1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cell Rep. Author manuscript; available in PMC 2024 January 28.

-, HHS Public Access
«

Published in final edited form as:
Cell Rep. 2023 November 28; 42(11): 113323. doi:10.1016/j.celrep.2023.113323.

Kruppel-like factor 2+ CD4 T cells avert microbiota-induced
intestinal inflammation

Tzu-Yu Shaol, Tony T. Jiang!, Joseph Stevens?, Abigail E. Russi2, Ty D. Troutman?,

Anas Bernieh®, Giang Pham?, John J. Erickson2, Emily M. Eshleman®, Theresa Alenghat®,
Stephen C. Jameson’, Kristin A. Hogquist’, Casey T. Weaver8, David B. Haslam?, Hitesh
Deshmukh?, Sing Sing Way1-9"*

1Division of Infectious Diseases, Center for Inflammation and Tolerance, University of Cincinnati
School of Medicine, Cincinnati, OH 45229, USA

2Division of Neonatology and Pulmonary Biology, University of Cincinnati School of Medicine,
Cincinnati, OH 45229, USA

3Division of Gastroenterology, Hepatology and Advanced Nutrition, University of Cincinnati School
of Medicine, Cincinnati, OH 45229, USA

4Division of Allergy and Immunology, University of Cincinnati School of Medicine, Cincinnati, OH
45229, USA

SDivision of Pathology, University of Cincinnati School of Medicine, Cincinnati, OH 45229, USA

6Division of Immunobiology, Cincinnati Children’s Hospital Medical Center, University of Cincinnati
School of Medicine, Cincinnati, OH 45229, USA

’Center for Immunology, Department of Laboratory Medicine and Pathology, University of
Minnesota Medical School, Minneapolis, MN 55455, USA

8Program in Immunology, University of Alabama at Birmingham Heersink School of Medicine,
Birmingham, AL 35233, USA

9Lead contact

SUMMARY

Intestinal colonization by antigenically foreign microbes necessitates expanded peripheral immune
tolerance. Here we show commensal microbiota prime expansion of CD4 T cells unified by the
Kruppel-like factor 2 (KLF2) transcriptional regulator and an essential role for KLF2+ CD4 cells
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in averting microbiota-driven intestinal inflammation. CD4 cells with commensal specificity in
secondary lymphoid organs and intestinal tissues are enriched for KLF2 expression, and distinct
from FOXP3+ regulatory T cells or other differentiation lineages. Mice with conditional KLF2
deficiency in T cells develop spontaneous rectal prolapse and intestinal inflammation, phenotypes
overturned by eliminating microbiota or reconstituting with donor KLF2+ cells. Activated KLF2+
cells selectively produce IL-10, and eliminating I1L-10 overrides their suppressive function /n vitro
and protection against intestinal inflammation /n vivo. Together with reduced KLF2+ CD4 cell
accumulation in Crohn’s disease, a necessity for the KLF2+ subpopulation of T regulatory type 1
(Trl) cells in sustaining commensal tolerance is demonstrated.

In brief

Intestinal colonization by antigenically foreign microbes necessitates expanded immune tolerance.
Shao et al. show commensal microbiota prime expansion of immune suppressive IL-10-producing
CD4 T cells identified by the transcriptional regulator Kruppel-like factor 2 (KLF2), and the
necessity for KLF2+ CD4 cells in averting microbiota-driven intestinal inflammation.
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INTRODUCTION

The intestine and other mucosal barrier tissues harbor trillions of microbes that are
antigenically foreign. Unavoidable contact with commensal microbiota highlights the need
for expanded peripheral immune tolerance. Our current framework for investigating how

Cell Rep. Author manuscript; available in PMC 2024 January 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shao et al.

RESULTS

Page 3

tolerance expands in this context is primarily focused on the immune-suppressive FOXP3+
subset of CD4 cells called regulatory T cells (Tregs).1~8 This Treg-centric focus stems

from classical observations that intestinal inflammation occurs with multi-organ systemic
autoimmunity in humans and mice with naturally occurring FOXP3 deficiency,”~10 or when
FOXP3+ cells are depleted throughout the lifespan.11 A variety of commensal microbe
species or their metabolites also selectively prime CD4 cell differentiation into FOXP3+
Tregs.12-17 Although these results clearly show FOXP3+ cell involvement, their necessity
for averting microbiota-induced intestinal inflammation remains uncertain.

An important caveat is intestinal inflammation that still occurs after depletion of FOXP3+
cells for mice housed under germ-free gnotobiotic conditions, with comparable expansion
of pro-inflammatory Th17 CD4 cells.1® These findings highlight unresolved questions

as to why eliminating the microbiota does not more dramatically bypass the need for

Tregs in mucosal tissues. One consideration is that FOXP3+ Tregs are equally essential

for restraining activation of T cells with microbe and self-reactivity, so eliminating the
microbiota alone does not override the need for FOXP3+ cells in maintaining self-tolerance
in barrier tissue such as the intestine. An alternative explanation is that FOXP3+ Treg
suppression of autoimmunity in mucosal tissues masks the importance of other cells with
more focused roles in sustaining commensal tolerance. Non-overlapping roles between
FOXP3+ and other cells that protect against microbiota-driven intestinal inflammation could
explain the curious observation that inflamed tissues in human inflammatory bowel disease
consistently show non-reduced, and often increased FOXP3+ Tregs.19-21 A necessity for
FOXP3-negative cells for maintaining microbiota tolerance may also reconcile why some
commensal microbes, such as segmented filamentous bacteria or Candida albicans (Ca),
establish intestinal colonization at high densities, including mono-colonization, without
pathological inflammation despite limited priming of microbe-specific FOXP3+ Tregs.22-24
With these considerations, approaches for more in-depth analysis of T cells with commensal
specificity were developed, with particular attention to strategies capable of uncoupling
FOXP3+ Tregs from cells with potentially more focused roles in maintaining commensal
tolerance.

Commensal stimulation primes lineage-negative KLF2+ CD4 T cells

To track CD4 cells with commensal microbiota specificity, recombinant Ca engineered

to constitutively express a recombinant protein containing the I-AP-restricted 2W1Ss5_gg
peptide (Ca-2W1S) was used to establish intestinal colonization for mice in our specific
pathogen-free facility naturally devoid of commensal fungi.24-26 Endogenous CD4 cells
with 1-AP:2W1Ss5_gg surrogate fungal specificity were analyzed given their elevated
precursor frequency for mice on the C57BL/6 background.2” We showed high-density
(>108 CFU per gram tissue), long-term (>60 days) Ca-2W1S colonization throughout the
small and large intestine without clinical symptoms is achieved by drinking water with
ampicillin supplementation, which mimics antibiotic-induced human Ca colonization.24.28
Intestinal Ca-2W1S colonization primes ~30-fold expansion of I-AP:2W1Szs_gg CD4 cells
with surrogate commensal specificity in secondary lymphoid organs (spleen plus peripheral
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lymph nodes), which are nearly all CD44"i, reflecting antigen-induced activation?4:2
(Figure 1A). Staining for lineage-defining markers shows that commensal Ca-2W1S-primed
CD4 cells differentiate into RORyt+ Th17 cells (26%), PD1+ CXCR5+ BCL6+ Tth cells
(10%), IRF4+ Th2 cells (7%), with <5% FOXP3+ Tregs, or TBET+ Th1 cells (Figures

1A and S1A). Interestingly, this distribution does not account for nearly half the expanded
pool of CD44M cells with commensal specificity in Ca2W1S-colonized mice compared with
>90% Th1 differentiation for cells of the same specificity primed in other contexts including
intestinal Salmonella typhimurium or parenteral Listeria monocytogenes infection30:31
(Figure S1B).

To further investigate the commensal Ca-2W1S-primed response, sort purified 1-AP:2W1S+
CD44N CD4 cells were evaluated using single-cell gene expression profiling, which
confirmed accumulation of cells with Th17 and Tfh profiles with substantially reduced

Th2 and Tregs, and no Th1l cells (Figure 1B). This analysis also verified that nearly

half the commensal Ca-2W1S-primed cells did not cluster into established differentiation
lineages, and were instead unified by Kruppel-like factor 2 (KLF2) expression (Figure

1B), a zinc finger transcriptional regulator previously shown to control T cell thymic
egress, trafficking to secondary lymphoid organs, and repressed Tfh differentiation.32-34
Comparatively, few cells in Th17, Th2, Treg, or Tfh clusters expressed KLF2 (Figure 1C),
with distinct gene expression profiles for cells in each differentiation cluster compared with
lineage-negative KLF2+ cells (Figure S2; Table S1). I-AP:2W1S lineage-negative cells in
Ca-2W1S-colonized mice also did not show increased expression of anergic T cell makers
FR4 and CD73 (Figure S1C), highlighting distinctions between cells of the same specificity
primed by peptide feeding that models food antigen stimulation.3°

KLF2 expression was further evaluated after Ca-2W1S colonization in KLF2(GFP) reporter
mice34 given the lack of available anti-KLF2 antibodies that work with flow cytometry.
These experiments verified that ~30% I-AP:2W1S cells with commensal Ca-2W1S
specificity were KLF2(GFP)+, and significantly increased compared with tetramer-negative
CD44N CD4 cells with irrelevant bulk specificity (Figure 1D). Importantly, enriched

KLF2 expression was not limited only to cells with commensal fungal specificity, since
similarly increased KLF2+ cells were found among mesenteric lymph node (mLN) and
intestinal CD4 cells with 1-AP:CBirlgs_47- Specificity to bacterial flagellin compared with
tetramer-negative CD44M cells with irrelevant bulk specificity36-38 (Figures 1E and S3).
Tonic commensal stimulation sustains accumulation of KLF2+ CD4 cells with commensal
specificity since levels of KLF2+ CBirl+ cells numerically contract in the mLN and

each intestinal tissue after drinking water supplementation with an antibiotic cocktail
(ampicillin, gentamicin, metronidazole, neomycin, vancomycin) that eliminates commensal
bacteria26:3940 (Figure 1E). Thus, stimulation by a variety of intestinal commensal microbes
primes expanded accumulation of KLF2+ CD4 cells.

Spontaneous colitis in mice lacking KLF2+ CD4 T cells

The Jin vivo necessity for KLF2+ cells was evaluated using mice with conditional loss of
KLF2 in T cells, generated by intercrossing CD4C™ with KLF2 floxed (KLF2) transgenic
strains.4142 Interestingly, spontaneous rectal prolapse with colonic shortening developed
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in over half the CD4C"e KLF27f mice by age ~100 days compared with co-housed Cre-
negative KLF2 littermate controls (Figures 2A and S4). These phenotypes paralleled
increased granulocyte and plasma cell infiltration in the colonic lamina propria and

crypt elongation (Figure 2B), elevated fecal levels of several pro-inflammatory cytokines
including GCSF, IL-17A, IL-1a, IL-1p, along with the highly sensitive inflammation
marker, Lipocalin243 (Figures 2C and 2D). In turn, mLN levels of RORyt+ Th17 effectors
and FOXP3+ Tregs were each significantly elevated in CD4C" KLF2f/f mice compared
with Cre-negative littermate controls (Figure 2E). Microbiota are essential since these
clinical and immunological indicators of intestinal inflammation were each overturned
after drinking water supplementation with the aforementioned five-antibiotic cocktail that
eliminates commensal bacteria (Figure 2). Thus, KLF2 expression in T cells protects against
microbiota-driven intestinal inflammation.

Increased mLN accumulation of FOXP3+ cells in colitogenic CD4C" KLF2ff mice was
especially interesting given the reported role of KLF2 for Treg differentiation and migration
to secondary lymphoid organs.#44> We considered if commensal tolerance is primarily
attributed to FOXP3+ Tregs, why expanded mLN accumulation of these cells in CD4Cre
KLF2ff mice does not protect against intestinal inflammation. The possibility that Treg
suppressive function requires cell-intrinsic KLF2 expression and intestinal inflammation

in mice with KLF2-deficient T cells reflects FOXP3+ cells with diminished suppressive
function was evaluated by comparing Tregs from CD4C" KLF2ff or WT mice using
established /n vitro suppression assays.*647 Tregs in CD4%"e KLF2f/f mice were purified
based on GITR and CD25 co-expression, which showed high (=94%) sensitivity and
specificity despite the expected shifts in Helios, Neuropilin (Nrpl), CD44, and CD62L
expression**4° (Figures 3A and 3B). Interestingly, these experiments showed that purified
GITR+ CD25+ mLN CD4 cells in CD4C" KLF2f mice have enhanced (non-reduced)
suppressive function (Figure 3C), indicating that KLF2 is not only non-essential, but may
restrain suppression in FOXP3+ cells. Thus, microbiota-dependent intestinal inflammation
in CD4C"e KLF27f mice, which occurs despite expanded accumulation of functionally
suppressive FOXP3+ cells, further highlights potential non-overlapping roles between Tregs
and FOXP3-negative KLF2+ cells, with the latter essential for protecting against microbiota-
driven intestinal inflammation.

KLF2 identifies immune-suppressive activated CD4 cells

Suppressive properties linked with KLF2 were directly evaluated using sort purified cells
from KLF2(GFP) reporter mice, which showed dose-dependent suppressive function for
KLF2(GFP)+ CD44Mi CD4 cells (Figure 4A), similar to that described for Tregs.46:47
Importantly, suppression by KLF2(GFP)+ cells was uncoupled from FOXP3+ cells, since
purified KLF2(GFP)+ CD44" FOXP3(RFP)-negative cells from KLF2(GFP) FOXP3(RFP)
dual reporter mice retained suppressive function, and with potency similar to FOXP3(RFP)+
cells (Figure 4B). Suppression by KLF2(GFP)+ CD44Mi cells was also not explained by their
potential differentiation into Tregs, since FOXP3 expression remained at background levels
compared with retained FOXP3 expression by the majority of FOXP3(RFP)+ cells after
responder cell co-culture (Figure 4C).
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Suppressive function among FOXP3(RFP)-negative cells was limited to KLF2(GFP)

+ CD44N cells, with ~8-fold increased potency compared with KLF2(GFP)-negative
CDA44N or KLF2(GFP)+ CD44'° cells, which did not significantly impact responder cell
proliferation (Figure 4D). Differences in suppressive function were also not explained by
discordant proliferation since Ki67 levels were uniformly increased for each FOXP3(RFP)-
negative subset regardless of suppressive potency (Figure S5). The role of KLF2 in FOXP3+
cells was further evaluated by comparing suppressive potency of FOXP3(RFP)+ Tregs
subdivided exclusively based on KLF2 expression, since Tregs did not contain a defined
population of KLF2+ CD44M cells (Figure 4D). These experiments showed modestly
reduced (~2-fold) suppressive potency for KLF2(GFP)+ compared with KLF2(GFP)-
negative FOXP3(RFP)+ cells, which is in sharp contrast to enhanced suppressive function
by activated KLF2+ FOXP3-negative cells (Figure 4D). Together with enhanced suppressive
potency of GITR+ CD25+ (FOXP3)+ mLN cells from CD4C" KLF27f mice (Figure 3B),
these results suggest KLF2 plays opposing roles, impeding suppression in FOXP3+ cells
while promoting suppression in FOXP3-negative CD44M cells.

To further investigate the importance of KLF2+ CD4 cell suppression /n vivo, these

cells were evaluated using an established model of intestinal inflammation involving
transfer of CD45RBM cells to lymphopenic recipients.#8-50 These experiments showed
significantly reduced fecal Lipocalin2 levels in RagZ-/-mice co-transferred KLF2(GFP)
+ CD44hi FOXP3(RFP)-negative with CD45RBN cells compared with mice transferred
CD45RB" cells alone (Figure 4E). Likewise, proliferation measured by BrdU incorporation
among mLN CD45RB" CD4 cells (distinguished from KLF2+ CD4 cells based on
CD45.1 congenic marker expression) was reduced in mice co-transferred KLF2(GFP)+
with CD45RBM cells compared with mice transferred only CD45RBM cells (Figure 4F).
As with /n vitro suppression, protection against these intestinal inflammation parameters
by co-transferred KLF2(GFP)+ FOXP3(RFP)-negative was comparable with co-transferred
FOXP3(RFP)+ cells (Figures 4E and 4F), and not explained by differentiation into
classical Tregs since FOXP3 expression remained at background levels (Figure 4G). Thus,
suppression by KLF2+ cells is dissociated from FOXP3+ Tregs, with comparable /n vitro
and /n vivo suppressive properties for each cell type.

KLF2+ CD4 cells mediate suppression via IL-10

To determine how KLF2+ CD4 cells mediate suppression, initial experiments evaluated
whether they share with FOXP3+ Tregs the necessity for cell-intrinsic TCR stimulation.46
These studies show that polyclonal KLF2+ CD44" FOXP3(RFP)-negative cells do not
suppress proliferation of monoclonal CD4 cells from BG2 TCR transgenic mice in response
b-gal cognate peptide stimulation®! (Figure 5A), which is in sharp contrast to suppressed
responder cell proliferation when both KLF2+ CD44M and responder cells receive TCR
stimulation (Figure 4A). Given these requirements for TCR cell-intrinsic stimulation, gene
expression distinctions between KLF2+ CD44NM compared with KLF2-negative CD44Mi cells
were evaluated before and after TCR stimulation. This analysis showed that Gzma, /110,
and UbeZc expression were most increased among stimulated KLF2+ CD44Mi cells (Figure
5B; Table S2). IL-10 was particularly interesting given the susceptibility of //70-/- mice

to commensal microbiota-driven intestinal inflammation, 5254 and the importance of IL-10
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produced by FOXP3-negative CD4 T regulatory type 1 (Trl) cells for averting intestinal
inflammation.5%:56 Complementary experiments verified that IL-10 protein production
occurs selectively by purified KLF2+ CD44M cells upon TCR stimulation compared
with background levels by KLF2-negative cells (Figure 5C); and, more importantly, that
suppression by purified KLF2+ CD44M cells is overturned by anti-I1L-10- or anti-1L-10
receptor-neutralizing antibodies (Figure 5D).

Although IL-10-producing FOXP3-negative cells have been described in a wide variety

of contexts, and loosely classified together as Tr1 cells,>6-58 unifying features including
the transcription factor(s) controlling their differentiation and IL-10 production remain
uncertain. To further investigate the interplay between 1L-10, KLF2, and FOXP3, cells
producing 1L-10 were evaluated using 10BiT IL-10(CD90.1) reporter mice>® intercrossed
with KLF2(GFP); FOXP3(RFP) mice. When gated on FOXP3(RFP)-negative cells, we
found that IL-10 production is restricted to CD44M cells, and increased among KLF2+
compared with KLF2-negative cells after in vivo TCR stimulation (Figure 5E). IL-10-
producing KLF2+ compared with KLF2-negative cells also show elevated co-expression

of some, but not all classical Trl markers (Figures 5E and S6A). For example, expression
of LAG3, CD226, CD39, and CTLAA4 were each significantly increased among IL-10-
producing KLF2+ cells, whereas CD49b expression levels were similar compared with
IL-10-producing KLF2-negative cells. Expanded analysis of all 1L-10-producing CD4 cells
(including FOXP3+ cells) across tissues showed KLF2 expression by a majority (~65%)

of IL-10+ FOXP3-negative cells in the spleen and mLN. Comparatively, KLF2 positivity
is sharply reduced among intestinal FOXP3-negative and FOXP3+ cells in Peyer’s patch
and lamina propria (Figure S6B), highlighting interesting KLF2 expression heterogeneity by
IL-10-producing CD4 cells across tissues.

Besides IL-10, a variety of other molecules implicated in mediating suppression by Trl
cells including TGF-B, CTLA4, and ICOS5%59-62 gre also expressed more by KLF2+

upon anti-TCR stimulation (Table S2). However, /n vitro neutralization of these and other
molecules associated with Trl suppression, individually or in combination with 1L-10
receptor blockade, does not further override suppression by KLF2+ CD44M cells beyond
IL-10 receptor blockade (Figure 5D). Thus, a majority of IL-10-producing FOXP3-negative
CDA4 cells in secondary lymphoid organs (spleen and mLN) are identified by KLF2, which
co-express several classical Trl-defining markers. However, 40%-70% of 1L-10-producing
CD4 cells in intestinal tissues express neither KLF2 nor FOXP3, further underscoring
heterogeneity of IL-10-producing CD4 cells beyond these transcriptional regulators.

To more definitively investigate the cellular source of IL-10 required for averting intestinal
inflammation, how intestinal inflammation in CD4C"¢ KLF2f mice is impacted by
adoptively transferred KLF2+ CD44N donor cells from WT compared with //20-/- mice
was evaluated. These experiments demonstrating reduced fecal Lipocalin2 and mLN
accumulation of RORyt+ IL-17A-producing cells in mice reconstituted with WT donor
KLF2+ CD44N cells (Figures 5F and 5G) further highlight that intestinal inflammation

in CD4Cre KLF2f mice is caused by the absence of activated KLF2+ cells. In turn, this
platform also establishes the importance of 1L-10 production by KLF2+ cells since neither
reductions in fecal Lipocalin2 levels nor mLN accumulation of IL-17A-producing Th17
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cells were found in CD4C"® KLF2f/f-recipient mice reconstituted with KLF2+ CD44N cells
from //10-/- donors (Figures 5F and 5G). Taken together, these results show that activated
KLF2+ cells selectively produce IL-10, and that IL-10 production by KLF2+ CD44"i cells is
essential for averting commensal microbiota-driven intestinal inflammation.

Uncoupling intestinal inflammation from peripheral lymphopenia

Since KLF2 controls expression of sphingosine-1-phosphate receptor 1 (S1PR1) and
CD62L required for T cell thymic egress and lymphoid organ homing, mice with KLF2-
deficient T cells have dramatically reduced T cells in the blood, spleen, and secondary
lymphoid organs with normal levels in non-lymphoid tissues.33-34 To uncouple intestinal
inflammation from peripheral lymphopenia in CD4C"¢ KLF2"f mice, we compared the
impacts of induced KLF2 deletion (tamoxifen administration to CD4CTeER(T2) K |_F2f/f
mice) with administration of the SIPR1 modulator FTY720.83:64 Despite slightly more
accelerated tempo of peripheral CD4 cell decline and loss of CD62L expression in
FTY720-treated compared with tamoxifen-treated CD4CTER(T2) K|_F2/f mice (Figure 6A),
intestinal inflammation shown by increasing fecal Lipocalin2 levels and mLN accumulation
of RORyt+ Th17 cells was only observed in mice with conditional KLF2 deficiency
(Figures 6B and 6C). Importantly, these intestinal inflammation phenotypes occurring after
induced KLF2 deletion are microbiota driven, since eliminating intestinal bacteria using
the aforementioned five-antibiotic cocktail normalizes each parameter (fecal Lipocalin2
levels, mLN RORvyt+ Th17 cell accumulation, and histological inflammation) (Figures
6B-6D). Further analysis of commensal-specific cells, with either 1-AP:2W1S commensal
fungi specificity in tamoxifen-treated Ca-2W1S colonized CD4C"€ER(T2) K| F2f/f mice or
cells with I-AP:CBir1 bacterial flagellin specificity in tamoxifen-treated SPF mice, show
similarly increased RORyt+ Th17 mLN CD4 cells after induced KLF2 deletion compared
with cells in Cre-negative littermate controls (Figure 6E). Thus, KLF2+ CD4 cells are not
only essential for averting microbiota-driven inflammation but actively sustain commensal
tolerance, since induced loss of these cells causes intestinal inflammation associated with
reciprocally expanded Th17 effector CD4 cells with commensal specificity.

Reduced KLF2+ CD4 T cells in Crohn’s disease

Crohn’s disease is a chronic disorder associated with intestinal inflammation. While the
underlying pathogenesis remains undefined, clear causative associations exist with intestinal
dysbiosis and microbiota-driven inflammation; and defects in suppressing inflammation in
each context.55-67 To investigate potential KLF2+ CD4 T cell defects, publicly available
single-cell gene expression datasets from three separate studies®®-70 containing biopsy
specimensfrom20individualswithCrohn’sdisease and 8controlswere evaluated together.
Broad consideration of all CD4 cells, including Tfhand Treg cells, in each dataset using
previously described clustering approaches®8 (Figure S7), showed significantly reduced
KLF2+ CD4 cells in Crohn’s disease inflamed tissue compared with controls (Figure 7A;
Table S3). In agreement with predominant KLF2 expression by lineage-negative murine
CDA4 cells (Figure 1), focused analysis on Treg or Tfh clusters showed sharply reduced
KLF2+ cells (Figure 7B). Comparatively, FOXP3+ cells in Crohn’s disease were not
significantly different among total CD4 cells or individual subsets (Figures 7A and 7B).
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Thus, inflamed tissue in Crohn’s disease is associated with reduced KLF2+ CD4 T cells, and
particularly among non-Tfh and non-Treg CD4 T cells.

Gene expression analyses highlight additional KLF2+ CD4 cell distinctions in Crohn’s
disease. For example, KLF2+ CD4 T cells from Crohn’s disease compared with controls
show reduced expression of the KLF2-induced chemokine receptorCCR74® (Figure 7C;
Table S4). Cells from individuals with Crohn’s disease also have reduced expression of
glucocorticoid-induced leucine zipper, known to suppress intestinal inflammation when
overexpressed in CD4 cells,’! and the zinc-finger RNA binding protein ZFP36C2, which
inhibits lymphocyte proliferation’2 (Figure 7C; Table S4). In turn, the cAMP-responsive
element modulator that promotes production of IL-17A and other pro-inflammatory
cytokines,” and IRF1 known to control Th17 and Th1 cell activation,’ were each expressed
to higher levels by KLF2+ CD4 T cells from individuals with Crohn’s disease (Figure

7C). Complementary gene ontology analysis of all differentially expressed genes shows that
KLF2+ CD4 T cells in controls compared with Crohn’s disease are more highly enriched in
pathways associated with MHC class Il antigen processing and presentation, along with Treg
differentiation, neutrophil chemotaxis, and T cell co-stimulation (Figure S9). Comparatively,
KLF2+ CD4 T cells in Crohn’s disease were more highly enriched in pathways associated
with regulation of acute inflammation, stress response, and lipoprotein remodeling (Figure
S9). Thus, the necessity for KLF2+ CD4 T cells in averting commensal microbiota-driven
intestinal inflammation in mice is recapitulated by naturally reduced accumulation of these
cells in human Crohn’s disease. Besides, for numerical reductions, remaining KLF2+ CD4
cells in Crohn’s disease have distinct gene expression and ontogeny profiles that likely
further promote the immune pathogenesis of inflammatory bowel disease.

DISCUSSION

Commensal microbes have co-evolved with mammalian hosts to promote a variety of
increasingly recognized physiological benefits.%7>76 Microbe sensing requires expanded
immune tolerance to protect against aberrant inflammation. Our findings demonstrate that
KLF2+ CD4 cells are essential for this physiological imperative. Colonization selectively
primes KLF2+ cells with commensal specificity (Figure 1), and intestinal inflammation
spontaneously develops in mice with constitutive or induced KLF2 deficiency in CD4
cells (Figures 2 and 6). These protective roles are dissociated from FOXP3+ Tregs given
expansion of FOXP3+ cells that retain suppressive function in colitogenic mice without
KLF2+ cells (Figure 3), and similar suppressive potency among purified KLF2+ FOXP3-
negative compared with FOXP3+ cells /n vitroand in vivo, occurring without FOXP3
acquisition (Figure 4). Interestingly, while KLF2 identifies CD44M FOXP3-negative cells
with suppressive function, KLF2 expression in FOXP3+ cells plays non-contributory or
opposing effects impeding suppressive function, shown by reduced suppressive potency
of KLF2+ compared with KLF2-negative FOXP3+ cells (Figure 4D), and increased
suppressive potency of GITR+ CD25+ Tregs from CD4C"® KLF2f/f compared with control
mice (Figure 3C). Variable penetrance of autoimmunity phenotypes including cachexia,
inflamed ears, oily skin, and hair loss for FOXP3¢"e KLF2f mice with conditional loss
of KLF2 in FOXP3+ cells,* suggests that enhanced suppressive potency does not bypass
the importance of KLF2-dependent tissue homing for FOXP3+ Tregs. However, we find
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only a small proportion of antigen-experienced KLF2+ CD4 cells co-express FOXP3, or
fall into Treg gene expression clusters (Figures 1, 4, and 7). In turn, inflamed tissue in
human Crohn’s disease is associated with diminished KLF2+ CD4 cell accumulation, with
reductions magnified among non-Treg, non-Tfh clusters (Figure 7). These considerations,
together with non-reduced FOXP3+ Tregs in inflamed Crohn’s disease tissue,1%-2! suggest
non-overlapping functional roles between KLF2+ and FOXP3+ cells in protecting against
microbiota-driven intestinal inflammation.

Identification of microbiota-stimulated CD4 cells with suppressive function, distinct from
FOXP3+ Tregs, and their necessity for averting microbiota-induced intestinal inflammation
reconciles several inconsistencies exclusively ascribing commensal tolerance to FOXP3+
cells. This includes intestinal inflammation that persists after FOXP3+ cell depletion in
germ-free mice,18 which indicates the importance of classical Tregs in sustaining self-
tolerance, whereas KLF2+ cells appear to play more focused roles protecting against
microbiota-driven inflammation given the efficiency whereby eradicating commensal
bacteria overrides intestinal inflammation for mice with constitutive or induced KLF2
deficiency (Figures 2 and 6). KLF2 expression was demonstrated for a large proportion

of systemic and intestinal CD4 cells with specificity to recombinant Ca-2W1S and bacterial
flagellin CBirl commensal antigens (Figure 1), establishing a framework for why intestinal
inflammation does not occur despite high-density mono-colonization with other microbes
such as segmented filamentous bacteria that do not prime FOXP3+ Treg expansion.22:23
Thus, while some microbial species selectively promote FOXP3+ Treg differentiation,12-17
commensal microbe-replete mice containing Tregs with these specificities still do not bypass
the necessity for KLF2+ CD4 cells in averting intestinal inflammation.

FOXP3-negative KLF2+ cells selectively produce IL-10, and IL-10 is essential for their
suppressive function shown /n vitro using classical assays with responder cell co-culture
and /n vivo given the inability of //210-/- donor KLF2+ cells to override intestinal
inflammation in recipient mice with KLF2-deficient T cells. IL-10 utilization in this context
dovetails nicely with the unambiguous protective role this cytokine plays in averting
intestinal inflammation®2 and microbiota-induced colitis in //10-/- mice.53:54 Although
IL-10-producing CD4 cells have been extensively characterized in a variety of contexts,
with FOXP3-negative cells uniformly lumped together as Tr1 cells,%6-58 there remains no
consensus on unifying markers including Trl lineage-defining transcriptional regulators
and/or suppressive molecules beyond I1L-10. We propose that this reflects phenotypic and
functional heterogeneity among FOXP3-negative IL-10-producing CD4 cells, which is
further highlighted by differences in KLF2 expression. For example, while I1L-10 production
is enriched among FOXP3-negative KLF2+ CD44Mi splenocytes, ~20% that express neither
FOXP3 nor KLF2 cells still produce IL-10 after anti-TCR /n7 vivo stimulation (Figure

5E). Likewise, while a majority (~65%) of 1L-10-producing FOXP3-negative cells in the
spleen and mLN co-express KLF2 (Figure S6B), KLF2 positivity is sharply reduced among
IL-10-producing intestinal (Peyer’s patch plus small and large intestine lamina propria)
CDA4 cells, further underscoring heterogeneity between Tr1 cells within and across tissues.
FOXP3-negative 1L-10-producing KLF2+ CD44M cells also show increased expression of
some (LAG3, CD226, CD39, CTLA4), but not all markers (CD49b) used for identifying Trl
cells,>6-58 whereas molecules such as TGF-B and CTLA4 shown to mediate suppression by
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Trl cells in other contexts appear to play non-contributory roles for KLF2+ cells (Figure
5D).5559-62 WWjith this heterogeneity in mind, our data identify KLF2 as a non-exclusive
marker for Tr1 cells; but, more importantly, the IL-10-producing subset of FOXP3-negative
CD4 cells most essential for averting commensal microbiota-driven intestinal inflammation.
Appreciating heterogeneity among FOXP3-negative I1L-10-producing cells may reconcile
ongoing inconsistencies for how Tr1 cells are currently identified, and promote further
investigation on how IL-10 produced by more narrowly defined FOXP3-negative CD4 cell
subpopulations work in other defined physiological contexts.

Heterogeneity in 1L-10-producing FOXP3-negative cells also opens up additional questions
for how distinct CD4 subsets mediate specialized function using the same suppressive
cytokine. Our data identifying an essential role for KLF2+ cells in sustaining commensal
tolerance that protects against intestinal inflammation highlight another molecular
distinction for further dissociating 1L-10-producing CD4 cells beyond FOXP3.”” Important
next-steps include investigating how KLF2 controls IL-10 expression, and KLF2+ cells in
other physiological contexts that require IL-10 (e.g., reproductive tolerance, antimicrobial
host defense).”8-80 A related priority involves evaluating lineage commitment stability of
commensal primed KLF2+ CD4 cells, potential history of prior FOXP3 expression by
suppressive FOXP3-negative KLF2+ cells,81 and whether KLF2+ cells can differentiate
into pro-inflammatory effector lineages, and the commensal priming conditions that
stimulate KLF2 and IL-10 co-expression in antigen-experienced CD4 cells. Nonetheless,
an instructive alternative framework for investigating intestinal inflammation from a non-
FOXP3+ Treg-centric perspective is unveiled through identification of KLF2 as a distinct
suppressive CD4 subset required for averting commensal microbiota-induced inflammation
in mice, and blunted accumulation of these cells in human Crohn’s disease.

Limitations of the study

We recognize that whether KLF2+ and FOXP3+ cells are functionally redundant in
protecting against intestinal inflammation appears to differ depending on the experimental
context. For example, colitis occurs in CD4%"® KLF2ff mice despite increased accumulation
of FOXP3+ Tregs, which retain enhanced suppressive potency (Figures 2 and 3), suggesting
that KLF2+ and FOXP3+ cells are functionally non-redundant for averting intestinal
inflammation. However, with colitis induced in RagZ-/- mice by adoptively transferred
CD45RBMN cells, co-transferred KLF2+ CD44" (FOXP3-negative) or FOXP3+ cells each
protects against intestinal inflammation, and purified KLF2+ cell do so without induced
FOXP3 expression (Figures 4E-4G), highlighting potential functional redundancy between
KLF2+ and FOXP3+ cells in this context. Resolving these differences will require further
analysis using alternative preclinical models and/or analysis of human cells from individuals
with intestinal inflammation. For the latter, publicly available single-cell data from intestinal
biopsy specimens from three independent studies together containing 20 individuals with
Crohn’s disease and 8 controls when combined and evaluated together show ~50%

reduced KLF2+ CD4 cells but similar Treg levels in Crohn’s disease. Prior to combining
data across studies, each dataset was initially re-analyzed using the same standardized
clustering approach and evaluated for nonsignificant differences within each group (Crohn’s
disease or controls). We recognize that combining data from separate studies is not
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ideal, especially since each study contained different numbers of individuals with Crohn’s
disease and controls, with one study containing only Crohn’s disease samples. However,
non-statistically significant differences considering data from each study in isolation or any
pairing combination of two studies were difficult to interpret given the lack of statistical
power and, for transparency, we have depicted data from each study separately using
non-overlapping data symbol colors (Figure 7) or individual plots (Figures S7 and S8).
Accordingly, important next steps will be to re-evaluate KLF2+ compared with FOXP3+
cells, in both intestinal biopsy specimens and the peripheral blood, in larger cohorts of
individuals with inflammatory bowel disease.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Dr. Sing Sing Way
(singsing.way@cchmc.org).

Materials availability—Reagents describe in this paper are available from the lead contact
upon request with a completed Material Transfer Agreement.

Data and code availability
. All data reported in this paper will be shared by the lead contact upon request.
. Mouse single cell and bulk RNA sequencing data have been deposited to Geo
under singsingway@orcid under accession number GSE236151, and all original

code has been deposited at https://github.com/Deshmukh-Lab/KLF2_WayL ab.
DOls are listed in the key resources table.

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

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice—Commercially available C57BL/6, CD45.1 (002014), CD90.1 (000406), FOXP3RFP
(008374),85 Ragi-/- (002216), //10-/- (002251), CD4C (017336) and CD4CeER(T2)
(022356)86 each on the C57BL/6 background were purchased from The Jackson Laboratory,
intercrossed and maintained for at least 5 generations at Cincinnati Children’s Hospital.
KLF2CGFP KLF2"f and 10BiT mice have been described,3442:55 and were intercrossed

with FOXP3RFP | /10-/-, CD4Ce or CDACTeER(T2) mice. BG2 TCR transgenic mice were
provided by Dr. Dale S. Gregerson.>1 All mice were housed under specific pathogen-

free conditions, and experiments performed using sex- and age-matched controls under
Cincinnati Children’s Hospital IACUC approved protocols.

METHOD DETAILS

Microbial colonization and infection—The recombinant C. albicans-2W1S strain, and
it’s use in intestinal colonization of mice maintained on drinking water supplemented
with ampicillin (1 mg/mL) has been described.24:25 Recombinant Listeria monocytogenes
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and Salmonella typhimurium (AAroA BMMS51) each engineered to stably express the I-
AP:2W1Sss_gg peptide as a recombinant protein has each been described.30:31 For infection,
10° CFU S typhimuriumin early log-phase growth was orally administered using a 20G
gavage needle, and 10* CFU L monocytogenes was intravenously inoculated via the lateral
tail vein.

Cell isolation, staining and flow cytometry—Fluorophore-conjugated antibodies used
for cell analysis include anti-CD4 (clone GK1.5), anti-CD8a (clone 53-6.7), anti-CD11b
(clone M1/70), anti-CD11c (clone N418), anti-F4/80 (clone BM8), anti-B220 (clone RA3-
6B2), anti-CD44 (clone IM7), anti-CD45 (clone 30F11), anti-CD45.1 (clone A20), anti-
CD45.2 (clone 104), anti-CD90.1 (clone OX-7), anti-CD90.2 (clone 30-H12), anti-CD49b
(clone DX5), anti-LAG3 (clone C9B7W), anti-CD226 (clone 10E5), anti-CD39 (clone
24DMS1), anti-CTLA4 (clone UC10-4B9), anti-RORyt (clone Q31-378), anti-FOXP3
(clone FJK-16S), anti-IRF4 (clone 34E), anti-TBET (clone 4B10), anti-BCL6 (clone K112-
91), anti-PD1 (clone 29F.1A12), anti-CXCRS5 (clone L138D7), anti-IL17A (clone TC 11-
18H10.1), anti-Helios (clone 22F6), anti-CD304 (clone 3DS304M), anti-CD62L (clone
MEL-14), anti-CD25 (clone PC61), anti-GITR (clone DTA-1), anti-Ki67 (clone 16A8).

For detecting CD4 cells with 1-AP:2W1Ss5_gg surrogate C. albicans specificity, single

cell suspension from spleen and peripheral lymph nodes of colonized or no colonization
control mice were incubated with phycoerythrin (PE)- or allophycocyanin (APC) conjugated
I-AP:2W1Sss5_gg tetramer at 4°C for 60 min as described.2427 For detecting CD4 cells

with 1-AP:CBirlg4_47- specificity to bacterial flagellin, cells from the spleen, peripheral

or mesenteric lymph node or each intestinal segment were incubated with PE or APC
conjugated 1-AP:CBirlsg4_47, tetramer at room temperature for 60 min as described.84

Intestinal lamina propria cells were isolated by dissecting the small and large intestine,
removing the Peyer’s patches, and longitudinally opening each intestinal segment followed
by cutting into small pieces. To remove intestinal epithelium cells, saline washed intestinal
tissue were incubated with stripping buffer (PBS with 5% FBS, 1mM EDTA, 1mM DTT)
at 37°C with gentle shaking (200 rpm) for 25 min with buffer replacement after 10 min.
Thereafter, the intestinal tissue (cut into ~2mm fragments) were resuspended in digestion
buffer (DMEM medium supplemented with 10% FBS, 0.2 mg/mL DNase | and 2.4 mg/mL
Collagenase A) at 37°C with gentle shaking for 20 min, followed by tissue passage through
an 18 gauge syringe and filtering through an 100 pm cell strainer, with final leukocyte
isolation using a Percoll gradient (5 mL 40% and 3mL 60%) and centrifugation at 1800 rpm
for 20 min as described.84.87.88

Intranuclear staining was performed after cell permeabilization using commercial

kits (eBioscience) according to the manufacturer’s instructions. For detecting
bromodeoxyuridine (BrdU) incorporation, mLN cells were subjected to intracellular staining
using anti-BrdU antibody and commercially available reagents (BD). Samples were acquired
using an BD FACS-Canto or LSR-Fortessa cytometer and analyzed using FlowJo software
(Tree Star). For cytokine production, 2x108 single cell suspension from each tissue was
stimulated with PMA/ionomycin (eBioscience) and brefeldin A (GolgiPlug, BD Bioscience)
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in 200 pL DMEM medium (supplemented with 10% fetal bovine serum, 1% L-glutamine,
10 mM HEPES, 1% penicillin-streptomycin) at 37°C with 5% CO», for 5 h.

In vitro suppression assay—*For evaluating suppressive potency, CD4 splenocytes were
initially enriched by negative selection (Miltenyi) from KLF2CFP reporter or KLF2GFP
FOXP3RFP dual reporter mice, stained with anti-CD4, anti-CD8 and anti-CD44 antibodies,
followed with sorting (BD FACS-Aria). For evaluating suppression by GITR+CD25* cells,
mLN CD4 cells were enriched from CD4C"e KLF2f or Cre-negative littermate control
mice, stained anti-CD4, anti-CD8, anti-GITR, and anti-CD25 antibodies, and sort purified
as GITR+CD25" CD4* (CD8-negative) cells. Thereafter, suppression was assayed by co-
culture with 10° CFSE-labeled (5uM for 10 min at room temperature) responder splenocytes
from congenially discordant (CD45.1 or CD90.1) mice on the B6 background, or BG-2 TCR
transgenic mice, and stimulation with anti-CD3 (2.5 pg/mL, clone 145-2C11, BioXcell)

and anti-CD28 (1.25 pg/mL, clone 37.51, BioXcell) or p-galactosidase peptide (500nM)

or with each indicated neutralizing or isotype antibody (50 pg/mL) in 200 uL DMEM
medium (supplemented with 10% fetal bovine serum, 1% L-glutamine, 10 mM HEPES, 1%
penicillin-streptomycin) at 37°C with 5% CO» for 96 h.

Adoptive in vivo cell transfer—For intestinal inflammation after T cell reconstitution
in RagI-/- mice, splenic CD4 cells from donor CD45.1 mice were initially enriched

by negative selection (Miltenyi), followed by sort purification of CD45RBNi cells and
intraperitoneal injection into Ragl-/- recipients (5 x 104 cells) as described.*8-%0 For co-
transfer, Ragl-/- recipients received CD45RB" cells (5 x 10% cells) plus either sort purified
KLF2(GFP)+ CD44hi FOXP3(RFP) negative or FOXP3(RFP) positive cells (5 x 10°) from
CD45.2 donors. For evaluating the necessity of IL10 production by KLF2+ cells, splenic
CD4 cells from WT or //10-/- KLF2(GFP) FOXP3(RFP) donors were initially enriched
by negative selection (Miltenyi), followed by sort purification as CD44" KLF2(GFP)+
FOXP3(RFP)-negative cells, and intravenous transfer into CD4¢" KLF2f recipient mice
(10° purified donor cells per mouse).

Antibiotic, BrdU, antibody, tamoxifen, and FTY720 treatment—To eliminate
commensal bacteria, the drinking water was supplemented with ampicillin (0.5 mg/mL,
Sigma), gentamicin (0.5 mg/mL, Sigma), neomycin (0.5 mg/mL, Sigma), metronidazole
(0.5 mg/mL, Sigma), vancomycin (0.25 mg/mL, MP Biomedicals), sucralose (1 mg/mL,
Sigma) as described.26:3% For BrdU cooperation, mice were injected with BrdU (1 mg,
IP) for three consecutive days prior to tissue harvest. For evaluating IL10 production
using 10BiT 1L10(CD90.1) KLF2(GFP) FOXP3(RFP) mice, anti-CD3 IgG (15ug clone
145-2C11) was administered to mice IP in two equal doses 48 and 4 h prior to tissue
harvest as described.>8:89 For induced KLF2 deletion, CD4C"ER(T2) K|_F2f/f and control
mice were fed irradiated chow containing tamoxifen (400 mg/kg; Envigo). For /in vivo
sphingosine-1-phosphate receptor blockade, mice were administered FTY720 (20ug, IP)
daily for 20—25 consecutive days as described.9°

Cytokine, chemaokine, Lipocalin2 detection—For detecting inflammatory cytokine/
chemokines in the feces, fresh fecal pellets were weighed and homogenized in sterile saline
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(100 mg/mL), supernatants collected after centrifugation (15000 rpm 10 min), and analyzed
using Milliplex (Millipore, Sigma) or mouse Lipocalin-2 ELISA (R&D).

Single-cell or bulk transcriptome sequencing and analysis—Single cell
suspensions were obtained from the spleen and peripheral lymph nodes of mice treated
colonized with Ca-2W1S for 21 days. Following tetramer staining, C. albicans specific
(1-AP:2W1Ss5_gg) CD4 cells were flow sorted and loaded onto the Fluidigm C1 chip
according to manufacturer’s protocol. Each cell had a targeted read depth of 1.5-2 million
reads in a 75 based-paired, paired-end fashion. This experiment was performed three

times, yielding 179 total cells initially. Cell lysis, reverse transcription, cDNA synthesis
and amplification were processed using the SMART-Seq v4 Ultra Low RNA Kit for the
Fluidigm C1 System (Takara Inc). Library preparation and tagmentation were preformed
using the Nextera XT DNA Library Preparation Kit. Pooled samples were sequenced on
PE75 Flow cell (HiSeq 2500; Illumina), with single lanes each containing 120-150 million
reads with paired end sequencing. Mapping was performed using AltAnalyze with reference
to the mm 10 genomic dataset, and log-normalized data scaled using Seurat with additional
downstream analysis performed in R (version4.3.0). Filtering was performed to retain cells
with more than 3000 genes and percent mitochondrial reads less than 2% in Seurat (version
4.0.2) as described.?! Potential doublets were excluded by removing cells expressing more
than 6500 genes. The post-filtration dataset contained 174 cells. Gene expression was log-
normalized, and cell identities were assigned using a supervised assessment for expression
of known lineage defining markers (TBX21 for Thl, IRF4 for Th2, CXCRS5 for Tfh and
FOXP3 for Treg), with the remaining unlabeled cells categorized as lineage-negative. The
‘SeuratFindAllMarkers’ function was used to identify subset specific genes (expressed by a
minimum of 20% of the cells; log2 fold-change >0.5, p value <0.05). Pairwise comparisons
(Figure S2) were also performed to identify subset-specific differentially expressed genes
in comparison to KLF2 expressing T-helper cells using the default parameters of the
‘SeuratFindMarkers’function and ‘only.pos = FALSE’. These analyses were visualized as
‘volcano plots’ using ggplot2, with DEGs annotated by subset specific coloring (p value <
0.05 & absolute value of the average log2 fold-change >0).

For comparing gene expression changes in KLF2+ cells upon stimulation, 5 million sort
purified KLF2+ CD44" and KLF2-negative CD44M FOXP3-negative cells were stimulated
with anti-CD3 (2.5 pg/mL, clone 145-2C11, BioXcell) and anti-CD28 (1.25 pg/mL, clone
37.51, BioXcell) for 48 h, with RNA isolation thereafter using RNeasy mini kit (Qiagen).
RNA was subjected to cDNA synthesis and sequencing using the SMARTer Stranded Total
RNA-Seq Pico Input Mammalian Kit v3 (Takara Inc). Briefly, RNA fragmentation and
cDNA synthesis followed by addition of Illumina-based indexed adapters and enzymatic
rRNA depletion, and a second round of PCR to generate the final sequence library. Pooled
samples were then subjected to sequencing (NovaSeq 6000; Illumina) to an average of 100
million 150 nucleotide paired end reads per sample. RNAseq raw reads were subject to
quality control and filtering using Sickle (version 1.33). Reads were then aligned to the
mouse genome (GRCm38) using STAR default setting,%2 and counts outputted at the gene
and exon level in tabular format using FeatureCounts within the R Subread package.82
Differentially expressed gene (DEG) analysis was performed in DESeq_2.83
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For analysis of human single cell gene expression, the preprocessed and annotated
scRNAseq data from previously published studies were obtained.68-70.93 Cell type
classifications from Elmentaite et al.58 were used to annotate cells in studies by Jaeger

et al.5% and Martin et al.”® for consistency using 7ransferData function®* in Seurat 4.0.
KLF2+ and FOXP3+ CD4 T cells were identified using WhichCells function in Seurat 4.0.
Frequencies of either KLF2+ and FOXP3+ cells relative to total number of CD4 T cells

for each subject were determined. We identified differentially expressed genes (DEG) in
CDA4 T cells between healthy controls and inflamed Crohn’s disease samples in studies

by Elmentaite et al.58 and Jaeger et al.5% We did not perform DEG analysis for study by
Martin et al.”® as it lacked matched samples from healthy subjects. DEG were calculated
using FindMarkers in Seurat 4.0. After removing cell quality-associated markers, DEG with
a fold change of >2 and t test p value of <0.05 (FDR corrected) were used for functional
enrichment analysis of biological processes using PANTHER.% Overrepresented pathways
in each disease condition were visualized with ggplot2. To construct heatmaps of DEG,
genes were filtered to have a two-sided p value < 0.05 by Seurat 4.0’s implementation of the
Wilcoxon rank-sum test, and the average log (fold-change) of each DE gene plotted.

Histopathology—Colon tissue fixed with 10% formalin for at least 24 h before embedded
in paraffin and Hematoxylin and eosin (H&E) staining of intestinal tissue was performed by
the Pathology Core at Cincinnati Children’s Hospital, and scored in a blinded fashion using
a 10 point scale (1-5 for inflammation/lymphoid hyperplasia severity; and 1-5 for degree of
crypt elongation).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed with Prism (GraphPad). The two-tailed Mann-
Whiney U test was used to evaluate differences between groups for non-normally distributed
datasets, and the two-tailed Student’s t test used for normally distributed datasets. Ordinary
one-way ANOVA was used to evaluate experiments containing more than two groups. Rectal
prolapse curve were analyzed by the Log rank (Mantel-Cox) test. For each analysis, p < 0.05
was taken as statistical significance. lowa Russ Lenth’s power and sample size calculator for
independent two sample pooled t test, assuming a normal distribution and standard deviation
of 0.33 of the mean, was used for human sample size calculations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Microbiota-primed lineage-negative CD4 T cells are unified by KLF2
expression

Loss of KLF2 in CD4 cells causes microbiota-driven intestinal inflammation

Activated KLF2+ CD4 cells exert immune regulation via IL-10 cytokine
production

Reduced KLF2+ CD4 T cells in human Crohn’s disease inflamed tissue
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Figure 1. Commensal stimulation primes lineage-negative CD4 cells specified by KLF2
expression _
(A) Expansion of CD44M" CD4 cells in the spleen and peripheral lymph nodes with

I-AP:2W1Ss5 g5 commensal Ca-2W1S specificity after intestinal colonization, and their
expression of lineage-defining markers including FOXP3 (Tregs), RORyt (Th17), TBET
(Thl), IRF4 (Th2), and PD-1/CXCR5/BCLS6 (Tfh).

(B) Single-cell gene expression profiling of commensal Ca-2W1S I-AP:2W1Ss5_gg CD44N
CDA4 cells in the spleen and peripheral lymph nodes based on expression of lineage-defining
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markers (RORC for Th17, IRF4 for Th2, CXCRS5 for Tth, and FOXP3 for Treg), with the
remaining unaccounted lineage-negative cells unified by KLF2 expression.

(C) Relative expression of each lineage-defining marker and KLF2 by cells in each cluster
identified in (B).

(D) KLF2 expression by CD44NM CD4 cells in the spleen and peripheral lymph nodes

with 1-AP:2W1Ss5_gg surrogate commensal specificity in Ca-2W1S-colonized KLF2(GFP)
reporter mice compared with tetramer-negative cells of irrelevant bulk specificity.

(E) KLF2 expression by CD44M CD4 cells isolated from each tissue with 1-AP:CBirlsgs_s7-
specificity in KLF2(GFP) reporter mice compared with tetramer-negative cells of irrelevant
bulk specificity. SLO, secondary lymphoid organ; mLN, mesenteric lymph node; PP,

Peyer patch; SI-LP, small intestine lamina propria; LI-LP, large intestine lamina propria;
SPF, specific pathogen free; ABX, drinking water supplementation with five antibiotics
(ampicillin, gentamicin, metronidazole, neomycin, vancomycin) to eliminate commensal
bacteria. Each point indicates the data from an individual mouse, and these results represent
data from at least five independently colonized mice and two independent experiments each
with similar results. *p < 0.05, **p < 0.01, ****p < 0.001, using paired t test; ns, not
significant. See also Figures S1, S2, and S3 and Table S1.
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Figure 2. Spontaneous colitis in mice lacking KLF2+ CD4 cells
(A) Rectal prolapse incidence in CD4C™ KLF2/ (filled red) compared with co-housed

KLF2 littermate controls (black), or for CD4"® KLF2f mice administered antibiotics
(ampicillin, gentamicin, metronidazole, neomycin, vancomycin) in the drinking water
beginning at age 40 days (open red).

(B) Colonic histology and inflammation scoring for CD4¢"® KLF2f mice that did not
develop rectal prolapse through 150 days of age (red) compared with co-housed KLF2f/f
littermate control mice (black), with some mice in each group administered antibiotics as
described in (A) (open circles).

(C) Fecal levels of each cytokine for each group of mice described in (B).

(D) Fecal Lipocalin2 levels for each group of mice described in (B).

(E) Percent RORyt- and FOXP3-expressing mLN CD4 cells for each group of mice
described in (B). Each point indicates the data from an individual mouse, combined from at
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least two independent experiments each with similar results. *p < 0.05, **p < 0.01, ***p <
0.005, ****p < 0.001, using one-way ANOVA, bar, mean £ SEM. See also Figure S4.
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Figure 3. Enhanced suppressive function by GITR+ CD25+ Tregs expanded in CD4C"e KLF2/f
mice

(A) Phenotypic comparison of FOXP3+ and FOXP3-negative mLN CD4 cells in CD4Cre
KLF2ff (red) compared with Cre-negative littermate control mice (black).

(B) Representative plots showing GITR and CD25 expression by mLN CD4 cells in CD4C'®
KLF2ff or Cre-negative littermate controls, and FOXP3 expression by GITR+ CD25+
(green) compared with GITR-negative CD25-negative (purple) cells from each group of
mice.

(C) CFSE dilution by responder CD4 splenocytes afteranti-CD3/CD28 stimulation (96 h)
and co-culture with purified GITR+ CD25+ mLN CD4 cells from CD4C"® KLF2/f (red)
compared with GITR+ CD25+ mLN CD4 cells from Cre-negative control mice (black)
each at a 1:1 ratio, or responder cells alone (gray). Each point indicates the data from an
individual mouse, combined from at least two independent experiments each with similar
results. ****p < 0.001, using one-way ANOVA; bar, mean + SEM.
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Figure 4. KLF2 identifies antigen-experienced suppressive FOXP3-negative CD4 cells
(A) CFSE dilution by responder CD4 splenocytes after anti-CD3/CD28 stimulation (96 h)

and co-culture with purified KLF2+ CD44M CD4 splenocytes at each ratio (red), anti-CD3/
CD28-stimulated responder cells alone (gray filled), or responder cells without stimulation
(gray line).

(B) CFSE dilution by responder CD4 splenocytes after anti-CD3/CD28 stimulation (96 h)
and co-culture with purified FOXP3-negative KLF2+ CD44M (red) compared with FOXP3+
(blue) CD4 splenocytes each at a 1:1 ratio, or anti-CD3/CD28-stimulated responder cells
alone (gray).
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(C) Percent FOXP3+ among purified FOXP3-negative KLF2+ CD44Ni (red) compared with
FOXP3+ (blue) CD4 cells after anti-CD3/CD28 stimulation, and co-culture with responder
cells as described in (B).

(D) CFSE dilution by responder CD4 splenocytes after anti-CD3/CD28 stimulation (96

h) and co-culture with each subset of FOXP3-negative cells including KLF2+ CD44Mi
(red), KLF2-negative CD44M (green), and KLF2+ CD44° (orange) cells, or FOXP3+ cells
including KLF2+ (blue dotted) compared with KLF2-negative (blue line) cells at each ratio
compared with anti-CD3/CD28-stimulated responder cells alone (gray).

(E) Fecal Lipocalin2 levels day 20 after transfer of CD45RBM cells (5 x 104 cells; CD45.1
congenic) into RagI—/- recipient mice (gray), or RagI—/-mice co-transferred CD45RBN
cells with purified KLF2+ CD44N (FOXP3-negative) (5 x 105 cells; red) or FOXP3+ cells (5
x 10° cells; blue).

(F) BrdU incorporation by mLN CD45RBM CD45.1 donor cells for the mice described in
(E).

(G) FOXP3 expression by mLN KLF2+ CD44" (FOXP3-negative) (red) or FOXP3+ cells
(blue) (CD45.1-negative, CD45.2-positive) donor CD4 cells for the mice described in (E).
Each point indicates the data from an individual mouse, combined from at least two
independent experiments each with similar results. *p< 0.05, **p < 0.01, ***p < 0.005
using one-way ANOVA for multiple groups or unpaired t test for two groups; bar, mean +
SEM,; dotted line, limit of detection. See also Figure S5.
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Figure 5. KLF2+ cells selective produce and utilize IL-10 for in vitro and in vivo suppression
(A) CFSE dilution by responder CD4 splenocytes from BG2 TCR transgenic mice without

stimulation (black), after B-gal peptide stimulation (gray), or B-gal peptide stimulation plus
co-culture (96 h) with purified FOXP3-negative KLF2+ CD44N cells (red) at a 1:1 ratio.
(B) Differential gene expression by KLF2+ CD44Ni (FOXP3-negative) cells upon anti-CD3/
CD28 stimulation (48 h) compared with no simulation controls (y axis), and differential
gene expression by KLF2+ CD44M (FOXP3-negative) compared with KLF2-negative
CD44Ni (FOXP3-negative) cells after stimulation (x axis); with genes significantly different
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(p < 0.05) between KLF2+ CD44Ni cells after stimulation compared with no simulation
controls highlighted in blue, genes significantly different between KLF2+ CD44" (FOXP3-
negative) compared with KLF2-negative CD44" (FOXP3-negative) cells after stimulation
highlighted in green, and those significantly different in both parameters highlighted in red.
(C) IL-10 concentration in culture supernatants of purified KLF2+ compared with KLF2-
negative CD44N FOXP3-negative cells after anti-CD3/CD28 stimulation as described in (B).
(D) CFSE dilution by responder CD4 cells after anti-CD3/CD28 stimulation (96 h) and
co-culture with purified KLF2+ CD44" FOXP3-negative CD4 cells at a 1:1 ratio with
medium supplemented with neutralizing antibodies against each cytokine or cell-associated
molecule with statistics compared with no-blockade (isotype treatment) controls.

(E) Representative plots and composite data showing IL-10 (CD90.1) expression by
FOXP3-negative splenic CD4 cells from triple reporter (10BiT, IL-10[CD90.1];KLF2[GFP];
FOXP3[RFP]) mice after anti-CD3 stimulation, and expression of each Trl-associated
marker by IL-10-producing KLF2+ compared with KLF2-negative cells.

(F) Fecal Lipocalin2 levels in CD4C™e KLF2 recipient mice day 20 after transfer of KLF2+
CD44Ni (FOXP3-negative) cells from WT (108 cells; blue) or //20-/- donors (10° cells; red)
compared with no transfer controls (black).

(G) Percent ROR+yt+ or IL-17A+ after PMA-ionomycin stimulation by mLN CD4 cells for
each group of mice described in (F). Each point indicates the data from an individual mouse,
combined from at least two independent experiments each with similar results. *p < 0.05,
**p < 0.01, ***p < 0.005, ****p < 0.001 using one-way ANOVA for multiple groups or
paired t test for two groups; bar, mean + SEM. See also Figure S6 and Table S2.
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Figure 6. Dissociating peripheral lymphopenia from intestinal inflammation with induced KLF2
deficiency in CD4 cells

(A) Percent CD4 cells among CD45* leukocytes in the peripheral blood and their expression

of CD62L for CDACTEER(T2) KILF2f/f mice (red) or Cre-negative littermate controls (black)
after initiating tamoxifen supplemented chow, compared with isogenic C57BL/6 control
mice after initiating daily administration of the SIPR1 modulator FTY720 (20 pg IP; blue).
(B) Fecal Lipocalin2 levels after initiating tamoxifen supplemented chow to CD4CreER(T2)
KLF2-floxed (red) or Cre-negative control (black) mice at age 6-8 weeks, with some mice
in each group administered antibiotics (ampicillin, gentamicin, metronidazole, neomycin,
vancomycin) in the drinking water (open), compared with mice day 20 after daily
administration of the SIPR1 modulator FTY720 (blue).

(C) Percent RORyt+ mLN CD4 cells for each group of mice described in (A) 25 days
after initiating tamoxifen supplemented chow with or without additional drinking water
antibiotic supplementation, compared with mice day 25 after daily administration of the
S1PR1 modulator FTY720.

(D) Colonic histologic inflammation scoring for the mice described in (C).
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(E) Percent RORyt+ mLN CD4 cells with I-AP:2W1Ss5_gg specificity in Ca-2W1S
colonized mice or I-AP:CBirlsg4_47, specificity in specific pathogen-free CD4CTeER(T2)
KLF2ff mice (red) or Cre-negative littermate controls (black) 20 days after initiating
tamoxifen-supplemented chow. Each point indicates the data from an individual mouse,
combined from at least two independent experiments each with similar results. *p < 0.05,
**p < 0.01, ****p < 0.001, using one-way ANOVA or unpaired t test for two groups; bar,
mean + SEM.
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Figure 7. KLF2+ CD4 cells selectively reduced in Crohn’s disease
(A) Percent KLF2+ or FOXP3+ among CD4 cells spanning multiple clusters (including Treg

and Tth clusters) in inflamed intestinal biopsy specimens from individuals with Crohn’s
disease compared with healthy controls pooled from three separate datasets.

(B) Percent KLF2+ or FOXP3+ among cells in individual CD4 cell clusters (non-Treg CD4
cells, non-Tth CD4 cells, Treg cells, Tth cells) for the datasets described in (A).

(C) Gene expression comparison for KLF2+ CD4 cells from Crohn’s disease compared with
controls, showing genes enriched (positive fold change) or repressed (negative fold change)
in Crohn’s disease. Data from each individual are shown as a single data point color coded
by dataset with differences between groups analyzed using the Mann-Whitney U test or
one-way ANOVA. **p < 0.01, ***p < 0.005; bar, mean + SEM. See also Figures S7, S8, and

S9 and Tables S3 and S4.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PE-Cy7 anti-mouse CD4 (clone: GK1.5) eBioscience Cat# 25-0041-82; RRID:AB_469576
APC anti-mouse CD4 (clone: GK1.5) eBioscience Cat# 17-0041-82; RRID:AB_469320
PE-Cy5 anti-mouse CD4 (clone: GK1.5) eBioscience Cat# 15-0041-83; RRID:AB_468696
BV650 anti-mouse CD8 (clone: 53-6.7) Biolegend Cat# 100742; RRID:AB_2563056
PE-Cy5 anti-mouse CD8 (clone: 53-6.7) eBioscience Cat# 15-0081-82; RRID:AB_468706
PE-Cy5 anti-mouse CD11b (clone: M1/70) Biolegend Cat# 101210; RRID:AB_312793
PE-Cy5 anti-mouse CD11c (clone: N418) Biolegend Cat# 15-0114-82; RRID:AB_468717
PE-Cy5 anti-mouse F4/80 (clone: BM8) eBioscience Cat# 15-4801-82; RRID:AB_468798
PE-Cy5 anti-mouse B220 (clone: RA3-6B2) Biolegend Cat# 15-0452-83; RRID:AB_468756
Alexa Fluor 700 anti-mouse CD44 (clone: IM7) Biolegend Cat# 56-0441-82; RRID:AB_494011
BV421 anti-mouse CD44 (clone: IM7) Biolegend Cat# 103039; RRID:AB_10895752
APC anti-mouse CD44 (clone: IM7) Biolegend Cat# 103026; RRID:AB_493713
APC-eFluor780 anti-mouse CD45 (clone: 30F11) invitrogen Cat# 47-0451-82; RRID:AB_1548781
FITC anti-mouse FOXP3 (clone: FIK-16S) eBioscience Cat# 11-5773-82; RRID:AB_465243
PE anti-mouse FOXP3 (clone: FIK-16S) eBioscience Cat# 12-5773-82; RRID:AB_465936

AF647 anti-mouse RORgt (clone: Q31-378)
PE-Cy7 anti-mouse IL17A (clone: TC 11-18H10.1)
APC anti-mouse Helios (clone: 22F6)

E450 anti-mouse CD304 (clone: 3DS304M)
BV605 anti-mouse CD62L (clone: MEL-14)
PE-Cy5 anti-mouse CD25 (clone: PC61)

PE-cy7 anti-mouse GITR (clone: DTA-1)
PE-Cy7 anti-mouse IRF4 (clone: 34E)

BV650 anti-mouse CD90.1 (clone: OX-7)

Alexa Fluor 700 anti-mouse CD90.2 (clone: 30-H12)
PE-Cy7 anti-mouse CXCR5 (clone: L138D7)
BV421 anti-mouse BCL6 (clone: K112-91)
BV421 anti-mouse T-bet (clone: 4B10)

E605 anti-moues PD-1 (clone: 29F.1A12)

BV605 anti-moues Ki67 (clone: 16A8)

PE-Cy7 anti-mouse CD45.1 (clone: A20)

PE anti-mouse CD45.2 (clone: 104)

E450 anti-mouse LAG3 (clone: C9B7W)

APC anti-mouse CTLA4 (clone: UC10-4B9)
PE-Cy7 anti-mouse CD39 (clone: 24DMS1)
Alexa Fluor 700 anti-mouse CD49b (clone: DX5)
APC anti-CD226 (clone: 10E5)

Rat 1gG2a (clone: 2A3)

BD bioscience
Biolegend
eBioscience
eBioscience
Biolegend
Biolegend
eBioscience
eBioscience
Biolegend
Biolegend
Biolegend
BD bioscience
Biolegend
Biolegend
Biolegend
eBioscience
eBioscience
eBioscience
eBioscience
eBioscience
eBioscience
Biolegend
BioXcell

Cat# 562682; RRID:AB_2687546
Cat# 506922; RRID:AB_2125010
Cat# 17-9883-42; RRID:AB_2573322
Cat# 48-3041-82; RRID:AB_2574051
Cat# 104437; RRID:AB_11125577
Cat# 102010; RRID:AB_312859
Cat# 25-5874-82; RRID:AB_10548516
Cat# 25-9858-82; RRID:AB_2573558
Cat# 202533; RRID:AB_2562254
Cat# 105320; RRID:AB_493725
Cat# 145516; RRID:AB_2562210
Cat# 561525; RRID:AB_10898007
Cat# 644816, RRID:AB_10959653
Cat# 135220; RRID:AB_2562616
Cat# 652413; RRID:AB_2562664
Cat# 25-0453-82; RRID:AB_469629
Cat# 12-0454-82 RRID:AB_465678
Cat# 48-2231-82; RRID:AB_11149866
Cat# 17-1522-82; RRID:AB_2016700
Cat# 25-0391-82; RRID:AB_1210766
Cat# 56-5971-82; RRID:AB_2574507
Cat# 128810; RRID:AB_2566627
Cat# BE0089; RRID:AB_1107769
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REAGENT or RESOURCE

Rat 1gG2b (clone: LTF-2)

Mouse 1gG1 (clone: MOPC-21)
Hamster 1gG (polyclonal)

Rat 1gG1 « (clone: HRPN)
anti-mouse CD3 (clone: 145-2C11)
anti-mouse CD28 (clone: 37.51)
anti-mouse IL10 (clone: JES5-2A5)
anti-mouse IL10R (clone: 1B1.3A)
anti-mouse TGF (clone: 1D11.16.8)
anti-mouse CTLA4 (clone: UC10-4F10-11)
anti-mouse LAG3 (clone: C9B7W)
anti-mouse OX-40L (clone: RM134L)
anti-mouse ICOSL (clone: HK5.3)

SOURCE
BioXcell
BioXcell
BioXcell
BioXcell
BioXcell
BioXcell
BioXcell
BioXcell
BioXcell
BioXcell
BioXcell
BioXcell
BioXcell

IDENTIFIER

Cat# BE0090; RRID:AB_1107780
Cat# BE0083; RRID:AB_1107784
Cat# BP0091; RRID:AB_1107773
Cat# BE0088; RRID:AB_1107775
Cat# BP0001-1; RRID:AB_1107634
Cat# BE0015-1; RRID:AB_1107624
Cat# BE0049; RRID:AB_1107696
Cat# BE0050; RRID:AB_1107611
Cat# BE0O57; RRID:AB_1107757
Cat# BE0032; RRID:AB_1107598
Cat# BE0174; RRID:AB_10949602
Cat# BE0033-1; RRID:AB_1107594
Cat# BE0028; RRID:AB_1107566

Bacterial and virus strains

Listeria monocytogenes-2W1S

Salmonella typhimurium-2W1S

Ertelt et al.30

McSorley Lab, University of
California, Davis; Benoun et

al.3t

Derived from WT strain 10403s
SL1344 AAroA

Biological samples

Candida albicans-2W1S

Kaplan Lab, University of
Pittsburg; Igyarto et al.?>

CaURA3/CaURA3 pENO1-ENO1-GFP-2W1S-
OVA323.3397OVA 257.26471-Ea50-66

Chemicals, peptides, and recombinant proteins

Ampicillin

Gentamicin

Metronidazole

Neomycin

Vancomycin

Sucralose

Dehydrated Culture Media: Brain Heart Infusion
Yeast extract

Bactopeptone BD

Uridine

D-(+)-Glucose

Agar

DMEM

Fetal bovine serum

Glutamine (100X)

HEPES 1M

Penicillin-streptomycin solution (100X)

BD Golgi Plug (Brefeldin A solution)

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
MP Biomedical
Sigma-Aldrich

Thermo Fisher Scientific

Boston Bio Product
Bioscience
Alfa-Aesar
Sigma-Aldrich

Bio Express

Gibco

GeneMate

Gibco

Gibco

Gibco

BD Bioscience

Catalog# A0166
Catalog# G3632
Catalog# M3761
Catalog# N6386
Catalog# 0219554005
Catalog# 69293-100G
Catalog# B11060
Catalog# P-950
Catalog# DF0118170
Catalog# A15227
Catalog# G5767
Catalog# J637
Catalog# 10313-21
Catalog# S-1200-500
Catalog# 25030-081
Catalog# 15630-080
Catalog# 15140-122
Catalog# 555029

Cell Rep. Author manuscript; available in PMC 2024 January 28.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Shao et al.

Page 38

REAGENT or RESOURCE
10% normal formalin

Percoll

Dnase |

CollagenaseA
DL-Dithiothreitol

EDTA

B-galactosidase peptide
Tamoxifen chow 400 mg/kg
CFSE

Cell stimulation cocktail (500X)
FTY720

BrduU

SOURCE
Sigma-Aldrich
Sigma

Roche

Roche

Sigma

Amresco

Envigo
Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma

BD Pharmigen

IDENTIFIER
Catalog# HT501128-4L
Catalog# P4937
Catalog# 10104159001
Catalog# 11088793001
Catalog# D9779
Catalog# E177
NLSVTLPAASHAIPH
Catalog# 130860
Catalog#65-0850-84
Catalog#00-4975-03
Catalog# SML0700-25MG
Catalog# 550891

Critical commercial assays

Mouse Lipocalin-2 Quantikine ELISA
Milliplex (Mouse cytokine/chemokine panel 1)
LIVE/DEAD Near-IR staining Kit
LIVE/DEAD Blue staining Kit
Fixation/Permeabilization solution kit
Foxp3/Transcription factor staining buffer set
Anti-PE Microbeads

Anti-APC Microbeads

R&D
Sigma-Aldrich
ThermoFisher
ThermoFisher
BD Bioscience
eBioscience
Miltenyi
Miltenyi

Catalog# MLCN20

Catalog# MCYTOMAG-70K-PMX
Catalog# L34976

Catalog# L34962

Catalog# 554722

Catalog# 00-5523-00

Catalog# 130-048-801

Catalog# 30-090-855

APC BrdU Kit BD Pharmingen Catalog# 552598

SMARTer® Stranded Total RNA-Seq Pico Input Takara Catalog# 634485

Mammalian Kit v3

Deposited data

Code for analysis single cell RNAseq and open This paper https://github.com/Deshmukh-Lab/KLF2_WayLab

access human IBD cohort

Experimental models: Organisms/strains

CD45.1
CD90.1
FOXP3RFP
CD4cre
CDA4CreER(T2)
IL10-/-
Ragl -/-
10BiT
BG-2 TCR
KLF2GFP
KLF2ff

Jackson Laboratory
Jackson Laboratory
Jackson Laboratory
Jackson Laboratory
Jackson Laboratory
Jackson Laboratory
Jackson Laboratory
Dr. Casey T. Weaver
Dr. Dale S. Gregerson
Dr. George Deepe

Dr. Stephen Jameson

Strain Code: 002014
Strain Code: 000406
Strain Code: 008374
Strain Code: 017336
Strain Code: 022356
Strain Code:002251
Strain Code:002216
Maynard et al.5®
McPherson et al.5!
Lingrel et al.*?

Weinreich et al.34
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REAGENT or RESOURCE SOURCE IDENTIFIER
Software and algorithms
Prism 6.0h GraphPad N/A
Flow Jo 9.9.6 Treestar N/A
Seurat 4.3.0 Satija Lab N/A
Sickle 1.33 https://github.com/najoshi/ N/A

sickle
Subread N/A Liao et al.82
DESeq2 N/A Love et al.83
Other
1-Ab:2W 1S5 65 Tetramer NIH Tetramer Core Moon et al.?”

1-AP:CBirlygs 47, Tetramer

NIH Tetramer Core

Eshleman et al .8
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