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The transcription factor Interferon Regulatory Factor 4 (IRF4) is central in control of
T cell activation and differentiation. Deficiency of IRF4 results in severe immune
deficiency and affects maturation and function of most if not all T cell subsets. Here
we use mouse infection models for Citrobacter rodentium and Strongyloides ratti
to analyze the function of IRF4 in T helper (Th) 17 and Th2 cell responses,
respectively. IRF4 deficient mice were impaired in the control of both pathogens,
failed to mount Th17 and Th2 cell responses and showed impaired recruitment of T
helper cells to the intestine, the infection site of both pathogens. Compromised
intestinal migration was associated with reduced expression of the intestinal
homing receptors a4p7 integrin, CCR9 and GPR15. Identification of IRF4 binding
sites in the gene loci of these receptors suggests a direct control of their expression
by IRF4. Competitive T cell transfer assays further demonstrated that loss of one
functional Irf4 allele already affected intestinal accumulation and Th2 and Th17 cell
generation, indicating that lower IRF4 levels are of disadvantage for Th2 and Th17
cell differentiation as well as their migration to the intestine. Conversion of
peripheral CD4* T cells from an Irf4 wildtype to an Irf4 heterozygous or from an
Irf4 heterozygous to a homozygous mutant genotype after C. rodentium or S. ratti
infection did not reduce their capacity to produce Thl7 or Th2 cytokines and only
partially affected their persistence in the intestine, revealing that IRF4 is not essential
for maintenance of the Th2 and Th17 phenotype and for survival of these T helper
cells in the intestine. In conclusion, we demonstrate that the expression levels of
IRF4 determine Th2 and Thl7 cell differentiation and their intestinal accumulation
but that IRF4 expression is not crucial for Th2 and Th17 cell survival.
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1 Introduction

The transcription factor Interferon Regulatory Factor 4 (IRF4)
is expressed in cells of the immune system, including B and T cells
as well as subsets of macrophages, dendritic cells (DC) and innate
lymphoid cells such as innate lymphoid type-2 cells (ILC2) (1-3).
Naive T cells express only low levels of IRF4, however, upon T cell
receptor stimulation IRF4 is induced and rapidly expressed at high
levels. Several DNA sequence motifs recognized by IRF4 have been
identified. IRF4 can bind to interferon stimulated response elements
(ISRE). In complex with the transcription factors PU.1 and SpiB, it
interacts with Ets-IRF composite elements (EICE) and in complexes
with BATF and heterodimers of Jun family members with activator
protein 1 (AP-1)-IRF composite elements (AICE) (4-7). In Th17
and CD8" T cells, large numbers of IRF4 regulated genes have been
identified. IRF4 targets include genes involved in T cell
differentiation and effector functions but also genes involved in
more fundamental cellular processes such as metabolism and
proliferation. IRF4 binding sites are frequently located within
regulatory DNA regions distant from promotors. IRF4 is
therefore also considered as a pioneering factor that promotes
and sustains chromatin remodeling and thereby enhances
accessibility of genes for other transcription factors (8-10).

Due to its essential role in regulation of fundamental cellular
processes and its cooperation with lineage-specific transcription
factors, IRF4 is essential for effective activation of peripheral CD4"
and CD8" T cells and their differentiation into various effector T cell
subsets. Accordingly, mice lacking IRF4 in T cells are impaired in
mounting peripheral responses of basically all T cell lineages
including, CD4" T helper (Th) 1, Th2, Th17, T follicular helper
(Tth), and T regulatory (Treg) cells as well as CD8" cytotoxic T cells
(11-18). Due to this central role in T cells and similar essential
functions in B cells, homozygous mutation of IRF4 causes severe
immune deficiency in mice and human (19-21). Expression of IRF4
directly correlates with the strength of the TCR signal. IRF4 binding
motifs differ in their affinity for IRF4 and thus the selection of
targeted genes depends on the concentration of IRF4. Therefore,
IRF4 translates the strength of the TCR signal into distinct fates of T
cell differentiation (10, 14). In line with this mechanism, mutation
of one Irf4 alleles already results in diminished CD8" and CD4" Th1
cell responses to pathogens (22-25).

Following T cell activation, IRF4 is only transiently upregulated,
and expression decreases to low level in memory T cells. In chronic
infection models, CD8" T cells heterozygous for Irf4 mutation are
protected from exhaustion and in mouse tumor models, disruption
of the AICE binding complex prevents development of exhaustion
in CAR T cells. Thus, at later stages of the T cell response reduction
of IRF4 activity appears to be required to sustain functionality of
CD8" T cells (9, 24, 26). The role of IRF4 in memory T cells is rather
unclear mainly due to the inefficient memory cell development of
IRF4 deficient T cells. Using a mouse model that allows deletion of
Irf4 allele at defined time points, we could recently demonstrate that
deletion of Irf4 after T cell activation does not compromise survival
of CD8" memory T cells and their production of cytokines in
response to stimulation. However, upon reencounter of the
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pathogen, these CD8" T cells show impaired expansion and
effector functions. In contrast to CD8" effector memory T cells,
CD8" tissue-resident T (Trm) cells express higher levels of IRF4
protein and induced deletion of Irf4 alleles in peripheral T cells
results in a reduction of these CD8" Trm cells (18, 25).

Here, we use mouse models for intestinal nematode infection
(Strongyloides ratti) and intestinal bacterial infection (Citrobacter
rodentium) to analyze the Th2 and Thl17 cell responses of Irf4-
deficient CD4" T cells. Mice with ubiquitous deficiency in Irf4 were
impaired in the control of both pathogens and completely failed to
mount Th2 and Th17 cell responses. We also observed diminished
accumulation of CD4™ T cells in the intestinal tract of Irf4 deficient
mice, which was at least in part due to compromised expression of
intestinal homing receptors a4f7, CCR9 and GPR15. After
competitive T cell transfer, CD4" T cells heterozygous for Irf4
mutation were already impaired in generating Th2 and Th17 cells
responses to infection and in their accumulation in the intestinal
tract of recipient mice. Induced deletion of the remaining Irf4 allele
after infection further reduced frequencies of intestinal CD4" T cells
in the colon but not in the small intestine. Thus, IRF4 appears to be
essential for migration of CD4" T cell into the intestine but less
important for their persistence in this tissue. Induced Irf4 deletion
after infection did not further reduce the frequencies of IL-4, IL-
13" or IL-17A" T cells indicating that IRF4 is not essential for
production of these cytokines in Th2 and Th17 memory cells.

2 Materials and methods

2.1 Mice

Irf4”" mice (B6.129P2-Irf4™™¥/J) (21), Irf4"™ mice (20), Ragl™
mice (B6.129S7-Ragl™ ™™ []) (27), Rosa-CreER™ mice (28), CD45.1
congenic mice (B6.SJL-Ptprc® Pepc’/Boy]), and CD90.1 congenic mice
(B6.PL-Thy1“/Cy]J) were maintained on a C57BL/6 genetic background.
All other mice used in experiments were derived by intercrosses of these
strains. Genotypes of mice were determined by PCR as described
previously (20, 21) and by flow cytometry of blood samples. All mice
were bred and housed at the animal facility of the University Medical
Center Hamburg-Eppendorf under specific pathogen-free conditions
with standard food and water ad libitum. During infection experiments,
mice were controlled daily and mice with signs of severe disease were
eliminated to minimize suffering. For all experiments, age and sex
matched groups of mice were used. All animal experiments were
conducted in agreement with the German animal protection law and
experimental protocols were approved by the local committee for
animal experiments of the City of Hamburg (registration numbers:
N017/2017, N055/2019 N068/2021, N150/2021).

2.2 T cell transfer and tamoxifen treatment
of mice

Cells for transfer experiments were isolated from donor mice
with an age of 4-10 weeks. Recipient Ragl”" mice on a CD45.1

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1182502
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Schmidt et al.

congenic background were at least 4 weeks of age when
reconstituted. For transfer experiments, T cells from spleens of
Ifa™, Irfa™", Infa”", Irf4*""x CreER™ (CD90.1* CD90.2*) and Irf4”
% CreER™ mice (CD90.1- CD90.2") were purified by
negative selection using the EasySepTM Mouse T Cell Isolation Kit
or EasySep " Mouse CD4* T cell Isolation Kit (STEMCELL™
Technologies, Vancouver, Canada) according to the manufacturer’s
protocol. Purification and subsequent mixing of cells were
controlled by fluorescence-activated cell sorting (FACS) analysis.
Purification consistently reached >95%. T cells from Irf4*’
% CreER™ (CD90.1* CD90.2%) and Irf4'"xCreER™ mice
(CD90.1~ CD90.2%) were mixed in a 1:1 ratio and a total of 8x10°
T cells per mouse in 200 ul of sterile phosphate-buffered saline
(PBS) were transferred into CD45.1" Ragl™'~ mice by tail vein
injection. Transferred Irf4""xCreER™ and Irf4""xCreER™ T cells
could be distinguished by CD90.1 staining. For transfer of either
Irf4™"*, Irf4*” or Irf4”" T cells, a total of 3-5x10° T cells per mouse
in 200 ul of PBS were transferred into CD45.1* Ragl™"~ mice by tail
vein injection. For activation of the Cre recombinase in mice, 2 mg
of tamoxifen (Sigma Aldrich, St. Louis, MO) per day dissolved in
corn oil (Sigma Aldrich) was applied intraperitoneally on 5
consecutive days. Analyses were performed at least 7 days after
the last tamoxifen injection.

2.3 Infection of mice

The Strongyloides ratti cycle was maintained by serial passage in
Wistar rats as described (29). For S. ratti infection, 2000 infectious
third-stage larvae (L3) were injected subcutaneously (s.c.) in 30ul
PBS into the hind footpad. Quantification of parasite burden in the
intestines of infected mice was performed as described (30). For
Citrobacter rodentium infection, mice were infected via oral gavage
with 1x10” colony forming units (CFU) in 200 ul sterile PBS. C.
rodentium bacteria were grown overnight at 37°C at 200 rpm in LB
medium containing nalidixic acid (50 pg/ml). The number of
bacteria was determined by optical density at 600 nm (ODggo),
and the suspension was diluted with PBS to the final concentration.
Bacterial inocula were controlled by plating serial dilutions on
tryptic soy broth agar or LB agar plates (with the antibiotic
nalidixic acid for further selection) and colonies were counted
after further 2-3 d of incubation at room temperature (RT). For
quantification of C. rodentium titers, organs were homogenized in
PBS, serial dilutions of suspensions were plated on LB agar and CFU
were counted after incubation for 2-3 days at RT.

2.4 T cell isolation and analysis

Infected mice were sacrificed, and organs harvested at indicated
time points. Anti-ART2A nanobodies (clone: S+16, 50 p1g in 100 ul
PBS) were injected before sacrificing the mice to prevent NAD-
induced cell death (31). To stain intravascular cells, 2.5 pg of
PerCP-conjugated anti-CD45 monoclonal antibody (clone 30F-11,
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BioLegend, San Diego, CA) were injected (32). Both antibodies were
administered together intravenously 3 minutes before sacrificing
the mice.

For the analysis of spleen cells, spleens were forced through a 70
pm cell strainer. Erythrocytes were lysed using lysis buffer (155 mM
NH,Cl, 10 mM KHCOs3, 100 uM EDTA, pH 7.2) for 3 minutes.
Mesenteric lymph nodes (mLN) were squashed through a 30 um
cell strainer. For isolation of intestinal cells, coli including caeci or
small intestines, respectively, were harvested. Lymph nodes, Peyer’s
patches and excessive adventitial fat were removed, followed by
longitudinally cutting and washing of the intestinal tissues with
PBS. To isolate intraepithelial lymphocytes (IEL), the organ pieces
were shaken in Gibco' " Hanks Balanced Salt Solution (HBSS,
Thermo Fisher Scientific, Waltham, MA) (without Ca®* and Mg**)
containing 1 mM dithioerythritol for 20 min at 37°C. The
supernatants containing IELs were collected. The isolation of
lamina propria lymphocytes (LPL) required further dissociation,
therefore the intestinal tissues were minced, forced through a 100
um cell strainer and shaken in HBSS (without Ca** and Mg*")
containing collagenase (1 mg/ml, Roche, Mannheim, Germany) and
DNase I (10 U/ml, Sigma-Aldrich, St. Louis, MO) for 45 min at 37°
C. The supernatants containing the LPLs were collected and pooled
with the supernatants containing the IELs. Cells were washed, and
lymphocytes were enriched via density gradient centrifugation with
two phases (40% and 70% Percoll, GE Healthcare, Chicago, IL).

For detection of intracellular cytokines, cells were incubated in
RPMI 1640 medium or Iscove’s modified Dulbecco’s medium
(Gibco™ RPMI 1640 or IMDM, Thermo Fisher Scientific)
supplemented with 5% fetal calf serum, L-glutamine, pyruvate,
gentamicin and 2-mercaptoethanol. Cells were polyclonally
stimulated with phorbol 12-myristate 13-acetate (PMA, 50 ng/ml,
Sigma Aldrich) and ionomycin (1 uM, Sigma Aldrich) for 4 hours at
37°C. To prevent cytokine secretion, Brefeldin A (BFA, 10 pg/ml,
Sigma Aldrich) was added for the last 3.5 h of culture. Afterwards
cytokine expression was determined by intracellular staining and
flow cytometry.

2.5 ELISA

For analysis of cellular responses, S. ratti infected mice were
sacrificed at day 6 post infection (p.i.). mLN and spleen cells were
obtained by mashing the organs through cell sieves into PBS,
followed by erythrocyte lysis. 1x10° cells were cultured in
triplicates in 96-well round-bottom plates in RPMI 1640 medium
supplemented with 5% FCS, HEPES (20 mM), L-glutamine (2 mM),
2-mercaptoethanol (50 mM) and gentamicin (50 pug/mL) at 37°C
and 5% CO,, and stimulated for 72 h with medium alone, anti-
mouse CD3e mAb (clone 145-2Cl11, 1 pg/mL, BioLegend), or S.
ratti L3 lysate (20 pug/mL). Cytokines in the culture supernatants
were quantified by ELISA, as described (30), using ELISA Kits from
BioLegend (San Diego, CA). Detection limits with the standard
dilutions used in this study were < 15 pg/ml for IL-4, IL-5 and < 30
pg/ml for IL-10, IL-13 and IFN-y.
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2.6 Antibody responses to S. ratti infection

Blood was collected from infected mice at the indicated time
points and allowed to coagulate for 1h at RT. Serum was collected
after centrifugation (10.000xg) for 10 min at RT. S. ratti-specific
serum Ig titers were quantified by ELISA, as described (30).

2.7 Antibodies and flow cytometry

Single cell suspensions were incubated with PBS with 1:100 rat
serum and 10 pg/mL 2.4G2 (anti-FcyRII/III, BioXCell, West
Lebanon, NH) to minimize unspecific antibody binding. Viability
was determined using Pacific Orange succinimidyl ester staining.
Extracellular staining was performed with fluorochrome-
conjugated mAbs (Supplementary Table 1). For intracellular
staining of cells expressing eGFP, cells were fixed with 3.7%
formaldehyde in PBS 1% fetal calf serum (FCS) for up to 30 min
at 4°C. Cells were washed with PBS 1% FCS and permeabilized with
PBS 1% FCS containing 0.1% Igepal CA-630 (Sigma Aldrich) for
5 min at RT. Cells were then washed with PBS 1% FCS and stained
with mAbs in PBS 1% FCS for 20 min at RT. In cells not expressing
eGFP, intracellular staining for GATA3, IRF4, RORyt, IL-4, IL-10,
IL-13, IL-17A, IEN-y and TNF-o was performed using the FoxP3
staining buffer set (eBiosciences, San Diego, CA) according to the
manufacturer’s protocols. Cells were acquired with FACSCanto
IT or FACSCelesta'  flow cytometers and BD FACSDiva " software
(BD Biosciences, Heidelberg, Germany) and analyzed with Flow]Jo
10.8.1 software (FlowJo LLC, Ashland, OR).

2.8 Transcription factor binding
peaks analysis

Raw Batf and Irf4 ChIP-Seq reads from GSE40483 (4) were
downloaded from GEO with fastq-dump from the sra-toolkit
v2.11.0. Adapter sequences and low-quality bases at the 3’ends
were removed with fastp v0.23.2 (33). Trimmed reads were then
aligned to the mm10 reference genome with bowtie2 v2.3.5.1 (34)
and afterwards filtered by samtools v1.10 (35) view for alignments
with mapping quality > 2 to account for multimapping reads.
Duplicate alignments were removed by samtools rmdup before
Macs2 v2.2.7.1 (36) was employed for peak calling. Bowtie v 1.3.1
(37) was then used to map all possible versions of the ISRE
GAAANNGAAA motifs, AP-1 TGANTCA motifs and IRF
GAAA motif to the mm10 mouse reference genome, no
mismatches were allowed and all alignments were reported.
Resulting alignments were transformed into bed format with
bedtools v2.30.0 (38) bamtobed. Only Batf peaks overlapping an
ISRE or AP-1 motif were kept, Irf4 peaks overlapping the IRF motif
respective. Therefore, bedtools intersect was used with -F set to 1.0
to obtain peaks obtaining the full motif. All data was then visualized
by IntegrativeGenomicsViewer (IGV) v2.16.0 (39).
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2.9 Statistical analyses

Statistical analyses were performed using GraphPad Prism
(GraphPad Software Inc., La Jolla, CA). Results were analyzed
with the tests indicated in the figure legends. In the case of three
or more groups, one-way analysis of variance (ANOVA) with
Tukey’s multiple comparisons test as indicated was used. In T cell
transfer experiments with subsequent deletion of Irf4 alleles, GFP™
cells and GFP™ cells with deleted and non-modified alleles were
detected, respectively. In these experiments, GFP" and GFP~ CD4"
T cells in individual mice were matched and results of groups of
mice were analyzed with paired t test. A p-value of < 0.05 was
considered significant and is indicated in the graphs (*p < 0.05; **p
<0.01; **p < 0.001; ***p < 0.0001). Values without any indication
were not significant.

3 Results

3.1 IRF4-deficient mice show impaired
Th17 cell response to Citrobacter
rodentium infection

IRF4 has a central role in the activation and differentiation of T
cells including differentiation of Th17 cells (13). Here, we use
infection of mice with the enteric pathogen C. rodentium for
induction of an intestinal Th17 cell response in mice (40, 41).
Irf4*"*, Irf4""" and Irf4" mice were orally infected with C.
rodentium (Figure 1A). Eight days post-infection, Irf4”" mice had
higher citrobacter titers in the liver, indicating that IRF4 was
required for restriction of bacterial dissemination (Figure 1B).
When compared to Irf4"* and Irf4"" mice, Irf4’" mice had
reduced percentages and numbers of CD4" T cells in their colon
both under homeostatic conditions and upon C. rodentium
infection (Figures 1C, D, Gating strategy in Supplementary Figure
1A). In naive Irf4""* mice, we observed after polyclonal stimulation
only marginal frequencies of RORYt" IL-17A" Th17 cells in spleens
and low frequencies in the colon (Figures 1E, F; Supplementary
Figures 1B, C). Th17 cell populations strongly increased in both
spleen and colon following infection of Irf4"* and Irf4*"" mice.
However, Th17 cells were hardly detectable in spleen and colon of
naive and infected Irf4'/' mice. In contrast to Th17 cells, IFN-y" and
TNF-0." CD4" Thl cells were present in roughly similar frequencies

** and Irf4” mice under steady state

in spleen and colon of Irf4
conditions as well as following infection (Supplementary Figures
1B-F). It has been demonstrated that the strength of IRF4
expression controls T cell activation and thus loss of one Irf4
allele can already alter T cell differentiation (10, 22). However,
following C. rodentium infection the Th17 cell response of Irf4*"
mice was similar or even stronger than that of Irf4"* mice. Under
homeostatic conditions, CD4" T cells of Irf4*"*, Irf4*" and Irf4”
mice expressed similar or only slightly reduced levels of the anti-
apoptotic proteins Bcl-211 (Bcl-X) and Bcl-2, respectively, and
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FIGURE 1

IRF4-deficient mice show impaired Th17 cell response to intestinal Citrobacter rodentium infection. (A) Experimental set up: Irf4*'*, Irf4*/" and Irf4™"
mice were infected with C rodentium. After 8 days, colon and spleen cells were isolated, stimulated with PMA and ionomycin for 4 h, and the
production of different cytokines in BTCR* CD4" T cells was determined by intracellular cytokine staining and flow cytometry. (B) C rodentium titers in
the liver (LOD = limit of detection). Individual values and median are shown, data was analyzed with Mann-Whitney test. (C) Percentages and (D)
numbers of CD4* T cells in spleen and colon of naive and infected mice. (E) Representative dot plots of IL-17A and RORyt-producing CD4* T cells from
colon of infected mice after stimulation with PMA and ionomycin. (F) Expression of RORyt and IL-17A in CD4* T cells from spleen and colon of naive
and infected mice after stimulation with PMA and ionomycin. (C, F) Pooled results of 2 independent experiments in naive groups and 3 independent
experiments in infected groups. Mean + SEM, one-way ANOVA with Tukey's multiple comparisons test. (D) Pooled results of 3 independent experiments
in the infected group and two experiments in the naive group. Mean + SEM, results were analyzed with Kruskal-Wallis test and Dunn’s multiple

comparisons test. (*p < 0.05; **p < 0.01; ***p < 0.001).

similar levels of the transcription factor TCE-7 associated with long
term T cell survival (Supplementary Figure 1G), indicating that
absence of one or both Irf4 alleles did not affect T cell survival. In
conclusion, these results demonstrate that IRF4 is required for
intestinal Th17 cell responses to oral bacterial infection.

3.2 IRF4 is not required for the
maintenance of Thl7 cells

IRF4 is expressed in diverse hematopoietic cells including DCs
which might affect CD4" T cell differentiation. To define the T cell
intrinsic role of IRF4, we used a T cell transfer assay that allows
knock-out of the Irf4 gene in T cells at defined time points (25).
Ragl”" mice were reconstituted with T cells from Irf4""xCreER"™
or Irf4""xCreER™ mice. In cells from Irf4"'"xCreER™ mice,
tamoxifen treatment causes the switch from two functional alleles
(Irf4*! ) to one functional allele (Irfa* (GFP) and in cells from Irf4”
flxCreER™ mice, the switch from one functional allele (Irf4’/ 1 to a
homozygous knockout genotype (Irf4”“*™). Since Cre-mediated
deletion of the Irf4ﬂ allele activates GFP expression, cells with
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productive recombination become GFP-positive (Figure 2A) (20).
With this approach, we usually observe GFP expression in 5-15% of
CD4" T cells of both donor cell populations. GFP expression
correlated with a reduction of IRF4 protein expression in both
cell populations, indicating the loss of one functional Irf4 allele in
these cells (Supplementary Figure 2A).

To test whether continuous T cell intrinsic IRF4 expression is
required for Th17 cell differentiation, T cells from Irf4+/ I CreER™
and Irf4""xCreER™ mice were mixed in a 1:1 ratio and transferred
into Ragl”" mice. After 5 weeks, mice were treated with tamoxifen,
and 11-12 days after the end of tamoxifen treatment, mice were
orally infected with C. rodentium. T cells from spleen, mesenteric
lymph node (mLN) and colon were characterized 9 days post-
infection (Figure 2B). Using this protocol, we observed a
disadvantage of Irf4""xCreER™ CD4" T cells to accumulate in
spleen and mLN, and a profound defect to populate the colon
(Figure 2C; Supplementary Figures 2B, C). In spleen and mLN,
similar frequencies of cells in both donor cell populations had
converted to GFP" cells. When compared to Irf4"'xCreER™ CD4"
T cells from spleen and mLN, Irf4"'x CreER™ cells in the colon had
lower frequencies of GFP" cells and frequencies of GFP™ cells were
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IRF4 dose dependent impairment of Th17 cell differentiation. (A) Scheme of genetic modifications of the /rf4 locus induced by tamoxifen activation
of Cre in Irf4™""xCreER™ (left) and Irf4”"xCreER™ cells (right). (B) Experimental set up: naive Ragl™'~ mice were reconstituted with 4x10° T cells
from each naive Irf4*/"xCreER™ (CD90.1%) and Irf4™/"xCreER™ (CD90.1") mice. After 4-5 weeks, recipients were treated with tamoxifen on 5
consecutive days. 11-12 days post tamoxifen treatment, mice were infected orally with C. rodentium and analyzed 9 days post infection. (C) Relative

change of the Irf4*/"xCreER™ and Irf4/"xCreER™ CD4* T cell population

determined by % cells of CD4" T cells at time point of analysis divided by

the % cells of transferred CD4* T cells (left), and % GFP* cells of Irf4*"xCreER™ and Irf4""xCreER™ CD4* T cells in spleen, mesenteric lymph

nodes (MLN) and colon (right). (D-H) T cells isolated from spleen, mLN and

colon of infected mice were stimulated for 4h with PMA and ionomycin.

(D) Representative FACS plots for IL-17A and RORyt of CD4* T cells from mLN. (E) Percentages of IL-17A*, (F) RORyt*, (G) IL-17A*RORyt" and (H)

TNF-o'IFN-y" CD4* T cells. (C, E-H) Pooled results of 2 independent expe!
paired t test. (*p < 0.05; ***p < 0.001; ****p < 0.0001).

riments. For all experiments: Mean + SEM, results were analyzed with

further reduced in colonic Irf4'/ 1% CreER™ CD4" T cells. Overall,
these results indicate that Irf4 heterozygous and particularly Irf4
homozygous mutant CD4" T cells were deficient in accumulating in
the colon.

T cells from spleen, mLN and colon were stimulated with PMA
and ionomycin and analyzed for IL-17A and RORYyt expression
(Figures 2D-G). In all tissues, Irf4 heterozygous Irf4""xCreER™
CD4" T cells showed reduced percentages of IL-17A* RORyt" Th17
cells when compared to Irf4""xCreER™ cells with two functional
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Irf4 alleles. Thus, under this experimental condition, deficiency of
one Irf4 allele already impaired Th17 cell development. When
compared to their GFP™ counterparts, GFP* CD4" T cells of both
Irf4"""<CreER™ and Irf4""xCreER™ populations in spleen and
mLN contained similar low percentages of IL-17A" and of IL-
17A" RORyt" cells. However, we observed a reduction in Irf4'/ -
(GFP)yCreER™ T cells when analysis was restricted to RORyt
(Figure 2F). Due to the very low number of Irf4”“*PxCreER™
T cells recovered from the colon (<20 cells per sample), we were not
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able to reliably determine RORYt and cytokine expression in these
cells. To determine the development of Th1 cells, we measured the
expression of IFN-y and TNF-o in CD4" T cells (Figure 2H;
Supplementary Figure 2D). Frequencies of Thl cells were lower
in Irf4""xCreER™ CD4" T cells and Cre-mediated mutation of one
Irf4 allele further reduced the frequencies of Th1 cells in both GFP*
CD4" T cells of both Irf4""xCreER"™ and Irf4'"xCreER™
populations in spleen and mLN. Overall, these results suggest that
in an Irf4 wildtype environment, heterozygous CD4" T cells were
impaired in the development of Th17 cells. Loss of an Irf4 allele in
peripheral T cells did not affect the Th17 cell response of Irf4*"
(GFP) CreER™ cells, but diminished the differentiation of Irf4’/ )
(GFP)y CreER™ T cells to RORyt* Th17 cells.

In an alternative approach, Ragl™™ mice reconstituted with
Irf4""%CreER™ and Irf4""xCreER™ T cells were infected with
C. rodentium. Five weeks later, after recovery from infection, mice
were treated with tamoxifen and further 3 weeks later, CD4" T cells
from spleen, mLN and colon were analyzed (Figure 3A). With this
approach, we tested whether IRF4 was required for the maintenance
of Th17 cells. We observed roughly similar populations of Irf4*
iy CreER™ and Irf4""xCreER"™ CD4" T cells and equal frequencies
of GFP™ cells in both populations in spleen and mLN (Figure 3B;
Supplementary Figure 3). There was a strong reduction of Irf4”
s CreER™ CD4" T cells in the colon, and a further reduction of the
GFP" subpopulation of these cells. In the Irf4""xCreER™ CD4" T
cell population, we detected only low frequencies of RORyt" IL-

10.3389/fimmu.2023.1182502

17A" Th17 cells, however, Th17 cells were reliably detectable when
gating was limited to either RORYt" or IL-17A" cells (Figures 3C-E).
Peripheral deletion of an Irf4 allele did not further reduce the
frequencies of Th17 cells in Irf4""xCreER™ and Irf4""xCreER"
CD4" T cells. Due to the low number of colonic GFP* Irf4”
(GFP)«CreER™ CD4" T cells, we were not able to analyze their
RORYt and cytokine expression profile. Under these experimental
conditions, Irf4""xCreER"™ CD4" T cells also had lower frequencies
of Th1 cells compared to Irf4"" CD4" T cells and Cre-mediated loss
of one functional Irf4 allele further reduced the frequencies of Thl
cells in spleen and mLN (Figure 3F). In conclusion, these results
confirm the impairment of Irf4 heterozygous CD4" T cells to
differentiate to Th17 cells and further suggest that loss of
functional Irf4 alleles does not prevent maintenance of Th17 cells.

3.3 IRF4-deficient mice show an
impaired Th2 cell response to
Strongyloides ratti infection

The role of IRF4 in Th2 cell differentiation and maintenance
was analyzed in mice infected with the intestinal nematode S. ratti
(30, 42). After dermal infection, S. ratti larvae migrate to the small
intestine (SI) were they mature to reproductive adults. Irf4*"", Irf4*"
and Irf4”" animals were subcutaneously infected with S. ratti larvae
into the hind footpad (Figure 4A). On day 6 p.i., we detected similar
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FIGURE 3

Loss of IRF4 does not prevent Th1l7 cell maintenance. (A) Experimental set up: naive Ragl’/’ mice were reconstituted with 4x10° T cells from each
naive Irf4*/"xCreER™ (CD90.1") and Irf4”"xCreER™ (CD90.1°) mice. After reconstitution for 4-5 weeks, recipient mice were infected orally with

C. rodentium. After further 5 weeks, mice were treated with tamoxifen (TA) for 5 days. Mice were analyzed 24 days post TA treatment. (B) Relative
change of the Irf4*/"xCreER™ and Irf4"xCreER™ CD4" T cell populations determined by % cells of CD4* T cells at time point of analysis divided
by the % cells of transferred CD4" T cells (left). % GFP* cells of Irf4*/"xCreER™ and Irf4/"xCreER™ CD4™ T cells in spleen, mesenteric lymph node
(mLN) and colon (right). (C-F) Cells of infected mice from spleen, mLN and colon were stimulated with PMA and ionomycin for 4 h, and percentages
of IL-17A*, RORyt", IL-17A" RORyt* and TNF-a* IFN-y" CD4* T cells were determined. Pooled results of four independent experiments for spleen
and MLN, and two independent experiments for colon in infected groups. For all experiments: Mean + SEM, results were analyzed with paired t test

(*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001)
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IRF4-deficient mice show impaired Th2 cell response to intestinal Strongyloides ratti infection. (A) Experimental set up: Irf4*"*, Irf4*'~ and Irf4™"
mice were infected with 2000 S. ratti L3 into the hind footpad. Small intestine (SI), mesenteric lymph nodes (mLN) and spleen cells were analyzed
after 6 and 10 days post infection. In one group of mice, feces of infected mice were collected for 4 months post infection. (B) On day 6 p.i.,
numbers of S. ratti adults in the small intestine of mice were counted. Mean + SEM of results pooled from 3 independent experiments with 8-12
mice in total. (C) Quantitative PCR for S. ratti-derived DNA out of feces collected at the indicated time points. Pooled results from two independent
experiments with a total of 9-10 mice/group. Mean + SEM, results were analyzed with one-way ANOVA with Tukey's multiple comparisons test,

* p-values of Irf4*'* versus Irf4”"~ mice; # p-values of Irf4*'~ versus Irf4”'~ mice. (D, E) After 10 days, cells from spleen and mLN were stimulated with
PMA and ionomycin and expression of IL-4 and IL-13 by CD4" T cells was examined. (D) Representative dot plots for IL-4 and IL-13 of CD4" T cells
from mLN of infected mice. (E) Representative results for CD4" T cells from spleen and mLN of infected. One of two independent experiments is
shown. (* #p < 0.05; ** ##p < 0.01; *** ###p < 0.001; **** #H#H#H#p < 0.0001).

numbers of adult worms in the SI of mice (Figure 4B). To monitor
the further course of infection, S. ratti derived DNA was quantified
in the feces of mice as an indicator of egg and first stage larvae (L1)
release (Figure 4C) (30). Shedding of S. ratti L1 and eggs was
detected in all mice on day 5 p.i., reached a maximum on day 6-8,
and dropped to low levels thereafter. After day 28, all Irf4""* and
Irf4*" mice had stopped shedding of S. ratti L1 and eggs, indicating
clearance of infection. In contrast, Irf4’"" mice showed more
extensive shedding at the maximum of infection and although
shedding subsequently declined, S. ratti-DNA was still detected in
feces after 11 weeks. Thus, deficiency of IRF4 caused a substantial
delay in the control of S. ratti infection.

Th2 cells were identified by their cytokine profile and the
expression of the transcription factor GATA3. Cells from spleen and
mLN were stimulated with PMA and ionomycin and analyzed for
cytokine expression (Figures 4D, E; Supplementary Figures 4A, B). In
spleen and mLN of infected Irf4""* and Irf4""" mice, we consistently
detected IL-4" and IL-13" Th2 cells. In contrast, only marginal
frequencies of Th2 cells were detected in tissues of Irf4”" mice.
Spleen and mLN cells of infected Irf4*"*, Irf4*"~ and Irf4”" mice were
also incubated with S. ratti lysate or with anti-CD3 mAb and cytokines
in the culture medium were determined (Supplementary Figures 4C,
D). We detected IL-4, IL-5, IL-13 and IL-10 in the supernatants of
Irf#""* cells both after stimulation with anti-CD3 mAb and S. ratti
lysates. Irf4*"" cells showed lower production of these cytokines in
response to both stimuli when compared to Irf4™* cells, however, the
difference only in some of the assays reached a significant level
(p<0.05). Irf4"" cells produced only marginal levels of these
cytokines. In contrast, Irf4"™ cells secreted similar or even higher
levels of IFN-v after anti-CD3 mAb stimulation. Consistent with the
marginal production of Th2 cytokines, CD4" T cells from the mLN of
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S. ratti infected Irf4”" mice also expressed reduced levels of GATA3
(Supplementary Figure 4E). In line with their general deficiency in
antibody production, Irf4’~ mice failed to generate S. ratti-specific IgM,
IgGl and IgG2b (Supplementary Figure 4F).

IRF4 is required for ILC2 effector function, namely IL-9
production, and ILC2-derived IL-9 is crucial for the early control
(day 6 p.i.) of intestinal S. ratti parasite burden (3, 43). Thus,
impaired ILC2 effector function might also affect Th2 cell
generation in Irf4'" mice. To proof a T cell intrinsic role of IRF4
in Th2 cell development, Ragl”" mice were reconstituted with T
cells from either Irf4™"*, Irf4™'" or Irf4”" mice (Figure 5A). At day 6
after infection, we observed similar shedding of S. ratti L1 and eggs
in all groups of mice (Supplementary Figure 5A). Recipients of
Irf4*"* and Irf4*" cells were able to mount a Th2 cell response, as
indicated by intracellular IL-4 and IL-13 staining after polyclonal
stimulation of spleen cells (Figures 5B, C; Supplementary Figure 5B)
and IL-4, IL-5, IL-13, and IL-10 secretion after stimulation with
anti-CD3 mAb or S. ratti lysates (Supplementary Figure 5C). In
contrast, recipients of Irf4"" cells were impaired in production of
these cytokines. Overall, analysis of reconstituted mice largely
reproduced results from Irf4*"*, Irf4"" and Irf4”" mice indicating
that the impaired Th2 cell response was at least in part due to a T
cell intrinsic defect in IRF4.

3.4 IRF4 is not required for the
maintenance of Th2 cells

To analyze, whether IRF4 is required for the maintenance of

Th2 cells, we used the transfer model, that allows deletion of Irf4 in
peripheral T cells. Ragl”™ mice reconstituted 1:1 with Irf4*
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fxCreER™ and Irf4""xCreER™ T cells were s.c. infected with S.
ratti larvae. Five weeks later, after recovery from infection, mice
were treated with tamoxifen and further 3 weeks later, CD4" T cells
from spleen, mLN and SI were analyzed (Figure 6A). We observed
diminished Irf4""xCreER™ CD4* T cell accumulation in spleen
and mLN, and a strong reduction in the SI (Figure 6B;
Supplementary Figure 6). However, in all tissues there was no
significant reduction in frequencies of GFP" cells in both donor cell
populations (up to 10-15% of parent donor population). These
results confirm that Irf4 heterozygous mutant CD4" T cells were
impaired in accumulating in intestinal tissues and that induced
deletion of the remaining functional allele did not further impair
this tissue allocation.

In spleen, mLN and SI, we consistently detected IL-4", IL-137,
and IL-47IL-13" CD4" T cells in all donor T cell populations except
for GFP* Irf4'/'(GFP)><CreERT2 cells in the SI, of which we were not
able to reliably measure cytokine expression due to the very low
numbers recovered from tissue (Figures 6C, D). In all tissues,
heterozygous Irf4'"xCreER™ CD4" T cells showed similar or
slightly lower frequencies of IL-47, IL-13" and IL-4"IL-13" Th2
cells when compared to Irf4""xCreER™ cells with two functional
Irf4 alleles. Induced deletion of one Irf4 allele did not decrease the
Th2 cytokine expression. We rather observed even higher
frequencies of Th2 cytokine positive cells in some of the GFP"
populations of both Irf4""xCreER"™ and Irf4'"xCreER"™ CD4" T
cells. In all organs, frequencies of IL-4" T cells were higher in GFP*
cells when compared to their parental GFP” cells and frequencies of
IL-4"TL-13" cells were increased in GFP" cells form the mLN. Thus,
under this experimental condition, deletion of one Irf4 allele rather
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improved Th2 cell maintenance. Results for Th2 cytokine
expression were in contrast with those for IFN-y expression
(Figure 6E). Consistent with the results from C. rodentium
infection, Irf4""xCreER™ CD4* T cells had lower frequencies of
IFN-Y" cells and induced deletion of one Irf4 allele reduced the
frequencies of IFN-y" cells in both Irf4+/ﬂ><CreERT2 and Irf4”
fCreER™ cells in all analyzed tissues. Overall, these results
suggest that that IRF4 is not required for maintenance of Th2 cells.

3.5 IRF4-deficient CD4" T cells show
reduced expression of intestinal homing
receptors and impaired intestinal homing

In both models of intestinal infection, we observed defective
accumulation of Irf4 heterozygous and particularly Irf4
homozygous mutant CD4" T cells in SI and colon. To determine
the role of IRF4 on their migratory capacity, CD4" T cells from
Irf4*"™, Irf4*"" and Irf4”" mice were i.v. co-transferred into Ragl™"
mice that had been infected with C. rodentium one day before
(Figure 7A). Five days after transfer, T cells from mLN and colon
were characterized (Figure 7B). Compared to the ratio at the
transfer, we observed a slight reduction of Irf4*" cells and a
strong reduction of Irf4”" cells in both tissues, particularly in the
colon. (Figure 7C). Migration of T cells to intestinal tissues is
controlled by the 04f7 integrin and the chemotactic receptors
CCR9 and GPRI15 (44-48). CD4" T cells in mLN and colon of
recipient mice were characterized for expression of these proteins.
We also determined expression of CCR6, the hallmark chemokine
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receptor of Th17 cells (49, 50) (Figures 7D-G). In mLN and colon,
we observed similar expression of 0:4B7 on Irf4*""* and Irf4” CD4"
T cells but increased expression on Irf4""" T cells. In contrast,
CCR9", GPR15" and CCR6" cells were detected on subsets of Irf4"'*
and Irf4'"" CD4" T cells but were almost absent on Irf4” T cells.
Notably, we detected reduced percentages of CCR6" Irf4*" T cells
when compared to Irf4*"'* T cells, suggesting that strong CCR6
expression required both Irf4 alleles.

Largely similar results were obtained when CD4" T cells from
tamoxifen-treated Irf4"xCreER™ and Irf4""xCreER™ mice were
transferred into Ragl”" mice infected with C. rodentium
(Supplementary Figure 7A). IRF4-deficient T cells (Irf4 "
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(GFP)y CreER™?) showed reduced accumulation in the mLN and
particularly in the colon (Supplementary Figure 7B), and under
these conditions, IRF4-deficient CD4" T cells in mLN and colon
were impaired in the expression of 04f7, CCR9, GPR15 and CCR6
(Supplementary Figures 7C-F). Collectively, these results
demonstrate that IRF4 controls expression of intestinal homing
receptors on CD4" T cells and is thus required for accumulation of
these cells in the intestinal mucosa.

To determine if IRF4 can directly control the expression of these
homing receptors, we analyzed a chromatin immunoprecipitation
sequencing (ChIP-seq) data set from Glasmacher and colleagues
(4), in which IRF4 DNA complexes were precipitated from in vitro
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differentiated murine ThO, Th2 and Th17 cells. As expected, we
detected IRF4 binding 5 of the Ccr6 gene in Th17 cells but not in
ThO or Th2 cells (Figure 8A). IRF4 binding was also detected in the
Itga4 gene locus, with strong signals in Th17 cells and week signals
in ThO and Th2 cells (Figure 8B). In contrast, in the Itgb7 gene
locus, IRF4 binding was at background level in all T cell subsets
(Figure 8C). For Ccr9, IRF4 binding was detected in the 5 region of
the gene locus of all Th cell subsets (Figure 8D) and for Gprl5
several binding sites were observed upstream of the gene, with
particular strong signals in Th17 cells (Figure 8E). Overall these
results suggest that IRF4 can directly control the expression of
CCR6 and of the intestinal homing receptors.

4 Discussion

Following infection with C. rodentium or S. ratti, Irf4"" mice
failed to control infection, resulting in systemic dissemination of C.
rodentium and delayed clearance of S. ratti, respectively. Impaired
pathogen control was associated with a defective development of
Th17 and Th2 cells and limited intestinal accumulation of CD4" T
cells. These results are consistent with the general deficiency of
Irf4”" mice to mount effector T cell responses, including Th17 and
Th2 cell responses, and a limited ability of Irf4”~ T cells to migrate
to intestinal tissues (1, 13, 15).

Irf4”" mice showed reduced accumulation of CD4" T cells in the
colon, both under homeostatic conditions and after infections. This
result is consistent with a study from Mudter et al. (51) which
reports impaired migration of Irf4”" T cells to the intestine in a
colitis model. In our T cell transfer assays, deficiency of one or both
Irf4 alleles caused reduced CD4" T cell accumulation in colon and
small intestine, indicating that the defect is T cell intrinsic and that
under competitive conditions, lower expression levels of IRF4, due
to loss of one allele, prevent effective intestinal T cell accumulation.
However, induced loss of Irf4 alleles after the transfer of T cells had
only limited effects on the persistence of cells in the colon and no
effect in the small intestine. Thus, IRF4 appears to be important for
migration of CD4" T cells into the intestine but has only a minor
role for their intestinal persistence. The impaired migration of Irf4
heterozygous T cells to the intestine and possible to other peripheral
tissues could also explain the detection of several cases of Whipple's
disease in an Irf4 haploinsufficient kindred (52). Whipple’s disease
is caused by the Gram-positive actinomycete Tropheryma whipplei
and is characterized by mainly intestinal but also extra-intestinal
manifestations. T. whipplei is widespread and infection most likely
occurs via oral uptake. However, typically only a very small
minority of infected individuals develops Whipple’s disease (53,
54). Analysis of gene loci of intestinal homing receptors revealed
potential IRF4 binding sites in Ccr9, Gprl5 and Itga4 suggesting a
direct regulation of these genes by IRF4. As a likely consequence,
Irf4"" CD4" T cells fail to express CCR9 and GPR15 which could be
responsible for the defective intestinal accumulation. For GPR15,
we also observed a trend for lower expression in Irf4""~ CD4* T cells
which might explain their reduced intestinal migration under
competitive conditions. Differences in expression of intestinal
homing receptors were more pronounced in the inducible

Frontiers in Immunology

12

10.3389/fimmu.2023.1182502

deletion model. We observed reduced expression of 04f37, CCR9
and GPRI15 in heterozygous Irf4’"" CD4" T cells and almost
complete lack of expression of 0437 and CCR9 after deletion of
the 2™ Irf4 allele. Overall, these results indicate that the expression
levels of IRF4 in CD4" T cells determine their capacity to migrate to
the intestine. However, we could show that IRF4 is less important
for their intestinal persistence.

Irf4"" mice with a global deficiency failed to mount Th17 and
Th2 cell responses to C. rodentium and S. ratti infection,
respectively. Irf4"'" mice were not impaired in the development of
Th17 or Th2 cell responses, rather, we observed a trend to even
higher frequencies of cytokine secreting cells after in vitro
stimulation of cells. The situation was different after competitive
T cell transfer, where heterozygous Irf4”'"xCreER™ T cells showed
reduced Th17 and Th2 cell responses when compared to co-
transferred Irf4"'"xCreER™ T cells with two functional Irf4
alleles. The observed effect could be due to competition of Irf4
heterozygous T cells with simultaneously transferred wt T cells.
Thus, lower IRF4 levels are of disadvantage for the differentiation of
Th17 and Th2 cells which is in line with the dose effect for IRF4
observed for the intestinal migration of CD4" T cells but also with
published studies for CD8" and CD4" Th1 cells (22-25). Induced
deletion of one Irf4 allele in Irf4"""'xCreER™ CD4" T cells after
transfer did not impair the cytokine production upon restimulation.
For some tissue, we observed even slightly higher frequencies of IL-
4", IL-13" or IL-17" CD4"* T cells. For CD8" T cells, is has been
shown that during chronic infection low IRF4 levels can limit
development of T cell exhaustion and that CAR T cells need to
limit the function of AICE binding complexes to remain functional
(26). Similarly, induced loss of one Irf4 allele could support
maintenance of responsiveness of Th17 and Th2 cells. Deletion of
the second Irf4 allele in Irf4""xCreER"™ CD4" T cells after recovery
from C. rodentium or S. ratti infection had no or only limited effects
on the frequencies of Th17 or Th2 cells in spleen and mLN
suggesting that IRF4 is not essential for their survival in these
tissues and for their capacity to secrete Th17 and Th2 cytokines
after re-stimulation. Thus, at least for IL-17A as well as for IL-4 and
IL-13, IRF4 is not required to maintain the accessibility of this
cytokine loci and for the induction of cytokine expression
upon restimulation.

Interestingly, we still observed IL-17A production and low
RORYt expression in Irf4’“FPxCreER™ CD4" T cells when the
second allele was deleted in recipient mice prior to the C. rodentium
infection, which contrasts CD4" T cells from Irf4'/' mice and would
indicate that IRF4 is not essential at this time point of T cell
differentiation. Furthermore, deletion of an Irf4 allele, in Irf4+/
fyCreER™ T cells prior to transfer did not diminish Th17 cell
differentiation of these cells. We currently have no explanation for
this discrepancy. The Irf4 genotype of T cells and of the
environment during thymic maturation could affect their ability
for Th17 cell differentiation. Low level of IRF4 expression in
peripheral CD4" T cells could also be sufficient to induce a
predetermined state that allows some Th17 cell differentiation in
the subsequent absence of IRF4. For Irf4"""xCreER™ CD4" T cells,
we can also not exclude that some T cells have differentiated to
Th17 cells prior to transfer, e.g., in response to the intestinal flora,
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and after deletion of the Irf4 allele are still able to expand in
response to the C. rodentium induced inflammation.

With the protocol of tamoxifen application over 5 days, we
observe a deletion of one floxed Irf4 allele in 5-15% of CD4" T
cells as indicated by the induction of GFP [Figure 2A and (20)]. GFP
expression closely correlates with reduction of IRF4 expression
(Supplementary Figure 2) and with the deletion of exon 2 (25)
indicating that GFP expression does not underreport Irf4 deletion.
Due to the low efficacy, we abstained from using T cells from Irf4"
s CreER™ mice since the efficacy of deletion of both alleles is far
lower (<2%) and cannot be distinguished from deletion of only one
allele by the GFP expression. As a consequence of the low efficacy,
only a very low number of Irf4"~ ““*"xCreER™ CD4" T cells could be
recovered from colon and small intestine (usually less than 20 cells
per sample). Therefore, we provide results on the frequencies of these
rare cells in small and large intestine but refrain from showing results
on their cytokine or RORYt expression profile. However, in other
tissues the relative low efficacy is even of advantage as long as cells
with and without Cre-induced deletion can be reliably distinguished.
The low rate of deletion allows the analysis of the altered T cells in an
otherwise unchanged environment with a majority of unaltered T
cells and thus in the absence of secondary effects due to a generally
impaired T cell response.

After induced deletion of the remaining floxed Irf4 allele, in
IrfaS™P)xCreER™ CD4" T cells might still be persisting Irf4
mRNA or IRF4 protein that could mask the knockout phenotype
of the cells. However, in all our assays, we waited at least 11-12 days,
in most cases >20 days after tamoxifen treatment before the
analyses of cells, and as mentioned before, expression of IRF4
protein correlated with the phenotype. In addition, for IFN-y or
IFN-y and TNF-o, we observed consistently a reduction of cytokine
producing cells after induced deletion of the second Irf4 allele,
which argues against an activity of persisting Irf4 mRNA or IRF4
protein. Of note, we have currently no explanation for the dissimilar
effect of Irf4 deletion on different cytokines.

For Th17 and Th2 cells, induced deletion of one Irf4 allele after
recovery of infection had no effect on their cytokine response after T
cell stimulation and did not impair their persistence, at least within
the analyzed time period. However, this does not indicate that these
cells can mount a regular secondary T cell response. During
primary T cell responses, IRF4 is required for fundamental
processes such as adaptation of the cellular metabolism to the
requirements of proliferating and effector protein production. For
CD8" T cells, Irf4 deletion after recovery of infection completely
prevented expansion of the memory T cell population following re-
infection (25) and it is very likely that this holds true for secondary
responses of Th17 and Th2 cells as well.
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