demonstrate that donor bystander CD8* T cells were
induced to divide by endogenously produced IL-4 regardless of whether they were infused 9
or 3 d prior to sacrifice, but increased in number (percent recovered from the spleen) only if
infused 9 d prior to sacrifice. Even then, the increase in number was quite small. gp33-41-
specific donor CD8* T cells were affected similarly to bystander CD8* T cells when infused
9 d prior to sacrifice, but proliferated to a much greater extent, with or without IL-4, when
infused 3 d prior to sacrifice. IL-4 affected the gp33-41-sepcific cells infused 3 d prior to
sacrifice, however, by substantially increasing the percent that was recovered from spleen.

The difference in donor antigen-specific CD8* cell recovery and BrdU incorporation when
these cells were administered 0 vs. 6 d after N. brasiliensis may reflect the short half-life of
the gp33-41 peptide, so that gp33-41-specific CD8* cells no longer were responding to this
antigen (and had mostly been eliminated) if inoculated, along with the peptide 9 d prior to
sacrifice. We also suspect that an IL-4 contribution to antigen-specific T cell BrdU
incorporation would have been observed had mice been administered a considerably lower
dose of GP33-41 peptide. However, at a minimum, these observations demonstrate that I1L-4
can induce bystander CD8" T cell division and, under some circumstances, contribute to the
accumulation of antigen-specific CD8" T cells.

IL-4 is a more potent mitogen for memory than naive CD8* cells

Because IL-4R is constitutively expressed on T cells (43), naive T cells might be able to
proliferate in response to IL-4. To test this, T cells, in two separate experiments, were sorted
into CD44!°Wy6C!oW (naive) and CD44N9hy6CNigh (effector/memory) populations (Figure
5A), or CD4419W|L-4R¢!%W (naive) and CD44N9N|L-4RaNi9N (effector/memory) populations
(Figure 5B), labeled with CFSE, and transferred into wild-type hosts that were then stimulated
for 3 d with vehicle or IL-4C. Donor cell recovery in host spleens was insufficient in both
experiments to clearly determine the average number of times donor cells had divided, even
when over 2 million spleen cells were analyzed from each mouse. In addition, inability to detect
cells that had divided > 2 times may have underestimated CFSE dilution in IL-4C-treated mice.
However, enough donor cells were recovered to demonstrate greater CFSE dilution of both
naive and memory phenotype donor cells when recipient mice where treated with IL-4C than
when they received saline (Figure 5A and B). Furthermore, evidence that CD44"9 and
CDA44!oW cells retained this phenotype after transfer and stimulation with I1L-4C for 3 days
(Figure 5C) demonstrated that this marker could be used to track cell division by IL-4C
stimulated naive and memory phenotype cells without having to perform cell transfer
experiments with sorted cells.

Based on this observation, we evaluated the effect of in vivo IL-4C stimulation on BrdU
incorporation by splenic CD441°WCD62LN9" (naive) and CD44MINCDE2L oW (effector
memory) CD8* T cells after 24 or 48 hr of in vivo stimulation with IL-4C. CD62L was used
as a second marker to help differentiate splenic naive vs. memory CD8* T cells because it, like
CD44, is not affected by IL-4 over a 3 day period, while in vivo IL-4C treatment upregulates
IL-4Ra expression and downregulates Ly6C expression (data not shown). IL-4 induced greater
and more rapid proliferation by the effector memory phenotype cells than the naive phenotype
cells, but some naive phenotype cells were proliferating by 48 hrs (Figure 5D). Thus, IL-4 can
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stimulate DNA synthesis by naive CD8* T cells, but is a more potent mitogen for memory
CD8" cells.

T cell development in the absence of IL-4 does not prevent IL-4 responsiveness

The greater proliferation of IL-4Ra-sufficient than IL-4Ro-deficient CD8* T cells during Th2
responses might result from abnormal T cell development in the absence of IL-4, from the
failure of IL-4Ra-deficient T cells to respond to IL-4 produced during the Th2 response, or
from both effects. To evaluate these possibilities, we compared proliferative responses by equal
numbers of donor CD8* T cells from BALB/c background wild-type, IL-4-deficient, and
IL-4Ra-deficient mice when transferred into GaMD-immunized IL-4Ra-deficient or wild-type
mice or S. mansoni-infected wild-type mice (Figure 6, panels A, B and C, respectively). Results
of these experiments demonstrate that CD8* T cells from IL-4-deficient mice resemble
CD8* T cells from wild-type more closely than IL-4Ra-deficient mice in their proliferative
responses. However, decreased accumulation of donor CD8* T cells from IL-4-deficient mice
when transferred into GaMD-immunized wild-type mice (Figure 6A) and a trend towards less
proliferation of CD8* T cells from IL-4-deficient than wild-type mice is all 3 experiments
suggest that developmental effects of IL-4 on CD8* T cells may also increase their
responsiveness to IL-4 during a Th2 response.

IL-4-activated CD8* T cells become IL-4-dependent

T cells activated in vivo by IL-4 might stay activated, die, or revert to a resting state once
exposure to IL-4 terminates. To distinguish among these possibilities, cells from wild-type
mice were transferred into IL-4Ra-deficient mice, which were then stimulated with 1L-4C for
5 d. Spleen cells from these IL-4C-stimulated mice were labeled with CFSE and cultured with
or without IL-4. IL-4Ra* (donor) CD8™ T cells from these mice continued to proliferate ex
vivo in the presence of IL-4, albeit less rapidly than in vivo, but died in the absence of IL-4
(Figure 7, upper panel). In contrast, IL-4Ro~ (host) CD8" T cells survived to some extent ex
vivo and were not affected by IL-4 (Figure 7, lower panel). Thus, IL-4-activated CD8* T cells
die without continuing stimulation. Consistent results were observed in vivo when ongoing
IL-4-induced T cell proliferation and accumulation was blocked by anti-IL-4Ra mAb (not
shown).

IL-4-induced CD8™" T cell proliferation is IL-7- and IL-15-independent

IL-4C might independently activate CD8" T cells to proliferate in vivo or simply enhance the
mitogenicity of endogenous IL-7 or IL-15. To differentiate between these possibilities, we
compared the ability of IL-4C to stimulate proliferation by purified, CFSE-labeled CD8* wild-
type T cells that had been transferred into anti-IL-7 mAb-treated IL-15-deficient mice or
control mAb-treated wild-type mice. Both wild-type and IL-15-deficient mice were on a
C57BL/6 background. IL-4C induced donor CD8* T cells to divide in both conditions, although
somewhat greater cell division was seen in the presence of IL-7 and IL-15 (Figure 8). Thus,
IL-4: 1) stimulates proliferation by C57BL/6, as well as BALB/c CD8* T cells; and 2)
stimulates IL-7/1L-15-independent cell division, which can be enhanced by basal levels of IL-7
and/or 1L-15.

MHC class | is required for IL-4 to stimulate naive CD8* T cells to proliferate

To determine if IL-4 induction of CD8" T cell proliferation requires an interaction with MHC
class I, purified wild-type CD8* T cells were CFSE-labeled and transferred into C57BL/6
background wild-type or B,-microglobulin-deficient mice, which lack MHC class I, and treated
with IL-4C or vehicle for 3 d. Because IL-4C has a shorter half-life in f,-microglobulin-
deficient mice than in wild-type mice (44), the former hosts were injected with IL-4C twice a
day, while wild-type hosts were injected every other day. IL-4C induced considerably greater
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proliferation (Figure 9A), increase in cell size (9B) and recovery (9C) of donor CD8* T cells
in wild-type than in Bo-microglobulin-deficient hosts. Donor CD8" T cells that expressed large
amounts of Ly6C proliferated and increased in size more than Ly6C'°" CD8* T cells (Figures
9A and 9B). Ly6C'oW cells proliferated well in response to IL-4C in wild-type hosts but barely
proliferated in 3,-microglobulin-deficient hosts (Figure 9A). Differences in the responses of
Ly6C high and low cells reflected differences in the biological behavior of activated/memory
vs. naive cells, rather than an IL-4-induced increase in Ly6C expression; in fact, IL-4 treatment
decreases Ly6C expression in vivo (not shown). Consistent with this, the percentage of
Ly6Chigh CD8* T cells was not changed by IL-4C treatment in wild-type or B,-microglobulin-
deficient hosts (Figure 9D), even though DNA synthesis was greater for the Ly6CM9" cells. It
is also unlikely that differences in CD8* T cell responses in wild-type vs. B,-microglobulin-
deficient hosts reflect differences in IL-4C concentration, because host B cell class Il MHC
expression and CD4* T cell size increased similarly in response to IL-4C in both strains
(Figures 9E and 9F). Thus, MHC class | stimulation enhances IL-4-induced activation of both
naive and memory/activated CD8" T cells and is required for IL-4 to induce naive cells to
proliferate.

Discussion

Our observations demonstrate that IL-4 has substantial nonredundant mitogenic effects on
CD8* T cells in vivo. IL-4 has been shown previously to promote CD8* T cell growth and
differentiation (45); IL-4 produced by invariant NKT cells in response to a synthetic ligand
has been shown to enhance CD8" T cell proliferation during homeostatic expansion (13) and
exogenous IL-4 has been shown to induce CD8* T cell proliferation in otherwise unstimulated
mice (12). However, it has not previously been shown that endogenously produced IL-4
influences CD8* T cell growth during an immune response to a T dependent Ag or infectious
agent. We demonstrate that IL-4 produced during the course of a Th2 response is sufficient to
stimulate CD8* T cell proliferation. This was particularly clear when CFSE-labeled cells were
transferred into GaMD-stimulated wild-type mice 3 d after immunization. Donor IL-4Ra-
sufficient CD4* and CD8* T cells proliferated vigorously and increased >2-fold and >10-fold,
respectively, as compared to IL-4Ra-deficient donor cells, during the subsequent 3 d (the period
of strongest IL-4 production). Because GaMD is not a typical Ag, we also studied the effects
of IL-4 produced during N. brasiliensis infection on transferred T cells, the effects of IL-4
produced during S. mansoni infection on splenic T cells; and the effects of IL-4 produced in
response to dust mite allergen on pulmonary T cells. We again saw IL-4Ra- and I1L-4-dependent
stimulation of CD8* T cell proliferation. Although differences in responses made by wild-type
vs. IL-4Ra-deficient CD8* T cells in these systems might partially result from possible effects
of IL-4on CD8* T cell development, this appears to be less important than the ability to respond
to IL-4; CD8* T cells from IL-4-deficient mice proliferate to nearly the same extent as CD8*
T cells from wild-type mice when transferred into GaMD-immunized or S. mansoni-inoculated
wild-type mice.

Our evidence of IL-4 stimulatory effects on CD8* T cells in mouse models of allergic airway
disease is particularly intriguing. Recent studies by Gelfand and colleagues in a mouse model
of asthma demonstrate that airway hyperresponsiveness and allergic inflammation in this
model depend on IL-13 production by pulmonary CD8* T cells (35). It seems likely that IL-4
drives the CD8* T cell IL-13 response because repeated airway inoculation of mice with strong
allergens, such as dust mite fecal pellets or Ascaris pseudocoelomic fluid, induces a strong
pulmonary IL-4 response (46) that is required for induction of both pulmonary IL-13
production (F. Finkelman, unpublished data) and pulmonary CD8* T cell proliferation and
IL-4 promotes the differentiation of CD8* T cells into effector cells that secrete Th2 cytokines
47).
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Our observation that IL-4 promotes CD8* T cell proliferation during helminth infections raises
the possibility that T cell effects of this cytokine contribute to host protection against non-
helminthic pathogens. Indeed, development of CD8* effector memory cells is decreased in
IL-4- and IL-4Ra-deficient mice that have been inoculated with the malarial protozoan
Plasmodium berghei, and IL-4- and IL-4Ra-deficient mice that have recovered from a primary
P. berghei infection show increased susceptibility to a second infection with this parasite
(19,48). These defects in IL-4- and IL-4Ra-deficient mice have been traced to a direct
stimulatory effect of IL-4 on CD8" T cells in normal, P. berghei-infected mice during the first
few days after parasite inoculation. This early effect of IL-4 on CD8* T cell-dependent
immunity is consistent with observations that erythrocyte parasitemia is more persistent in
IL-4-deficient mice and Stat6-deficient mice during a primary infection with the related
parasite P. chabaudi (49).

Having demonstrated that endogenously produced IL-4 has biologically important stimulatory
effects on CD8* T cell responses to immune stimulation, we injected mice with 1L-4C to define
characteristics and mechanisms of I1L-4 stimulation of T cell proliferation and accumulation.
These studies reveal that the mitogenic effect of IL-4 on T cells is rapid and direct: it acts in <
24 hr, stimulates proliferation by purified IL-4Ra*CD8* T cells that had been transferred into
IL-4Ra-deficent hosts, and fails to stimulate proliferation by IL-4Ro~ CD8* T cells in wild-
type hosts. This is consistent with previous observations that T cells constitutively express the
type 1 IL-4R (43) and that other y.-related cytokines have prominent mitogenic effectson T
cells, with a greater effect on CD8* than CD4™ cells (50,51). The mitogenic effect of IL-4 is
enhanced by IL-7 and/or IL-15, the y¢-related cytokines most associated with T cell
proliferation and survival (1,4), but is still considerable in the simultaneous absence of both of
these cytokines. The mitogenic effect of IL-4 is greater on memory/activated CD8* T than on
naive, resting CD8* T cells, but it is dramatic even for the latter population in both BALB/c
and C57BL/6 background mice (Figures 5 and 9, respectively). An MHC class I-dependent
effect, presumably submitogenic CD8/TCR stimulation, contributes to IL-4 induction of
proliferation by both naive and memaory/effector cells and is particularly important for the
former population (Figure 9). Indeed, the importance of MHC class | for mitogenic effects of
IL-4 may be underestimated by our results, inasmuch as some MHC class I-dependent signaling
may have been induced in donor CD8* T cells by MHC class | present on those cells. MHC
class | potentiation of in vivo IL-4 mitogenicity may account for the failure of IL-4 to stimulate
T cell proliferation in vitro, where the intercellular contacts that may be required for MHC
class I-CD8/TCR interactions are likely to be less pronounced than they are in vivo.

Taken together, our observations alter appreciation of T cell homeostasis and expansion by
demonstrating that IL-4, like IL-15, has an important, non-redundant role that particularly
promotes CD8" T cell activation and memory. The IL-4 effect is important in infectious disease
and allergy and is mediated primarily by separate signaling pathways that promote DNA
synthesis and survival. A subsequent paper will present evidence that these rapid T cell
stimulatory effects of IL-4 are balanced by slower induction of a Stat6-dependent regulatory
pathway in which non-T cells suppress T cell proliferation and activated T cell survival.
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Figure 1. IL-4 produced during an immune response promotes CD8" T cell proliferation
A.BALB/c IL-4Ra-deficient mice were immunized with GaMD and injected i.v. 3 d later with
5 x 107 CFSE-labeled spleen cells from BALB/c wild-type or IL-4Ra-deficient mice. Axillary
lymph node cells from recipients sacrificed 3 d later were stained for CD4 and CD8 and
analyzed for numbers of CFSE* CD4* and CD8* cells and CFSE fluorescence. CFSE staining
histograms of cells from IL-4Ra-deficient mice are filled with grey; CFSE staining histograms
of cells from wild-type mice are unfilled. N = 4. * signifies p <.05 compared to cells from
IL-4Ra-deficient mice.

B. BALB/c IL-4Ra-deficient mice were left uninfected or were inoculated s.c. with 500
Nippostrongylus brasiliensis third-stage larvae on d 0 and injected i.v. on d 6 (when strong
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IL-4 secretion is first observed) with 5 x 107 CFSE-labeled spleen cells from BALB/c wild-
type or IL-4Ra-deficient mice. Mesenteric lymph node cells from recipients sacrificed 3 d later
were stained for CD8 and analyzed for numbers of CFSE* CD8* cells and their CFSE
fluorescence. CFSE staining histograms of donor cells from IL-4Ra-deficient mice are filled
with grey; CFSE staining histograms of donor cells from wild-type mice are unfilled. N = 3—
4. * signifies p <.05 compared to cells from IL-4Ra-deficient mice.

C. Wild-type, IL-4-deficient, and IL-4Ra-deficient mice were inoculated with S. mansoni and
injected twice with BrdU 7.5 wk later. Spleen cells obtained 1 d after that were stained for
CD4, CD8, Ly6C and BrdU and analyzed for numbers of CD4*, CD8*Ly6C'°W and
CD8*Ly6CM9" cells and the percent of each cell type that had incorporated BrdU. N = 3-4; *
signifies p <.05 compared to cells from wild-type mice.

D. Upper panel: BALB/c mice were inoculated i.t. on d 0, 6, 13, and 16 with saline or house
dust mite Ag and injected twice with BrdU on d 16. BAL and lung lymphoid cells obtained 1
d later were stained for CD4, CD8 and BrdU and analyzed to determine percentages of
CD4* and CD8* cells that had incorporated BrdU. N = 5; * signifies p <.05 compared to cells
from saline-treated mice.

Lower panel: BALB/c mice were inoculated i.t. with saline or Ag as in the upper panel, injected
with anti-1L-4Ra. mAb or control mAb on d 15, and pulsed twice with BrdU on d 16. Spleen,
BAL and lung cells obtained 1 d later were stained for CD4, CD8 and BrdU and analyzed for
percentages of CD4" and CD8" T cells that had incorporated BrdU. N = 5; * signifies p <.05
compared to cells from control mAb-treated mice.
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Figure 2. IL-4 induces T cell proliferation in vivo but not in vitro
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A. CFSE-labeled BALBI/c spleen cells were cultured with or without IL-4. Cells were stained
for CD8 after 1 or 3 d of culture and analyzed for CFSE fluorescence and forward light scatter.
Similar results were obtained when cultures were supplemented daily with IL-4 (not shown).
B. 5.7 x 107 CFSE-labeled BALB/c spleen cells were transferred into recipient BALB/c mice,
which were then injected i.p. every other day with vehicle or IL-4C (5 pg 1L-4/30 pg anti-

mouse 1L-4 mADb) in vehicle. Spleen cells from recipient mice sacrificed 1, 2 or 3 d after cell
transfer were analyzed for number of CD8" CFSE™ cells and CD8* T cell CFSE fluorescence.
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C. BALB/c mice were injected i.p. on d 0 and 2 with vehicle or IL-4C as in “B” and twice with
BrdU on d 2. Spleen cells obtained on d 3 were stained for CD4, CD8, and BrdU and analyzed
for BrdU staining on CD4* and CD8* cells.

D. BALB/c IL-4Ro-deficient mice were injected i.v. with 5.3 x 108 (left panels) or 5.0 x 106
(right panels) CFSE-labeled wild-type BALB/c spleen cells. Recipients were also injected i.p.
every other day with vehicle or IL-4C (0.04/0.24 g (left panels) or 0.2/1.2 ug (right panels)).
Spleen cells from recipient mice sacrificed 5 d after cell transfer were stained for CD8 and
IL-4Ra and analyzed by flow cytometry for numbers of CD8*IL-4Ra* cells and CFSE
fluorescence. N = 4-5; * signifies p <.05 compared to cells from vehicle-treated mice.
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Figure 3. IL-4 acts directly on CD8" T cells to induce proliferation and accumulation

A. BALB/c IL-4Ra-deficient mice were injected i.v. with 1.6 x 108 CFSE-labeled purified
wild-type BALB/c splenic CD8* cells, then injected i.p. every other day with vehicle or IL-4C
(10 pg 1L-4/60 ng anti-1L-4). Spleen cells obtained from recipient mice 3 d after cell transfer
were stained for CD8, CD4 and IL-4Ra and analyzed for number and CFSE fluorescence of
CD8*IL-4Ra* cells. N = 4; * signifies p <.05 compared to cells from vehicle-treated mice.
B. BALB/c IL-4Ra-deficient mice were injected i.v. with 4 x 106 purified wild-type BALB/c
splenic CD8" cells on d 0, i.v. with anti-CD4 mAb on d 0 and 6; i.p. every other day with
vehicle or IL-4C (10/60); and twice i.p. 1 d prior to sacrifice with BrdU. Spleen cells from
recipient mice sacrificed 3 or 9 d after cell transfer were stained for IL-4Ro, CD8, and BrdU
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and analyzed for number and BrdU staining of CD8*IL-4Ra™* (donor) and CD8*IL-4Ra~ (host)
cells. Histograms are of cells from mice sacrificed 3 d after cell transfer. N = 3—4; * signifies
p <.05 compared to cells from vehicle-treated mice.

C. Wild-type BALB/c mice were injected i.v. on d 0 with 4 x 10’ CFSE-labeled wild-type or
IL-4Ra-deficient splenic cells and injected i.p. every other day with vehicle or IL-4C (5/30).
Spleen cells from mice sacrificed 3 d after cell transfer were stained for CD8 and IL-4Ra and
analyzed for CFSE staining and number of donor CD8*IL-4Ra* and IL-4Ra™ cells. N = 4-5;
* signifies p <.05 compared to cells from vehicle-treated mice.
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Figure 4. Endogenously produced IL-4 enhances bystander CD8" T cell proliferation and antigen-
specific CD8* T cell accumulation

C57BL/6 IL-4Ra-deficient mice were inoculated with N. brasiliensis infective larvae on d 0
and injected i.v. with spleen cells that included 4.75 x 108 B6.SJL Ptprc? CD8* and 2.5 x
10° P14 TCR transgenic CD8" T cells on d 0 or d 6. All donor cells were IL-4Ra-sufficient.
All mice were injected i.v. with 75 pg of peptide GP33-41 2 hours after cell transfer. Mice
were also injected i.p. ond 0, 3, and 6 with 1 mg of BVD4-1D11 anti-IL-4 mAb or J1.2 isotype
control mAb. Mice were injected twice i.p. with BrdU on d 8 and sacrificed on d 9. Cells were
stained for Thy1.1 and TCR V[8.1/8.2 to identify donor bystander and antigen-specific
CD8* T cells and for BrdU to identify cells that had synthesized DNA on the day prior to
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sacrifice. N = 4; * signifies p<0.05. The experimental protocol is diagramed in A, with results
shown in B.
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Figure 5. In vivo IL-4 activation of naive and activated/memory CD8* T cells

A. CD44low|y6Clow (naive) and CD44N9NLyeChigh (effector/memory) wild-type BALB/c
CD8" spleen cells were purified by sequential magnetic and electronic cell sorting and CFSE-
labeled. Wild-type BALB/c mice were injected i.v. with 7 x 10° of these cells and injected i.p.
every other day with vehicle or IL-4C (5/30). Spleen cells from recipient mice sacrificed 3 d
after cell transfer were stained for CD8 and analyzed for CFSE on CD8*CFSE™ cells. Mean
CFSE fluorescence was determined for the entire population of CFSE* CD8* cells and for
CFSE™ CD8™ cells that had the highest CFSE fluorescence. Percent CFSE dilution was
determined by dividing the first number by the second. N = 4; * signifies p <.05 compared to
cells from vehicle-treated mice.
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B. BALB/c wild-type CD8" T cells were sorted into CD44!W|L-4Ro!W (naive) and
CDA44Nig|_-4RaN9N (effector/memory) populations, labeled with CFSE and transferred into
BALB/c IL-4Ra-deficient mice, which were then injected every other day with vehicle or
IL-4C (5/30). Spleen cells from recipient mice sacrificed 3 d after cell transfer were stained
for CD8 and analyzed for CFSE and CD44 on CD8*CFSE™" cells. CFSE dilution was
determined as in “A.” N = 4; * signifies p <.05 compared to cells from vehicle-treated mice.
C. CD44 median fluorescence intensity was determined for CFSE* CD8" spleen cells from
mice in the experiment described in “B” that had been infused with purified
CD4419W|_-4Ra!oW or CD44N9N|_-4RaN9" CD8* CFSE-labeled spleen cells and treated with
vehicle or IL-4C.

D. BALB/c mice were treated with vehicle or IL-4C (5/30) for 24 or 48 hr and pulsed with
BrdU for 4 hr prior to sacrifice. Spleen cells were prepared, counted and stained for CD8, CD44
and CD62L. BrdU incorporation was determined for CD8* T cells from each of the 4
populations shown. N = 4; * signifies p <.05 compared to the same cell population from vehicle-
treated mice.
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Figure 6.

CD8™ T cells from IL-4-deficient mice proliferate in response to endogenously produced
IL-4.A. BALB/c congenic mice that express Thy 1.1 (4/gp) were immunized i.p. with 0.2 ml
of saline or GaMD on d 0, boosted i.p. with 0.2 ml of saline or GaKLH on d 3, injected with
spleen cells from wild-type, IL-4Ra-deficient, or IL-4-deficient BALB/c donors that contained
4.5 % 108 CD8* T cells on d 4, injected twice with BrdU on d 6, and sacrificed on d 7. Number
and BrdU incorporation by donor (Thy1.2) splenic CD8" T cells were determined by Coulter
counting and flow cytometry. An asterisk indicated a significant response to GaMD/GaKLH
compared to CD8* T cells from GaMD/GaKLH-treated IL-4Ra-deficient mice in this
experiment. Asterisks in the experiments shown in panels B and C similar indicate significant
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responses to GaMD or S. mansoni infection, respectively, by T cells from wild-type or I1L-4-
deficient mice as compared to T cells from IL-4Ra-deficient mice.

B. BALB/c IL-4Ra-deficient mice were immunized s.c. with GaMD on d 0 and injected with
equal numbers of CFSE-labeled spleen cells from BALB/c wild-type, IL-4Ra-deficient, or
IL-4-deficient mice on d 3 and sacrificed on d6. Numbers and proliferation indices (average
number of cell divisions) of donor CD8* T cells were determined by Coulter counting and flow
cytometry.

C. BALBI/c congenic mice that express Thy 1.1 were left untreated (n = 6) or inoculated with
60-70 S. mansoni cercaria on d 0 (n = 8) and injected with spleen cells from wild-type,
IL-4Ra-deficient, or IL-4-deficient BALB/c donors that contained 3.5 x 106 CD8* T cells on
d 39, injected twice with BrdU on d 52, and sacrificed on d 53. Number and BrdU incorporation
by donor (Thy1.2) splenic CD8* T cells were determined by Coulter counting and flow
cytometry.
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Figure 7. IL-4-activated CD8" T cells become IL-4-dependent

BALB/c IL-4Ra-deficient mice were injected with 75 x 10° spleen cells from wild-type BALB/
¢ mice on d 0 and injected with IL-4C that contained 5 pg of IL-4 ond 0, 2 and 4. Mice were
sacrificed on d 5 and their spleen cells were labeled with CFSE and cultured at 107 cells/ml
with or without 20 ng/ml of IL-4. Cells were harvested 3 d later, stained for CD8 and

IL-4Ra and with To-Pro 3 (to identify dead cells). Stained cells were analyzed by flow
cytometry for fluorescence intensity of CFSE on living IL-4Ra* (donor) and IL-4Ra™ (host)
cells. Results for IL-4Ra* cells are shown in the upper panel; for IL-4Ra™ cells in the lower
panel.

J Immunol. Author manuscript; available in PMC 2010 February 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Morris et al.

@ IL-7/15-Sufficient, Vehicle
O IL-7/15-Sufficient, IL-4C
M IL-7/15-Deficient, Vehicle
] IL-7/15-Deficient, IL-4C

@
o
-
X
Q. 10 -
2
L)
©
(@]
o 17
(=
(@]
}
)
5
0.1 T T 1
= 0 1 2 3
Number of Divisions
H No IL-4C
+ M+ IL-4C
IL-7/157 - ¥
IL-7/15" - .
0 5 10 15

Donor CD8" Spleen Cells x 10

Figure 8. IL-4-induced CD8™" T cell proliferation is IL-7- and 1L-15-independent
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C57BL/6 CD8* spleen cells were purified and labeled with CFSE. 1.75 x 10 of these cells

were transferred into either C57BL/6 wild-type mice that had been injected 24 hr earlier with
3 mg of control mAb or C57BL/6 IL-15-deficient mice that had been injected 24 hr earlier with
3 mg of anti-IL-7 mAb. Recipient mice were injected on the day of cell transfer and 2 d later
with vehicle or IL-4C (5/30) and also received a second dose of control mAb or anti-IL-7 mAb
2 d after cell transfer. Spleen cells from recipients sacrificed 3 d after cell transfer were stained

for CD4 and CD8 and analyzed to determine number of CD8*CFSE™ cells and CFSE

fluorescence intensity, which was then used to determine number of cell divisions. N = 3—4;
* indicated p <.05 compared to CD8* T cells from the same mouse strain that received the

same treatment by received no IL-4C.
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Figure 9. MHC class | stimulation contributes to the CD8* T cell response to I1L-4

2.4 x 106 CFSE-labeled purified CD8* T cells were transferred into C57BL/6 wild-type mice,
which were then injected i.p. every other day with vehicle or IL-4C (5/30), or into C57BL/6
Bo-microglobulin-deficient mice, which were then injected twice daily with vehicle or IL-4C
(5/30). Mice were sacrificed 3 d after cell transfer and their cells were stained for CD4, CD8,
Ly6C, B220, CD19 and/or I-AP and analyzed for percent of CFSE™* cells that were
CD8*Ly6C!oW or CD8*Ly6ChIIN. N = 4.

A. Proliferation index (average number of cell divisions) of donor CD8* cells recovered from
recipient spleens. * indicates p < .05 as compared to the same cell population from vehicle-
treated mice in all panels in this figure. B. Median forward light scatter of donor CD8* T cells.
C. Number of donor (CFSE*) CD8* cells recovered from host spleens. D. Percent of donor
CFSE*CD8" cells that were Ly6Chidh. Differences between vehicle- and IL-4C-treated mice
were insignificant. E. Host B cell median MHC class Il expression. Differences between wild-
type and f,-microglobulin-deficient mice were insignificant in this panel and panel F. F. Host
CD4* T cell median forward light scatter.
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