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IRGM3 Contributes to Immunopathology and Is Required for
Differentiation of Antigen-Specific Effector CD8™ T Cells in
Experimental Cerebral Malaria
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Gamma interferon (IFN-v) drives antiparasite responses and immunopathology during infection with Plasmodium species. Im-
munity-related GTPases (IRGs) are a class of IFN-y-dependent proteins that are essential for cell autonomous immunity to nu-
merous intracellular pathogens. However, it is currently unknown whether IRGs modulate responses during malaria. We have
used the Plasmodium berghei ANKA (PbA) model in which mice develop experimental cerebral malaria (ECM) to study the roles
of IRGM1 and IRGM3 in immunopathology. Induction of mRNA for Irgm1 and Irgm3 was found in the brains and spleens of
infected mice at times of peak IFN-y production. Irgm3~'~ but not Irgm1~'~ mice were completely protected from the develop-

ment of ECM, and this protection was associated with the decreased induction of inflammatory cytokines, as well as decreased
recruitment and activation of CD8" T cells within the brain. Although antigen-specific proliferation of transferred CD8" T cells

was not diminished compared to that of wild-type recipients following PbA infection, T cells transferred into Irgm3

~/~ recipi-

ents showed a striking impairment of effector differentiation. Decreased induction of several inflammatory cytokines and
chemokines (interleukin-6, CCL2, CCL3, and CCL4), as well as enhanced mRNA expression of type-I IFNs, was found in the

spleens of Irgm3~'~

mice at day 4 postinfection. Together, these data suggest that protection from ECM pathology in Irgm3 ™'~

mice occurs due to impaired generation of CD8™ effector function. This defect is nonintrinsic to CD8™ T cells. Instead, dimin-
ished T cell responses most likely result from defective initiation of inflammatory responses in myeloid cells.

erebral malaria (CM) is the most severe manifestation of Plas-

modium falciparum malaria infection in humans, and it is re-
sponsible for more than half a million deaths annually, predomi-
nantly in sub-Saharan Africa (1). Gamma interferon (IFN-y)
production by leukocytes is a prominent feature of malarial infec-
tion. Typically, this IFN-y contributes to parasite clearance; how-
ever, it may also drive pathology (2). Clinically, the brain dysfunc-
tion that occurs during CM manifests as seizures and coma, with
progression to death occurring in the absence of treatment. While
a definitive understanding of the pathological events underlying
CM remains elusive, considerable evidence supports a role for
IEN-y (3).

Infection of C57BL/6 mice with blood-stage Plasmodium ber-
ghei ANKA (PbA) leads to experimental cerebral malaria (ECM),
which reproduces many features of human CM (4). IFN-v, pro-
duced either by NK cells or by CD4™ T cells prior to end-stage
disease, markedly increases the expression of major histocompat-
ibility complex I (MHC-I) molecules, ICAM-1 cell adhesion mol-
ecules, and CXCR3 ligands in endothelial cells (3, 5). Together,
these changes contribute to the recruitment of leukocytes, partic-
ularly CD8™ T cells, to the brain microvasculature (3, 6). Current
evidence indicates that CD8™ T cell-derived IFN-v itself does not
contribute to pathology (7). Instead, cross-presentation of ma-
laria antigen on central nervous system (CNS) microvascular en-
dothelial cells and recognition by CD8 ™ cytotoxic T cells (8) leads
to endothelial damage in a granzyme B- and perforin-dependent
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manner (9, 10). Despite the accumulation of knowledge of the
effects of IFN-vy in Plasmodium infection, its actions are highly
pleiotropic; therefore, it is likely that IFN-y-dependent pathways
that influence disease progression are yet to be identified.
Among the nearly 2,000 genes that are known to be modulated
by IFN-vy (11), the p47 immunity-related GTPases (IRGs) are crit-
ical for protection against a range of intracellular bacteria, proto-
zoa, and viruses in diverse cell types (12, 13). A subset of IRGs
(IRGM1-IRGM3 in mice and the constitutively expressed
IRGMa-IRGMd, resulting from alternative splicing, in humans)
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has received much attention. IRGM1 and IRGM3, in particular,
have been argued to act by modulating the positioning of effector
molecules, including other IRG family members, to intracellular
vacuoles that contain pathogens (14-19). This leads to breakdown
of the vacuole and release of the pathogen into the cytosol. Subse-
quently, this results in either necroptosis or autophagy, depending
upon the cell type (20, 21). Alternatively, other studies have ar-
gued that IRM1 and IRGM3 play roles in pathogen sensing. For
example, IRGM1 may act as a pathogen sensor by binding to the
autophagy signaling lipids PtdIns(3,4)P2 and PtdIns(3,4,5)P3 on
the membrane of mycobacterial phagosomes, where it also may
exert effector activity by accelerating phagosome-lysosome fusion
(14, 22, 23). In addition, since IRGM proteins can inhibit effector
IRGs from becoming activated on membranes, and since parasi-
tophorous vacuole membranes may lack IRGM proteins, it has
been proposed that IRGM proteins also act as a “missing-self”
signal on pathogen-containing vacuoles (17, 24). Finally, it has
been reported that IRGM3 plays a role in cross-presentation
through its ability to control the formation of lipid bodies (25).

Given the strong IFN-y dependence of anti-Plasmodium im-
munity, as well as the requirement for IFN-vy in ECM pathology,
we hypothesized that the IRG family members IRGM1 and
IRGM3 contribute to these processes during blood-stage PbA in-
fection. We found that both Irgm1 and Irgm3 were induced fol-
lowing infection, but neither strain exhibited any deficiency in the
control of peripheral parasitemia. However, strikingly, Irgm3~/~
but not Irgm1~'~ mice were fully protected from ECM. This pro-
tection was associated with decreased cytokine induction and re-
cruitment of CD8 ™ T cells to the brains of infected mice. Further-
more, decreased induction of inflammatory cytokine expression
was seen within the spleen at early stages of infection. Finally,
parasite-specific CD8 " T cell effector differentiation was found to
be impaired in Irgm3~'~ mice in a non-T cell-intrinsic manner.
Together, these data suggest that defective sensing of parasites and
subsequent blunted inflammatory responses contribute to im-
pairment of the pathogenic CD8" T cell effector response in
Irgm3™'" mice.

MATERIALS AND METHODS

Mice. Irgm3 knockout (Irgm37/7) (26) and Irgm1 knockout (Irgmlf/f)
(27) mice originally were generated on a 129sv background. These strains
were backcrossed to a C57Bl/6Ncr background for 11 and 12 generations,
respectively, prior to the start of experiments (28) and were bred in-house.
For these strains, cohoused C57Bl/6Ncr mice were used as wild-type
(WT) controls. C57BL/6] IEN-y knockout (Ifng ' ~) (29) and OT-I trans-
genic mice expressing the T cell receptor (TCR) specific for ovalbumin
peptide SIINFEKL/H-2 K® (OVA,s, ,,) on a C57BI/6].SJL-Ptprc con-
genic (CD45.1") background (Ptprc*-OT-I) (30, 31) were bred in-house.
C57BL/6] mice, serving as controls for Ifng '~ animals, were purchased
from the Australian Animal Research Centre (Perth, Australia) and co-
housed for 3 weeks prior to commencement of experiments. Mice were
housed in the Medical Foundation Building Animal House, University of
Sydney (Sydney, Australia), in group cages under a 12-h light-dark cycle
with food and water ad libitum. Male and female mice, age 6 to 9 weeks,
were used in separate experiments. Experimental procedures were per-
formed under the guidelines of the University of Sydney Animal Care and
Ethics Committee, with the Committee’s approval.

Parasite infection. Unless otherwise stated, PbA infection was estab-
lished by infecting naive mice with 1 X 10° PbA-infected red blood cells
(pRBC) via intraperitoneal (i.p.) injection (32). Two transgenic parasite
lines, one expressing green fluorescent protein (GFP) (PbG) and the other
expressing MHC-I-restricted chicken OVA,, ¢, epitopes (SIINFEKL;
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H-2K" restricted) fused to GFP under the control of the efl-a promoter
(PbTG) (33), were used in adoptive transfer studies. Mice infected with
PbTG or PbG were treated with 10 mg/kg of body weight pyrimethamine
in drinking water, as a selectable marker for transgenic parasites, through-
out the experiment (34, 35). Blood parasitemia was monitored by thin
tail-blood smears stained with 30% (vol/vol) Giemsa. Tail blood smears
were examined by light microscopy, and the percentage of pRBC was
estimated by counting per 1,000 erythrocytes. The infected mice were
closely monitored and classified as ECM if they had a clinical score of 3 or
4 (36). Mice that did not develop ECM by day 6 to 8 postinfection were
monitored continuously up to 18 days postinfection (p.i.), as most mice
developed acute anemia and hyperparasitemia by then.

Blood-brain barrier (BBB) integrity. Mice were injected i.p. with 200
wl of 2% (wt/vol) Evans blue solution in phosphate-buffered saline (PBS)
at day 6 p.i. Three hours later, mice were perfused intracardially with 20
ml cold PBS under deep isoflurane anesthesia. Whole brains were re-
moved and split into the two hemispheres. Each hemisphere was weighed
and submerged in 500 wl N,N-dimethyl formamide. Tissues were kept at
4°C for 72 h protected from light. After extraction, 200 pl formamide
from each sample was plated in a 96-well flat-bottom plate. The optical
density of Evans blue was measured at 620 nm (ODq,,) (37, 38) using a
Spectramax 190 spectrophotometer (Molecular Devices, USA). The
amount of Evans blue per sample was estimated from the regression of
serial dilutions of Evans blue prepared in formamide. The amount of
Evans blue in each sample was divided by the weight of tissue and is
presented as mean Evans blue weight/tissue weight of the two hemi-
spheres.

RT-qPCR. Reverse transcription-quantitative PCR (RT-qPCR) was
performed as described previously (39), except that total RNA was iso-
lated from brain and spleen homogenates using the Isolate I RNA minikit
(Bioline). PCR was performed with a Rotor-Gene Q system (Qiagen)
using Kapa SYBR Fast qPCR mix (Kapa Biosystems). Forty cycles of am-
plification were performed using a 95°C (15-s) denaturation step, fol-
lowed by a 60°C (20-s) annealing/extension step. Relative quantitation
was calculated using the AAC, method (where C; indicates threshold
cycle), with normalization to the RPL13a reference gene. Amplification
efficiencies of different primer sets were compared using serial dilutions of
cDNA, and the purity of amplified products was assessed by melting curve
analysis. Fold changes in the gene expression of infected mice relative to
those of naive mice were calculated. The primers are listed in Table 1.

CBA. Cytokine levels in brain and spleen homogenates were quanti-
fied using a cytometric bead array (CBA; Becton Dickinson Biosciences)
as described previously (39). The CBA kit was used according to the man-
ufacturer’s instructions, with the modification that volumes of all reagents
and samples were either 50% or 10% of those in the original protocol.
Data were collected using a Beckman Coulter cytomics FC500 MLP flow
cytometer (Beckman Coulter) and analyzed with FlowJo software (Tree-
Star). The concentration of cytokine was calculated by standard curve
regression.

ELISA. Mouse CXCL10 was measured by a mouse CXCL10/IP-10
DuoSet enzyme-linked immunosorbent assay (ELISA) development kit
(R&D Systems) used according to the manufacturer’s instructions. Cyto-
kine concentrations were calculated by standard curve regression.

Preparation of tissue leukocytes for flow cytometry. Brain leukocytes
were prepared as previously described (39) after intracardial perfusion.
Briefly, brain hemispheres were mashed between frosted slides and treated
with 0.5 mg/ml collagenase type IV (Sigma-Aldrich) and 28 U/ml DNase
I (Sigma-Aldrich) at room temperature for 1 h. The brain homogenate
was mixed with 7 ml of isotonic 30% Percoll in PBS (GE Healthcare) and
centrifuged for 10 min at 500 X g. Erythrocytes in the cell pellet were lysed
with Tris-ammonium chloride (Tris-NH,Cl) lysis buffer. Splenocytes for
analysis of costimulatory molecules were prepared as described previously
(40). Briefly, minced splenic tissue was incubated with 0.5 mg/ml collage-
nase type IV (Sigma-Aldrich) and 28 U/ml DNase I (Sigma-Aldrich) at
room temperature for 20 min, triturated through a Pasteur pipette, and
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TABLE 1 Primers used for RT-qPCR

Target Primer sequence

5'-GGTGGAGTGGAGGTTTTTGTACC-3' (sense)
5'-CAGAATGCAAGCAGAAGCACAAG-3’ (antisense)

Perforin

5-CCTGAAGGAGGCTGTGAAAGAATC-3' (sense)
5'-CCCTGCACAAATCATGTTTAGTCC-3' (antisense)

Granzyme B

IFN-y 5'-CAGCAACAGCAAGGCGAAA-3’ (sense)
5'-GCTGGATTCCGGCAACAG-3' (antisense)
IFN-«a 5'-GTGAGGAAATACTTCCACAG-3' (sense)
5'-GGCTCTCCAGACTTCTGCTC-3" (antisense)
IFN-B 5'-CAGCTCCAAGAAAGGACGAAC-3’ (sense)
5'-GGCAGTGTAACTCTTCTGCAT-3’ (antisense)
Irgml 5'-CTCTGACACCGAGAGAAT-3’ (sense)
5'-GGAGAAAGTGAAGTACCC-3’ (antisense)
Irgm3 5'-CATCTCCAGTCTCCCTGTA-3’ (sense)
5'-CAGCTACTGCAGAGTATC-3’ (antisense)
RPL13a 5'-CTTAGGCACTGCTCCTGTGGAT-3' (sense)

5'-GGTGCGCTGTCAGCTCTCTAAT-3' (antisense)

incubated for a further 20 min. Erythrocytes were lysed with Tris-NH,CI
lysis buffer.

Adoptive transfer and intracellular cytokine staining. Proliferation
and differentiation of adoptively transferred OT-I cells was performed as
described previously (33, 35, 41, 42), with minor modifications. Pooled
spleen and lymph node cells from Ptprc*-OT-I mice, containing ~20%
CD8™ T cells, were labeled with 1 pmol/liter carboxyfluorescein succin-
imidyl ester (CFSE; eBioscience) at 37°C for 10 min in the dark. Cells were
washed 3 times in RPMI 1640 medium supplemented with 5% (vol/vol)
fetal calf serum (FCS). The labeled Ptprc*-OT-I cells (0.75 X 10°to 1 X 10°
CD8™ T cells/100 pl) were adoptively transferred into naive WT and
Irgm3~'~ mice via intravenous (i.v.) injection. Recipient mice were in-
fected with PbTG or PbG (1 X 10° pRBC i.p.) 24 h later. For determina-
tion of OT-I proliferation, spleens of infected recipient mice were har-
vested at day 3 p.i. OT-I cells were identified and CFSE dilution was
determined by flow cytometry. For determination of effector function,
splenocytes were harvested from infected WT and Irgm3~'" recipient
mice at day 6 p.i. and plated at 4 X 10° splenocytes per sample in a 96-well
round-bottom plate. Cells were pulsed with 10 g/ml brefeldin A and 2
pg/ml recombinant human interleukin-2 (IL-2) in RPMI 1640 containing
5% (vol/vol) FCS with or without 10 ug/ml OVA,,_,¢, (STINFEKL) pep-
tide for 5 h at 37°C with 5% CO,. After standard surface staining, cells
were fixed in 4% (vol/vol) paraformaldehyde fixation buffer (BioLegend)
for 20 min at room temperature. Fixed cells were permeabilized by wash-
ing 3 times in 1 X permeabilization washing buffer containing 0.1% (wt/
vol) saponin (BioLegend). Permeabilized cells were stained with phyco-
erythrin (PE)/Cy7-anti-mouse-IFN-vy for 20 min at room temperature.

Flow cytometry. Cell staining for flow cytometry was performed using
standard protocols as previously described (40). Briefly, cell suspensions
(typically 1 X 10°to 2 X 10° cells) were preblocked with anti-CD16/32
(Fc-block) and then stained with antibody cocktails on ice for 60 min in
the dark. Intracellular IFN-y and granzyme B staining were performed
essentially as described previously (39), with the modification that prior
to staining, brain-sequestered leukocytes were incubated for 3 h at 37°C,
5% CO, in Dulbecco’s modified Eagle medium (DMEM) containing 10%
fetal calf serum in the presence of a 1/1,000 dilution of stock brefeldin A
(EBioscience). Data were acquired on either a 10-laser BD fluorescence-
activated cell sorter (FACS) LSR II SORP (Becton Dickinson Biosciences),
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BD Fortessa (Becton Dickinson Biosciences), or FC500 or Gallios flow
cytometer (Beckman Coulter). Data were analyzed with FlowJo software
(TreeStar, Ashland, OR). Cell populations were defined as the following:
CD4™ T cells, CD45" CD3* CD4™; CD8™ T cells, CD45™ CD3" CD8™;
NK cells, CD45" NK1.1" NKp46+; monocytes, CD45" CD11b* Ly6C+;
and Ptprc*-OT-1 CD8™ T cells, CD45.17 CD45.2~ CD3" CD8" Va2™.
For analysis of costimulatory molecule expression on spleen populations,
autofluorescence (AF) was incorporated into gating strategies to facilitate
identification of splenic myeloid subsets (40). Populations were defined as
the following: CD8* dendritic cells (DC), Lin~ AF*® CD11c™ CD11b~
CD8*;CD11b" DC, Lin~ AF° CD11c" CD11b* CD8 3 PDC, Lin~ AF*®
CD11¢™CD11b~ B220" Ly6C™ Siglec-h™; Ly6C™ monocytes, Lin~ AF®
CD11b* Ly6CM SSC'% RPM, Lin~ AF" F4/80M.

Antibodies. Fluorochrome-conjugated antibodies were purchased
from Becton Dickinson, EBioscience, or BioLegend: biotin- or fluorescein
isothiocyanate (FITC)-anti-CD3e (clone 145-2C11); violet 450-anti-
CD3e (clone 500A2); biotin- or FITC-anti-CD19 antibody (clone 6D5);
biotin- or FITC-anti-NK1.1 (clone PK136); biotin- or FITC-anti-Ly6G
(clone 1A8); FITC-, PE-, V500-, and allophycocyanin (APC)-Cy7-anti-
CD8 (clone 53-6.7); FITC-anti-CD4 (clone H129.19); PE-anti-CD4
(clone GK1.5); PE-anti-Ly6C (clone HK1.4); horizon V450-anti-Ly6C
(clone AL-21); PE-anti-Va2 (clone B20.1); PE-Cy7-anti-CD45 (clone 30-
F11); APC-anti-CD3e antibody (clone 145-2C11); APC-anti-CD11b or
APCCy7-anti-CD11b (clone M1/70); APC-anti-CD44 antibody (clone
1M?7); Alexa Fluor 647-anti-NKp46 (clone 29A1.4); peridinin chlorophyll
protein (PerCP)-Cy5.5-anti-CD45.1 (clone A20); horizon 500-anti-
CD45.2 (clone 104); PE-anti-CD40 (clone 1C10); PE-anti-CD80 (clone
10-10A1); PE-anti-CD86 (clone GL1); PE-anti-4-1BBL (clone TKS-1);
PE-anti-CD70 (clone FR70); PE-Cy7-anti-F4/80 (clone BM8); A647-an-
ti-Siglec-h (clone 551); Alexa Fluor 700-anti-CD11c (clone N418); PE-
anti-IFN-y (clone XMG1.2); Alexa Fluor 647-anti-granzyme B (clone
GB11); PerCP-streptavidin.

Data and statistical analysis. All cytometric assays were analyzed us-
ing FlowJo software (TreeStar, USA). All standard curve regression anal-
yses were performed by GraphPad Prism, version 5.01 for Windows
(GraphPad Software, La Jolla, CA), and concentrations of cytokines in
tissue homogenates were normalized to total protein content for each
sample. Data are presented as means * standard errors of the means
(SEM) with n > 3 from at least two independent experiments unless
otherwise specified. For comparison between two groups, unpaired ¢ tests
were used. For multigroup comparisons, one-way analysis of variance
(ANOVA) and Tukey’s test or two-way ANOVA and Bonferroni’s test
were used. Survival curves were generated in GraphPad Prism 5.01, and
the significance of differences was calculated by Mantel-Cox log-rank test.
Statistical significance was defined as P < 0.05.

RESULTS
Induction of Irgm1 and Irgm3 mRNA during PbA infection. As
an initial step in investigating any function of Irgml and Irgm3
during PbA infection, we determined whether mRNA for the
genes was induced in the brains of mice at the typical phase of
infection during which mice develop ECM (days 6 to 7 p.i.) and in
the spleens of infected mice at the peak of the systemic IFN-y
response (day 4 p.i.). There was an average 80- * 25-fold induc-
tion of Irgml, as well as a 125- = 44-fold induction of Irgm3
expression in the brains of PbA-infected mice at days 6 to 7 p.i.
This induction was completely abrogated in Ifng '~ mice (Fig.
1A). In the spleens of infected mice, at day 4 p.i., both Irgm1 and
Irgm3 were induced compared to the levels in naive mice (average,
4.4- = 0.8-fold and 5.4- = 0.6-fold, respectively), but, as seen in
the brain, no induction was seen in Ifng '~ mice (Fig. 1B).
Irgm3 deficiency protects mice from ECM but does not mod-
ify peripheral parasitemia. The effect of deletion of IrgmI and
Irgm3 on disease course during PbA infection was investigated in
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FIG 1 IFN-vy-dependent induction of IrgmI and Irgm3 mRNA in the brain
and spleen during PbA infection. C57BL/6 (WT) and Ifng '~ mice were in-
fected with PbA. Mice were assessed for Irgm1I and Irgm3 mRNA induction by
RT-qPCRin the brain atdays 6 to 7 p.i. (A) and spleen at day 4 p.i. (B). Data are
presented as means == SEM. Results are derived from a single experiment with
= 5 to 6 per group. Statistical analysis was performed via one-way ANOVA
with Tukey’s test. **, P < 0.01; ***, P < 0.005; ns, P > 0.05. UL uninfected.

C57Bl/6Ncr (WT), Irgm1~'~, and Irgm3™'~ mice. Animals were
infected with blood-stage PbA and were monitored for up to 18
days p.i. As was expected, 80% of WT mice showed neurological
signs on days 6 to 9 p.i., when parasitemia reached 10 to 20%, and

>
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+ Jrgm3 7" (n=28)
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were euthanized within 24 h. While the development of ECM in
Irgm1-deficient mice showed a modest delay compared to that in
WT mice, strikingly, the Irgm3-deficient mice did not develop
ECM by day 6 p.i. (P < 0.001 by Mantel-Cox log-rank test) (Fig.
2A). All Irgm3™'~ mice and the remaining 20% of the WT mice
that did not become moribund with ECM developed hyperpara-
sitemia and anemia and were euthanized at day 18 p.i. (Fig. 2A).
There were no differences in the levels of peripheral parasitemia
between infected WT, Irgm1 '~ and Irgm3~'~ mice at any stage
of infection. This indicated that neither IRGM1 nor IRGM3 was
involved in clearance of circulating parasites, and that the ECM-
resistant phenotype of Irgm3 '~ mice was not due to differences
in the control of blood-stage parasite expansion. Given the min-
imal changes to disease course in IrgmI-deficient mice but the
striking protection seen in Irgm3 ™'~ animals, we focused sub-
sequent studies on investigating the role of Irgm3 in protection
from ECM.

To assess the degree of cerebral involvement in WT and
Irgm3~'~ mice inoculated with PbA, histological parameters were
examined in postmortem brain sections. In a blinded study, WT
mouse brains at day 6 p.i. showed typical histopathological fea-
tures of ECM, such as hemorrhages in the olfactory bulb and
monocyte adherence to the microvascular endothelium. These
features were absent from infected Irgm3~/~ mice and uninfected
controls (see Fig. S1 in the supplemental material). To extend
these findings, we measured Evans blue extravasation as an indi-
cator of blood-brain barrier (BBB) integrity in the brains of WT
and Irgm3~'~ mice at the peak of disease, when ECM had devel-
oped in the PbA-infected WT mice. Evans blue was administered
2 h before euthanasia on day 6 or 7 p.i. (Fig. 2B). PbA-infected WT
mice with symptomatic ECM had elevated brain Evans blue
content compared to that of the WT uninfected controls. Al-
though Evans blue, which binds to plasma proteins, was found
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FIG 2 Irgm3 deficiency protects mice from PbA-induced ECM. (A) Irgm1~'~, Irgm3~'~, and wild-type (WT) mice aged 6 to 8 weeks were infected with 1 X 10° PbA
pRBC and monitored for 18 days p.i. or until they became moribund. Parasitemia was determined from Giemsa-stained blood smears and is shown as means * SEM.
Data are derived from one experiment with WT (n = 11) and Irgm1~'~ (n = 6) mice and from three independent experiments with WT (n = 27) and Irgm3~'~ (n =
28) mice. The Mantel-Cox log-rank test was used to compare the survival rate between WT and gene knockout mice. Significance was defined as P < 0.05. (B) Effect of
Irgm3 deficiency on brain vascular permeability to Evans blue/protein in PbA-infected mice. Mice were injected with 0.2 ml 2% (wt/vol) Evans blue on day 6 p.i. Two
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in the brains of PbA-infected Irgm37/7 mice, microvascular
leakage of plasma proteins into the brain parenchyma was sig-
nificantly reduced in the PbA-infected Irgm3~’~ mice com-
pared to that in infected WT controls as measured by Evans
blue extravasation.

Reduced induction of cytokines, chemokines, and effector T
cell marker genes in the brains of Irgm3™'~ mice. Since end-
stage pathology in ECM is mediated by IFN-y-dependent recruit-
ment of effector CD8™" T cells (36, 43), we quantified the levels of
IFN-vy and relevant chemokines in the brains of infected WT and
Irgm3~'~ mice. Figure 3A shows that IFN-y, CCL2, CXCL9, and
CXCL10 proteins were elevated in the brains of infected WT mice,
compared to levels for naive mice, during the peak of disease at
days 6 to 7 p.i. Levels of these mediators also were raised in in-
fected Irgm3~'~ mice. However, IFN-y protein levels were ap-
proximately 2-fold higher (P = 0.0005) in infected WT animals
(2.8 = 0.3 pg/mg) than in Irgm3~'~ mice (1.4 = 0.2 pg/mg) (Fig.
3A). This pattern also was seen at the mRNA level, where the
induction of Ifng mRNA was around twice as great in infected WT
mice (40- =+ 8-fold) asin Irgm3_/_ mice (18- = 3-fold) (Fig. 3B).
The levels of the IFN-y-inducible chemokine protein CCL2 also
was higher (P < 0.0001) in brains of infected WT mice (155.0 *
9.9 pg/mg) than in Irgm3 ™'~ mice (50.7 *+ 3.5 pg/mg). However,
there were no significant differences in the production of CXCL9
and CXCLI10 proteins in brains of PbA-infected Irgm3~'~ mice
compared to that of WT mice. This suggested that ECM protec-
tion in Irgm3~'~ mice was not associated with differences in
CXCL9 and CXCLI10 cytokine production in endothelial cells
and/or astrocytes. Finally, perforin and granzyme B are cytotoxic
proteins present at high levels in the granules of effector CD8" T
cells and are required for the development of ECM (9, 10, 44).
Therefore, we measured changes in their expression within the
brain at day 6 p.i. (Fig. 3B). Infected WT mice showed greater
inductions of both perforin (28- * 6-fold) and granzyme B
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(1,344- = 215-fold) mRNA than infected Irgm37/ " mice (perfo-
rin, 13- *+ 2-fold; granzyme B, 491- * 46-fold).

Decreased recruitment and activation of brain-sequestered
CD8* T cellsin Irgm3~'~ mice. The reduced induction of IFN-v,
perforin, and granzyme B within the brains of infected Irgm3™'~
mice suggested either that there was diminished recruitment of
CD8" T cells or that the activation state of recruited cells was
impaired. Therefore, we quantified the absolute numbers of se-
questered leukocyte subsets, as well as expression of activation
markers on T cells, on day 6 or 7 p.i. and compared them to those
of naive mice (Fig. 4A). Numbers of CD8 ™ T cells (CD45™, CD3 ",
CD8") in the brains of PbA-infected WT mice were increased
~65-fold compared to those for naive mice. Although the brains
of PbA-infected Irgm3 ™'~ mice also had a substantial increase in
the number of CD8" T cells compared to that of naive controls,
the average CD8™ T cell number was reduced by 48% compared to
that for infected WT mice (Fig. 4A). Fewer CD4 ™ T cells (CD45™,
CD3%, CD4™") were recruited to the brains of infected mice than
CD8" T cells. In addition, there was no significant difference be-
tween the number of brain-sequestered CD4™ T cells in infected
Irgm3~'~ mice and that in infected WT mice (Fig. 4A). Likewise,
the numbers of brain-sequestered NK cells were raised in PbA-
infected mice, but there was no significant difference in the num-
bers of sequestered NK cells between PbA-infected WT and
Irgm3™'~ mice (Fig. 4A). Inflammatory monocytes were in-
creased by ~4-fold in the brains of PbA-infected WT mice com-
pared with that of naive mice, while infected Irgm3 ™/~ mice had
significantly fewer sequestered monocytes than the infected WT
(Fig. 4A).

As an initial step to investigate whether recruited T cells in
infected WT and Irngf/ ~ mice had functional differences, the
expression of CD44 on brain-sequestered CD4 " and CD8™ T cells
was examined by flow cytometry. In PbA-infected WT and
Irgm3~'~ mice, CD44 expression was upregulated on both CD4*
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CD8™ and CD4™ T cells from PbA-infected WT and Irgm3~'~ mice on day 6
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and CD8™ T cells. However, the median level of CD44 expression
on CD8" T cells from the brains of PbA-infected Irgm3~'~ mice
was significantly lower than that of CD8* T cells isolated from the
brains of infected WT animals at corresponding times (Fig. 4B).
The expression of both intracellular granzyme B and IFN-y pro-
tein in brain-sequestered CD8" T cells also was examined. Al-
though there was no difference in the expression of IFN-y by
brain-sequestered CD8" T cells between infected WT and
Irgm3~'~ mice (data not shown), there was a modest but signifi-
cant decrease in the percentage of brain-sequestered CD8* T cells
that expressed granzyme B in infected gene-deficient animals (Fig.
4C). Taken together, these data suggest that Irgm3 deficiency leads
both to decreased CD8" T cell recruitment to the brain and to
reduced activation during PbA infection.

Irgm3 deficiency impairs effector CD8" T cell differentia-
tion, but not proliferation, in a cell-extrinsic manner. Given that
generation of antigen-specific CD8 " T cells is required for de-
velopment of ECM and that Irgm3 deficiency has been reported
to impair MHC-I cross-presentation by DCs (25), it was im-
portant to determine whether Irgm3~'~ mice could generate
specific CD8™ T cell responses to blood-stage P. berghei infec-
tion. To address this question, we used the OT-I transgenic mouse
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system in which transgenic CD8" T cells recognize ovalbumin
residues 257 to 264 (SIINFEKL) in the context of H-2K". Irgm3-
sufficient Ptprc®-OT-I splenocytes were labeled with CFSE and
injected intravenously into WT and Irgm3~'~ mice. Recipient
mice were infected 1 day later with parasites expressing SIINFEKL
(PbTG) or with a control strain that did not express the peptide
(PbG) (33). On day 3 p.i., spleens were harvested and proliferation
of the Ptprc®-OT-I population responding to the parasite-origin
SIINFEKL epitope was determined. The Ptprc*-OT-1CD8™ T cells
in WT and Irgm3 ™'~ mice showed similar levels of proliferation
on day 3 following PbTG infection (see Fig. S2 in the supplemental
material). These findings indicated that antigens expressed during
the blood-stage P. berghei infection can be efficiently presented by
APC from Irgm3~'~ mice to induce parasite-specific CD8* T cell
proliferation.

These data show that a robust antigen-specific CD8" T cell-
proliferative response to P. berghei blood-stage infection occurred
in Irgm3~'~ mice. They did not, however, elucidate whether there
were any defects in CD8" T cell differentiation. Therefore, we
performed a similar assay using adoptively transferred CFSE-la-
beled Ptprc®-OT-I cells as responders in WT and Irgm3 ™'~ mice
but used IFN-vy production as a measure of effector differentia-
tion. Mice were infected with PbTG or PbG 1 day after receiving
Ptprc®-OT-1 cells. After 6 days of infection, spleens of recipient
mice were harvested and then stimulated in vitro with SIINFEKL-
pulsed APC. OT-I cells were stained for intracellular IFN-vy as a
measure of effector T cell differentiation. Consistent with data
from day 3 p.i., on day 6 p.i. OT-I cells that were adoptively trans-
ferred into either WT or Irgm3 ™' recipients showed similar levels
of proliferation, as evidenced by the comparable intensity of CFSE
staining (Fig. 5A). Strikingly, however, OT-I cells that were trans-
ferred into WT recipients showed much greater production of
IFN-v at day 6 p.i. than OT-1 cells transferred into Irgm3™~'" re-
cipients (Fig. 5A and B). Together, these findings suggest that
IRGM3, expressed in cells other than antigen-specific CD8" T
cells, plays a role in supporting CD8 ™ effector T cell differentia-
tion.

Irgm3 deficiency perturbs inflammatory cytokine produc-
tion and myeloid costimulatory molecule expression. Differen-
tiation of effector functions in CD8™" T cells requires the provision
of signal 3, which typically is provided by inflammatory cytokines
and/or by costimulatory molecules on APCs (45). To investigate
whether Irgm3 deficiency could influence signals contributing to
early effector CD8 ™" T cell differentiation during PbA infection, we
examined both cytokine production within the spleen and expres-
sion of costimulatory molecules by splenic myeloid populations.

Preliminary experiments revealed that levels of several inflam-
matory cytokines and chemokines within the plasma peaked
around day 4 p.i. (data not shown). Therefore, we quantified in-
flammatory cytokine and chemokine levels in spleen homoge-
nates from WT or Irgm3~'~ mice infected either 3 or 4 days pre-
viously with PbA. Multiple cytokines, including IFN-vy, tumor
necrosis factor (TNF), IL-6, and IL-12p70, showed increased lev-
els in the spleen at day 3 p.i. in both WT and Irgm3~/~ mice;
however, no significant differences were found between infected
groups (see Fig. S3 in the supplemental material). Similarly, the
inflammatory chemokines CCL2, CCL3, and CCL4 were induced
within the spleen at day 3 p.i., but there were no differences in
chemokine levels between infected WT and Irgm3-deficient mice
(see Fig. S3). When the same inflammatory cytokines and chemo-
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Nevertheless, on day 4 p.i., infected Irgm3~'~ mice showed in-
creased mRNA expression for both type I IFN species compared to
infected WT (Fig. 6B).

The relative abundance of myeloid populations within the
spleen, as well as the expression levels of a range of costimulatory
molecules on the same populations, were determined on day 4 p.i.
(see Fig. S4 in the supplemental material). Following infection
with PbA, there was a distinct drop in the percentage of CD8* DC
with respect to total nucleated cells. Similar changes were not
seen with other myeloid subsets. Moreover, there were no signif-
icant differences between infected WT and Irgm3 ™/~ mice in
terms of the abundance of any myeloid population (see Fig. S4A).
The expression of a number of costimulatory molecules by major
splenic myeloid populations was examined (CD40, CD80, CD86,
CD70, OX40-L, B7-H3, ICOS-L, 4-1BBL, B7-H4, PDLI, and
PDL2). However, in general, minimal perturbation of costimula-
tory pathways associated with Irgm3 deletion in infected mice was
seen, with the possible exception of decreased expression of CD86
by PDC and 4-1BBL by Ly6C" monocytes (see Fig. S4B and data
not shown).

DISCUSSION

IRG family members play important roles in IFN-y-dependent
cell autonomous immunity during infection with many organ-
isms. However, with the exception of a single report that demon-
strated lack of involvement of IRGA6 during liver-stage PbA in-
fection (46), they have not been investigated in the context of
malaria. In the current study, we have determined the effect of
IrgmI and Irgm3 gene deletion on the disease course of blood-
stage PbA infection. Deletion of neither IrgmI nor Irgm3 impacted
circulating parasite levels, indicating that IRGM1- or IRGM3-de-
pendent processes are not involved in clearance of circulating par-
asites. When development of severe malarial pathology was inves-
tigated, Irgm1 '~ mice showed a minor but significant delay in the
development of neurological disease. Much more striking was the
observation that PbA-infected Irgm3~'~ mice did not show any
evidence of neurological impairment up to 18 days of infection,
and they did not show vascular hemorrhage in postmortem brain
histopathology or breakdown of the BBB. This complete protec-
tion from ECM pathology was unexpected, and subsequent efforts
focused on understanding the mechanisms behind this phenom-
enon.

IFN-v is known to have a range of effects during ECM, includ-
ing activation of endothelial cells and astrocytes, CD8™ T cell ac-
cumulation through modulation of chemokines, pRBC sequestra-
tion, and BBB permeabilization to protein (4, 5, 36, 47-52).
Furthermore, Irgm3 mRNA expression was found to be upregu-
lated in the brain at day 6 p.i., which was consistent with a role for
IRGM3 protein at late stages in the immunopathological response
to Plasmodium infection. We initially investigated whether Irgm3
deficiency led to modulation in the levels of relevant IFN-vy-de-
pendent mediators. An increase in the proinflammatory chemo-
kines CCL2, CXCL9, and CXCL10 is associated with ECM (36,
53); therefore, these chemokines were quantified in brains col-
lected from PbA-infected mice on day 6 or 7 p.i. We found that
levels of CCL2, but not CXCL9 and CXCL10, in brains of infected
Irgm3~'~ mice were lower than those of the infected WT animals.

CCL2 is produced by endothelial cells, astrocytes, monocytes,
and microglial cells and is the major attractant for the recruitment
of CCR2-expressing inflammatory monocytes to sites of inflam-
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mation (54). As such, it is involved in a range of diseases charac-
terized by monocytic infiltration (55-57). PbA-infected Irgm3™'~
mice had reduced CCL2 protein as well as decreased monocyte
sequestration in the brain. The presence of monocytes is obvi-
ous in ECM brain lesions, and they have been shown to en-
hance recruitment of CD8" T cells to the brain during ECM,
probably via production of T cell-attracting chemokines (58).
However, inflammatory monocytes are nonessential for the de-
velopment of ECM pathogenesis (58, 59). Therefore, although
Irgm3 deficiency may contribute to the decreased numbers of
CD8" T cells found in the brains of infected mice through
decreased recruitment of inflammatory chemokine-producing
monocytes, it is unlikely that this pathway ultimately is respon-
sible for protection from ECM.

A number of studies have described a critical role for the re-
cruitment of antigen-specific CD8™ effector T cells in mediation
of the end stages of ECM pathology. The recruitment of these cells
is largely dependent upon the CXCR3 ligands CXCL9 and
CXCL10, which are highly upregulated in the brains of mice dur-
ing ECM (36). Expression of these chemokine and chemokine
receptor genes, i.e., CXCL9/CXCR3 and CXCL10/CXCR3, is im-
portant in recruitment of human and murine TH1-polarized
CD4™" T cells and CD8" cytotoxic T cells (60). They also may
stimulate T cell proliferation and effector function (61). Further-
more, elevated plasma levels of CXCL10 strongly correlate with
human CM mortality (62, 63). In the ECM model, immunohisto-
logical staining with in situ hybridization has revealed that CXCL9
and CXCL10 are produced by brain endothelial cells and astro-
cytes in response to IFN-y stimulation (36). This upregulation of
CXCL9/10is argued to be stimulated by IFN-vy, which is produced
either by NK cells (64) or CD4™ T cells (7). Sequestration of CD8 ™
T cells within the brain vasculature of PbA-infected mice was
shown to be dependent on CXCR3 and CXCL10 (10, 36, 41, 53,
65). Importantly, Campanella et al. (53) and Miu et al. (36) dem-
onstrated that blockade of the CXCR3-CXCL10/CXCL9 signaling
axis reduced recruitment of CD8™ T cells to the brain and resulted
in partial, but significant, protection from ECM. Despite this clear
link between CXCR3 ligands and ECM pathology, in the current
study Irgm3~'~ mice did not show altered levels of CXCL9 or
CXCL10 within the brain on days 6 and 7 p.i. compared to those of
infected WT mice. It is perhaps surprising that changes in CXCL9
and CXCL10 did not mirror the reduction of IFN-y and CD8™ T
cells. We did note that at days 6 and 7 p.i., Irgm3 deficiency was not
associated with a decrease in NK and CD4 " T cell recruitment to
the brain. Thus, one possibility is that brain CXCL9 and CXCL10
levels generally reflect the inflammatory environment created by
functional CD4" T cells and NK cells in Irgm3 ™'~ mice during
PbA infection. Taken together, these results indicate that the
ECM-resistant phenotype in Irgm3~'~ mice is not due solely to
modulation of the CXCR3 pathway.

During ECM, parasite-specific CD8" T cells mediate pathol-
ogy in a granzyme B- and perforin-dependent manner (9, 10). It
has been proposed that antigen cross-presented by brain endothe-
lium is recognized by CD8™ cytotoxic T lymphocytes (CTL) (8),
which causes endothelial apoptosis and BBB disruption by gran-
zyme B- and perforin-mediated cytotoxicity (9, 10, 44). Despite an
absence of the impact of Irgm3 deletion on CXCR3 ligand expres-
sion compared to that of infected WT controls, Irgm3~'~ mice
showed decreased sequestration of CD8" T cells, as well as de-
creased induction of IFN-y, perforin, and granzyme B. This was
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consistent with a scenario in which protection from ECM results
from decreased CD8™ T cell recruitment. However, the effect was
modest (~2- to 3-fold) for all parameters. Decreases in T cell
recruitment of similar magnitude, resulting from depletion of in-
flammatory monocytes, do not result in protection from ECM
(58). Therefore, it seems unlikely that the observed diminution in
the absolute number of recruited CD8™" T cells could account for
the dramatically divergent clinical outcomes. Supporting this no-
tion, diminished levels of expression of CD44 and granzyme B
were seen in sequestered CD8™ T cells, which suggested that CTL
that were recruited somehow were functionally impaired. With
this in mind, we further investigated the impact of Irgm3 defi-
ciency on CD8™ T cell effector differentiation.

Optimal expansion of antigen-specific CD8* T cell clones and
acquisition of effector functions depends on the coordinated pro-
vision of signals from APCs, in particular cross-presenting DC
populations. These signals include TCR-MHC-I engagement (sig-
nal 1), costimulatory molecules (signal 2), which primarily drive T
cell proliferation, and cytokines and/or costimulatory molecules
(signal 3), which largely dictate differentiation of effector func-
tions (45, 66). Additionally, production of chemokines such as
CCL3, CCL4, CXCL9, and CXCL10 within responding lymphoid
tissues may coordinate interactions between cross-priming DCs
and naive CD8" T cells (66, 67). Cross presentation of parasite
antigen by splenic CD8™, Clec9A™ DCs has been shown to be
essential for CD8™ T cell priming during PbA infection and ulti-
mately for the development of ECM (33, 68—70). Therefore, we
systematically investigated the impact of Irgm3 deficiency on sig-
nals 1 to 3, as well as chemokine production, during PbA infec-
tion. Such a pathway was felt to be particularly relevant, since
IFN-vy stimulates Irgm3 expression in DCs and Irgm3~'~ DCs
have been reported to have impaired capacity for cross-presenta-
tion, a phenomenon that is mediated through modulation of lipid
body formation (25). To isolate the effect of Irgm3 deficiency on
myeloid cells, we transferred naive, Irgm3-sufficient CD8"OT-IT
cells into WT or Irgm3 ™'~ mice prior to infection with SIINFEKL-
expressing (PbTG) or control (PbG) parasites. CFSE dilution in
vivo, and antigen-driven production of IFN-v ex vivo, were used as
readouts of proliferation and effector differentiation, respectively.

At the whole-tissue level, Irgm3 mRNA was found to be up-
regulated within the spleen at day 4 p.i., which is consistent with a
potential role for the protein in myeloid cells at this time point.
The CCR5 ligands CCL3 and CCL4 also were found to be pro-
duced at high levels in the spleens of infected mice. These chemo-
kines may be critical for guiding rare naive CD8" T cells to cross-
presenting DCs within lymphoid organs (71), so impairment in
production in Irgm3~'~ animals could explain poor cross-prim-
ing. Indeed, at the tissue level, concentrations of CCL3 and CCL4
were significantly lower in the spleens of infected Irgm3 ™'~ mice
than in infected WT mice. However, importantly, infection of
either WT or Irgm3~'" recipients with PbTG led to comparable
levels of OT-I proliferation between the two strains. In contrast,
when the development of an effector phenotype was examined
based on the capacity of transferred OT-I cells to produce IFN-y
in an antigen-dependent manner, Irgm3 ™'~ recipients were found
to have a marked defect in their ability to support effector differ-
entiation. These data supported a model in which Irgm3 defi-
ciency had no impact, at least at a gross level, on initial priming of
naive T cells (signal 1 or signal 2). However, impaired effector
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function in Irgm3 ™'~ mice strongly suggested that IRGM3 some-
how was affecting signal 3.

The best-characterized stimuli that support differentiation of
CD8™ T cells into effectors are inflammatory cytokines, most no-
tably IL-12 and type-I IFNs; however, IFN-vy and IL-2, as well as
other inflammation-associated cytokines, also may contribute
(72, 73). In addition, a subset of costimulatory molecules, includ-
ing 4-1BBL, OX40L, CD70, CD40, CD80, and CD86, may aug-
ment or, in some cases, substitute for cytokine signaling depend-
ing on the infection model (73). Therefore, we investigated
whether the modulation of these signals in Irgrm3 ™'~ mice could
account for inefficient T cell effector differentiation. When the
expression of costimulatory molecules on spleen myeloid subsets
was examined, gross defects were not seen in Irgm3™'~ mice.
Irgm3 deficiency potentially was associated with decreased induc-
tion of CD86 on PDC and 4-1BBL on inflammatory monocytes.
An effect of Irgm3 deficiency on PDC function would be particu-
larly intriguing, since these cells are prominent producers of
type-1 IFNs and have been argued to be the only nucleated cells to
be infected by PbA (74). However, it has been reported that nei-
ther PDC (70) nor inflammatory monocytes (58) are required for
ECM development. While Irgm3 deficiency did not affect splenic
levels of IL-1, IL-2, IL-12, TNF, or IFN-vy at the peak of systemic
cytokine production, levels of IL-6 were significantly lower in in-
fected Irgm3~'~ mice than in infected WT controls. Consistent
with a potential role in CD8 ™ effector differentiation during ECM,
IL-6 has been reported to enhance CTL differentiation (75), in
particular when in combination with IL-7 and/or IL-15 (76). Ele-
vated levels of IL-6 in serum have been correlated with CM (52,
77). However, mice treated with anti-IL-6 antibodies still devel-
oped ECM (78). Therefore, we suspect the decrease of IL-6 levels
in Irgm3™'~ mice is not the only reason for dramatic changes in
ECM pathology. Infected Irgm3~'~ mice also showed an unex-
pected increase in expression of type I IFN genes compared to
levels for infected WT controls. It has been reported recently that
type I IEN signaling in CD8 DCs inhibits development of ECM
(79). However, this resulted from inhibition of IFN-vy production
by CD4™ T cells via suboptimal expression of costimulatory mol-
ecules on CD8 " DCs. Since we did not see decreased expression of
these costimulatory molecules on CD8~ (CDI11b*) DCs in
Irgm3~'~ mice, this mechanism appears unlikely to contribute to
protection. Nevertheless, taken together, these data suggest that
protection from ECM is due to decreased inflammatory cytokine
signaling. However, the exact pathways by which this occurs re-
main to be established in detail.

In summary, we have demonstrated that Irgm3 deficiency leads
to protection from ECM pathology following infection with PbA.
This protection is associated with decreased recruitment of CTL to
the brain; however, more obviously, we noted a strikingly dimin-
ished capacity of Irgm3 ™'~ mice to support antigen-specific CD8 *
T cell effector differentiation. The mechanisms underlying this
defect in CTL generation currently are unclear, but blunted pro-
duction of inflammatory cytokines, including IL-6, which can
contribute to CTL differentiation, may be involved.
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