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SUMMARY

Activation of endosomal Toll-like receptor (TLR) 7, TLR9, and TLR11/12 is a key event in

the resistance against the parasite 7oxoplasma gondii. Endosomal TLR engagement leads to
expression of interleukin (IL)-12 via the myddosome, a protein complex containing MyD88

and IL-1 receptor-associated kinase (IRAK) 4 in addition to IRAK1 or IRAK2. In murine
macrophages, IRAK?2 is essential for IL-12 production via endosomal TLRs but, surprisingly,
IrakZ™'= mice are only slightly susceptible to 7. gondiiinfection, similar to /rakZ~~ mice. Here,
we report that upon 7. gondiiinfection 1L-12 production by different cell populations requires
either IRAK1 or IRAK2, with conventional dendritic cells (DCs) requiring IRAK1 and monocyte-
derived DCs (MO-DCs) requiring IRAK2. In both populations, we identify interferon regulatory
factor 5 as the main transcription factor driving the myddosome-dependent IL-12 production
during 7. gondii infection. Consistent with a redundant role of DCs and MO-DCs, mutations that
affect IL-12 production in both cell populations show high susceptibility to infection /n vivo.
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By studying the impact of various IRAK deficiencies in Toxoplasma gondii infection, Pereira et
al. demonstrate that IL-12 production involves activation of CNBP and IRF5 downstream of either
IRAK1 or IRAK2, with DCs requiring IRAK1 and monocyte-derived DCs requiring IRAK2.
These findings shed light on how IRAK redundancy occurs /n vivo.

Graphical Abstract

iMOs and MO-DCs Conventional DCs

Endolysosome
?. ' ?.

MyD88 MyD88

IRAK4 IRAK4

IRAK2 IRAK1
IKKB

/ / \
—( IRF5

INTRODUCTION

The innate immune system is the first line of defense against invading microorganisms, and
pattern recognition receptors (PRR), such as Toll-like receptors (TLRs), are at the center

of this system. PRRs recognize conserved pathogen-associated molecular patterns (PAMPS),
allowing cells to transduce signals into biologically relevant responses, such as production of
cytokines and chemokines. TLRs are located in either the plasma membrane or endosomes
(TLR3, TLR7, TLRY, TLR11, and TLR12), and signal transduction from TLRs require

the adaptors Toll-interleukin receptor (TIR)-domain containing adaptor protein inducing
interferon p (IFN-B) (TRIF) and/or myeloid differentiation primary response protein 88
(MyD88). TLR4 employs both adaptors, while TLR3 requires TRIF exclusively, and the
remaining TLRs require MyD88.1:2

TLR engagement initiates the assembly of the myddosome, a supramolecular organizing
center containing MyD88 and IL-1 receptor-associated kinase 4 (IRAK4) in addition to

Cell Rep. Author manuscript; available in PMC 2024 November 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pereira et al.

Page 3

IRAK1 and/or IRAK2.23 IRAK1 and/or IRAK2 are required for activation of the E3
ubiquitin ligase tumor necrosis factor (TNF) receptor-associated factor 6 (TRAF6).4°
TRAF6 leads to production of pro-inflammatory cytokines, such as IL-12, via the IkB kinase
(IKK) complex and activation of transcription factors such as activation protein 1 (AP-1) via
mitogen-activated protein kinases (MAPKS), IFN regulatory factor 5 (IRF5), and the nuclear
factor kB (NF-xB) protein c-Rel.28 Interestingly, in lipopolysaccharide (LPS)-stimulated
macrophages, c-Rel nuclear translocation and IL-12 transcription require cellular nucleic
acid binding protein (CNBP), a DNA- and RNA-binding protein that is itself activated by the
myddosome.’:8

Toxoplasma gondii is a ubiquitous protozoan that belongs to the phylum Apicomplexa and
provides an interesting example of parasite-host coadaptation and successful transmission
in nature.® As a result of being a natural intermediate host, the rodent immune system
evolved to effectively cope with 7. gondiiinfection.19 Hence, in addition to its medical
relevance, mice infected with 7. gondiiare an excellent model to study the mechanisms of
host defense against intracellular pathogens.1! Additionally, 7. gondiiis an invaluable tool
to study the function of endosomal TLRs that signal via MyD88, as mouse resistance to
acute infection with this parasite is primarily mediated by TLR7, TLR9, and TLR11/12.11
In this model, upon TLR activation, IL-12 is produced by key cell populations, such as
conventional CD11c* dendritic cells (DCs), CD11b* inflammatory monocytes (iMOs), and
CD11b* monocyte-derived DCs (MO-DCs).12-15 |L-12, in turn, triggers natural killer (NK)
and T lymphocytes to produce IFN-y.16:17 Therefore, the IL-12/IFN-y axis is central for the
resistance to 7. gondii infection 10.11

Mice deficient in MyD88 or UNC93b, a trafficking chaperone for endosomal TLRs,18-21 die
in the first days of infection with 7. gondii, a consequence of low 1L-12 production.22-24
TLR11 and TLR12 are endosomal TLRs and function as a heterodimeric pair highly specific
for 7. gondii profilin-like protein (TgPLP).2% In comparison with the MyD88 knockouts
(KOs) and UNC93b mutants, infected TLR11 or TLR12 KO mice show a moderate increase
in parasitism and no lethality.23:25.26 Nevertheless, mice with combined deletion of the
endosomal 7/r11, Tir7, and T/r9genes are as susceptible to 7. gondii as the MyD88 KO and
the UNC93b mutants,26 demonstrating a redundancy between TgPLP and RNA and DNA
sensing by these endosomal TLRs.

Like MyD88, IRAK4 is essential for TLR function.2’-29 IRAK4 KO mice are thought

to phenocopy MyD88 KO mice and are highly susceptible to viral, bacterial, fungal, and
parasitic infections.3% Importantly, IRAK4 KO mice are greatly susceptible to 7. gondii
infection due to deficient IL-12 production.3! After engagement of endosomal TLRs and
myddosome formation, little is known about the signaling events that culminate in IL-12
transcription in the context of 7. gondiiinfection. For instance, in macrophages stimulated
with LPS, the transcription factor c-Rel is essential for IL-12 expression.32 However, c-Rel
is not required for IL-12 production upon 7. gondii infection in vivo, and c-Rel-deficient
DCs produce similar amounts of 1L-12.33 Thus, the transcription factor responsible for 1L-12
production upon 7. gondii infection remains elusive. Additionally, the roles of IRAK1 and
IRAK2 require further elucidation, as these kinases are not redundant in every context.3 For
instance, efficient cytokine production in murine macrophages require IRAK2,27:34 whereas
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mouse embryonic fibroblasts require IRAK1.3% Finally, CNBP KO mice are partially
susceptible to 7. gondiiinfection and have impaired IL-12 production, but it is presently
unknown how CNBP controls IL-12 in 7. gondii-exposed DCs.8

Here, we report that IRAK1-dependent activation of CNBP and IRF5 is a key signaling
event required for IL-12 release elicited by 7. gondiiinfection of DCs. Importantly,
compared with macrophages and monocytes, our data indicate a differential requirement of
IRAKSs for IL-12 production by conventional CD11c* DCs exposed to 7. gondiitachyzoites
and other TLR ligands. Macrophages and MO-DCs require IRAK?2 for IL-12 production,2’
but surprisingly, we observed that /rak2~~ mice are only slightly more susceptible to

7. gondii infection, similar to /rakZ~/~ mice. Mechanistically, IRAK2 deficiency does

not impair 1L-12 release from CD11c* DCs, but IRAK1 deficiency does. In murine
macrophages, the IRAK4 kinase activity is required for IL-12 production via endosomal
TLRs,3436.37 hyt this is not essential in CD11c* DCs, and downstream IRAK1 can partially
compensate for the loss of IRAK4 kinase activity. Accordingly, mice expressing a kinase-
dead IRAK4 are partially susceptible to 7. gondiiinfection. IRAK4 KO and IRAK1/2
double KO mice are highly susceptible to infection, as these mutations completely block
IL-12 production in both CD11b* and CD11c* cells. We found that these deficiencies in
IL-12 production correlated with deficient IRF5 activation. Indeed, IRF5 KO mice showed
great susceptibility to 7. gondiiinfection /n vivo, and /rf5~ CD11c* DCs and splenic
CD11b™ cells exposed to 7. gondiifail to produce IL-12. Hence, we identify the IRAK1/
IRF5 axis as a key mediator of host resistance to 7. gondiiinfection through its role in
regulating cytokine induction in CD11c* DCs.

IRAKSs control primary infection with T. gondii

While there is a MyD88-independent pathway that mediates resistance to highly attenuated
7. gondii strains, 3839 the canonical pathway of host immunity to virulent natural 7. gondii
strains involves the endosomal TLRs MyD88 and IRAK4.2226.31 Here, we sought to
evaluate how different IRAK proteins contribute to host resistance to 7. gondiiusing a
model of intraperitoneal (i.p.) infection with cysts of 7. gondii strain Me49. We confirm

that /rak4~/~ mice are highly susceptible to 7. gondii, showing 100% mortality by 30

days post infection (Figure 1A). In contrast, the single IRAK1 or IRAK2 KO mice

survived the infection like wild-type (WT) animals but showed a significant increase in the
number of cysts in the brain (Figure 1B). This was a surprising observation, as previous
studies suggested an essential role of IRAK2 in IL-12 production, while IRAK1 was
dispensable;27:34 therefore, we expected that /rak2~~ mice would phenocopy /rak4'~ and
that /rak2~'~ mice would behave like WT animals. The double IRAK1/IRAK2 KO mice
were as susceptible as the /rak4~/~ mice, consistent with the idea that IRAK1 and IRAK2
can compensate for each other (Figure 1A). The levels of circulating IL-12 p40, an indicator
of the levels IL-12, and IFN-y in plasma (Figures 1D and 1E) as well as produced /n vivo
in the peritoneal cavity (Figures 1F and 1G) suggests that IRAK1 and IRAK2 are redundant
in vivo, which is further corroborated by the fact that IRAK1/IRAK2 double KO animals are
severely deficient in cytokine production.
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To further investigate the role of IRAK4 in this response, we performed infection assays

in mice with a mutant IRAK4 knocked in (/rak4 Ki), containing two point mutations

in the IRAK4 kinase domain (lysine-to-methionine point mutations at positions 213 and
214), which silences its kinase activity.3” We expected that /rak4 Ki animals would be as
susceptible to infection as /rak4~/~ mice, as prior studies reported that /rak4 Ki and /rak4™'~
cells completely fail to produce cytokines in response to endosomal TLR agonists,34:374041
Surprisingly, /rak4 Ki mice showed an intermediate resistance between WT and /rak4 7/~

(p < 0.001 in comparison with the WT, p < 0.0001 in comparison with /rak4™'~, log rank
test), with around half of the animals succumbing after 30 days post infection and nearly
90% of them succumbing by day 40 post infection (Figure 1C). Moreover, we demonstrated
that /rak4 Ki mice crossed with either the /rakZ™'~ or /rak2”'~ mice were as susceptible

to 7. gondiiinfection as /rak4”'~ mice (Figure 1C) (p > 0.05, log rank test). Similarly,
defects in IRAKA4 significantly impacted the production of IL-12 and IFN-vy, with /rak4™/
animals (lacking IRAK4 scaffold function) showing more severe deficiencies than animals
containing a kinase-deficient IRAK4 scaffold (/rak4 Ki) (Figures 1D-1G).

Ex vivo, splenocytes exposed to 7. gondiitachyzoites produced IL-12 independent

of IRAK2 but partially required IRAK1 and IRAK4 kinase activity. /rak1™'~ Irak4 Ki
splenocytes also showed less IL-12 production in comparison with /rak4 Ki splenocytes
—further evidence that IRAK1 might compensate for the loss of IRAK4 kinase activity
(Figure 1H). In this population, CD11c* DCs are the main source of 1L-12.12 However,
pre-treatment of splenocytes with IFN-y for 24 h, followed by exposure fo 7. gondii, led

to similar IL-12 output in /rak1™'=, lrak2”'=, and WT cells. Likewise, priming with IFN-y
partially restored the production of 7. gondii-induced IL-12 release by splenocytes from
Irak1™!~ Irak4 Ki mice (Figure 11). In both IFN-y-primed and unprimed splenocytes, /rak4™'~
and /rak1™'~ IrakZ”!~ cells failed to produce IL-12 (Figures 1H and 11). Since treatment

of splenocytes with IFN-vy increases the CD11b* population (MO-DCs and iMOs) (Figure
S1),42 we speculated that different cell populations preferentially employ IRAK1 or IRAK2
in the myddosome.

IRAKL1 is required for IL-12 production in DCs

Considering what is known regarding MyD88 and IRAK4 in host resistance to 7. gondii
infection,22:31 we assumed that the primary role of IRAKS in response to 7. gondii

is in IL-12 production by iMOs, MO-DCs, and/or DCs, the main sources of 1L-12 /n
vivo.13-15 Thus, the low levels of IFN-y observed in the peritoneal cavity and plasma

of lrakI™~Irak2=, Irak4™!=, and the various /rak4 Ki mice are a consequence of the
impaired IL-12 released by these antigen-presenting cells. Hence, we evaluated the levels
of 1L-12 produced by splenic CD11b* cells (consisting of iMOs and MO-DCs) as well

as CD11c* DCs stimulated with R848 (a TLR7 agonist) or 7. gondiitachyzoites. Bone
marrow-derived macrophages (BMDMs) were also included, as the role of IRAK proteins
is better understood in this cell type.34 In BMDMs or CD11b™ cells stimulated with either
R848 or 7. gondii, IRAK1 deficiency did not inhibit IL-12 production, whereas IRAK2
deficiency did, and is essential in the case of R848-stimulated BMDMs (Figures 2A, 2B,
2D, and 2E). Surprisingly, IRAK1 is more important than IRAK2 for IL-12 production in
CD11c* DCs exposed to 7. gondiiand R848 (Figures 2C and 2F).
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To understand why different cell populations primarily require either IRAK1 or IRAK2, we
investigated the expression levels of these myddosome components in different cell types.
Under unstimulated conditions, we found similar expression levels of MyD88 and IRAK4 in
BMDM and CD11b* and CD11c* cell populations, whereas IRAK2 was expressed at higher
levels in BMDMSs and CD11b* cells, and IRAK1 was expressed at higher levels in CD11c*
DCs (Figures 2G, 2H, S2A, and S2B), corroborating the observations that IRAK1 is more
important in CD11c* DCs, while IRAK2 is more relevant in BMDMs and CD11b* cells.
Since TLR/IL-1R stimulation leads to IRAK1 degradation and IRAK2 upregulation,5-36:43-
45 we investigated whether these events follow different patterns in CD11b* and CD11c*
cells. For this, splenic CD11b" cells and CD11c*™ DCs were exposed to 7. gondiifor up to
24 h, and the whole-cell lysates were treated with phosphatase and deubiquitinase (as these
post-translational modifications might decrease the binding of the primary antibody used
for immunoblotting), and IRAK1 and IRAK2 were probed by immunablotting. In these 7.
gondir-exposed populations, IRAK1 and IRAK2 showed similar behavior, with the IRAK1
protein quickly disappearing and IRAK2 expression levels increasing (Figures 21 and S2C).
Importantly, the expression and behavior of IRAK1 and IRAK2 are independent from one
another (Figures 2J and S2D).

Consistent with the ex vivo data shown in Figures 1F and 1G, the levels of IL-12 produced
by splenic CD11b* cells and CD11c* DCs exposed to either 7. gondii or R848 from /rak1™
~IrakZ~, Irak47!=, and Irak4 Ki mice were very low. Interestingly, the production of I1L-12
by /rak4”!~ CD11c* DCs was close to absent, while /rak4 Ki DCs produced reduced but still
detectable levels of IL-12. We reasoned that this residual production involves the IRAK4
scaffold and either IRAK1 or IRAK2. To test this hypothesis, we stimulated /rak4 Ki,
IrakI™!~ Irak4 Ki, and Irak2™'~ Irak4 Ki DCs with R848 or T. gondiiand found that IRAK1
can partially compensate for loss of IRAK4 kinase activity, as /rak1™/~ Irak4 Ki DCs failed to
produce IL-12, while IRAK2 had a minimal effect with 7. gondlii challenge (Figures 2K and
2L).

These data demonstrate that DCs require IRAK1 and partially require IRAK4 kinase activity
for IL-12 production upon 7. gondiiinfection. In contrast, CD11b* cells behave like
BMDMs, which require IRAK2 and IRAK4 kinase activity to induce IL-12 production.3*

MAPK and NF-xB activation requires IRAK4 kinase activity, while IRAK1 and IRAK2 are

redundant

Since CD11c* DCs can be obtained in high numbers and produce the highest levels of

IL-12 p40 when exposed to 7. gondii (Figures 2D-2F), we decided to focus our study on
how IRAK1 impacts signaling that leads to 1L-12 production in CD11c* DCs exposed to

T. gondii. Under resting conditions, members of the NF-xB family are kept in the cytosol
due to interactions with NF-xB inhibitor alpha (IxB-a). Upon myddosome activation, IxBa
is phosphorylated and K48 is ubiquitinated and degraded, allowing NF-xB proteins such

as RelA and c-Rel to translocate to the nuclei; in addition, these NF-xB proteins are
phosphorylated upon activation.846 In R848-stimulated BMDMSs, NF-xB activation requires
IRAK4 kinase activity and either IRAK1 or IRAK2.27:34 Similarly, DCs exposed to 7
gondii or stimulated with R848 show redundancy between IRAK1 and IRAK?2, as IkBa
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and RelA phosphorylation, IkBa degradation, and nuclear translocation of RelA and c-Rel
(readouts of NF-xB activation) were similar between the WT and either single IRAK KO.
However, /rak1™~Irak2”!~ CD11c* DCs failed to activate NF-xB (Figures S3, S4, and 3A—
3D). Similar patterns are observed in phosphorylation of MAPKSs p38, extracellular signal-
regulated kinase (ERK), and c-Jun N-terminal kinase (JNK) (a readout of their activation),
with IRAK1 and IRAK2 showing redundancy (Figure 3E). On the other hand, IRAK4 kinase
activity was essential for both NF-xB and MAPK activation (Figures 3B 3D, and 3F).

Hence, the patterns of NF-xB and MAPK activation in DCs are similar to BMDMs3 and do
not correlate with 1L-12 production in response to 7. gondii challenge. /rak1™~ DCs are not
deficient in NF-xB and MAPK activation but are deficient in IL-12 production. Conversely,
Irak4 Ki DCs are completely impaired in NF-xB and MAPK activation but still produce
detectable amounts of IL-12 (Figures 2 and 3). This is consistent with prior observations that
NF-xB is not essential for IL-12 induction in conventional DCs upon 7. gondii infection.33

IRAK1-mediated IRF5 activation drives IL-12 production in T. gondii-exposed DCs

Our data (Figure 3) and prior studies indicate that members of the NF-xB family are

not responsible for IL-12 production in DCs.33 Previously, it has been demonstrated that
the transcription factor IRF5 drives pro-inflammatory responses downstream of endosomal
TLR activation.#”-50 However, links between IRF5 and 7. gondii infection are unknown.
Hence, we evaluated IRF5 activation by measuring its nuclear translocation in CD11¢* DCs
exposed to 7. gondii.

In CD11c* DCs, exposure to 7. gondiifor 2 h drives IRF5 nuclear translocation (Figures
S5A and S5B), and largely requires IRAK1 (Figures 4A and S5C). Interestingly, a small
amount of IRF5 nuclear translocation is observed in /rakZ~~ and is completely absent in
Irak1™"~ Irak2™"~ DCs. This suggests that, while IRAK1 is primarily responsible for driving
IRF5 activation, IRAK2 may still play a secondary role. IRAK4 is essential for IRF5 nuclear
translocation, but loss of its kinase activity only partially impaired IRF5 activation. This
residual IRF5 activation requires IRAK1 and not IRAK2, as /rakI™'~ Irak4 Ki showed no
IRF5 activation, while /rak2™'~ Irak4 Ki behaved like /rak4 Ki DCs (Figures 4D and S5D).
In splenic CD11b™ cells, IRAK2 and the kinase activity of IRAK4 were completely required
for IRF5 nuclear translocation upon exposure to 7. gondii (Figures 4C and S5E). These
IRF5 nuclear translocation results nicely correlate with the 1L-12 response observed in 7.
gondii-exposed DCs and CD11b* cells (Figure 2).

To unambiguously link IRF5 to IL-12 production in response to 7. gondii, we obtained
BMDMs and CD11b* and CD11c* cells from WT and /r75/~ mice, exposed these cells

to R848 or 7. gondiitachyzoites, and quantified IL-12 p40 in the culture supernatants.
While /rf5- BMDMs and CD11b* cells showed a partial reduction in 1L-12 production,
IRF5 deletion in CD11c* DCs nearly completely prevented the production of this cytokine
(Figures 4D-4F). Accordingly, chromatin immunoprecipitation (ChlP) assays using anti-
IRF5 revealed an enrichment of the //22b promoter in WT DCs exposed to 7. gondii
tachyzoites (Figure 4G)—further evidence that IRF5 directly controls //12b transcription in
CD11c* DCs. The dramatic reduction in IL-12 output observed in /r57~ CD11c* DCs in
comparison with //f57~ CD11b* and BMDMs is of note, and while the reasons for these
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differences are likely multifactorial, we speculated that different IRF5 expression levels in
these cell types could account for some of these differences. IRF5 is a transcription factor
that is not ubiquitously expressed, and low levels of IRF5 have been reported in murine
macrophages.>152 Indeed, IRF5 expression in CD11c* DCs is higher than in BMDMs and
CD11b* (Figures 4H and 41), suggesting that this transcription factor plays a central role in
CD11c* DCs.

While the data presented in Figures 4A—-4G demonstrate that various IRAK1 and IRAK4
regulate IRF5 activation, this effect is likely indirect and may involve the kinase
IKKB.50:53.54 Accordingly, the IKKB inhibitors BI605906 and TPCA-1 completely block
IRF5 nuclear translocation in CD11c* DCs stimulated with 7. gondliiand R848 (Figures 4J
and S5F) and 1L-12 production in splenic CD11b* and CD11c* DCs (Figures 4K and S5G-
S51). This is further corroborated by the pattern of p-IKK observed in 7. gondii-exposed
CD11c* DCs (Figures 4L and S5J), which correlates with IRF5 nuclear translocation and
IL-12 p40 production, with IRAK1 and IRAK4 greatly impacting IKKp activation.

These data show that IRF5 drives IL-12 production in CD11c* DCs and that its activation is
controlled by IRAK1 via IKKp.

IRF5-deficient DCs fail to induce inflammatory molecules

IRF5-deficient CD11c™ DCs failed to produce IL-12 in response to R848 or 7. gondii
Me49, and its activation requires IRAK1 and IRAK4. We next sought to determine whether
this transcription factor controls the expression of other inflammatory molecules and

how different IRAK mutations impact this production. To achieve this, we quantified the
gene transcription 4 h post infection (hpi) with 7. gondiitachyzoites, using a multiplex
inflammatory gene panel (Nanostring) containing probes for 248 genes associated with
inflammation in addition to 6 housekeeping controls.

In WT CD11c* DCs, 66 genes had a log2 fold change above 1 or below —1, along with a —
log false discovery rate above 2 (Figure 5A). Next, we prepared a heatmap containing these
66 genes, comparing all of our mutants under uninfected and 7. gondif-infected conditions.
Interestingly, hierarchical analysis revealed a cluster containing all of the uninfected samples
in addition to infected /rak4™'=, Irak1™'~ Irak2™!=, Irak1™~ Irak4 Ki, and /rf5'~—evidence
that these mutants have severe impairments in the entire inflammatory response to 7. gondir.
The other infected mutants included in our study (/rakI™~, lrak2™"~, Irak4 Ki, and /rak2”
~Irak4 Ki) clustered closer to infected WT DCs, albeit with some modest changes in gene
expression (Figure 5B). For instance, our data so far suggest that IRAKL1 plays a clear role

in IL-12 induction, with IRAK2 being redundant. This pattern is observed not only for //12b
but also for Cc/5, coding for the chemokine (C-C motif) ligand 5 (CCL5) (Figures S6A and
S6B). 7nftranscription, however, partially required IRAK1 and IRAK?2, as both single KOs
showed deficiency (Figure S6C). Induction of all of these molecules required IRF5, as /rf57/
~ CD11c* DCs were severely deficient. Not all molecules required IRF5, and the chemokine
CCL22 was such an exception; IRF5 deficiency did not decrease Cc/22transcription, and
only some of the IRAK mutants decreased its transcription (Figure S6D). Validation of these
findings by ELISA shows that, at 4 and 24 hpi, the same conclusions can be drawn for IL-12
p40, TNF, and CCL5 (Figures 5C-5F). Interestingly, at 24 hpi, production of CCL22 does
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not require IRF5 and only partially requires IRAK4, suggesting that CCL22 induction is
only partially myddosome dependent (Figure 5F). Stimulation of TLR7 with R848 revealed
similar patterns (Figures S6E-S6H).

CNBP activation by IRAK1 enhances IRF5-mediated IL-12 production in DCs

Our previous study found that CNBP-deficient mice are partially susceptible to 7.

gondii infection and produce lower amounts of 1L-12.8 CNBP nuclear translocation in
macrophages is IRAK2 and IRAK4 dependent, and Cnbp~ macrophages are deficient in
c-Rel translocation and IL-12 production.8 This, however, is unlikely to be the mechanism
involved in 7. gondii-exposed DCs, as c-Rel does not induce I1L-12 in this context.33 Based
on the findings presented here, we hypothesized that, in 7. gondii-exposed CD11c* DCs,
CNBP activation requires IRAK1, while splenic CD11b* cells require IRAK2. Additionally,
since IRF5 drives IL-12 production upon 7. gondii infection (Figures 4 and 5), we postulated
that CNBP is a positive regulator of IRF5 activity.

To investigate these possibilities, we first studied the pattern of CNBP nuclear translocation
in 7. gondii-exposed CD11c* DCs and splenic CD11b* cells. Similar to IRF5 (Figures

4A- 4C), CNBP nuclear translocation in DCs required primarily IRAKZ1. Similarly, /rak4
Ki has decreased CNBP translocation, with the residual signal involving the IRAK4
scaffold function in addition to IRAK1, as /rak1™'~ Irak4 Ki and /rak4™'~ showed no CNBP
translocation (Figures 6A, 6B, S7A, and S7B). In splenic CD11b* cells, CNBP translocation
required IRAK2 and the IRAK4 kinase activity (Figures 6C and S7C). As with IRF5
(Figures 4K and 4L), IRAK-mediated CNBP activation requires IKKp, as this is completely
blocked by IKKB inhibitors (Figure 6D). Importantly, CNBP nuclear translocation occurs
independent of IRF5, as /757~ behaved like WT DCs (Figures 6A-6E).

To test the links between CNBP and IRF5, we employed CD11c* DCs from Cnbp™vay-
iCre™!I= (control) and Cnbp™f\vav-iCre*”* (CNBP-deficient) mice. These CNBP-deficient
CD11c* DCs are partially impaired in IL-12 production in response to R848 and 7. gondii
(Figures 6E and 6F), but IRF5 nuclear translocation is not altered (Figures 6G and S7D).
Interestingly, IRF5 and CNBP co-immunoprecipitated upon 7. gondii stimulation (Figure
6H), suggesting that CNBP might fine-tune IRF5 activity. Indeed, IRF5 binding to the /126
promoter is decreased in CNBP-deficient CD11c¢* DCs (Figure 61).

Collectively, these data suggest that (1) CNBP activation requires IRAK2 and IRAK4
kinase activity in splenic CD11b* and IRAK1 in CD11c* DCs, (2) CNBP and IRF5 are
independently activated by IKKB downstream IRAK proteins, and (3) the CNBP and IRF5
interaction enhances IRF5 binding to chromosomal elements near //125.

IRF5 controls primary infection with T. gondii

The finding that IRAK1-dependent activation of IRF5 controls IL-12 production in DCs
encouraged us to examine how /7757~ mice respond to 7. gondii Me49 infection in vivo,

as no studies have previously linked this transcription factor to infection with this parasite.
As shown in Figure 1, WT C57BL/6 mice immunoprecipitation (IP) infected with 7. gondii
Me49 cysts are resistant to the infection. /75~ animals, however, succumb to the infection
within 30 days (Figure 7A). This was accompanied by decreased IL-12 p40 in the plasma
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and peritoneal cavity as well as decreased IFN-y in the same compartments (Figures 7B—
7E). Accordingly, /rf57/~ splenocytes from uninfected animals were also impaired in IL-12
production upon exposure to 7. gondii, regardless of IFN-y priming.

These data highlight IRF5 as central in the response against 7. gondli, controlling the early
stages of infection via production of key molecules such as IL-12.

DISCUSSION

Toxoplasmosis is probably the most common human parasite. The Centers for Disease
Control and Prevention (CDC) estimate that 11% of the US population above 6 years of age
have been infected with 7. gondii, and some populations in other parts of the world have
over 60% of individuals infected. While most individuals are asymptomatic, infection with
T. gondiiis a threat in congenital transmission and immunocompromised hosts. Similarly,
congenital infection in sheep and swine is a major cause of stillbirth and abortion, causing
major economic losses.® As a result of being a natural intermediate host, the rodent innate
immune system is adapted to effectively cope with 7. gondii;®® and this response is initiated
by engagement of endosomal TLRs.1! Despite its medical and veterinary relevance, many
gaps in our understanding of this infection remain. Here, we explored the importance of
different IRAK proteins in initiating 1L-12 production and host resistance to acute infection
with 7. gondii. We found that, upon activation of endosomal TLRs, IRAK1 is important for
the induction of IL-12 by CD11c* DCs, whereas IRAK2 has the dominant role in monocytes
and macrophages. Importantly, the release of IL-12 by 7. gondii-exposed cells requires IRF5
and is fine-tuned by CNBP. Hence, the IRAK/IRF5 axis initiates host resistance to 7. gondii.

IL-12 initiates IFN-y production by NK and T cells and mediates host resistance to
primary infection with 7. gondii 1617 In vivo, the sources of IL-12 during 7. gondii
infection are DCs, MO-DCs, and iMOs,10:12-15 which recognize PAMPs of the parasite

via the endosomal TLR7, TLR9, and TLR11/12.23.2526 Engagement of these TLRs leads
to IL-12 production via the myddosome, as MyD88 and IRAK4 deficiencies dramatically
enhance susceptibility to 7. gondii infection.22:31 After recruitment of IRAK4 to the growing
myddosome, signaling proceeds with the recruitment of IRAK1 and/or IRAK2.28 These
IRAKS are not completely redundant,3 and their importance in 7. gondiiinfection had not
been previously studied. Furthermore, while c-Rel is the transcription factor responsible for
IL-12 production in macrophages stimulated with bacterial agonists, this is not the case

for 7. gondiiinfection.33 One reason for these gaps in knowledge is the fact that most

cell signaling studies focused on macrophages, which are not the main source of 1L-12

in 7. gondii-infected mice.12 Of note, macrophages are more responsive to LPS, whereas
DCs produce higher levels of 1L-12 upon activation of TLR7, TLR9, and TLR11/12 by
nucleic acids or TgPLP.25:26:57 Additionally, production of pro-inflammatory cytokines by
macrophages requires IRAK2, and the IRAK4 kinase activity is essential.27:3437.58 Baged
on that, we anticipated that /rak2~/~ would be greatly susceptible to 7. gondi infection,

but surprisingly, /rak1~/~ and /rak2”'~ mice had a similar phenotype with small increase in
susceptibility. Similarly, we expected /rak4 Ki to phenocopy /rak4~'~, which was not the
case.
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As shown in this study, isolation of splenic CD11c* DCs and CD11b* cells (iMOs and
MO-DCs) followed by 7. gondii infection suggests that these cells employ different IRAKs
for IL-12 production, with CD11b* and CD11c* cells requiring IRAK2 and IRAK1,
respectively. This potentially explains why, /n vivo, IRAK1 and IRAK2 single KO mice only
show a subtle phenotype, with increased parasite burden in their brains but not enhanced
mortality; in these animals, different cell populations might still produce enough 1L-12 to
control the infection, and indeed, WT and the single KO mice produce similar levels of IFN-
vy upon 7. gondii infection. Disruption of both IRAK1 and IRAK2, however, dramatically
impairs cytokine production in CD11c* DCs and CD11b* (iMOs and MO-DCs), and /rak1™’
~IrakZ”"~ mice phenocopy /rak4™'~ in vivo.

It is presently unclear why different cell types employ different IRAKSs. The reasons

for this are likely multifactorial, but their preference for IRAK1 or IRAK2 correlated

with their expression levels, as IRAK2 expression is low in CD11c* DCs, and IRAK1
expression is low in splenic CD11b*. Thus, signaling relied on the more abundant protein.
The observation that different myeloid cells employ different IRAKSs in the myddosome
raises one intriguing possibility: we speculate that IRAK1 and IRAK2 phosphorylate
different targets and that this contributes to the unique phenotypes observed in different
cell populations. This hypothesis is substantiated by the fact that IRAK1 is a typical

kinase, while IRAK2 has key mutations in its kinase domain and was originally considered
a pseudokinase.®?:60 However, IRAK2 does have kinase activity that likely occurs via

a non-canonical mechanism.27:61.62 Fyrthermore, IRAK1 and IRAK2 have different
kinetics upon TLR engagement, with IRAK1 expression decreasing and IRAK2 expression
increasing.536:43-45 These factors likely cause different phosphorylation patterns in different
populations. Future phosphoproteomics studies may answer these questions.

Although c-Rel is the main transcription factor driving //12btranscription in TLR-stimulated
macrophages,3? c-Rel KO mice infected with 7. gondii are not impaired in 1L-12
production33 despite showing an impairment in T cells.®3 Indeed, here we observed that

the patterns of c-Rel activation in our various IRAK-deficient DCs did not correlate with
IL-12 production. IRF5 is also activated by the myddosome of endosomal TLRs, and this
transcription factor is known to regulate the expression of pro-inflammatory genes such as
TNF, IL-12, and 1L-6.4749 However, no study has linked 7. gondii infection to IRF5, which
inspired us to study this transcription factor. Here, we observe that, upon 7. gondii exposure,
the patterns of IRF5 activation in our various IRAK-deficient DCs correlated precisely with
the patterns of IL-12 production.

IRF5 expression is not ubiquitous.84 Here, we observed that CD11c* DCs express high
levels of IRF5 compared with BMDMs and splenic CD11b* cells. Accordingly, 1L-12
production is nearly completely blocked in IRF5 KO CD11c* DCs, and /rf5'~ DCs are
impaired in the transcription of genes coding for molecules key to controlling the infection,
such as Cc/5and 7nf, in addition to //126.16:17.65-67 |RF5 activation could also explain
why IRAK1 has a more prevalent role in DCs, as previous work done in HEK cells has
suggested that IRAK1, and not IRAK2, is responsible for IRF5 activation.®8-70 We observe
that, at endogenous protein levels in murine DCs, IRAK1 is indeed responsible for IRF5
activation, as /rak1~/~ CD11c* DCs show greatly reduced IRF5 nuclear translocation upon
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exposure to 7. gondii. IRF5 activation in CD11c* DCs also requires the IRAK4 scaffold,
but surprisingly, loss of IRAK4 kinase activity only partially inhibits IRF5 activation. This
residual activation is mediated by IRAK1, as no IRF5 translocation is observed in /rak1/
~Irak4 Ki DCs. However, our study suggests that IRAK2 can lead to IRF5 activation, as

the small IRF5 nuclear translocation observed in /rakZz~/~ CD11c* DCs is completely absent
in /rak1™!~ Irak2”"~ and IRF5 nuclear translocation in CD11b* cells. This IRAK-dependent
IRF5 activation is likely indirect and involves IKK.53:54 Activation of IRF5 also involves
the endosomal transporter SLC15A4, which recruits the protein TasL and mediates IRF5
recruitment to the endosome.®%:71 It is presently unclear whether IRAKs are required for the
activities of SLC15A4 or TasL.

The discovery that IRF5 is the main transcription factor responsible for IL-12 production in
7. gondii-infected CD11c* DCs led us to reevaluate the role of CNBP. In LPS-stimulated
macrophages, IRAK4 and IRAK?2 activity leads to CNBP activation, which controls 1L-12
expression by regulating c-Rel nuclear translocation.2 CNBP KO animals are partially
susceptible to 7. gondii infection, with decreased 1L-12 production in vivo.8 This could

not be mediated by c-Rel, as this protein is not involved in IL-12 produced in response to
7. gondii;33 thus, we hypothesized that CNBP regulates IRF5 activity. Indeed, we found
that CNBP modulates IRF5 binding to DNA, as CNBP-deficient CD11¢* DCs showed
normal IRF5 nuclear translocation but lower IRF5 binding to the //12b promoter. We also
demonstrated that, upon 7. gondii exposure, IRF5 and CNBP physically interact, although
it is unclear whether this is a direct interaction or whether they are part of a larger DNA-
bound complex. Similar results have been described linking IRF3 and IRF7 to CNBP, with
evidence of physical interaction, modulation of their affinity to promoter regions, and no
impact on nuclear translocation.”? Importantly, the pattern of CNBP nuclear translocation
differs between CD11c* DCs and CD11b* (iMOs and MO-DCs), with IRAK1 playing an
essential role in DCs, while iMOs, MO-DCs and BMDMs employ IRAK2.8 Although the
molecular mechanism linking CNBP to these IRFs remains poorly understood, the idea that
CNBP regulates the activity of many transcription factors is an exciting perspective.

7. gondii-infected /rf57/~ cells showed a dramatic reduction in IL-12 output. This suggested
that IRF5-deficient animals would be highly susceptible to 7. gondiiinfection. Indeed,

IP infection with 7. gondii Me49 cysts revealed enhanced mortality in IRF5 KO mice

in comparison with the WT, with animals succumbing within 30 days of infection. This

was accompanied by low levels of IL-12 and IFN--y, especially in the peritoneal cavity,

a decreased that is also observed in highly susceptible mouse strains such as /rak1™
~IrakZ”!~ and Irak4~'~ and mice carrying missense UNC93B1.23.24.26.31 Responses triggered
by endosomal TLRs are of paramount importance in protection against parasites such

as Trypanosoma cruzi, Trypanosoma brucei, and Leishmania major.”3~"® Therefore, we
speculate that IRF5 also plays an important role in controlling these infections.

In summary our findings demonstrate that, in murine DCs, the IRAK1/IRF5 axis drives

the production of key inflammatory molecules such as IL-12, CCL5, and TNF. The IRF5
activity is further modulated by CNBP, which is independently activated by the myddosome.
This highlights that IRF5 is central in controlling parasitic infections via production of
IL-12.
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Limitations of the study

The data presented in this article were obtained using mouse infection models.
Generalizations to other species should be done carefully, as the repertoire of TLRs
expressed may differ from organism to organism.2 We acknowledge that /757~ animals,
while susceptible to 7. gondii infection, are not completely impaired in IL-12 production.
Therefore, we cannot rule out that other transcription factors may play a role in the /n vivo
response.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and resource requests can be directed to and will be
fulfilled by the lead contact Ricardo T. Gazzinelli (ricardo.gazzinelli@umassmed.edu).

Materials availability—Mouse lines and cell lines used in this study are available from
the lead contact with a completed Materials Transfer Agreement.

Data and code availability

. The uncropped immunoblots and quantitative data have been deposited at
Mendeley Data and are publicly available as of the date of publication. DOIs
are listed in the key resource table.

. This paper does not report original code.

. Any additional information required to reanalyse the data reported in this work
paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice—C57BL/6 WT, lrak1'=35 Irak2'=58 and Vav-iCre’® mice were acquired from The
Jackson Laboratory. /rak4™~ was provided by Dr. Tak Mak (Princess Margaret Cancer
Center, University of Toronto, Toronto, Canada).2® /rak4 Ki mice were provided by

Dr. Xiaoxia Li (Department of Inflammation and Immunity, Lerner Research Institute,
Cleveland Clinic, Cleveland, USA).37 /rf5/~ was provided by Dr. Betsy J. Barnes
(Institute of Molecular Medicine, Feinstein Institutes for Medical Research, New York,
USA).47 Cnbp™ was generated as described previously and crossed in house with Vav-
iCre.’? Irak1™!I~ Irak2™!~, Irak1™"~ Irak4 Ki and /rak2™!~ Irak4 Ki were generated by in-house
crossing.

All animal procedures were performed in accordance with the guidelines of the National
Institutes of Health and were approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Massachusetts Chan Medical School (protocol 202100193).
This work used male and female mice in similar proportions, with ages ranging from 8 to 12
weeks old.
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METHOD DETAILS

Chemicals—The following chemicals were routinely used in this project: Ethanol
(molecular biology grade) (Fisher Scientific), NaF (Sigma-Aldrich), NaVO,4 (Sigma-
Aldrich), b-Glycerophosphate disodium (Santa Cruz), Nonidet P-40 Substitute (NP-40)
(Boston Bioproducts), Dulbecco’s Modified Eagle Medium (DMEM) (Corning), Dulbecco’s
Phosphate Buffered Saline (PBS) (Corning), Tris-Buffered Saline (TBS) (Boston
Bioproducts) and Tween 20 (Boston Bioproducts).

In vivo T. gondii infections— 7. gondii Me49 strain was maintained /n vivoin WT
C57BL/6 mice by intraperitoneal inoculation of brain homogenates containing 7. gondlii
Me49 cysts every 45 days (5 cysts per mouse). /n vivo infection assays were performed
by intraperitoneal inoculation of 7. gondii Me49 (25 cysts per mouse), or mock-infected
with PBS (uninfected control). Mice survival was followed up to 40 days post-infection.
The surviving animals were sacrificed by CO, exposure followed by cervical dislocation
in accordance with UMMS IACUC guidelines, and the number of cysts in the brain was
counted by optical microscopy.

Cell isolation and culture—For isolation of bone marrow and generation of BMDMs,
mice were sacrificed by CO, exposure followed by cervical dislocation in accordance with
UMMS IACUC guidelines, the skin was then sterilized with 70% isopropanol, the legs
removed, the tibia and femur were collected, the bone marrow was flushed out of the

bone using BMDM complete media (DMEM supplemented with 10% fetal bovine serum
(R&D Systems), 5 mM L-Glutamine (GIBCO), 25 mM HEPES (Thermo-Fisher) and 20%
L929-conditioned media). The bone marrow cells of each animal were then placed in 3
untreated 150 mm x 15 mm petri dishes (Corning) and kept at 37°C and 5% CO5 in
BMDM complete media for 6 to 9 days. For splenocyte isolation, mice were sacrificed

as described above, the spleen collected, macerated in a 100 mm nylon cell strainer, and
the red blood cells lysed in ACK Lysing Buffer (Gibco) for 5 min at room temperature.
The splenocytes were then washed twice and resuspended in DMEM containing 10% FBS.
For isolation of CD11b* cells, splenocytes were incubated for 24 h at 37°C and 5% CO,
with 100 ng mL™1 IFN-y (BioLegend), and positive selection using CD11b microbeads
(Miltenyi) performed according to the manufacturer’s instructions. Isolation of CD11c¢* DCs
was performed by subcutaneous inoculation of 10% B16-FIt3I* cells,”” and after 12 to 15
days, the animals were sacrificed as described above, the spleen collected, the splenocytes
prepared as described above, and CD11c* cells were isolated by positive selection using
CD11c microbeads (Miltenyi) according to the manufacturer’s instructions.

T. gondii Me49 tachyzoites were maintained /n vitro by weekly infections in human foreskin
fibroblasts in DMEM containing 10% FBS and cultured at 37°C and 5% CO,."8 IKKB
inhibition experiments included a pre-incubation step of 30 min at 37°C and 5% CO, with
B1605906 10 uM (Millipore-Sigma) or TPCA-1 10 uM (Cell Signaling).

Flow cytometry—To determine the population of monocytes (MO), iMOs and MO-DCs,

splenocytes were isolated and treated with IFN-y (100 ng mL™1, 24 h) (BioLegend) or
left unstimulated. After treatment, cells were washed three times (400 x G, 5 min, 4°C)
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in ice-cold FACS Buffer (PBS containing 0.5% FBS and 2 mM EDTA) and transferred

to a 96-wells U-bottom plate (Corning) (108 cells/well). The cells were stained with Live/
Dead Ghost Aqua V510 (1:250, Tonbo Biosciences) to exclude death cells, then blocked
with mouse CD16/32 (clone 93, 1:100, BioLegend) for 20 min at 4°C. After one wash

in FACS Buffer, cells were stained for 30 min at 4°C with the following antibodies:

F4/80 (clone BM8) PE-Cy5 (1:100, BioLegend), CD11b (clone M1/70) PE-Cy7 (1:4000,
BioLegend), DCSign (clone MMD3) eFluor660 (1:800, Thermo Fisher), and MHCII (clone
AF6-120.1) PE (1:400, BioLegend). Cells were washed twice, and sample acquisition was
immediately performed on a Cytek Aurora Spectral Cytometer. Fluorescence minus one
(FMO) samples were included to ensure accurate selection of positive populations. Data
analysis was performed on FlowJo v10 (BD).

Preparation of whole cell lysates and nuclear extracts—For preparation of whole
cell lysates, treated or untreated cells were washed three times in ice-cold PBS containing 25
mM B-Glycerophosphate disodium, 20 mM NaF and 1 mM NaVOy, and lysed for 10 min on
ice with Tris-HCI 50 mM, NaCl 150 mM, EDTA 5 mM, 1% NP-40, Halt Protease inhibitor
(Thermo-Fisher) and Halt Phosphatase inhibitor (Thermo-Fisher). In selected experiments,
whole cell lysates were prepared by treating the cells for 10 min on ice with Tris-HCI

50 mM, NaCl 150 mM, 1% NP-40 and 1 mM phenyl-methanesulfony! fluoride (Sigma-
Aldrich), followed by 60 min incubation in HEPES 50 mM pH 7.5, 2 mM DTT, 0.01%
Brij-35, MnCI2 1 mM, A phosphatase (2 U pL~1) and ubiquitin specific peptidase 2 (USP) 1
UM.

For preparation of nuclear extracts, treated or untreated cells were subjected to cell lysis and
nuclear fractionation using NE-Per Nuclear and Cytoplasmic Extraction Reagents (Thermo-
Fisher) as described by the manufacturer.

Co-immunoprecipitation—In 5 mL conical tubes, 4 x 106 cells were left unstimulated or
exposed to 7. gondii Me49 tachyzoites (MOI 3), washed three times in cold PBS containing
25 mM B-Glycerophosphate disodium, 10 mM NaF and 1 mM NaVOy,, and lysed for 10
min on ice with 0.5 mL of IP lysis buffer (50 mM Tris-HCI pH 7.5, 150 mM NacCl,

1 mM EDTA, 1% NP-40, 10% glycerol, 10 mM iodoacetamide, Halt Protease inhibitor
(Thermo-Fisher) and Halt Phosphatase inhibitor (Thermo-Fisher)). The lysates were then
centrifuged at 12000 x G for 10 min at 4°C, and the supernatants collected. 50 uL of the
supernatant was kept for analysis of the protein input, while the remainder was used for
co-immunoprecipitation. 5 pL of anti-IRF5 (Cell Signaling, 4950) and 30 pL of Protein G
Sepharose 4 Fast Flow (Millipore Sigma) pre-equilibrated with IP lysis buffer was added

to each sample. The samples were then incubated with gentle agitation for 16 h at 4°C,
washed three times with IP lysis buffer, eluted with 50 pL of 1x sample buffer (Pierce

Lane Reducing Sample Buffer (Thermo-Fisher)), and immunoblots were then carried out as
described below.

Immunoblot—Protein extracts were incubated with Pierce Lane Reducing Sample Buffer
(Thermo-Fisher) at 100°C for 10 min, loaded on polyacrylamide gels and electrophoresis
was performed. The proteins were transferred to 0.45 um nitrocellulose membrane
(Amersham Protran 0.45 NC, Millipore Sigma) or polyvinylidene fluoride (Immobilon-P
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PVDF 0.45, Millipore Sigma) in wet transfer buffer (25 mM tris-base, 192 mM glycine,
20% methanol, pH 8.5) for 20 h at 50 mA. The membranes were blocked for 2 h at room
temperature in 5% blotting-grade blocker (Bio-Rad), incubated with primary antibody in
TBS containing BSA 1% for 16 h at 4°C, washed with TBS containing 0.1% Tween 20
(TBS-T) (three times, 5 min each), incubated with secondary antibody in 5% blotting-grade
blocker for 1 h and washed three times in TBS-T. Proteins were detected using Clarity

Max ECL Substrate (Bio-Rad) and imaged in ChemiDoc MP Imaging System (Bio-Rad).
Densitometric analysis were performed using ImageJ (NIH)."®

The following antibodies and dilutions were used: IRAK1 (Cell Signaling, 4504S, 1:1000),
IRAK2 (Abcam, ab62419, 1:500), IRAK4 (Novus, NB500-597, 1:1000), MyD88 (R&D
Systems, AF3109, 1:500), rodent-specific IRF5 (Cell Signaling, 4950, 1:1000), USF2
(Novus Biologicals, NBP1-92649, 1:2000), c-Rel (Cell Signaling, 67489, 1:1000), phospho-
IxB-a (Ser32) (Cell Signaling, 2859, 1:750), 1xB-a (Cell Signaling, 4812S, 1:1000),
phospho-Rel A/NF-xB (Ser 536) (Cell Signaling, 3033, 1:1000), Rel A/NF-xB (Novus
Biologicals, NB100-2176, 1:1000), Actin (Sigma-Aldrich, A2066, 1:3000), phospho-
SAPK/INK (Thr 183/Tyr 185) (Cell Signaling, 4668T, 1:1000), phospho-p38 MAPK

(Thr 180/Tyr 182) (Cell Signaling, 4511T, 1:1000), phospho-p44/42 MAPK (Erk 1/2)

(Thr 202/Tyr 204) (Cell Signaling, 4370T, 1:2000), phosphor-IKK (Ser 176/180) (Cell
Signaling, 2697, 1:1000), CNBP (Santa Cruz, sc-515387-X, 1:200), anti-Goat-lgG HRP-
conjugated (R&D Systems, HAF017, 1:5000), anti-Rabbit-lgG HRP-conjugated (Sigma-
Aldrich, A0545, 1:5000), anti-Mouse-IgG HRP-conjugated (Cell Signaling, 7076S, 1:5000).

Transcription analysis—CD11c+ DCs were isolated as described above, and two
identical 24-well plates were prepared containing 1x10° cells per well. Cells were then

left untreated, treated with 1 pg mL~1 R848 (Invivogen) or infected with 7. gonaii Me49
tachyzoites (MOI 3), in a final volume of 500 pL per well, and incubated for 4 or 24 h
(37°C and 5% CO»). The 24-h plate had their supernatants collected for cytokine/chemokine
quantification. The 4-h plate had their supernatants collected for cytokine/chemokine
quantification, while the cells were collected from each well, washed three times in cold
PBS containing 25 mM B-Glycerophosphate disodium, 10 mM NaF and 1 mM NaVOy, and
their RNA extracted using RNeasy micro kit (QIAGEN) as described by the manufacturer.
For each sample, 40 ng of RNA was hybridized for 16 h at 65°C with capture and reporter
probes (Mm_V2_Inflammation_CSO, 115000082, NanoString). The hybridized samples
were loaded onto the nCounter station. Analysis was performed using the nSolver software
version 4.0 for Mac (NanoString). Hierarchical clustering was performed using Morpheus
(https://software.broadinstitute.org/morpheus).

ChlIP assays—CD11c+ DCs were isolated as described above, and 5x10° cells were
incubated with media alone or 7. gondii Me49 tachyzoites (MOI 3) for 2 h (37°C and 5%
CO») in 5 mL conical tubes in a final volume of 2 mL. After treatments, cells were washed
three times in ice-cold PBS containing 25 mM B-Glycerophosphate disodium, 10 mM NaF
and 1 mM NaVOy. The cells were then fixed in 1% formaldehyde (Thermo-Fisher), the
nuclear fraction isolated and ChlIP was performed as described by the manufacturer (Pierce
Agarose ChlP kit, Thermo-Fisher) using 2 pL of normal rabbit 1gG (2729S, Cell Signaling)
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or 5 UL of anti-IRF5 rodent specific (4950, Cell Signaling). The //12b promoter region
containing the interferon-stimulated response element (ISRE) was then quantified in relation
to input by quantitative PCR using the primers: 5°>-~ACCCCGAAGTCATTTCCTCT-3’ and
5’-ACCCACTGTTCCTTCTGCT-3".47

Cytokine quantifications—For cell stimulations, 100.000 cells were plated in flat-
bottom 96-well plates (Corning) and immediately stimulated with 1 ug mL~1 R848
(Invivogen) or 7. gondii Me49 at MOI 3 for up to 24 h (37°C and 5% CO»). The culture
supernatants were then collected. Cytokine and chemokine quantification was performed
from culture supernatants, peritoneal lavage or serum, according to the manufacturer
instructions: IL-12 p40 Mouse uncoated ELISA kit (Invitrogen, 88-7120-88), Mouse CCL5/
Rantes DuoSet ELISA (R&D Systems, DY478), Mouse TNF-alpha DuoSet ELISA (R&D
Systems, DY410), Mouse Interferon-gamma DuoSet ELISA (R&D Systems, DY485), and
Mouse CCL22 DuoSet ELISA (R&D Systems, DY439).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism 9.5 for macOS (GraphPad
Software). Experiments in this work employed one-way analysis of variance (ANOVA)
with Tukey post-comparison test for comparisons between multiple groups: *p < 0.05, **p
<0.01, ***p < 0.001. ****p < 0.0001. Unpaired t test was used in experiments comparing
only two groups: #p < 0.05, ##p < 0.01, ###p < 0.001. ####p < 0.0001. Error bars represent
standard error of the mean (SEM). Comparisons between survival curves was performed
using the log rank (Mantel-Cox) test. Statistical details of experiments can be found in the
figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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IRAK1 and IRAK2 are redundant for IL-12 production upon 7. gondii
infection /n vivo

IL-12 production requires IRAK1 in DCs, while MO-DCs require IRAK2
IRAK-mediated activation of IRF5 controls //12b expression
IRF5 binding to the //22b promoter is enhanced by CNBP
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Figure 1. IRAKSs control primary infection with T. gondii
(A and C) Survival data from C57BL/6 mice IP infected with 7. gondii Me49 (25 cysts per

mouse): WT (n = 35), JrakI™= (n = 19), lrak2”~ (n = 19), lrak1™~ IrakZ!~ (n = 27), Irak4
Ki (n = 22), IrakI™~ Irak4 Ki (n = 12), IrakZ™!"~ Irak4 Ki (n = 22), and /rak4™'~ (n = 8).
(B) Cysts counts in the brain of WT (n = 15), /rakZ™"~ (n = 14), and /rak2”~ (n = 13) mice

IP infected with 7. gondii Me49 (25 cysts per mouse) for 40 days.
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(D-G) Quantification of 1L-12 p40 and IFN-y in the plasma (D and E) and peritoneal cavity
(F and G) 5 days post IP infection with 7. gondii Me49 (25 cysts per mouse) in WT (n = 13),
IrakI™= (n = 7), IrakZ”!= (n = 14), Irak1™~ Irakz2™"= (n = 6), lrak4 Ki (n = 12), lrak1™!~ Irak4
Ki (n = 4), lrak2”"~ Irak4 Ki (n = 14), and /rak4”'~ (n = 5) mice or mice mock-infected with

PBS (WT uninfected, n = 10).

(H and I) 1L-12 p40 production in splenocytes unprimed (H) or primed with IFN-y (100
ng mL1, 24 h) after /n vitro infection with 7. gondii Me49 tachyzoites at multiplicity of
infection (MOI) 3 for 24 h (n = 2 for all strains). n represents the number of animals.
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In (A) and (C), survival data were pooled from five independent experiments. In (B) and
(D)—(1), data were pooled from two (H and 1), three (B), or four (D-G) independent
experiments and are presented as mean * standard error of the mean (SEM). Each
independent experiment consisted of three technical replicates. *p < 0.05, **p < 0.01, ***p
<0.001, ****p < 0.0001 in relation to the WT (one-way analysis of variance [ANOVA] with
Tukey’s multiple-comparisons test).
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Figure 2. IRAK1 is required for 1L-12 production in CD11c*™ DCs
(A-F) IL-12 p40 production by BMDMs (A and D), splenic CD11b* (B and E), and CD11c*

DCs (C and F) treated with R848 (1 ug mL™1, 24 h) (A—-C) or exposed to 7. gondii Me49
tachyzoites (MOI 3, 24 h) (D-F).

(G and H) Immunoblot of whole-cell lysates from CD11c* DCs, splenic CD11b™ cells, and
BMDMs.

(1) Immunoblot of phosphatase- and deubiquitinase-treated whole-cell lysates from splenic
CD11b* and CD11c* DCs exposed to 7. gondii Me49 tachyzoites (MOI 3) for up to 24 h.
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(J) Immunoblot of phosphatase- and deubiquitinase-treated whole-cell lysates from splenic
CD11b* and CD11c* DCs from the indicated strains exposed to 7. gondii Me49 tachyzoites
(MOI 3) for up to 24 h.

(K and L) I1L-12 p40 production in CD11c* DCs of the indicated strains exposed to 7. gondii
Me49 tachyzoites (MOI 3, 24 h).

In (A)—(F), (K), and (L), data were pooled from three independent experiments and are
presented as mean + SEM; each independent experiment consisted of three technical
replicates. Images are representative of three (G and H), four (J), or six (1) independent
experiments. ns, not significant. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 in
relation to the WT (ANOVA with Tukey’s multiple-comparisons test).
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Figure 3. IRAK1 and IRAK?2 are redundant for NF-xB and MAPK activation, while IRAK4
kinase activity is essential

(A-F) Immunoblot analysis of CD11c* DCs of the indicated strains. Images are
representative of three independent experiments.

(A and B) RelA phosphorylation, total RelA, IkB-a phosphorylation, and degradation in
CD11c* DCs treated with R848 (1 ug mL=1, 30 min) or exposed to 7. gondii Me49
tachyzoytes (MOI 3, 30 min).

(C and D) RelA and c-Rel in nuclear extracts of CD11c* DCs exposed to 7. gondii Me49
tachyzoites (MOI 3, 30 min).

(E and F) Phosphorylation of ERK, JNK, and p38 in CD11c* DCs exposed to 7. gondii
Me49 tachyzoites (MOI 3, 15 and 30 min).
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Figure 4. IL-12 production by CD11c* DCs is mediated by IRAK1 via IRF5
(A-C) IRF5 immunoblots from nuclear extracts of CD11c* DCs (A and B) or splenic

CD11b™ cells (C) infected with 7. gondii Me49 tachyzoites (MOI 3, 2 h). (D-F) IL-12

p40 production in WT and /775~ BMDMs (D), splenic CD11b* (E), and CD11c* DCs (F)
treated with R848 (1 ug mL~2, 24 h) or exposed to 7. gondii Me49 tachyzoites (MOI 3, 24
h).

(G) ChIP-gPCR using control immunoglobulin G (IgG) or anti-IRF5 in WT and /rf57/~
CD11c* DCs, uninfected or infected with 7. gondii Me49 tachyzoites (MOI 3, 2 h).
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(H and 1) IRF5 Immunoblot of whole-cell lysates from CD11c* DCs, splenic CD11b*, and
BMDMs (H) and densitometric quantifications (1).

(J) IRF5 immunoblots from nuclear extracts of CD11c¢* DCs infected with 7. gondii Me49
tachyzoites (MOI 3, 2 h) with or without the IKK@ inhibitors BI605906 (10 ug mL1) or
TPCA-1 (10 pg mL™).

(K) IL-12 p40 production by CD11c* DCs exposed to 7. gondii Me49 tachyzoites (MOI 3,
24 h) with or without the IKK inhibitors BI605906 (10 pg mL™1) or TPCA-1 (10 pg mL™1).
(L) Immunoblot of p-IKK in whole-cell lysates of CD11c* DCs infected with 7. gondii
Me49 tachyzoites (MOI 3, 2 h).

Images are representative of two (C and J) or three (A, B, H, and L) independent
experiments. In (D)-(G), (), and (K), data were pooled from three independent experiments
and are presented as mean + SEM; each independent experiment consisted of three technical
replicates. ***p < 0.001, ****p < 0.0001 (ANOVA with Tukey’s multiple-comparisons test).
#p < 0.05, ##p < 0.01, ###p < 0.001 (unpaired t test).
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Figure 5. Production of inflammatory cytokines and chemokines by DCs requires IRAK1,

24 hours post-infection

IRAK4, and IRF5
(A) Volcano plot depicting 7. gondiF-infected versus uninfected CD11c* DCs (WT). The

horizontal dashed line represents a —log false discovery rate of 2, and the vertical dashed

lines represent a log, fold change of -1 and +1.
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(B) Heatmap showing the expression and hierarchical clustering of selected genes in
CD11c* DCs from the indicated strains, uninfected or infected with 7. gondii Me49
tachyzoites (MOI 3, 4 h).
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(C-F) Quantification of IL-12 p40 (C), CCL5 (D), TNF (E), and CCL22 (F) in culture
supernatants of CD11c* DCs of the indicated strains infected with 7. gondii Me49 (MOI 3)
for 4 and 24 h.

In (A) and (B), Data were pooled from four independent experiments. In (C)—(F), data
were pooled from four independent experiments and are presented as mean + SEM; each
independent experiment consisted of one technical replicate. *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001 (ANOVA with Tukey’s multiple-comparisons test).
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Figure 6. IRAK1-mediated CNBP activation enhances 1L-12 production in CD11c* DCs
(A-C) CNBP nuclear translocation in CD11c* DCs (A and B) and splenic CD11b™* cells (C)

infected with 7. gondii Me49 tachyzoites (MOI 3, 2 h).

(D) CNBP nuclear translocation in CD11c* DCs infected with 7. gondii Me49 tachyzoites
(MOI 3, 2 h) with or without the IKK inhibitors BI605906 (10 pg mL™1) or TPCA-1 (10 ug
mL™1).

(E and F) 1L-12 p40 production in Cnbp™?vav-iCre '~ and Cnbp™f\vav-iCre*'* CD11c*
DCs stimulated with R848 (1 pg mL™1, 24 h) (E) or 7. gondii Me49 tachyzoites (MOI 3, 24
h) (F).

(G) IRF5 nuclear translocation in Crnbp™vav-iCre '~ and Cnbp™f\vav-iCre*'* CD11c*
DCs exposed to 7. gondii Me49 tachyzoites (MOI 3, 2 h).

(H) IRF5 and CNBP co-immunoprecipitation in WT and /-5~ CD11c* DCs exposed to 7.
gondii Me49 tachyzoites (MOI 3, 2 h).

(1) ChIP-gPCR using control 1gG or anti-IRF5 in Cnbp™f\av-iCre'~ and Cnbp™fvay-
iCre*!* CD11c* DCs, uninfected or infected with 7. gondii Me49 tachyzoites (MOI 3, 2 h).
Images are representative of two (C and D) or three (A, B, G, and H) independent
experiments. In (E), (F), and (1), data were pooled from three independent experiments

and are presented as mean + SEM; each independent experiment consisted of three technical
replicates. ***p < 0.001, ****p < 0.0001 (ANOVA with Tukey’s multiple-comparisons test).
#p < 0.05, ##p < 0.01, ###p < 0.001 (unpaired t test).
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Figure 7. IRF5 controls primary infection with T. gondii
(A) Survival data from C57BL/6 WT (n = 16) and /r#5~/~ (n = 15) mice IP infected with 7.

gondii Me49 (25 cysts per mouse).

(B-E) Quantification of IL-12 p40 and IFN-y in the plasma (B and C) and peritoneal cavity
(Dand E) in WT (n = 14) and /rf57/~ (n = 12) mice 5 days post IP infection with 7. gondii
Me49 (25 cysts per mouse) or mock infected with PBS WT (n = 4) and /157~ (n = 3)
(uninfected controls).
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(F and G) IL-12 p40 production in splenocytes unprimed (n = 5 for each strain) (F) or
primed with IFN-y (100 ng mL™1, 24 h) (n = 3 for each strain) (G) after /n vitro infection
with 7. gondii Me49 tachyzoites at MOI 3 for 24 h n represents the number of animals.

In (A), survival data were pooled from two independent experiments. In (B)—-(G), data

were pooled from three independent experiments and are presented as mean = SEM; each
independent experiment consisted of three technical replicates. *p < 0.05, **p < 0.01, ***p
< 0.001, ****p < 0.0001 in relation to the WT (ANOVA with Tukey’s multiple-comparisons
test). ###p < 0.001 (unpaired t test).
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