Al

Journals.ASM.org

IL-27 Receptor Signaling Regulates Memory CD4™" T Cell Populations
and Suppresses Rapid Inflammatory Responses during Secondary
Malaria Infection
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Interleukin-27 (IL-27) is known to control primary CD4™" T cell responses during a variety of different infections, but its role in
regulating memory CD4" T responses has not been investigated in any model. In this study, we have examined the functional
importance of IL-27 receptor (IL-27R) signaling in regulating the formation and maintenance of memory CD4* T cells following
malaria infection and in controlling their subsequent reactivation during secondary parasite challenge. We demonstrate that
although the primary effector/memory CD4™" T cell response was greater in IL-27R-deficient (WSX-1~"") mice following Plas-
modium berghei NK65 infection than in wild-type (WT) mice, there were no significant differences in the size of the maintained
memory CD4* T population(s) at 20 weeks postinfection in the spleen, liver, or bone marrow of WSX-1~'~ mice compared with
WT mice. However, the composition of the memory CD4* T cell pool was slightly altered in WSX-1"/" mice following clearance
of primary malaria infection, with elevated numbers of late effector memory CD4* T cells in the spleen and liver and increased
production of IL-2 in the spleen. Crucially, WSX-1~'~ mice displayed significantly enhanced parasite control compared with WT
mice following rechallenge with homologous malaria parasites. Improved parasite control in WSX-1"'~ mice during secondary
infection was associated with elevated systemic production of multiple inflammatory innate and adaptive cytokines and ex-
tremely rapid proliferation of antigen-experienced T cells in the liver. These data are the first to demonstrate that IL-27R signal-

ing plays a role in regulating the magnitude and quality of secondary immune responses during rechallenge infections.

Interleukin-27 (IL-27) plays a critical role in suppressing the de-
velopment of pathogenic CD4™" T cells in a number of inflam-
matory conditions, including malaria, Toxoplasma gondii, Leish-
mania major, and Trypanosoma cruzi infections (1-5). IL-27 has
been shown to limit Th1, Th2,and Th17 responses in vivo (3, 6-9),
and as a consequence, large numbers of activated CD4™ T cells
accumulate at the site of inflammation during primary infection
in TL-27 receptor (IL-27R)-deficient (WSX-1""") mice, leading to
the onset of CD4™ T cell-dependent immunopathology (1, 10, 11).

Despite the major role for WSX-1 in controlling immune re-
sponses during primary infections, to date, the role of IL-27 in
controlling the development, maintenance, and reactivation of
memory T cell responses has not been examined. This is surpris-
ing, as it is now clear that the programming and development of
memory T cell populations are governed by the nature of antigen-
presenting cell (APC) and antigen interactions and the repertoire
and strength of cytokine signals experienced by CD4™ T cells dur-
ing primary antigenic exposure. For example, extreme competi-
tion for major histocompatibility complex class II (MHC-II)-an-
tigen interactions among large numbers of naive precursor CD4™
T cells leads to reduced generation of memory T cells, as do very
low levels of antigen (12, 13). However, CD4" T cells that are
primed rapidly by newly activated dendritic cell (DC) populations
expressing high levels of MHC-II-peptide complexes within in-
flamed lymph nodes have also been shown to preferentially de-
velop into effector or effector memory CD4" T cells, whereas
those that interact with conditioned DCs expressing lower levels
of MHC-II-peptide complexes under competition with other T
cells develop into central memory CD4™ T cells (14, 15).
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While differential sensitivity to IL-2 through CD25 signaling
does not discriminate CD4™" T cells that become short-lived effec-
tor cells versus memory cells, as is the case with CD8™ T cells, the
magnitude of cell-intrinsic CD25 signaling does qualitatively
modulate the memory CD4™ T cell compartment. Thus, high lev-
els of cell-intrinsic IL-2R signaling coupled with high T-bet ex-
pression and suppression of Bcl6 and CXCR5 promote the gener-
ation of T effector memory cells, whereas low levels of IL-2R
signaling repress T-bet expression and, concomitant with the up-
regulation of BCL-6 and CXCRS5, orchestrate differentiation of T
central memory cells (16). Nevertheless, it was also recently sug-
gested that effector CD4™ T cells expressing reduced levels of T-
bet and Ly6C preferentially differentiate into long-lived memory
CD4" T cells (17). IL-2 is considered essential for the survival of
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memory CD4™ T cells (reviewed in reference 18), owing to its
ability to promote expression of CD127, which is critically re-
quired for the maintenance of memory CD4™" T cells (reviewed in
reference 19). A role for direct gamma interferon (IFN-v) signals
in inducing conversion of effector cells into memory CD4 ™ T cells
has also been suggested (20). As the pathogen load is lower in
WSX-1""" than in wild-type (WT) mice during primary infection
with a number of different pathogens, but levels of IL-2, IFN-,
and IL-12 are, in general, increased (1, 2), we hypothesized that
WSX-1 signaling may play a major role in controlling the estab-
lishment of memory CD4" T cells during infection and subse-
quently affecting their reactivation following secondary infection.

In this study, we have investigated the role of IL-27 in shaping
memory CD4™ T cell responses following infection using Plasmo-
dium berghei NK65 as a model proinflammatory infection. We
have previously shown the important role of WSX-1 signaling in
regulating the development of Th1 responses during primary ma-
laria infection (1, 9). Of relevance, the signals that control memory
CD4™ T cell development, maintenance, and function during ma-
laria infection are, at present, poorly defined, and there remains
significant debate regarding whether malaria-induced memory
CD4™" T cell responses are defective (21, 22). We show that fol-
lowing drug clearance of primary malaria infection, there are sub-
tle differences in the phenotype and function of memory CD4* T
cell populations in IL-27R ™/~ mice. Importantly, we also demon-
strate that WSX-1""" mice develop significantly decreased para-
site burdens compared with WT mice following parasite rechal-
lenge, but despite this, they exhibit increased weight loss.
WSX-1"'" mice develop rapid and exaggerated proinflammatory
immune responses following reinfection with homologous para-
sites, associated with significantly increased IFN-vy production by
antigen-experienced CD4 ™" T cells. These data are the first to iden-
tify a role for IL-27 in modulating the development, maintenance,
and reactivation of memory CD4" T cells during infection and
increase our understanding of the factors that influence the mem-
ory CD4™ T cell molecular program.

MATERIALS AND METHODS

Mice and parasites. C57BL/6 mice were purchased from Harlan UK.
Breeding pairs of IL-27R-deficient (WSX-1"") mice on a C57BL/6 back-
ground (23) were provided by Amgen, Inc. (Thousand Oaks, CA, USA).
Animals were maintained under barrier conditions in individually venti-
lated cages. Cryopreserved P. berghei NK65 parasites were passaged once
through C57BL/6 mice before being used to infect experimental animals.

Six- to ten-week-old mice were infected by intravenous injection of
10* parasitized red blood cells (pRBCs). The course of infection was mon-
itored by measuring weight loss and peripheral parasitemia every second
day. Parasitemia was assessed by examination of Giemsa-stained thin
blood smears. On days 8 to 12 of infection, mice were treated intraperito-
neally (i.p.) with 15 mg of chloroquine/kg of body weight (Sigma UK) in
phosphate-buffered saline (PBS), after which no parasites were visible in
the blood. Blood was checked twice a week for reemergence of parasites
until the termination of experiments at 2, 4, 8, or 20 weeks postinfection
(p-i.).

In some experiments, mice were reinfected by intravenous injection of
10° parasitized red blood cells at 20 weeks p.i. The course of infection was
monitored by assessing weight loss, and thin blood smears were per-
formed daily until termination of the experiment at 3 or 7 days postchal-
lenge.

Preparation of tissues. Blood was obtained by cardiac puncture and
spun at 7,870 X g for 8 min, and serum was removed and stored at —80°C.

Single-cell suspensions of spleen and liver were prepared by homoge-
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nization with a 70-pm cell strainer (BD Biosciences). Red blood cells
(RBCs) were lysed by using RBC lysis buffer (BD Biosciences). Leukocytes
were enriched from liver homogenates by resuspension of the cell pellets
in a solution containing 32% Percoll-3% 10X PBS—65% Hanks balanced
salt solution (HBSS) and centrifugation at 600 X g for 10 min. Floating
hepatocytes were removed, and the cell pellet was collected. To obtain
bone marrow cells, femurs were cleaned, the ends were snipped off, and
the bone marrow was flushed out with 1 ml of HBSS. The resulting cell
suspension was passed several times through a 25-gauge needle. Absolute
cell numbers were calculated by microscopy using a hemocytometer, and
live/dead cells were differentiated by trypan blue exclusion.

Flow cytometry. Phenotypic characterization of cell populations was
performed by surface staining with anti-mouse CD4 (clone GK1.5), anti-
mouse CD8 (53-6.7), anti-mouse CD44 (IM7), anti-mouse CD62L
(MEL-14), anti-mouse KLRG1 (2F1), anti-mouse CCR7 (4B12), anti-
mouse CD27 (LG.7F9), and anti-mouse CD127 (A7R34), according to
previously reported protocols (1, 24). For intracellular staining of T-bet
(4B10), Gata3 (TWAJ), and Foxp3 (FJK-16S), cells were first stained with
antibodies to surface markers, washed, and permeabilized by overnight
incubation with the Foxp3 fixation/permeabilization buffer (eBiosci-
ence). The cells were then washed and incubated for 30 min with antibod-
ies against the intracellular targets. All antibodies were purchased from
eBioscience or BD Biosciences.

Intracellular staining of IFN-y (XMG1.2), tumor necrosis factor
(TNF) (MP6-XT22), and IL-4 (11B11) was performed by incubating 1 X
10° cells for 4 h at 37°C with 200 ng/ml phorbol myristate acetate (PMA)
(Sigma UK) and 1 pg/mlionomycin (Sigma UK) in the presence of brefel-
din A (eBioscience). Cells were then stained according to the intracellular
protocol described above. All flow cytometry acquisition was performed
by using an LSR I instrument (BD Systems, United Kingdom). All anal-
yses were performed by using Flowjo software (Treestar, Inc., OR, USA).
Flow cytometry controls included antibody titrations, single-stained and
unstained samples, and fluorescence-minus-one (FMO) controls.

Quantification of plasma cytokines. Cytometric bead arrays were
used to assess cytokine concentrations in the serum. Beads and buffers to
detect IL-1a, IL-12p70, IL-2, IL-10, IL-1A, IFN-vy, and TNF were pur-
chased from BD Biosciences and used according to the manufacturer’s
instructions.

Malaria-specific antibody ELISA. Malaria pRBC lysate was prepared
by purifying mature pRBC trophozoites/schizonts by positive selection
using LD columns (Miltenyi), followed by three cycles of freeze-thawing
and sonication (10 times for 30 s). Ninety-six-well microtiter plates were
coated overnight at 4°C with pRBC lysate antigen at a concentration of 1
pg/ml. To quantify antibody levels, plasma samples were added at an
initial 1:100 dilution, followed by 5X serial dilutions. Reciprocal endpoint
titers were calculated as the final dilution before antibody levels reached a
plateau. The capture enzyme-linked immunosorbent assay (ELISA) was
performed as previously described (25).

Real-time PCR. IL-2, IL-7, IL-15, and IFN-y mRNA levels were quan-
tified by real-time PCR (TagMan), using validated gene expression assays
from ABI Biosystems (Warrington, United Kingdom). RNA was extracted
(RNeasy kit; Qiagen) and DNase I treated (ABI, Austin, TX), and cDNA
was synthesized. cDNA expression was standardized by using the house-
keeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or
B-actin. Cycling conditions were as follows: initialization for 2 min at
50°C and 10 min at 95°C, followed by 40 cycles of 15 s at 95°C and 1 min
at 60°C.

Histology. To examine splenic and hepatic architecture and pathol-
ogy, tissues were removed from mice and placed into 10% Formol saline.
Preserved samples were then sectioned and stained with hematoxylin and
eosin (H&E). The presence of necrosis, inflamed and damaged blood
vessels (including occluded vessels), and disrupted architecture was then
examined by microscopy (X20 magnification).

Statistics. The normality of data was tested by using the D’Agostino-
Pearson omnibus normality test. For comparisons between 2 groups, sta-
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FIG 1 WSX-1 signaling positively and negatively regulates recovery from primary malaria infection. WT and WSX-1""" mice were infected with 10* P. berghei
NK65 pRBCs on day 0 and treated with chloroquine on days 8 to 12. (A and B) The course of infection was monitored by measuring parasitemia in peripheral
thin blood smears (arrows indicate chloroquine dosing) (A) and weight loss (monitored until animals regained their original starting weight) (B). (C and D) The
numbers of activated (CD44 ") CD4 " T cells were enumerated in the liver (C) and spleen (D) at 2, 4, 8, and 20 weeks postinfection. Results are representative of
two separate experiments with 4 to 5 mice per group (*, P < 0.05 between WT and WSX-1""" mice).

tistical significance was determined by using either a ¢ test or Mann-Whit-
ney test, depending on the normality of the data. All statistical analyses
were performed by using Graphpad Prism. In all cases, results were clas-
sified as significantly different when the P value was <0.05.

RESULTS

Recovery from primary drug-cured malaria infection is largely
unimpaired in IL-27R™/~ mice. We have previously shown that
anomalous CD4" T cell responses develop in WSX-1"/" mice
during primary P. berghei NK65 infection, which leads to excessive
production of IFN-v, increased accumulation of effector CD4™ T
cells in nonlymphoid tissues, and resultant immunopathology (1,
9). To expand on these data and investigate the role of IL-27 in
controlling memory CD4™ T cell responses during infection, we
infected C57BL/6 (WT) and WSX-1"/" mice with P. berghei
NK65. As WSX-1"'" and WT mice normally succumb to P. ber-
ghei NK65 infection on day 14 and days 25 to 30 postinfection
(p-i.), respectively (1), mice were treated with chloroquine on days
8 to 12. This reduced the level of tissue pathology in WSX-1"/~
mice (results not shown) and allowed the mice to survive and
subsequently develop memory immune responses. Drug treat-
ment successfully cleared the infection (Fig. 1A). Interestingly,
WSX-1""" mice still lost significantly more weight than did wild-
type mice (Fig. 1B) during and after clearance of parasites, despite
displaying equivalent peripheral parasitemia prior to drug treat-
ment. Disruption of splenic architecture with significant expan-
sion of the white pulp was observed in WT and WSX-1"/" mice at
2 months postinfection but appeared to largely revert to normal in
both WT and WSX-1"'" mice by 20 weeks postinfection, al-
though hemozoin was still visible in the spleens of WT mice (re-
sults not shown). No gross pathology or inflammation was appar-
entin the livers of WT or WSX-1"'" mice at 2 months or 20 weeks
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postinfection, although there was some evidence of hemozoin or
bile pigment deposition at 20 weeks postinfection (results not
shown).

In agreement with previously reported data (1), significantly
higher numbers of activated (effector/memory) CD4* CD44™* T
cells were found in the livers of WSX-1~'" mice during the early
stages of infection (Fig. 1C). Significantly increased numbers of
CD4" CD44™ T cells were also observed in the spleen—the main
site of immunological priming during malaria infection (26)—of
WSX-1""" mice compared with WT mice (Fig. 1D). Following
successful drug treatment, the effector/memory CD4™ T cell pop-
ulations contracted, and the numbers of intrahepatic and splenic
CD4" CD44™" T cells were similar in WSX-1"/" and WT mice by
8 weeks and 20 weeks, respectively (Fig. 1C and D). Combined,
these results show that the exaggerated primary CD4" T cell re-
sponse generated in WSX-1""" mice during primary infection is
transient and does not persist long term postinfection.

Absence of WSX-1 signaling does not affect the generation of
Tem and Tcm CD4* T cell populations after a primary malaria
infection. To examine how WSX-1 signaling modulates the devel-
opment and maintenance of effector/memory CD4 ™ T cells dur-
ing infection, we first broadly subdivided the CD4™ CD44™" T cell
population identified in the spleen, liver, and bone marrow post-
parasite clearance into effector/effector memory (Tem) (CD44™"
CD62L7) and central memory (Tcm) (CD44" CD62L™) T cell
subsets (Fig. 2A). As expected, the frequencies and numbers of
effector/Tem CD4™" T cells increased significantly in the spleen,
liver, and bone marrow of WT and WSX-1"/" mice on weeks 2
and 4 postinfection, before contracting and stabilizing by week 20
postinfection (Fig. 2B to G). Only minor differences in the fre-
quencies of effector/Tem CD4™ T cells were observed in the tis-
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FIG 2 WSX-1 signaling does not play a major role in regulating the generation and maintenance of Tem and Tem CD4 ™ T cell populations after primary malaria
infection. WT and WSX-1""" mice were infected with 10* P. berghei NK65 pRBCs on day 0 and treated with chloroquine on days 8 to 12. At 0,2, 4, 8, and 20 weeks
p-i., spleen, liver, and bone marrow cells were removed. (A to G) Phenotypic characterization of naive (CD44~ CD62L™"), effector/effector memory (CD44™
CD62L"), and central memory (CD44™ CD62L") cells. (A) Representative plots demonstrating gating of cells within the spleen. (B to M) Frequencies (B to D
and H to J) and numbers (E to G and K to M) of effector/effector memory CD4™ T cells (B to G) and central memory CD4 ™" T cells (H to M) within the spleen
(B, E, H, and K), liver (C, F, 1, and L), and bone marrow (D, G, J, and M) of WT and WSX-1"'" mice postinfection. Results are representative of two separate
experiments with 4 to 5 mice per group (*, P < 0.05 between WT and WSX-1 ~/~ mice; #*, P < 0.01 between WT and WSX-1"'" mice).
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FIG 3 Lack of WSX-1 signaling leads to minor alterations in the memory CD4 ™ T cell compartment following resolution of primary malaria infection. WT and
WSX-1""" mice were infected with 10* P. berghei NK65 pRBCs on day 0 and treated with chloroquine on days 8 to 12. At 0, 2, 4, 8, and 20 weeks p.i., spleen, liver,
and bone marrow cells were removed. Shown is a detailed phenotypic characterization of memory CD4™ T cell subsets within the spleen of WT and WSX-17/~
mice at 20 weeks p.i. (A) Representative plots demonstrating the gating strategy of splenic CD4* T cells. (B to D) Contribution of each memory CD4™ T cell
subtype to the total CD4™ CD44™ T cell population within the spleen (B), liver (C), and bone marrow (D) of WT and WSX-1"/" mice at 20 weeks p.i. Results
are representative of two separate experiments with 4 to 5 mice per group (¥, P < 0.05 between WT and WSX-1"/" mice; ##, P < 0.01 between WT and

WSX-1"'" mice).

sues of WT and WSX-1"/" mice, but significantly higher numbers
of effector/Tem cells were observed in the spleen and liver of
WSX-1"" mice than in WT mice on week 4 and week 2, respec-
tively (Fig. 2B to G). The frequencies of Tem CD4™ T cells were
low in the spleen, liver, and bone marrow of uninfected WT and
WSX-1""" mice and declined significantly by week 2 p.i., most
probably due to the significant increase in the level of effector/
Tem cells at this time point. The frequencies of Tcm CD4 ™ T cells
returned to baseline levels quickly and, although relatively stable
within the spleen, were slightly variable between WT and WSX-
17/~ mice over time in the liver and bone marrow (Fig. 2H to J).
The kinetics of Tcm cell expansion and contraction differed be-
tween the various organs following infection, but there were only
minor differences in Tcm cell numbers between WT and WSX-
17" mice (Fig. 2K to M).

Lack of IL-27R signaling modulates the maturation of the
effector memory CD4™" T cell pool post-malaria infection. Al-
though the overall sizes of the broadly defined CD4" T cell Tcm
and Tem pools were not majorly affected by a lack of IL-27 signal-
ing, these broad populations represent a heterogeneous mix of
memory cell subsets (27). Thus, expanding upon the gating strat-
egy described previously by Stephens and Langhorne (22), we subdi-
vided the CD4" CD44" T cell compartment into central memory
(Tem) (CD44™ CD62L™), early effector memory (CD44 " CD62L~
CD27" CD127"), late effector memory (CD44" CD62L~ CD27~
CD127"), effector (CD44" CD62L~ CD27~ CD127~ KLRG1 ),
and terminally differentiated effector (CD44™ CD62L~ CDI127~
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CD27~ KLRG1™) cells and investigated whether there were specific
imbalances in these subsets in WSX-1"/~ mice compared with WT
mice at 20 weeks postinfection (Fig. 3A).

In each site, approximately 30 to 50% of CD4" CD44™ T cells
expressed the phenotypic profile of Tem cells, and Tem cell fre-
quencies did not differ between WT and WSX-1"'" mice at this
time point. Interestingly, significantly higher frequencies of Tem
late cells were observed in the spleen and the liver of WSX-1"""
mice than in WT mice (Fig. 3A to C). Very few terminally differ-
entiated effector cells were observed in any organs in either WT or
WSX-1"'" mice. Populations of CD4" CD44" CD62L~ CD127~
CD277 cells were identified in the spleen, liver, and bone marrow
of both WT and WSX-1"/" mice (Fig. 3B to D). While the fre-
quencies of these cells were comparable in the livers of both strains
of mice, fewer CD4" CD44 " CD62L~ CD127~ CD27 " cells were
observed in the spleen and bone marrow of WSX-1"'" mice than
in WT mice (Fig. 3B to D). This population of cells is believed to
include regulatory T cells (28).

As IL-2, IL-7, IL-15, and IFN-vy are known to regulate the
maintenance of memory CD4 " T cells, we quantified the expres-
sion levels of these cytokines in the spleen and liver of WT and
WSX-1"'" mice by real-time PCR. There were no differences in
the expression levels of IL-2, IL-7, IL-15, and IFN-vy in spleens or
livers of naive WT and WSX-1"'" mice, showing that there are no
intrinsic differences in the cytokine signals directing memory cell
development and/or maintenance in WSX-1"'" mice under ho-
meostatic conditions. However, significantly higher levels of IL-2
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FIG 4 WSX-1 signaling is required for effective IFN-y production by memory CD4* T cells at 20 weeks after malaria infection. WT and WSX-1"/" mice were
infected with 10* P. berghei NK65 pRBCs on day 0 and treated with chloroquine on days 8 to 12. Shown are percentages of each memory cell subset expressing
IEN-v (A to C), T-bet (D to F), or Foxp3 (G to I) in the spleen (A, D, and G), liver (B, E, and H), and bone marrow (C, F, and I). Results are representative of two
separate experiments with 4 to 5 mice per group (*, P < 0.05 between WT and WSX-1"'" mice; *#, P < 0.01 between WT and WSX-1"/" mice).

transcripts were observed in the spleens and livers of WSX-1"/~
mice than in WT mice at 2 weeks postinfection (see Fig. S1A and
S1B in the supplemental material), when memory precursor cells
begin to form; this may explain the higher numbers of CD4"
CD44™" T cells in the spleens and livers of WSX-1"'" mice at 2
weeks p.i. (Fig. 1C and D). IEN-vy levels were also higher in the
liver, but not spleen, of WSX-1"/" mice on day 14 postinfection
than in WT mice. Apart from a slightly higher concentration of
splenic IL-2 transcripts in the spleens of WSX-1"'" mice than in
WT mice, there were no biologically relevant or statistically signif-
icant differences in the concentrations of cytokine transcripts in
the spleens or livers of WSX-1""" mice compared with WT mice
at 20 weeks p.i. (see Fig. SIA and S1B in the supplemental mate-
rial).

In summary, these data show that WSX-1 signaling plays a
modest role in modulating the cytokine signals required for devel-
opment/maintenance of memory CD4" T cell subsets following
clearance of malaria infection and that the absence of WSX-1 leads
to only minor perturbations in the memory CD4 ™ T cell compart-
ment.

Malaria infection-induced memory CD4* T cells from WSX-
17/~ mice produce less IFN-y than those from WT mice. We
next examined whether WSX-1 signaling influenced memory
CD4™ T cell functionality following clearance of primary malaria
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infection. Interestingly, effector CD4" T cells from the spleen,
both effector memory and central memory cells from the livers,
and effector memory CD4™ T cells from the bone marrow of
WSX-1""" mice (at 20 weeks p.i.) produced significantly less
IFN-vy than their WT counterparts (Fig. 4A to C). However, the
absence of WSX-1 did not affect the frequencies of T cell subsets
expressing T-bet in the spleen or bone marrow and led to only a
slight increase in the central memory CD4" T cell population
within the liver (Fig. 4D to F). Interestingly, the majority of T cell
subsets in the livers of WT and WSX-1"'" mice expressed high
levels of T-bet, whereas very low T-bet expression levels were ob-
served in the bone marrow (Fig. 4E and F).

Frequencies of FoxP3 " effector CD4™ T cells were significantly
higher in spleens of WSX-1""" mice (30%) than in WT mice
(15%) (Fig. 4G). In contrast, significantly fewer central memory
and effector CD4 " T cells expressed Foxp3 in the bone marrow of
WSX-1"'" mice than in WT mice. Gata3 expression was low in all
T cell subsets in the spleen, liver, and bone marrow of both WT
and WSX-1"/" mice (results not shown). Moreover, there were
no significant differences in the production of IL-4 or TNF by the
T cell subsets from WT or WSX-1"'" mice (results not shown).

Combined, these data show that the lack of IL-27R signaling
led to tissue-specific alterations in the capacity of individual mem-
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FIG 5 WSX-1""~ mice mount more effective rapid antiparasitic immune responses during secondary malaria infection. WT and WSX-1"'"" mice were infected
with 10* P. berghei NK65 pRBCs on day 0 and treated with chloroquine on days 8 to 12. At 20 weeks p.i., mice were reinfected with 10°> pRBCs. (A and B) The
course of secondary infection in WT and WSX-1"/" mice was monitored by determining parasitemia in peripheral thin blood smears (A) and weight loss (B).
(Cto H) Serum was collected from WT and WSX-1"'" mice at the stated time points, and a cytokine bead array was performed to quantify the levels of TNF (C),
IL-17A (D), IEN-y (E), IL-12p70 (F), IL-10 (G), and IL-2 (H). Results are representative of two separate experiments with 4 to 5 mice per group (*, P < 0.05
between WT and WSX-1""" mice; *%, P < 0.01 between WT and WSX-1""" mice).

ory CD4" T cell populations to produce IFN-y and minor mod-
ulations in Th1 versus regulatory T cell differentiation.
WSX-1"'" mice are more resistant to secondary malaria in-
fections and develop exaggerated recall responses. As the pri-
mary function of memory T cells is to promote protection upon
reencountering the pathogen, we assessed whether WSX-1"""
mice were more or less protected than WT mice during secondary
malaria infection. Unlike WT mice, WSX-1"/" mice reinfected
with P. berghei NK65 at 20 weeks p.i. did not develop patent par-
asitemia (Fig. 5A) but suffered from severe weight loss (Fig. 5B),
which was significantly more rapid than that during primary in-
fection (Fig. 1) (1). The enhanced parasite control, and more se-
vere pathology, in the WSX-1~'" mice was accompanied by very
high serum concentrations of TNF, IL-17A, IFN-vy, IL-12p70,
IL-2, and IL-10 on day 3 after reinfection (Fig. 5C to H), whereas
cytokine levels were only modestly increased by reinfection in WT
mice (Fig. 5C to H). Crucially, these very high levels of cytokines
were not observed on day 3 of a primary infection in age-matched
WSX-1"'" mice (results not shown), demonstrating that the cy-
tokine storm was specifically related to reexposure to the parasite.
Although marked, the exaggerated response to secondary infec-
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tion in WSX-1"/" mice was very short lived, with serum cytokines
returning to baseline levels by 7 days p.i. (Fig. 5).

IL-27 signaling constrains CD4" T cell effector responses
during secondary malaria infection. We next examined the dy-
namics of the CD4™ T cell response in WT and WSX-1"'" mice
during secondary infection. The total numbers of splenic CD4* T
cells (Fig. 6A) and antigen-experienced CD4" CD44 ™" T cells (Fig.
6B) peaked at 3 days after rechallenge, with cell numbers on day 3
of secondary infection far exceeding those found on day 3 or week
20 of a primary infection (Fig. 6B and results not shown). Num-
bers of splenic CD4" T cells and CD4" CD44™ T cells did not,
however, differ between WT and WSX-1"/" mice on either day 3
or 7 of secondary infection (Fig. 6A and B). The numbers of in-
trahepatic CD4™ T cells increased and were significantly higher in
WSX-1""" mice than in WT mice on day 7 of secondary infection
(Fig. 6C and D). In contrast, cell numbers were low and were
similar in the livers of WT and WSX-1"/" mice on day 7 of pri-
mary infection (results not shown).

Having established that WSX-1"/" mice develop exaggerated
systemic immune responses following secondary challenge infec-
tion, we investigated whether reactivated memory CD4" T cells
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FIG 6 WSX-1 restricts IFN-y production by CD4™" T cells during the early phase of secondary malaria infection. WT and WSX-1"/" mice were infected with 10*
P. berghei NK65 pRBCs on day 0 and treated with chloroquine on days 8 to 12. At 20 weeks p.i., mice were reinfected with 10° pRBCs. (A to D) Total numbers
of CD4™" cells (A and C) and CD4" CD44 " T cells (B and D) in the spleen (A and B) and liver (C and D) in WT and WSX-1"/" mice at the stated time points
of primary and secondary infections. (E) Representative plots (gated on CD4 ™" T cells) demonstrating the expression of IFN-y (following PMA and ionomycin
stimulation) versus CD44 by CD4 ™" T cells from the spleen and liver of WT and WSX-1"/" mice at the stated time points of primary and secondary infections.
(F to I) Frequencies (F and H) and total numbers (G and I) of CD4" CD44™" cells producing IFN-vy in the spleen (F and G) and liver (H and I) of WT and
WSX-1"/" mice at the stated time points of primary and secondary infections. Results are representative of two separate experiments with 4 to 5 mice per group
(*, P < 0.05 between WT and WSX-1"/" mice; #*, P < 0.01 between WT and WSX-1"/" mice).
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were a major source of IFN-y. T cells were the overwhelmingly
predominant source of IFN-v in the livers of WT and WSX-1"/"~
mice throughout the experiment, contributing >85% to the total
intrahepatic IFN-y response (results not shown). Significantly in-
creased frequencies of splenic CD4™" T cells expressed CD44 and
IFN-y on day 7 of secondary infection in WSX-1"'" mice com-
pared to those in WT mice (Fig. 6E and F). Importantly, the over-
all frequency of CD4" T cells expressing CD44 and IFN-y was
significantly higher in WSX-1""" mice during secondary infec-
tion than during primary infection (results not shown). Total
numbers of splenic CD4 ™ T cells expressing CD44 and IFN-y were
significantly higher in WSX-17'" mice than in WT mice on day 3
of challenge infection, but owing to the dramatic contraction in
total splenic CD4™ T cell numbers between day 3 and day 7 of
challenge infection (Fig. 6A and G), which was slightly exacer-
bated in WSX-1"'" mice, there were no significant differences in
numbers of splenic CD4" T cells expressing CD44 and IFN-vy in
WT and WSX-1"/" mice on day 7 of challenge infection (Fig. 6G).

The majority of intrahepatic CD4™ T cells in both WT and
WSX-1""" mice expressed CD44 and IEN-y throughout the
course of the experiment (Fig. 6E and H). Nonetheless, signifi-
cantly higher frequencies of intrahepatic CD4™ T cells expressed
CD44 and IFN-y in WSX-1"'" mice than in WT mice on day 3 of
rechallenge (Fig. 6H). Moreover, significantly higher numbers of
CD4™ T cells expressing CD44 and IFN-vy were observed in WSX-
17/~ mice on day 7 of secondary infection than in WT mice (Fig.
6I). These data show that WSX-1 plays a role in constraining
CD4™" T cell effector function during secondary infections, infer-
ring a role for WSX-1 in regulating memory CD4 " T cell reacti-
vation and antiparasitic functions.

DISCUSSION

Itis well established that IL-27 signaling regulates effector CD4™* T
cell responses during primary infection (1-11). We therefore hy-
pothesized that as environmental signals and CD4™ T cell func-
tionality are intrinsically altered in WSX-1"/" mice during pri-
mary infection, this would lead to significant perturbations in the
development and maintenance of memory CD4" T cell popula-
tions postinfection. Somewhat surprisingly, however, we have
shown that long-term survival of antigen-experienced CD4" T
cells following malaria infection is largely unaffected by the abla-
tion of WSX-1 expression. Instead, we have identified a minor role
for WSX-1 signaling in shaping the differentiation and matura-
tion of the memory CD4™ T cell compartment and a larger role in
regulating the strength of early secondary immune responses.

We have shown that slightly increased frequencies and num-
bers of late effector memory CD4™" T cells develop and are main-
tained in WSX-1"/" mice following malaria infection and that
these cells, which maintain T-bet expression, underscoring their
developmental history, produced lower levels of IFN-v. In addi-
tion, hepatic central memory T cells from WSX-1"'" mice pro-
duced less IFN-+y than the corresponding population in WT mice
following clearance of malaria infection. Combined, these results
suggest that IL-27 plays a role in suppressing the terminal differ-
entiation of effector memory CD4™ T cells following malaria in-
fection and concomitantly/consequently maintains the capacity
of Tem and Tcm cells to produce IFN-v in specific anatomical
locations. The lack of concordance between T-bet expression and
IFN-y production by effector/memory CD4" T cells was de-
scribed previously (29).
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It was reported recently that STAT3, when activated down-
stream of IL-10 and IL-21 receptor signaling, programs the tran-
scriptional landscape required to maintain the memory CD8" T
cell phenotype and function (30, 31). As IL-27 is also a strong
activator of STATS3, it is foreseeable that IL-27R-driven STAT3
activation may limit the maturation of the memory CD4™ T cell
pool. However, as the memory CD8™ T cell population was only
marginally affected by ablation of WSX-1 signaling (see Fig. S2
and S3 in the supplemental material), our data reveal some differ-
ences in the pathways that maintain memory CD4" T cells and
CD8™" T cells post-malaria infection. Of note, apart from an in-
crease in the expression level of CD25 by hepatic CD4* CD44™ T
cells in WSX-1"/" mice compared with WT mice at 20 weeks p.i.,
there were no global changes in the repertoire of costimulatory
(CD27, CD28, ICOS, 4-1BB, OX40, and CD40L) and regulatory
(PD-1, BTLA, and CTLA-4) receptor expression by memory
CD4" T cells in WSX-1"/" mice post-malaria infection that could
obviously modulate cellular functionality (results not shown).
Moreover, there were no differences in the numbers of lymphoid
tissue inducer cells, in either the spleen or bone marrow of WSX-
17/ mice compared with WT mice, either at homeostasis or at 20
weeks p.i. (results not shown).

In contrast to the above-described results, we have shown an
important role for IL-27R signaling in regulating immune re-
sponses during the early stages of secondary malaria infection.
WSX-1""" mice exhibited significantly enhanced innate immune
responses on day 3 of secondary infection, including heightened
levels of production of IL-12p70, TNF, and IFN-v. Crucially, this
cytokine storm was not observed in WSX-1"'" mice during the
early phases of primary infection, indicating that the elevated pro-
inflammatory response was specifically imprinted by prior para-
site exposure and memory immune responses. In agreement, we
have shown that antigen-experienced CD4™" T cells produced sig-
nificantly larger amounts of IFN-+y in the spleen and liver of WSX-
17/~ mice and accumulated to higher numbers in the liver of
WSX-1""" mice than in WT mice during rechallenge infection.
The increased accumulation of IFN-y-producing effector/mem-
ory CD4™ T cells in the livers of WSX-1"'" mice may reflect either
increased in situ proliferation or reduced apoptosis of CD4" T
cells within the inflamed tissue or may reflect changing dynamics
of migration from the spleen. To our knowledge, this is the first
evidence that IL-27 regulates secondary innate and CD4™ T cell
responses and provides new information on the immunological
factors that control memory immune responses following malaria
infection. As we were unable to measure IL-4 or IL-5 levels in
plasma or production by CD4™ T cells, further work is required to
determine if Th2-type responses are also amplified in WSX-1"""
mice during secondary malaria infections.

The observation that memory CD4* T cells produce less IFN-y
in WSX-1"/" mice during the maintenance phase post-primary
infection yet produce much higher levels of IFN-y during second-
ary infection are, at first impression, contradictory. However, it
was shown very recently that pathogen-specific memory CD4" T
cells that produce lower levels of IFN-y following clearance of
primary influenza virus infection are able to mount the strongest
IFN-vy responses during secondary infection (32).

We attempted to define whether CD4™ T cell-intrinsic IL-27R
signaling regulates the memory CD4" T cell compartment post-
primary infection and/or constrains innate and CD4™ T cell re-
sponses during challenge infection. Unfortunately, however, we
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were unable to purify sufficient numbers of memory CD4™ T cells
from WT and WSX-1"/" mice at 20 weeks p.i. for adoptive trans-
fer into naive and/or infected WT and WSX-1""" mice to defini-
tively answer these questions. This, combined with the lack of
availability of validated anti-WSX-1 antibodies for in vivo use,
meant that we were also unable to determine whether IL-27 re-
presses secondary immune responses during challenge infection
through active signals mediated during recall and/or whether it
preprograms memory CD4™" T cells for low-level IFN-y produc-
tion following reactivation during the maintenance phase. Of rel-
evance, however, it was suggested very recently that following in-
teraction with memory CD4™ T cells, DCs produce IL-27, which
subsequently suppresses naive T cell activation and proliferation
(33). While these data may suggest that priming of naive CD4™ T
cells may also be modified in WSX-1"'" mice during secondary
infection, contributing to the heightened numbers of CD4"
CD44" IEN-y ™ T cells observed in the liver of WSX-1"/" mice on
day 7 of secondary infection, our results also imply that memory
CD4™ T cells may be subject to IL-27R-mediated regulation ex-
erted by conditioned DCs/APCs during malaria infection.

We therefore propose two not necessarily mutually exclusive
scenarios that potentially explain the development of heightened
anamnestic immune responses in WSX-1"/" mice. In the first
scenario, memory CD4™ T cells interact with DCs during the very
early stages of secondary malaria infection, which, perhaps in
combination with other infection-modified environmental sig-
nals, leads to accelerated and heightened IL-27 production by
APCs, in comparison to primary infection. Loss of cell-intrinsic
WSX-1 expression by memory CD4™ T cells and consequent loss
of IL-27-mediated regulation may then lead to enhanced memory
CD4™ T cell reactivation, including increased IFN-y production
and excessive inflammation. In this scenario, it is foreseeable that
direct IL-27R signaling inhibits NF-kBp50 or Zap70 signaling,
both of which are necessary for rapid [FN-vy production by mem-
ory CD4™ T cells (34, 35). In the second scenario, loss of WSX-1
receptor expression within the innate system, rather than on
memory CD4™ T cells, drives the heightened anamnestic immune
responses observed in WSX-1"'" mice. In this case, memory
CD4™ T cells, or other memory components, instruct the produc-
tion of IL-27 by innate cells, which subsequently exerts autocrine
or paracrine regulatory activity to limit innate proinflammatory
cascades, ultimately resulting in the downstream limitation of
memory and effector CD4™ T cell activity. Of note, Foxp3™ regu-
latory T cell frequencies and numbers are unimpaired in WSX-
17/~ mice during challenge infection (results not shown), indicat-
ing that the enhanced proinflammatory immune responses
evident in WSX-1"/" mice during secondary challenge infection
are not due to a deficit in Foxp3™ T cells. Further work using more
tractable systems will be required to fully elucidate how IL-27
controls memory immune responses.

Perhaps most importantly, we have also shown that parasite
control was significantly enhanced in WSX-1"'" mice during re-
challenge malaria infection albeit at the cost of increased morbid-
ity, demonstrated by increased weight loss. Acquired immunity to
blood-stage malaria infection is believed to depend on CD4™ T
cells (with their ability to secrete IFN-y making a contribution to
their protective role) and antibody (36—38). As we were unable to
purify memory CD4™" T cells from WT and WSX-1~'" mice for
transfer into naive mice, we are unable to separate the contribu-
tion of the memory CD4™ T cells to protection during secondary
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infection from any effect of humoral immunity. Of note, however,
significantly fewer B cells were present in the spleens and livers of
WSX-1"'" mice than in WT mice at 20 weeks p-i., and malaria-
specific IgG levels were similar in WT and WSX-1"/" mice at all
time points (see Fig. S4 in the supplemental material), suggesting
that differences in protection of WT and WSX-1""" mice against
secondary infection are not due to differences in humoral immu-
nity. Moreover, as we have previously shown that increased para-
site control in WSX-1""" mice during primary infection is CD4 ™"
T cell dependent but IFN-vy independent (1), our data may indi-
cate that memory CD4 ™ T cells confer protection through IFN-vy-
independent mechanisms during secondary infection. Con-
versely, our data might suggest that there are different roles for
CD4™ T cell-derived IFN-y during primary and secondary ma-
laria infections. Nonetheless, as macrophages are required to con-
trol primary Plasmodium yoelii infections (39), and nitric oxide is
required for vaccination-induced protection in the Plasmodium
chabaudi model (40), it is also probable that the heightened innate
immune responses observed in WSX-1"/" mice contribute to
protection during secondary infection.

In summary, we have demonstrated a minor role for IL-27R
signaling in regulating the development of the central and effector
memory CD4™ T cell pools following malaria infection and in
subsequently controlling proinflammatory antiparasitic immune
responses during secondary infection. These data further expand
our understanding of the immunoregulatory activities of IL-27R
and may implicate an important role for IL-27 in determining the
effectiveness of vaccination strategies. Our study provides the
foundation for further analysis of the mechanisms by which IL-27
modulates anamnestic immune responses.
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