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Cell survival and function critically relies on the fine-tuned balance of protein synthesis and
degradation. In the steady state, the standard proteasome is sufficient to maintain this
proteostasis. However, upon inflammation, the sharp increase in protein production requires
additional mechanisms to limit protein-associated cellular stress. Under inflammatory
conditions and the release of interferons, the immunoproteasome (IP) is induced to support
protein processing and recycling. In antigen-presenting cells constitutively expressing IPs,
inflammation-related mechanisms contribute to the formation of MHC class I/ll-peptide
complexes, which are required for the induction of T cell responses. The control of
Toxoplasma gondii infection relies on Interferon-y (IFNYy)-related T cell responses. Whether
and how the IP affects the course of anti-parasitic T cell responses along the infection as well
as inflammation of the central nervous system is still unknown. To answer this question we
used triple knockout (TKO) mice lacking the 3 catalytic subunits of the immunoproteasome
B1i/LMP2, B2I/MECL-1 and B5I/LMP7). Here we show that the numbers of dendritic cells,
monocytes and CD8" T cells were reduced in Toxoplasma gondii-infected TKO mice.
Furthermore, impaired IFNy, TNF and iNOS production was accompanied by dysregulated
chemokine expression and altered immune cell recruitment to the brain. T cell differentiation
was altered, apoptosis rates of microglia and monocytes were elevated and STAT3
downstream signaling was diminished. Consequently, anti-parasitic immune responses
were impaired in TKO mice leading to elevated T. gondii burden and prolonged
neuroinflammation. In summary we provide evidence for a critical role of the IP subunits
B1/LMP2, B2i/MECL-1 and B5i/LMP7 for the control of cerebral Toxoplasma gondii infection
and subsequent neuroinflammation.
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INTRODUCTION

Toxoplasma gondii (T. gondii) is a highly successful intracellular
parasite capable of infecting all mammals including around 30-
70% of all humans (1). In humans, T. gondii infection is usually
asymptomatic and resolves with minimal pathology. However, if
infected individuals acquire an immunodeficiency with impaired
T cell function later in life, they are at risk for reactivation of
latent toxoplasmosis (2). Early control of T. gondii is dominated
by innate immune cells such as macrophages, dendritic cells
(DCs) and circulating monocytes as well as their secreted
proinflammatory cytokines, e.g. tumor necrosis factor (TNF)
and interleukin (IL)-12 (3-5). Interferon-y (IFNY) is essential for
the cell-mediated control of T. gondii. Its production by natural
killer (NK) cells and T cells is induced by TNF and IL-12 (6).
Moreoever, two major mechanisms involved in parasite control
are the IFNy-induced activation of myeloid cells and cytotoxic
activity of CD8" T cells (7). IFNy induces inducible nitric oxide
synthase (iNOS) expression by myeloid cells which in turn
promotes the production of nitric oxide (NO) thereby
inhibiting parasite growth (8). CD8" T cells are known to be
crucial for long-term control and containment of T. gondii. They
prevent the transformation of cyst-forming bradyzoites into fast-
replicating tachyzoites thereby achieving both, a restriction of
parasite burden as well as the establishment of chronic infection
(9, 10). CD8" T cell-derived IFNY is crucial for long term disease
control and relies on CD4" T cell help to facilitate antigen-
presentation and upregulate co-stimulatory molecule expression
on antigen-presenting cells (APCs). In order to maintain a stable
anti-parasite CD8" T cell response, APCs must present parasite-
derived peptides via major histocompatibility complex class I
(MHC I) (11, 12). This requires intracellular processing of
parasite proteins, a mechanism which is mainly mediated by the
immunoproteasome (IP), a proteolytic protein complex which is
induced upon inflammation, e.g. by IFNy (7, 13).

Upon IFNY stimulation, standard proteasomes are replaced by
de-novo synthesized IPs, harboring the three catalytically active
subunits B1i/LMP2, B2i/MECL-1 and B5i/LMP7 instead of B1/
delta, B2/zeta and B5/MB1. In cells of hematopoietic origin IPs are
constitutively expressed (14). In APCs IP expression results in the
generation of an altered peptide repertoire and increased number
of MHC I ligands due to enhanced protein substrate turnover and
changed cleavage specificities (15-17). Whether and how the
simultaneous absence of the inducible catalytic subunits B1i/
LMP2 (Psmb8), B2i/MECL-1 (Psmb9) and B5i/LMP7 (Psmbl0)
alters the course of infections remains unclarified.

Research exploring IP function in inflammatory diseases of
the central nervous system (CNS) has largely focused on stroke
and Alzheimer’s disease (18, 19), where a marked upregulation of
IP in reactive glia has been described. The IP is also associated
with an increase in phagocytosis and iNOS production in
microglia, a common feature of many neurodegenerative
diseases (20-22). To better understand how the IP functions in
the CNS and especially during neuroinflammation, infection
models are sorely needed. Upon LCMV infection in the CNS,
LMP7 was vital for the CD8" T cell-induced pathogenesis of
LCMV-induced meningitis as LMP7”~ mice exhibited a reduced

and delayed disease outcome with fewer infiltrating immune cells
(23). Interestingly, this seemed to be LMP7 specific, as LMP2™"
and MECL-1"" mice had no change in disease compared to
WT mice.

In regards to the IP’s role during T. gondii infection, previous
work from Tu et al,, described that mice absent of the single
subunits LMP2 or LMP7 were more susceptible to acute T. gondii
infection (24). Primarily investigating the effect of the IP on the
induction of a Thl immune response, they observed that the
acute stage of the infection with fast replicating tachyzoites
strongly upregulated the expression of both IP subunits, LMP2
and LMP7, in APCs collected from peritoneal exudate cells
(PEC). Further, LMP7"" mice exhibited strong DC dysfunction
as their ability to present immunogenic peptides was impaired
and the subseqeunt CD8" T cell IFNY and Granzyme B response
was significanlty reduced compared to WT counterparts. Of
note, there was little observable change in these cell types in
LMP2"" mice in the periphery, however, these mice were still
susceptible to T. gondii infection.

In order to investigate the role of the IP through the course of
CNS infection-induced inflammation, we assessed how the
absence of all three catalytic IP subunits in TKO mice affects
the course of infection-induced inflammation using the
neurotropic parasite T. gondii. Hereby, we investigated IP
deficiency over the course of T. gondii infection, focusing on
its role in the chronic phase of infection, where the encysted
parasite resides primarily in the CNS. This study shows for the
first time a prolonged neuroinflammation that is maintained by
perturbed cytokine release due to chronic T. gondii infection. In
addition, we demonstrate increased production of iNOS in
microglia and myeloid subsets in brain tissue of infected TKO
animals as well as reduced numbers of regulatory T cells, reduced
STATS3 phosphorylation but increased induction of apoptosis in
myeloid cells. This study demonstrates that IP deficiency results
in a lack of parasite control by ultimately increasing susceptibility
of these animals to T. gondii, highlighting the importance of the
IP in terms of induction, maintenance and resolution of T.
gondii-induced neuroinflammation.

METHODS

Animals

Conventional immunoproteasome Triple KO (TKO) mice
C57BL/6]-LMP2/Psmb9”"MECL-1/Psmb10” "LMP7/Psmb8”"
were kindly provided by Prof. Kenneth L. Rock and Regeneron
Pharmaceuticals, Inc. (VG MAID number VG1230 + Psmbl0)
(15). 8 to 12 week-old C57BL/6] mice were bred in the same
animal facility. Mice were age and sex matched between the wild
type (WT) and deficient mice. All mice were group-housed in
12-h day/night cycles at 22 °C with free access to food and water.
All animal experiments were approved by local authorities
according to German and European legislation.

Toxoplasma gondii Infection
T. gondii cysts of type II strain ME49 were harvested from brains
of female NMRI mice chronically infected with T. gondii cysts
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6-10 months earlier, as described previously (25). In short,
isolated brains were mechanically homogenized in 1 ml sterile
phosphate-buftered saline (PBS), and the number of cysts in the
homogenate was determined using a light microscope. Mice were
infected with two cysts via oral gavage.

Organ Collection

First, mice were deeply anaesthetized by isoflurane inhalation
(Baxter). Subsequently, mice were transcardially perfused with
60 ml sterile PBS. Single-cell suspension of mesenteric lymph
nodes and spleen were generated by mechanically passing tissue
through a 40 um strainer in PBS complemented with 2% fetal
calf serum (FCS). Brains were removed and stored in RPMI
medium (life technologies) or RNAlater (Qiagen) for additional
analysis. Samples stored in RNAlater were kept at 4 °C overnight
and then transferred to -20°C. Samples in RPMI medium were
stored on ice until further experimental procedures.

Cell Isolation

To isolate brain immune cells, brains were homogenized in a
buffer containing 1 M HEPES (pH 7.3) and 45 % glucose and
then filtered through a 70 um strainer. Leukocytes were
separated via Percoll density gradient centrifugation (GE
Healthcare) as we described previously (26). Living cells were
counted using a Neubauer counting chamber and trypan
blue staining.

Flow Cytometric Analysis

Single cell suspensions were incubated with an anti-FcyIII/II
receptor antibody (clone 93, eBioscience) to block unspecific
binding and Zombie NIR"" (BioLegend), a fixable viability dye.
Thereafter, cells were stained with fluorochrome-conjugated
antibodies against cell surface markers: CD45 (30-F11), CD11b
(M1/70), Ly6C (HK1.4), CD45.2 (104), CD40 (3/23), MHCI (28-
14-8) and MHCII (M5/114.15.2) all purchased from eBioscience;
CD3 (17A2), CD4 (RM4-5), CD8a. (53-6.7), CD80 (16-10A1),
CD44 (IM7), CD62-L (MEL-14), PD-1 (29F.1A12) and NKI.1
(PK136) all purchased from BioLegend; and Ly6G (1AS8)
purchased from BD Biosciences in FACS buffer (with 2% FBS,
0.1% NaN3) at 4°C for 30 min and then fixed in 4%
paraformaldehyde (PFA, Affymetrix) for 15 min. Matched
FMO controls were used to assess the level of background
fluorescence in the respective detection channel.

Intracellular staining was performed on 5x10° cells/well after ex
vivo stimulation with Toxoplasma lysate antigen (200 pg/mL) in the
presence of brefeldin A (10 pg/mL, BioLegend) and monensin (10
pg/mL, BioLegend) at 37 °C for 6 h. Afterwards, cells were incubated
with anti-FcyIII/IT receptor antibody (clone 93, eBioscience) and
Zombie NIR™ (BioLegend). Surface epitopes were then stained
with CD45 (30-F11), CD11b (M1/70), Ly6C (HK1.4), Ly6G (1A8),
CD3 (17A2), CD4 (RM4-5) and CD8a (53-6.7) for 30 min at 4 °C.
Stained cells were fixed in 4% PFA and permeabilized using Perm/
Wash Buffer (BioLegend). To measure cytokine expression, cells
were stained with the flourochrome-conjugated antibodies against
intracellular proteins TNF (MP6-XT22), FoxP3 (FJK.16s) and IL-
12p40 (C17.8) purchased from eBioscience; iNOS (clone 6, BD
Biosciences), Granzyme B (QA16A02, BioLegend), and IENYy

(XMG1.2, BioLegend) in permeabilization buffer (Invitrogen) for
45 min. Matched isotype controls were used to assess the level of
non-specific binding. Flow cytometric analysis was performed on
BD LSRFortessa (BD Bioscience) and on Attune NxT Flow
Cytometer (Thermo Fisher) and analyzed with FlowJo (version
10, Flowjo LLC).

Calculation of absolute cell count was performed by
multiplying the viable population frequencies derived from
flow cytometry analysis with the hemocytometer cell count of
the respective sample.

Apoptosis Assay

Cellular apoptosis was quantified using a FITC Annexin V
Apoptosis Detection Kit with 7-AAD (BioLegend) following
the manufacturer’s instructions. 5x10° splenocytes were
isolated, as described above, rinsed with staining buffer and
resuspended in Annexin V Binding Buffer (BioLegend). The
cells were then incubated with 5 pL of FITC Annexin V and
10 pL of 7-AAD solution for 20 min at room temperature light
protected. Fluorescence was measured on Attune NxT Flow
Cytometer (Thermo Fisher) and analyzed with Flow]Jo (version
10, Flowjo LLC).

Transwell CD8" T Cell Migration Assay
Naive CD8" T cells were purified using CD8o. T Cell Isolation
Kit mouse (Miltenyi Biotec) following the manufacturer’s
instruction. Chemokines CXCL12 and CCL21 (Peprotech)
were used at 250 ng/mL each in 500 UL of Assay Medium
containing RPMI 1640, 10mM HEPES and 0.1% BSA
(Applichem). Migration assay was performed by seeding 2x10°
cells in 200 uL Assay Medium into the upper chamber of 48-well
transwell plates (Corning) with a pore size of 5 um. Strainer was
pre-coated with poly-L-lysine (1:100 in PBS) for 20 min at 37 °C
prior to the experiment. Following 2.5 h of incubation at 37 °C
and 5% CO,, cells were collected from the lower chamber and
analyzed using MACSQuant® Analyzer (Miltenyi Biotec). Total
migrated cells of control mice were set to 100% and relative
migration of CD8" T cells from TKO mice was calculated.

Western Blot

Proteins of whole brain lysates were analyzed by immunoblotting
against 1i/LMP2 gp, B5i//LMP7 rb (both custom-generated),
B2i/MECL-1 [K65 rb; (27)] and P-Actin (#A1978,
Sigma-Aldrich).

Tibias and femurs of 10-14 weeks-old WT and TKO mice
were aseptically removed, and bone marrow cells were flushed
out with sterile PBS and centrifuged at 150 xg for 10 min. Cells
were resuspended in RPMI medium containing 10% FCS
(Capricorn), recombinant murine granulocyte-macrophage
colony-stimulating factor (2 ng/ml; Cell Signaling Technology)
and 50 p{M mercaptoethanol (Sigma-Aldrich) and cultivated for
at least 10 days at 37 °C and 5% CO,. Twenty-four hours prior to
experiments, cells were harvested by scraping and seeded into 6-
well plates. For investigation of signaling events cells were treated
for the depicted time points with 30 ug/ml Toxoplasma lysate
Antigen (TLA) and harvested using Trizol reagent (Invitrogen).
Proteins were quantified via Bradford assay and subsequently
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analyzed by immunoblotting against pStat3 (Tyr705) (D3A7;
XP® Rabbit mAb #9145 CST), Stat3, pMEK (Ser217/221) (41G9;
Rabbit mAb #9154 CST), pErk (Thr202/Tyr204) (20G11; Rabbit
mAb #4376 CST), Erk and GAPDH (all Cell Signaling
Technology) antibodies.

DNA and RNA Isolation

Samples stored in RN Alater were homogenized in BashingBeads
tubes (Zymo Research, Freiburg, Germany). AllPrep DNA/RNA
Mini Kit (Qiagen) was used to isolate DNA and the peqGOLD
total RNA kit (Peqlab, Erlangen, Germany) was used to isolate
total RNA from the homogenate following the
manufacturer’s instructions.

Semiquantitative RT-qgPCR

T. gondii burden was determined using the FastStart Essential
DNA Green Master kit (Roche). The target T. gondii gene used
was Tgbl, and Mm. Asl (TIBMolbiol, Berlin, Germany) was used
as a reference gene. The stage of parasite burden was quantified
using the Power SYBR® Green RNA-to-CT"™ 1-Step Kit
(Thermo Fisher) for bradyzoite-specific Bagl and tachyzoite-
specific Sagl using Gapdh as reference gene. All genes were
purchased from TIBMolbiol, Berlin, Germany.

Relative gene expression was determined similar to previous
descriptions (28, 29) using the TaqMan® RNA-to-CT™ 1-Step Kit
(life technologies). TaqMan® Gene Expression Assays (life
technologies) were used for mRNA amplification of Psmb8 (MmO00
440207_m1), Psmb9 (Mm00479004_m1), Psmbl0 (MmOO
479052_gl), Ccl2 (Mm00441242_m1), Ccl3 (Mm00441259_gl),
Cxcl2 (MmO00436450_m1), Cxcl10 (MmO00445235_ml), Ifng
(MmO00801778_m1), Tnf (Mm00443258_m1l), I1l12a (MmO0
434165_m1), Nos2 (Mm00440485_m1). Expression of Hprt (MmOl
545399_m1) was chosen as reference and target/reference ratios were
calculated with the LightCycler® 96 software version 1.1 (Roche). All
results were further normalized to the mean of the WT
infected group.

Cytokine and Chemokine Assessment
Cytokine and chemokine profile was characterized using the
LEGENDplex " system (BioLegend). A more detailed protocol is
published (30). Briefly, we used the Mouse Inflammation Panel
(13-plex) system. Serum from WT and TKO mice was collected
and incubated with fluorescence-encoded capture beads to
cytokine and chemokine targets including CCL2, TNF and
IENY. The fluorescent signals of analyte-specific bead regions
were quantified using flow cytometry, and the concentrations of
particular analytes were determined using provided data analysis
software (BioLegend, LegendPlexTM software v8.0).

Statistical Analysis

Datasets were analyzed statistically using GraphPad Prism 7.02
(Graphpad software). To test for significance, we used a Mann-
Whitney test for comparing two groups and a 2way ANOVA
with uncorrected Fischer’s LSD test for multiple comparisons.
Owing to the small sample sizes, unequal variances were
assumed in all ¢-tests. The significance level was set to P < 0.05
for all statistical comparisons. Symbols represent individual

animals, columns represent mean values and error bars
represent + SEM.

RESULTS

TKO Mice Show Increased Susceptibility
to T. gondii Infection

The 20S catalytic core particle of the IP consists of multiple
subunits, three subunits harbor the six active sites that differ
from those in the standard proteasomes. The relative
contribution of immunoproteasomes to immune responses
against T. gondii is unclear. To determine the relative
expression of the three IP catalytic-subunits LMP2 (Psmb9),
LMP7 (Psmb8) and MECL-1 (Psmbl10) during the acute and
chronic neuroinflammatory stage of infection, mRNA and
protein was isolated from brain homogenates of T. gondii
infected wild type (WT) mice at day 28 post-infection (p.i.). As
compared to uninfected controls, the expression of all three IP
subunits LMP2 (Psmb9), LMP7 (Psmb8) and MECL-1 (Psmb10)
was significantly increased in T. gondii infected WT mice both on
the RNA and protein level (Figure 1A and Supplementary
Figure 1). To investigate the functional significance of these IP
subunits we used mice with a combined deficiency of LMP2,
MECL-1 and LMP7. These triple-knockout (TKO) mice and WT
controls were infected with T. gondii orally (p.o.) and body
weight was monitored daily throughout the course of the
infection (Figure 1B). During the acute phase of infection,
from day 10 to 14 p.i., WT mice showed a higher weight loss
when compared to TKO mice. Starting around day 13 p.i.,
however, this effect was reversed and bodyweight loss was
significantly more pronounced in TKO mice from day 21 to 28
p.i. Parasite burden was significantly increased in the spleen of
TKO mice already at day 10 p.i., an effect that was not observed
at day 28 p.i. (Figure 1C). This might be due to the fact that
T. gondii invades deeper tissues including the brain to evade the
hosts” immune system (31).

Consequently, we analyzed parasite burden in the brain. To
assess differences in stage conversion of the fast replicating
tachyzoite and slow replicating bradyzoite stages of T. gondii,
we utilized T. gondii-specific genes (TgSAG1 and TgBAGI,
respectively). We detected a reduced mRNA expression of both
tachyzoites and bradyzoites genes in brains of infected TKO mice
in the acute phase of infection (Figure 1D), but increased mRNA
expression in the chronic phase of infection (Figure 1E). Hence,
altered tissue distribution of T. gondii in TKO mice argues for
impaired peripheral immune responses in the absence of a
functional IP.

Reduced/Delayed Type 1 Immune Response

to T. gondii in TKO Mice

Early immune responses against T. gondii strongly depend on the
pathogen-associated molecular pattern (PAMP)-dependent
activation of APCs. They produce TNF and IL-12, promote the
activation of NK and T cells, which produce anti-parasitic IFNy
(6). To determine if the IP affects early parasite recognition in the
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for statistical analysis. *P < 0.05, **P < 0.01, **P < 0.001.
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FIGURE 1 | Increased susceptibility of TKO mice in the chronic, but not acute, phase of T. gondii infection. Wild type (WT) mice were orally infected with a low dose (2
cysts) of T. gondii (ME49) for 28 days. Brains were collected from WT non-infected (non.inf., n > 4) and T. gondii infected (Tg, n > 4) animals on day 28 p.i. and following
homogenization, MRNA was extracted for RT-gPCR analysis. (A) mRNA expression of the immunoproteasome subunits (LMP7/Psmb8, LMP2/Psmb9, MECL-1/
Psmb10) were normalized to the non-infected group. Data is representative of four independent experiments. (B) WT mice and triple-knocked out (TKO) for the
immunoproteasome subunits (LMP7/Psmb8” LMP2/Psmb9” MECL-1/Psmb107") mice were orally infected with a low dose (2 cysts) of 7. gondii and weighed daily. Day
10 and 28 p.i. were chosen as time points for the acute and chronic immune response. The spleens and brains were taken from acute (d10 p.i.) and chronic (028 p.i.)

T. gondii-infected WT (WT Tg, n=4) and triple-knockout (TKO Tg, n=4) mice. Organs were homogenized and DNA/RNA was isolated from each for g°PCR and RT-gPCR
analysis. (C) gPCR analysis from DNA extracted from spleens of T. gondii infected WT and TKO mice. Relative quantification of T. gondii gene TgB1 in spleen from acute
(d10 p.i.) and chronic (d28 p.i.) T. gondii infected WT and TKO mice. TgB1 gene expression was normalized to the gene expression of the reference gene Mm.Asl.

(D, E) RT-gPCR analysis from RNA extracted from brain homogenates of mice from the acute (d10 p.i.) and chronic (d28 p.i.) phase of infection. Relative mRNA levels
were normalized to the mean expression of the infected WT group. Data shown in (A) represents three independent experiments and data shown in (B-E) represent four
independent experiments. In (A, C-E) symbols represent individual animals, columns represent mean values and error bars represent + SEM. In (B), data points
represent mean values and error bars represent + SEM. In (A), a Mann-Whitney test for two groups and in (B-E) a 2way ANOVA following Fisher’s LSD test was used

periphery, splenic Ly6C" inflammatory monocytes and DCs
from WT and TKO mice were analyzed in the acute phase of
infection. As shown in Figures 2A-C, numbers and MHC I
levels of Ly6C™ inflammatory monocytes and DCs were
significantly reduced in the spleen of infected TKO compared
to WT mice. In contrast, MHC II expression proved to be
independent of the IP which is consistent with previously
published data (15).

Next, we investigated whether IP deficiency affects IL-12 and
TNF production by Ly6C™ monocytes and DCs. Upon ex vivo
restimulation with Toxoplasma lysate antigen (TLA), we
observed a significantly higher percentage of Ly6C™ monocytes
producing TNF with increased TNF production and non-
significant change in frequencies of TNF producing DCs
(Figure 3A, A’) in TKO mice in the acute phase. We detected
no difference in the percentage of IL-12-producing DCs and
Ly6C™ monocytes or in the IL-12 produced (Figure 3B, B’). TNF
and IL-12 production lead to the expression of IFNY, a key
molecule for T. gondii elimination (4, 6). IFNYy induces cell-
autonomous immune responses (32), such as induction of
inducible nitric oxide synthase (iNOS) which produces nitric

oxide (NO) thereby promoting parasite clearance (33, 34). As
shown in Figure 3C, C’, iNOS production by DCs and Ly6C"
monocytes was also indistinguishable between infected WT and
TKO animals. These results indicate that the IP has only a minor
impact on early innate immune responses against the parasite but
may be required for IFNY-related adaptive immune responses.
IFNYy produced in the course of T. gondii infection facilitates
IL-12 production by DCs and monocytes (35). With an increased
parasite burden in spleens of TKO mice, one would expect
increased expression of IL-12. However, we detected no change
in IL-12 production (Figure 3B, B’). In order to characterize
IFNy production by immune cells, CD8" and CD4" T cells,
NKI1.17" cells and neutrophils were restimulated with TLA ex vivo
and analyzed by flow cytometry. Fewer CD8" T cells were
isolated from the spleens of infected TKO animals compared
to WT mice during the acute phase of infection (Figure 4A).
This, together with the observed reduced MHC I expression on
APCs (Figure 2) is in line with previously reported results (15,
24, 36) describing reduced CD8" T cell numbers when MHC 1/
peptide presentation is impaired (24). In addition, we observed
slightly elevated numbers of CD4" T cells in spleens of infected
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TKO mice, a finding that was already visible in naive TKO mice
(Figure 4B and Supplementary Figures 2A-C, E, F). Consistent
with previous findings (37), significantly reduced frequencies in
the IFNY'CD4" T cells were detected in spleens of infected TKO
mice, whereas steady state analyses revealed no difference in the
circulating IFNy in WT and TKO mice (Figure 4B and
Supplementary Figure 2D). Neither numbers, nor frequencies
of IFNYy producing NK1.1" cells or neutrophils (Ly6G") differed
significantly between TKO and WT mice (Figures 4C, D).

Parasite Dissemination Into the Brain of WT and
TKO Mice in the Acute Phase of T. gondii Infection
To establish the chronic phase of infection in the CNS, T. gondii
has to cross the blood-brain barrier (BBB) and enter the brain.
When T. gondii infects DCs or monocytes, they induce a
hypermotility phenotype and enhanced transmigration
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FIGURE 2 | Reduced numbers of Ly6C™ monocytes and DCs in spleen of infected TKO mice. Immune cells were isolated from the spleens of T. gondii infected WT
(WT Tg, n=5) and TKO (TKO Tg, n > 4) mice on day 10 p.i. and analyzed by flow cytometry. Following viability staining and the basic FSC/SSC gating, viable single
cells were chosen for further characterization. (A) Splenocytes were first gated based on surface expression of CD45, a hematopoietic marker, and CD11b, a
myeloid cell marker (left plot). CD11b"CD45" cells were further gated for CD11c and CD11c* cells identified as dendritic cells (DCs) (center plot). CD11¢” cells were
further divided into inflammatory monocytes (Ly6G Ly6C™) and neutrophils (Ly6G*) (right plot). The total number of living cells and surface expression of MHC | and
MHC Il were assessed for Ly6C™ monocytes (B) and DCs (C). Expression of MHC | and MHC Il was quantified using the mean fluorescence intensity (MFI) of their
respective fluorochrome. Data shown in (A) is a representative of three independent experiments. Data shown in (B, C) represent three independent experiments;
symbols represent individual animals, columns represent mean values and error bars represent + SEM. A Mann-Whitney test was used for statistical analysis.
P < 0.01, **P < 0.001.

capacity, effectively shuttling the parasite into the brain,
thereby functioning as a Trojan horse to cross the BBB (38). In
TKO animals, we observed an increased parasite burden in the
periphery but the opposite in the brain on d10 p.i. (Figure 1).
This is also associated with a dysregulated DC and CD8" T cell
recruitment to the spleen (Figures 2 and 4). To investigate
whether and how impaired immune pressure in the periphery
corresponds to altered immune cell composition in the brain, we
analyzed different immune cell populations in brains of T. gondii
infected mice on day 10 p.i. Using flow cytometry analysis, we
assessed recruited myeloid and lymphoid cells into the CNS
along with the resident microglia (Figure 5A). We observed
fewer numbers of myeloid cells recruited into the brain of TKO
mice, though not significant (Figure 5B). Interestingly, these
myeloid cells exhibited a similar phenotype to the peripheral cells
(Figures 2B, C and 3A) as they had reduced MHC I expression
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FIGURE 3 | Cytokine production by APCs in spleens of T. gondii infected mice. Immune cells were isolated from the spleens of T. gondii infected WT (WT Tg, n=5)
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cytometry. (A-C) Histograms of Ly6C"™ monocytes and DCs intracellular production of (A) TNF (B) IL-12 and (C) iNOS and their resulting MFI expression (A’-C’).
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columns represent mean values and error bars represent + SEM. 2way ANOVA following Fisher’s LSD test was used for statistical analysis. *P < 0.05.

and normal TNF production (Figures 5B, 2B, C, and 3A).
Nonetheless, myeloid cells in the TKO-brain displayed slightly
reduced MHC II expression (Figure 5B), which is expected to be
due to the reduced presence of parasites in the brain in the acute
phase of infection and was not observed on Ly6C™ inflammatory
monocytes and DCs obtained from the spleens of TKO mice
(Figures 2B, C).

T. gondii activates resident microglia, which induces the
recruitment of immune cells into the brain (39). In infected
TKO mice, MHC I and TNF expression by microglia was
significantly reduced compared to WT mice (Figure 5C). In
contrast, circulating TNF was not altered in non-infected TKO
mice (Supplementary Figure 2D). Furthermore, in the brain of
infected TKO mice the size of CD8" T cell pool and availability to
produce IFNYy were slightly reduced (Figure 5D). The number
and IFNy production of brain CD4" T cells was unchanged
whereas the number of NK1.1" cells as well as IFNy production,
were slightly increased in acutely infected TKO mice (Figures
5E, F). To directly assess the ability of CD8" T cells to migrate to
sites of T. gondii infection, we used a transwell migration assay.
CD8" T cells were isolated from T. gondii-infected WT and TKO

mice and stimulated using CCL21 or CXCL12. Interestingly,
CD8" T cells from spleens of infected TKO mice showed
significantly reduced migration upon both CCL21 and
CXCL12 ex vivo stimulation compared to WT mice
(Supplementary Figure 3A). This indicates that CD8" T cells
from TKO mice possess a reduced capacity to migrate to the site
of infection in the acute phase that suggests a failure of the
immune system to limit infection by inducing tachyzoite
differentiation into bradyzoites.

An alternative explanation for the reduced pathogen burden in
brains of acutely infected TKO mice could be reduced parasite
shuttling by myeloid cells, a process which is CCL2-dependent (3,
39). In the serum of infected TKO mice CCL2 levels were slightly,
(albeit non-significantly) reduced (Supplementary Figure 3B)
which aligns with the number of myeloid cells in the brain
(Figure 5B). Correspondingly, mRNA levels of CCL2 and other
myeloid-associated chemokines such as CCL3, CXCL2 and
CXCL10 were reduced in brains of infected TKO mice at day 10
p.i. (Supplementary Figure 3C). This was also the case for IFNy
(Supplementary Figure 3D), which is known to induce
chemokine gene activity (40). Overall, an absent IP correlates
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infected WT (WT Tg, n=5) and TKO (TKO Tg, n=5) mice on day 10 p.i. and analyzed by flow cytometry. Following viability staining and the basic FSC/SSC gating,
viable single cells were determined by first removing CD11b* and CD3” immune cells. CD3"CD4* and CD3*CD8" T cells were identified for further analysis.
CD45"NK1.1* cells were determined after gating out CD3*, CD8", Ly6C* and Ly6G™ cells. The total cell number of (A) CD8* T cells, (B) CD4™ T cells, (C) NK1.1*
cells and (D) neutrophils, the percentage of IFNy producing cells and their respective IFNy production were measured. Data shown represents three independent
experiments; symbols represent individual animals, columns represent mean values and error bars represent + SEM. A Mann-Whitney test was used for statistical
analysis. *P < 0.05.

with impaired early induction of adaptive immune responses,
leading to a loss of parasite control in the acute phase of infection,
subsequently resulting in an increased peripheral parasite burden.

WT and TKO Mice During Chronic T. gondii Infection
Parasite control during chronic neuroinflammation requires
persistent, basal levels of inflammation involving resident
microglia and recruited immune cells such as monocytes and
T cells. Upon chronic infection, we observed an increased
parasite burden in combination with a more severe weight loss
in TKO compared to WT mice (Figure 1E) that resembled
reactivated toxoplasmosis. To further investigate this phenotype,
immune cells were isolated from brains of chronically infected
mice and analyzed via flow cytometry. Ly6C" inflammatory
monocytes and DCs exhibited comparable total numbers in the
brains of infected TKO mice (Figure 6A). Next, we determined
the influence of the IP on the functional capacity of resident
microglia and recruited immune cells in chronic inflammation.
Again, expression of MHC I continued to be impaired as all cell
types exhibited significant reduced expression (Figure 6B).
Microglia showed a slight increased expression of MHC II in
the chronic stage of infection, which is expected with an
increased parasite burden (Figure 6C). To investigate the
effector function of these cells in the chronic stage of infection,
we then analyzed their production of TNF, IL-12 and iNOS.

Ly6C" monocytes recruited into the brains of TKO mice showed
a trend of increased TNF expression whereas significantly fewer
microglia were producing TNF when compared to WT mice
(Figure 6D, D). Fewer DCs produced IL-12 while no differences
in producing microglia or Ly6C™ monocytes could be detected
between WT and TKO mice in the chronic stage of infection
(Figure 6E, F’). Interestingly, when assessing iNOS expression in
these cell types, they all, especially microglia, showed
significantly increased iNOS production in brains of TKO
compared to WT mice (Figure 6F, F’). These results show that
in the chronic stage of infection, TKO mice are able to induce
IENYy-driven anti-parasitic immune responses such as the
expression of iNOS. Although in TKO mice expression of cell
autonomous anti-parasitic effector molecules was induced, they
regardless were not able to sufficiently control parasite
proliferation in the brain. It is crucial to have T. gondii specific
T cells that can recognize active, ongoing parasite infection and
then prime the local cells to adequately defend and prevent
further parasite spread. Thus, we hypothesized that T cells are
responsible for the lack of parasite control in the chronic stage of
infection and we analyzed T cell responses in chronic
inflammation in more detail.

When assessing CD4" and CD8" T cell recruitment into the
brain, TKO mice compared to WT mice showed comparable
CD4" T cell numbers, but a trend for fewer CD8" T cells
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FIGURE 5 | Impaired recruitment and IFNy-dependent activation of proinflammatory myeloid cells in TKO mice. Immune cells were isolated from brains of T. gondii
infected WT (WT Tg, n=5) and TKO (TKO Tg, n > 4) mice on day 10 p.i. For the measurement of TNF and IFNy, brain cells were restimulated with TLA for 6 hours
and then stained and analyzed by flow cytometry. Following viability staining and the basic FSC/SSC gating, single cells were chosen for further characterization.
(A) Representative gating strategy using CD45 and CD11b to distinguish between microglia, myeloid cells and lymphoid cells (left plot) and representative plots from
from brain tissue of infected WT (center panel) and TKO (right plot) mice. CD11b*CD45™ cells were identified as microglia and CD11b*CD45™ were identified as
recruited myeloid cells then divided into Ly6G™~ monocytes as depicted in Fig 2A. CD45"CD11b™ cells were divided into CD3*CD8" and CD3*CD4™" T cells.
CD45"NK1.17 cells were determined after removing CD3*, CD8*, Ly6C* and Ly6G™* cells. Total number of cells was assessed for recruited (B) myeloid cells,

(D) CD8" T cells, (E) CD4" T cells and (F) NK1.1" cells. Recruited (B) myeloid cells and (C) microglia were measured for their surface expression of MHC | and
MHC Il as well as their production of TNF. Recruited (D) CD8*, (E) CD4" and (F) NK1.1* cells had their IFNy production quantified. The expression or production of
each immune marker was quantified using the MFI of their respective fluorochromes. Data shown in A is a representative of three independent experiments. Data
shown in (B-F) represents three independent experiments; symbols represent individual animals, columns represent mean values and error bars represent + SEM.
A Mann-Whitney test for comparing two groups and a 2way ANOVA followed by Fisher’s LSD test for comparing multiple groups was used for statistical analysis.

(Figure 7A). To further assess T cell functionality in response to
T. gondii, we analyzed IFNyand TNF production of CD4" T cells
as well as IFNY and Granzyme B secretion by CD8" T cells
following ex vivo TLA stimulation. Granzyme B is a cytotoxic
protein contained in granules of cytotoxic CD8" T cells that is
able to induce apoptosis in neighboring infected cells after
release. Interestingly, we observed significantly increased
frequencies of IFNY and TNF secreting CD4" T cells in TKO
mice compared to WT mice (Figure 7B) which is in concordance
with our finding that in whole TKO-brains significantly
enhanced TNF and non-significantly increased IFNy mRNA
levels can be found (Supplementary Figure 3E). Similar to the
immune response in the acute phase of infection, TKO mice
compared to WT mice showed a lower frequency of IFNy
producing CD8" T cells (Figure 7C). Surprisingly, no
differences of granzyme B containing CD8" T cells could be
detected between TKO and WT mice in brain tissue in the
chronic stage of infection (Figure 7C). Since it is described that
regulatory T cells (Tregs) mediate T cell suppression during the
acute phase of T. gondii infection, we next analyzed whether
TKO mice have changes in the recruitment of Tregs into the
CNS. And indeed, we found significantly reduced frequencies of

CD4" Tregs in brains of TKO mice compared to WT mice in the
chronic phase of infection (Figures 7D, E). These results show
that the absence of the IP leads to reduced Treg frequencies in the
T. gondii infection model and subsequent reduced T cell
suppression, resulting in increased cytokine production by
CD4" T cells (Figure 7B).

The immunoproteasome is crucial to induce T cell
maturation (41). Thus, we further analyzed different T cells
subtypes in respect to their surface expression of CD62L and
CD44, allowing us to distinguish between naive (CD44 CD62L"),
central memory (CD44"CD62L") and effector memory
(CD44"CD62L") T cells. First, we investigated the number of T
cell subtypes recruited into the CNS and observed a significant
reduction of CD8" T effector memory (T.p,) cells but not CD4"
T effector cells in brains of TKO mice in the chronic phase of
infection (Figures 7F, F’). To assess if this significant difference
in T cell differentiation is restricted to the chronic infection, we
investigated different T cell subtypes of splenocytes in uninfected
mice as well as infected mice in the acute and chronic phase of
infection (Figures 7G, H). Already uninfected TKO mice
showed a significant reduction of naive CD8" T cells and vice
versa a significant increase of naive CD4" T cells in spleen tissue
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FIGURE 6 | Increased anti-parasitic immune response in brains of TKO mice in chronic stage of infection. Immune cells were isolated from brain homogenate of

T. gondii infected WT (WT Tg, n=4) and TKO (TKO Tg, n=4) mice on day 28 p.i. For the measurement of TNF, IL-12 and iNOS brain cells were restimulated with TLA
for 6 hours, stained and analyzed by flow cytometry. Following viability staining and the basic FSC/SSC gating, single cells were chosen for further characterization.
Using the same gating strategy as described for Fig 2A and 5A, CD11b*CD45™ microglia (MG), CD11b*CD45"Ly6G Ly6C™ inflammatory monocytes and
CD11b*CD45*CD11c* DCs were analyzed. (A) Total cell numbers were calculated as a percentage of live cells found in the brain for Ly6C" monocytes and DCs.
The surface expression of (B) MHC | and (C) MHC Il expression was determined on MG, DCs and Ly6C™ monocytes. Histograms of the intracellular production of
(D) TNF, (E) IL-12 and (F) iINOS and their resulting MFI (D’~F’). The histogram values (right side) represent the percentage of positively expressing cells (determined
by isotype control; in gray) for each respective immune marker and group (WT in black; TKO in red outline). The bar (D-F) outlines where positive expression begins
for each respective cell and marker. Data shown represent four independent experiments; symbols represent individual animals, columns represent mean values and
error bars represent + SEM. 2way ANOVA followed by Fisher’s LSD test was performed for statistical analysis. *P < 0.05, ***P < 0.001.

compared to WT mice (Figures 7G’, H’ and Supplementary
Figures 2B, C), which is consistent with previous findings (15).
We found that TKO mice compared to WT mice had
significantly increased numbers of naive CD4" T cells as well
as comparable numbers of central memory T cells (T.,) and Tep,
cells throughout the infection (Figure 7G, G”, G”).
Splenocytes of TKO mice compared to WT mice possessed
significantly fewer naive CD8" T cells in uninfected mice (Figure
7H’). However, during the course of infection WT and TKO
mice had comparable numbers of naive CD8" T cells (Figure
7H”, H”), but TKO mice exhibited reduced T, cells in the
chronic stage of infection (Figure 7H””). These data describe that
the absence of the IP hampers the ability to induce effector T cells
and affect CD8" T cell differentiation into memory/effector T

cells, since an increased proportion of T cells were differentiated
into central memory cells (Figure 7H).

IP Deficiency Affects Apoptosis and Signaling via

STAT3 in TKO Mice in Chronic T. gondii Infection

Since T. gondii is known to infect APCs, DCs in particular, as
well as the IP primarily seems to affect CD8" T cell numbers by
altered MHC I/peptide presentation, this suggests an important
role for APCs in the brain in the chronic stage of infection. To
further investigate this hypothesis, we determined the
frequencies of apoptotic APCs in brain (Figure 8A) and spleen
(Figure 8B) tissue of WT and TKO mice in the chronic stage of
infection. Using Annexin V and 7AAD, we assessed early and
late apoptotic APCs in infected animals in the chronic stage of
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FIGURE 7 | Altered T cell differentiation in infected TKO mice. Immune cells were isolated from brain homogenate of T. gondii infected WT (WT Tg, n=4) and TKO
(TKO Tg, n=4) mice on day 28 p.i. For the measurement of IFNy, TNF and Granzyme B, cells were restimulated with TLA for 6 hours, stained and analyzed by flow
cytometry. (A) Total number of CD4* and CD8" T cells recruited to the brain. (B, C) Intracellular production of proteins in T cells was characterized by the
percentage of cells positive for IFNy, Granzyme B or TNF. (D) Representative gating for regulatory T cells after selecting CD11b°CD3" cells. Tregs were determined
by gating for CD4"FoxP3* cells. (E) The frequency of recruited FoxP3" cells was calculated as a percentage of CD4* T cells in the brain. Using CD62L and CD44,
CD4* and CD8" T cells were divided into naive (CD62L*CD44"), T central memory (Tem, CD62LYCD44™) and T effector memory (Ter, CD62L"CD44*) populations.
Total number of differentiated (F) CD4* and (F’) CD8* T cells from the brains of WT and TKO mice from day 28 p.i. (G, H) Immune cells were isolated from spleens
at steady state, day 10 p.i. (acute) and day 28 p.i. (chronic) from WT and TKO mice and analyzed by flow cytometry. (G, H) Representative gating strategies of these
T cell subpopulations for both CD4* and CD8" T cells (acute stage shown). The absolute number of CD4™ and CD8" T cells for the respective subpopulations from
WT and TKO mice (G’, H’) non-infected, (G”, H’) acute stage infection, (G’”, H’”’) chronic stage infection. Data shown in D, G & H are representatives of three
independent experiments. Data shown in A-C, E, F, F’, G’-G’”” and H’-H’” represent four independent experiments; symbols represent individual animals, columns
represent mean values and error bars represent + SEM. In C&E a Mann-Whitney test for comparing two groups and in A, B, F, F’, G=G”” and H-H’”’ a 2way
ANOVA followed by Fisher’s LSD test were used for statistical analysis. *P < 0.05; **P < 0.01, **P < 0.001.

infection. First analyzing CD11b" cells (to include microglia) in
brains from infected animals on day 28 p.i, we detected
comparable early apoptotic, but significantly increased
frequencies of late apoptotic cells in TKO mice compared to
WT mice (Figure 8A). Splenocytes were isolated from infected
animals on day 28 p.i. and all CD11b" splenocytes were further
divided into Ly6C™ and Ly6C' cells. We observed significantly
increased frequencies of early apoptotic Ly6C'® cells, whereas
significantly increased frequencies of late apoptotic Ly6C" and
Ly6Clo cells were found (Figure 8B). Thus, with the absence of
the IP, APCs in brain and spleen tissue of chronically infected
animals have increased rates of apoptosis (Figures 8A, B). It is
conceivable that this is a potential mechanism, explaining the
observed reduced numbers of CD8" T, cells in brains of TKO
mice (Figures 7F).

During inflammation, the IP is a crucial component needed
for cell signaling and protein degradation. Studies have
hypothesized that the IP plays a role in regulating pro-

inflammatory cytokines (42, 43). Thus, we aimed to determine
if deficiency of the IP affects any major cytokine signaling
pathways found in APCs such as MAPK/NF-xB or STAT
pathways. These signaling pathways are known to be
essentially involved in T. gondii containment (35, 44, 45) and
further can be manipulated by the parasite itself thereby using
them to evade the host immune system (46, 47). Bone marrow
derived macrophages (BMDM:s) were stimulated with TLA ex
vivo and protein expression was analyzed via immunoblot
(Figures 8C). We analyzed different key proteins from
different stages of the MAPK/NF-xB pathway. No differences
in the phosphorylation of MEK and ERK could be detected
between WT and TKO mice following stimulation. We further
analyzed STAT3 and its phosphorylated variant (pSTAT3) as a
key component of the STAT pathway. BMDMs of TKO mice
compared to WT mice showed a marked reduction in STAT3
phosphorylation. It is described that STAT3, and subsequent
pSTAT3, are crucial components for cell survival and IL-6/10/12
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signaling (48-50). This finding fits to our observation of
increased apoptosis in brains of TKO mice in the chronic stage
of infection. These data highlight that the absence of the
IP impairs STAT3 signaling via dysregulated phosphorylation
(Figure 8C and Supplementary Figures 5A, B), correlating with
the observed reduced myeloid cell survival (Figures 8A, B) and
altered T cell differentiation (Figures 7F, F’) in infected TKO
mice in the chronic stage of infection.

DISCUSSION

The results presented in the current study demonstrate that the
IP is a crucial component of the immune system for the
transition between innate and adaptive immune responses
against T. gondii. The absence of the IP subunits LMP2,
MECL-1 and LMP7 indirectly showed a reduced ability of
APCs to present peptides to T cells by displaying decreased
MHC T cell surface level, thereby reducing the pool of the
available CD8" T cells, all crucial steps for T. gondii
containment and clearance. Furthermore, these APCs were

more prone to apoptosis and lacked STAT3 phosphorylation.
Ultimately, this impaired immune response lead to an inability of
TKO mice to control parasite proliferation, causing reactivation
of toxoplasmosis resulting in an increased susceptibility of TKO
mice in a T. gondii infection model.

TKO mice showed an increased weight loss during the
chronic course of T. gondii infection that is often associated
with an enhanced immune response. And in fact, brain tissue of
chronically infected TKO mice showed increased TNF and IFNy
as well as increased production of these cytokines released by
CD4" T cells in the chronic phase of infection. Nevertheless, T.
gondii infected TKO mice showed an inability to control the
parasite burden, particularly, in the acute phase but also in the
chronic phase of infection. This inability for early parasite
containment is presumably caused by a delayed antigen
presentation by APCs. Dysregulated antigen presentation by
APCs can delay parasite specific T cell activation and
proliferation thereby delaying expression of IFNY induced anti-
parasitic effector molecules. This mechanism aligns with other
infection models using TKO animals. Infection with Brucella
abortus in TKO mice led to an increased bacterial burden. This
was associated with an impaired MHC I presentation of CD11c"
cells and a reduced percentage of both CD4" and CD8" IFNy
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FIGURE 8 | Altered STAT3 signaling in TKO APCs. Immune cells were isolated from the brain and spleen tissue of T. gondii-infected WT (WT Tg, n=5) and TKO
(TKO Tg, n=5) mice on day 28 p.i. and analyzed by flow cytometry. (A, B) Isolated cells were stained with Annexin VV and 7AAD to determine early apoptotic (7AAD”
AnnexinV*) and late apoptotic (7AAD*AnnexinV*) cells. (A) Percentage of early and late apoptotic CD11b™ cells isolated from brain tissue. (B) Percentage of early
and late apoptotic Ly6C" and Ly6C' mononuclear cells isolated from spleen. (C) Bone marrow derived macrophages from WT and TKO mice were treated with
30ug/ml toxoplasma lysate for the depicted time. Proteins were isolated and quantified via Bradford assay and immunoblotted using pMEK (Ser217/221), Erk, pErk
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experiments. 2way ANOVA followed by Fisher’s LSD test was used for statistical analysis. *P < 0.05, **P < 0.01.
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producing T cells as well as fewer Granzyme B producing CD8"
T cells (37). Similarly, infection with the protozaon Trypanosoma
cruzi in TKO mice resulted in reduced MHC I expression and
altered CD8" effector T cell function, in both quantity
and quality as there were fewer overall CD8" effector cells and
fewer IFNYy producers (36). However, depending on the pathogen
type, its organ specificity and impaired IP subunit expression as
well as the duration of the challenge, the IP’s contribution varies.

In a Leishmania major infection model, the absence of the
subunit LMP7 had no effect on the ability of DCs to stimulate CD8"
T cells in both WT and LMP7 " mice, as well as the authors showed
similar IFNYy production and T cell proliferation (51). The role of
LMP7 was further highlighted in a malaria infection model, since
the absence of LMP7 resulted in lower parasite growth, reduced
parasite burden but an enhanced immune response with increased
phagocytosis activity (52). LMP7”" mice displayed reduced MHC I
expression on APCs (53) and infected LMP2”" mice showed a
strong reduction (~70%) of CD8" lymphocytes compared to WT
mice (54). In addition, MECL-17" mice similar to LMP2”" mice,
showed a reduction of CD8" T cells in the spleen compared to WT
mice (55), at which MECL-1 contributes to T cell homeostatic
expansion (56). Notably, using the LCMV infection model,
Nussbaum et al., observed that although LMP2”" or LMP7”" mice
had fewer CD8" T cells, these animals were able to mount strong
CD8" anti-viral immune responses demonstrated by similar kinetics
of viral clearance compared to WT mice (57). In addition, analyzing
the role of mouse adenovirus type 1 infection in pathogenesis of
TKO mice the authors detected age-dependent differing effects (58).
All these studies demonstrate that the role of the IP during infection
is multifaceted and most likely pathogen specific.

DCs and Ly6C™ monocytes in spleens of acutely infected TKO
mice possessed a slightly increased production of TNF but not IL-
12, indicating that parasite detection was still intact. However,
Ly6C™ monocytes and DCs from TKO mice showed reduced cell
numbers with impaired MHC I expression in spleen and brain
tissue during both the acute and the chronic stage of infection. This
reduced recruitment of APCs to the sites of infection not only delays
IFNy induced T cell priming, but also leads to a delayed initiation of
the adaptive immune response as fewer APCs are able to present
parasite specific antigens. Thus, in the acute phase of infection an
attenuated inflammation can be detected which is similar to the
phenotype observed in models of autoimmune-related myocarditis
and experimental autoimmune encephalomyelitis due to
immunoproteasome inhibition (59, 60). In contrast, an opposite
scenario could be observed during the chronic stage of infection
where Ly6C™ monocytes and DCs could be found in the brain of
TKO mice which released higher levels of TNF and iNOS. In
addition, proinflammatory cytokines were increased in whole brain
homogenates of chronically infected TKO mice. These results
indicate a dysregulated immune response to T. gondii. In the
absence of the immunoproteasome, an efficient immune response
cannot be initiated during the acute phase of infection. Further, the
resulting excessive inflammatory response in the chronic phase is
insufficient to efficiently control the infection. This is in
concordance with previously published data showing that IP-
formation is crucial for protection from virus-induced

inflammatory tissue damage as observed in coxsackievirus B3
myocarditis (27). Notably, enhanced NF-«B activity and TNF
production can be mediated even in the absence of
immunoproteasomes as observed in our study e.g. by increasing
the degradation of the NF-xB inhibitor IxBo through 20S
proteasome complexes associated with the proteasome activator
PA28 that is constitutively expressed in various tissues (61, 62).

An impaired MHC I-antigen peptide activation of CD8" T
cells is in line with previous results illustrating the pivotal role of
the IP subunit LMP7 during T. gondii infection in regard to
induction of DC driven activation of cytotoxic CD8" T cells (24).
Furthermore, mice deficient for the single IP subunits LMP2 or
LMP?7 showed increased susceptibility to T. gondii infection and
displayed less IFNYy-secreting CD8" T cells following infection
although they had similar numbers of activated CD8" T cells
compared to WT mice (24). It should be noted that in our study a
lower dose of T. gondii as well as a different infection route was
used, thus reducing inflammation that resulted in reduced
susceptibility of TKO mice compared to single subunit knock
out mice in T. gondii infection (24).

As described above, T. gondii infected TKO mice showed a
clearly reduced capability of APCs for antigen presentation, further
suggesting a delayed induction of a Th1 adaptive immune response
to T. gondii in TKO mice. And in indeed, we observed reduced
numbers of CD8" T cells as well as IFNy producing CD4" T cells in
spleens of infected TKO mice in the acute phase of T. gondii
infection, whereby parasite proliferation is not restricted properly.
In addition, we detected increased numbers of NK1.1" cells in
brains of infected TKO mice which could possibly compensate for
the absence of activated CD8" T cells.

Similar to the NK1.1" cells in brains of TKO mice in the acute
phase of infection, it seems that CD4" T cells in the brain of TKO
mice in the chronic phase of infection could compensate for the
reduced CD8" T cell response. We found significantly more IFNy
and TNF producing CD4" T cells in brains of infected TKO mice in
the chronic stage of infection. This correlates with an increase in
iNOS production in mononuclear cells. Given the fact that INOS is a
crucial anti-parasitic effector molecule during chronic infection (63),
it could compensate in part for the lack of CD8-mediated
intracellular parasite clearance in the brain. In contrast, TKO
mice exhibited reduced CD8" Tem cells in the chronic stage of
infection suggesting that the absence of the IP hampers the ability to
induce effector T cells timely after infectious challenge.

Regulatory T cells (Tregs), as a subpopulation of T cells, are
important to suppress T cell function to regulate self-tolerance
thereby preventing autoimmunity (64). We hypothesized that fewer
Tregs would affect the contraction phase of the T cell response.
Usually, the contraction phase begins once the pathogen has been
cleared. This in turn leads to the upregulation of exhaustion markers
resulting in apoptosis (65-67). Although parasites are still present, it
is possible that the reduced MHC I/TCR signaling leads to reduced
CD8" T cell interaction with their associated antigen, thus behaving
as if there is no pathogen present, ultimately starting exhaustion
earlier than anticipated. Infected TKO mice, however, showed
comparable expression of T cell exhaustion and apoptosis
markers in CD8" and CD4" T cells (Supplementary Figure 4).
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Further, we found increased numbers of apoptotic monocytes in
spleens of TKO mice in the chronic phase of infection. This could be
explained by the inability of TKO derived myeloid cells to induce
STAT3-signaling by its phosphorylation, a mechanism which has
also been described in Th17 cells after IP inhibition (68). Consistent
with this finding, STAT3-deficiency in B lymphocytes has been
shown to induce apoptosis in a model of experimental autoimmune
uveitis (69). However, it still has to be investigated whether the
observed apoptosis is caused by direct parasite invasion or by the
absence of the IP itself.

In summary, our results established the importance of the IP in
infection-induced neuroinflammation with T. gondii. Without the
IP, animals were impeded in developing an efficient T. gondii specific
Th1l immune response. With reduced MHC I expression, CD8"
T cell numbers and IFNY in the acute phase, TKO mice were not
able to control parasite proliferation, especially by their inability to
promote the transition of the acute phase to an efficient long lasting
immune response during the chronic stage of T. gondii infection.

We described an enhanced compensatory CD4" T cell effector
function in TKO mice with increased IFNY release during the course
of infection. In addition, we detected increased production of iNOS
in microglia and myeloid subsets and overall enhanced TNF level in
brain tissue of chronically infected TKO animals as well as reduced
numbers of regulatory T cells, reduced STAT3 phosphorylation but
increased induction of apoptosis in myeloid cells. This study
demonstrates that IP deficiency leads to impaired parasite control
and thus increased susceptibility of these animals to T. gondii,
highlighting the importance of the IP in terms of induction and
maintenance of T. gondii-induced neuroinflammation.
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