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SUMMARY

Interleukin 21 (IL21) plays key roles in humoral immunity and autoimmune diseases. It is known
to function in mature CD4™ T follicular B cell helper (Tgp) cells but its potential involvement in
early T cell ontogeny is unclear. Here, we find that a significant population of newly activated
thymic and peripheral CD4* T cells functionally express IL21 soon after birth. This naturally
occurring population, termed natural (n)Tw21 cells, exhibits considerable similarity to mature Tgy
cells. nTH21 cells originating and activated in the thymus are strictly dependent on AIRE and
express high levels of NUR77 consistent with a bias toward self-reactivity. Their activation/
expansion in the periphery requires gut microbiota and is held in check by FoxP3* Trgg cells.
nTH21 cells are the major thymic and peripheral populations of 1L21* cells to expand in an IL21-
dependent humoral autoimmune disease. These studies link 1L21 to T cell ontogeny, self-reactivity
and humoral autoimmunity.
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INTRODUCTION

The helper T (Ty) cell cytokine Interleukin 21 (IL21) acting through its broadly expressed
receptor, (IL21R), is a critical driver of T-dependent humoral immune responses, supports
anti-viral and anti-tumor responses but also promotes autoimmune diseases and the
development of lymphomas (Davis et al., 2015; Ettinger et al., 2008; Jain et al., 2015;
Spolski and Leonard, 2014). Given the importance of IL21 in health and disease there is
need for a deeper understanding of its cellular ontogeny.

Current concepts concerning the cellular ontogeny of IL21 are based largely on studies of
adult mice after immunization, infection, or stimulation /n vitro. Such studies point to CD4*
T follicular B cell helper (Tg) cells as the major but not exclusive source of 1L21.
Prototypical Tgy cells express high levels of CXCR5, ICOS and PD1 and localize in B cell
follicles where they to help drive antigen-activated B cells to form germinal centers (GCs),
affinity mature and differentiate to plasma and memory B cells. This IL21- competent stage
is preceded by an IL21-negative, B cell-independent “pre-TrH” stage that is characterized by
cell surface expression of ICOS and CXCR5 but not PD1 (Barnett et al., 2014; Choi et al.,
2011; Crotty, 2014; Goenka et al., 2011). It is initiated when naive cells are stimulated via
their TCRs by antigens presented by DC in a milieu that includes IL6 and ICOS/ICOSL
costimulatory factors (Akiba et al., 2005; Barnett et al., 2014; Choi et al., 2011; Crotty,
2014). This directs a transcriptional network governed largely by BCL6 and associated early
acting factors that repress alternative Ty fates by limiting expression of BLIMP1 (Choi et
al., 2015; Johnston et al., 2009; Liu et al., 2014, Liu et al., 2012; Xu et al., 2015; Yu et al.,
2009). This program is reinforced as pre-Tgy cells re-encounter cognate antigens as they
enter B cell follicles, upregulate CXCR5 and clonally expand as mature CXCR5M PD1* Tgy
and GC Tgy cells expressing high levels of IL21. However, residence in B cell follicles may
not be absolute as IL21 is expressed by Tgy-like cells, termed extrafollicular Tey (ETEH)
that help extrafollicular B cells differentiate into plasmablasts and contribute to autoimmune
diseases (Bubier et al., 2009; Lee et al., 2011; Odegard et al., 2008). Moreover, natural Killer
T (NKT) cells, T17 cells and intestinal CCR9* CD4* T cells and IFNy memory Ty cells
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can also be sources of IL21 (Coquet et al., 2007; Hsieh et al., 2004; Korn et al., 2009;
McGuire et al., 2011; Wei et al., 2007).

As most information on the cellular ontogeny of IL21 is limited to induction and
immunization paradigms, we sought here to investigate the potential involvement of IL21 in
early stages of T cell development and differentiation in naive mice. Through use of an IL21
fluorescence reporter mouse, we show that a significant population of CD4* T cells that are
activated in the thymus and periphery soon after birth functionally express IL21. This
naturally occurring population, termed natural (n)Ty21 cells, exhibits considerable
transcriptional overlap with mature Tgy cells. nTw21 cells originating in the thymus are
strictly dependent on AIRE, express high levels of NUR77 and increase greatly if their
TCRs are deliberately biased toward autoreactivity. Their activation/expansion in the
periphery is supported by gut microbiota and is held in check by FoxP3 Trgg cells. nTH21
cells are also the major thymic and peripheral populations of 1L21* cells to expand in an
IL21-dependent humoral autoimmune disease. These studies link 1L21 to early stages of T
cell ontogeny, self-reactivity and humoral autoimmunity.

The IL21-VFP knock-in reliably reports IL21 expression

The 1L21-VFP knock-in reporter allele contains an internal ribosomal entry site (IRES)-VFP
LoxP-flanked PGK-Neo” selection cassette inserted into the non-coding portion of exon 5 of
the mouse //21 locus by targeted transgenesis in C57BL6/N (B6)-derived embryonal stem
cells (Figures S1A and S1B). Founder mice were crossed to germ-line expressing cre mice
to genetically excise the Neo” selection cassette. 1L21-VFP heterozygotes and homozygotes
lacking the selection cassette were born in expected Mendelian ratios and were healthy.
There were no alterations in the proportions of splenic lymphocyte subpopulations or the
frequencies of naive cells, spontaneously activated CD4* CD44* T cells or CD4" ICOS* T
cells as determined by flow cytometry, indicating that the reporter did not alter the normal
immune status (Figures S1C and data not shown). No differences were noted in the
percentages of VFP* cells between heterozygous and homozygous mice (Figure S1D).

To determine if IL21-VFP reliably reports //21 expression in vitro, we performed RT-gPCR
analysis on FACS-sorted splenic VFP* and VFP~ CD4" T cells isolated from 1L21-VFP
mice after stimulation /in vitro with anti-CD3/CD28 antibodies. //21 and VFPtranscripts
were expressed selectively and at equivalent levels by VFP* gated cells (Figure S1E). We
also found that 1L21 was only in supernatants collected from VFP* CD4* T cells after they
had been stimulated with anti-CD3/CD28 for 36 hrs, sorted, and then cultured independently
for 24 hrs. IL21 was accompanied by increased expression of IL2 and I1L10. In contrast,
IL17 and IFNy were most prominent in supernatants of VFP~CD4* T cells (Figure S1F).
Thus, VFP accurately reported the transcription and secretion of 1L21 by activated CD4* T
cells in vitro.

To determine cellular patterns of VFP after immune challenge, 1L21-VFP reporter mice
were immunized with DNP-KLH. Their splenic and lymph node cells were analyzed 11
days later by flow cytometry. Consistent with VFP expression being limited to Ty and
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related cells, a significant fraction of CD44*1COS*CD4* T cells were VFP* with many also
expressing PD1 (Figure S2A) and approximately 40% of PD1" cells being VFP* (Figure
S2B). Also notable was the lack of VFP expression by CD4* T cells expressing the NKT
cell marker NK1.1* and other lymphocyte or leukocyte populations (Figure S2A).

To determine if 1L21-VFP reliably reports intracellular 1L21, we analyzed splenic CD4* T
cells from 6 wk old B6 mice that were wild type (WT) or heterozygous for IL21-VFP after
stimulation with PMA/ionomycin (Figure S2C). VFP (detected by anti-GFP) and
intracellular 1L21 were expressed concordantly only by activated CD44" cells with the
frequencies of 1L21* cells reduced likely because of lower sensitivity of intracellular 1L21
detection (Figure S2C). Similar protocols were used to compare intracellular staining of
VFP and IL21 in BXSB. Yaa mice whose lupus-like disease is characterized by elevations in
Ten, eTER and 1L21 (Bubier et al., 2009). Intracellular VFP and 1L21 were coordinately
expressed in higher intensities and frequencies by the activated CD44* population (Figure
S2D). To determine the anatomical positioning of 1L21-VFP cells, we analyzed VFP* cells
in splenic sections of BXSB. Yaa IL21-VFP mice that were in an early stage of disease by
immunohistochemistry. Consistent with Tgy, GC Try and gTEp as the sources of 1L.21,
VFP* T cells were found in B cell follicles, most strongly within PNA* GC, as well asin T
cell zones (Figure S2E). Taken together, the results show that IL21-VFP reliably reports the
native patterns of 1L21 expression both /n vitroand in vivo.

Precocious expression of IL21 is a property of an appreciable population of activated
peripheral CD4* T cells that arise postnatally in naive mice

We then used the IL21-VFP reporter to investigate the patterns of 1L21 expression in young
naive mice. FACS analysis of spleen cells from 2—4 wk old B6.1L21-VFP mice consistently
revealed small populations of VFP* CD4* T cells (Figure 1A). Splenic frequencies
increased to ~6-7% at 13 wk, paralleled by lower percentages amongst CD4* T cells in
blood at each age (Figure 1B). Essentially all VFP* cells expressed high levels of the pan-
activation marker, CD44, while expression of ICOS and CXCR5 were limited to
subpopulations of these cells (Figure 1C). Expression of VFP as measured by mean
fluorescence intensity (MFI) did not differ between ICOS™ and ICOS™ cells, but VFP
intensities were increased in CXCR5* cells (Figure 1D). A genetic deficiency in Cdld1, the
MHC-like selecting molecule for NKT cells, did not impact the frequencies of VFP* CD4 T
cells indicating that NKT cells were not an appreciable source of 1L21 in naive mice (data
not shown). We conclude that I1L21 expression by CD4*CD44" CXCR5~ PD1™ cells is a
property of a significant fraction of spontaneously activated, conventional CD4* T cells that
accrue in the periphery of naive mice within weeks of birth and we term them natural 1L21-
expressing T helper (nT21) cells.

We next compared month old reporter mice for the frequencies of nT21 cells vs.
frequencies of cells expressing alternative T-helper cytokines, IFN+y, IL10, and IL173, as
revealed by age-matched cytokine reporters. In all cases, reporter expression was restricted
to splenic CD4* T cells showing an activated CD44" phenotype (Figure 1E). VFP™ cells
were considerably increased over cells expressing alternative cytokine reporters. Naturally
activated (n) FoxP3* CD44* Treg cells develop in appreciable frequencies in young naive
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mice (Wyss et al., 2016; Yang et al., 2015). Comparisons of splenic CD4" T cells from naive
FoxP3-GFP reporter and 1L21-VFP mice showed that the frequencies of activated CD44*
GFP* and VFP* populations were comparable (Figure 1E). Thus, nTx21 cells are found in
the periphery of young, naive mice at frequencies rivaled only by FoxP3* nTrgg cells.

Cellular, chemokine and cytokine requirements of nT21 cells

Signals from B cells, ICOS and CXCRS5 contribute to the maturation of 1L21-competent
TrR. To determine if such signals are required for nT21 cells we compared the frequencies
of splenic VFP* cells from naive /ghm™~, Cxcr5”~, lcos™~and WT 1L21-VFP mice. The
lack of B cells or CXCR5 had no significant effect on the frequencies of VFP* cells (Figures
2A and 2B). However, the MFIs of VFP in mice lacking CXCR5 were lower (Figure 2C). A
deficiency in ICOS caused a ~50% reduction in frequency (Figure 2B) but did not affect the
VFP MFIs (Figure 2C). Thus, unlike prototypic Tgn, B cells, ICOS and CXCR5 are not
essential for the generation of nT21 but ICOS increases their frequencies and CXCR5
enhances their expression of IL21.

We then examined the cytokine requirements of nT21 cells. After crossing the IL21-VFP
reporter onto mice homozygous for knockout alleles of //6, //10, Ifnarl and //21r, we
quantified percentages of splenic nT21 cells. Mice deficient in IL10 had significantly
increased frequencies in nTy21 while a deficiency in IFNARL1 resulted in significant
reductions (Figure 2D). Mice lacking IL6 showed minimal reductions, a deficiency in IL21R
caused significant reductions, and mice doubly deficient in IL6 and IL21R had the greatest
reductions in nT21 (Figure 2E). Thus, nT21 are supported by IFN1 and I1L21 individually
and by IL6 in combination with IL21.

Comparative RNAseq-based transcriptomics of nTy21 and other naturally arising CD4* T
cell populations

To gain insight into the molecular processes that distinguish nT21 cells, we performed
paired-end mRNAseq on FACS-purified splenic CD4* T cells from 4 wk old 1L21-VFP
reporter mice based on the following criteria: naive VFP~ ICOS!°cells (N); activated
VFP~1COSN cells (ACT); and VFP* ICOSI"Yhi (nT}421) (Figure S3A). Pre-sort analysis
indicated that the great majority of VFP* ICOSIN/Ni cells were CXCR57/PD1™ negative by
flow cytometry (Figure S3A-B) but transcriptional elevations of Cxcr5and less so for Pdcdl
(gene for PD1) were detected (Figure S3C). /cosand Cd44 transcripts were similarly
upregulated by ACT and nTy21 populations, whereas /21 and VFPwere expressed
coordinately and almost exclusively by the gated nT21 cells (Figure S3C).

We then used hierarchical clustering to evaluate these populations in the context of
published microarray datasets of polyclonal mature Ty, GC Tgn, TH1 and naive cells
isolated from mice 8 days after acute infection with lymphocytic choriomeningitis virus
(LCMV) (Yusuf et al., 2010) (Figure 3A tgp), and mRNAseq datasets derived from ‘early’
IL2Ra"Blimpl™ Tgy and IL2R a"Blimpl* Tyl cells generated from naive SMARTA TCR
transgenic CD4 T cells adoptively transferred to B6 mice and harvested 3 days after
infection with the Armstrong strain of LCMV (Choi et al., 2015) (Figure 3A bottom). nT21
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cells clustered closely with T generated 3 and 8 days following infection, whereas ACT
cells clustered closely with 3 or 8 day Ty1 cells.

We then took advantage of our N, ACT and nTH21 datasets to identify groups of genes that
most reliably discriminate these populations. We minimized technical noise inherent to low
read counts by including only genes having >20 transcripts per million (TPM) in at least one
population. Of the 6996 genes meeting these criteria, 471 showed significantly higher
expression levels in one subpopulation (Table S1). These included 148 for N; 165 for ACT;
and 158 for nTy21 (Figure 3B). Functional gene enrichment analysis of these gene sets
using DAVID (https://david.ncifcrf.gov/) showed that nT21 cells were most enriched for
genes associated with T cell development, differentiation, activation, proliferation and
adhesion (Figure 3B, Table S2). Thus, nTw21 cells stood out for their transcriptional
engagement in T cell activation and signaling processes.

As presented by a 3-way scatterplot (Figure 3C) and gene-selective comparisons (Figures
3D and 3E; Table S3), nTw21 cells were uniquely distinguished by their heightened
expression of a number of transcription factors prototypic of Tgy cells, including Asc/2,
Fosb, Pouafl, Tox2, and Bcl6, and low expression of the BLIMP1-encoding gene, Prdm1,
comparable with N cells. High expression of archetypal Tgy markers, including but not
limited to Sostdc1, Btla, Cd200, Slami6, and Gpmé6b, further supported Ty relatedness.
Consistent with a high activation state, nT21 cells were distinguished by their elevated
expression of TCR-related signaling genes, Lag3, Cd4and Ca28, and a number of cell
cycling genes (Figure 3D). nTH21 cells were surprisingly restricted in their effector
cytokines; in addition to //21, only /fng was expressed at appreciable levels that were still
lower than for the ACT population (Figure 3E). ACT cells, in contrast, were readily
distinguished not only by their Ty1-relatedness but also by expression patterns consistent
with the inclusion of NKT cells, FoxP3 Treg, CCR9* Ty, and some T2 cells (Figure 3E).
Expression of key Ty17 signature genes, Rorc, /117a, and //17f, was minimal in the nT21
or ACT populations, arguing that few Ty17 cells were present (Table S3).

We then mined our RNAseq data to evaluate 7ravand 7rbvusage patterns of the naive (N),
activated (ACT) and IL21-ACT (nTH21) populations. ACT showed significant bias,
including substantially increased usages of 7raviiand 7ravi1d, while usages by nTy21
cells did not differ from those of naive cells (Figure S3C). Taken together, the results show
that IL21 expression marks an actively signaling population with diverse TCR usage that is
readily distinguished from alternative CD4"* lineages and is equipped with many of the same
central transcriptional factors and cell surface receptors of prototypical Tgy cells.

IL6/1L21/BCL6-dependent nT{21 are the major natural T-helper population to develop in the
neonatal thymus

The preceding results focused on nTH21 in the periphery. To address the potential thymic
ontogeny of nTH21, we performed parallel analyses of thymocytes and splenocytes from
WT and naive IL21-VFP mice at 2 d, 2 wk and 4 wk of age. VFP* CD4* CD8~ thymocytes
were detected by 2 d and increased to 0.2-0.3% at 2—4 wk with frequencies 5- to 10-fold
lower than for their splenic counterparts (Figures 4A and 4B). To determine if the VFP*
thymocytes share cell surface markers with peripheral nT21, we analyzed both populations
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for expression of ICOS, CD44, CD5 and CD3e. Only expression of ICOS was notably
different between the thymic and splenic nT21, with the great majority of thymic nT21
expressing unusually high levels (Figure 4C). It should be noted that all thymic VFP* cells
are CD44*CXCR5~ PD1~ and are thus all nTH21 (data not shown). We then addressed their
requirements for IL6 and IL21 by comparisons of nTy21 in IL21-VFP mice that were WT
or deficient in IL6 and/or IL21R. Only combined deficiencies in IL6 and IL21R resulted in
significant reductions of nTH21, consistent with thymic nT21 being supported by the
synergistic effects of IL6 and IL21 (Figure 4D)

We next used fluorescence reporters to compare the proportions of 1L21* CD4* CD8~
thymocytes with those reporting alternative cytokines (IFN, 1L10, 1L17) or FoxP3 (Figure
4E). nTH21 cells were the only population found in appreciable frequency by the cytokine
reporters, but in lower frequencies than Foxp3* cells. Thus, and in agreement with patterns
found in the periphery, thymic nT21 cells are a major naturally-activated population
exceeded only by thymic nTrgg cells.

Given the central role for BCL6 in directing antigen-induced Tgy cells (Johnston et al.,
2009; Nurieva et al., 2009, Yu et al., 2009; Liu et al., 2012), we used CD4-cre to
conditionally delete a Bc/6™ allele in 1L21-VFP mice. When analyzed at 2 and 6-8 wks of
age, Cre* Bcl6™f11.21-VFP mice showed substantial reductions in thymic and splenic
frequencies of nT21 cells compared with CD4-cre™ Bc/6™f |ittermate and 1L21-VFP
controls (Figure 4F). Floxing of Bc/6 did not alter the proportions of double negative, single
negative and double positive or activated (CD44%) CD4* thymocytes (Figure S4). The
appreciable reductions of thymic and peripheral nTy21 cells in Be/6-floxed mice are thus
consistent with a role for BCLS6 in the lineage determination of thymic and peripheral nT421
cells. Whether the residual VFP* cells arise from incomplete floxing or BCL6-independence
as has been described for IL21* IFNy memory Ty cells generated after infection with
Plasmodium chabaudi (Carpio et al., 2015) remains to determined.

Thymic but not peripheral nTy21 require AIRE and express high levels of Nur77

A primary function of the autoimmune regular, AIRE, is to force the ectopic expression of
self-p/MHC molecules not usually encountered in the thymus, including peripheral tissue
antigens (PTA), to drive negative selection (Liston et al., 2003). However, recent studies
have also uncovered a more nuanced role in which AIRE also safeguards from
autoimmunity by diverting the most highly self-reactive thymocytes from conventional T
cells to Treg (Kieback et al., 2016; Malchow et al., 2016; Malhotra and Jenkins, 2016).
Deficiency in AIRE thus results in the diminution of nTrgg capacity and the emergence of
self-reactive conventional CD4* T cells that can inflict systemic autoimmune disease. As
thymic nT{21 develop with comparable timing and frequencies to nTrgg cells, we
determined the effects of AIRE deficiency on their development. The frequencies of nTy21
cells were greatly and equivalently reduced in Ajre”~and *~ compared with WT mice
suggesting that AIRE controls the thymic development of nT21 cells in a highly dosage
sensitive manner (Figures 5A and 5B). By comparison, in the periphery, AIRE deficiency
resulted in a substantial increase in the overall percentages of splenic VFP* cells and the
proportion of activated CD44* CD4* cells that were VFP* (Figures 5B-C). These increases
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were predominately in the nTy21 population (Figures 5D). Thus, AIRE supports the thymic
development of nT21 cells but it represses their expansion or generation de novo in the
periphery.

The strong dependence on AIRE raised the possibility that thymic nT21 cells are positively
selected by strong TCR signals in response to self-p/MHCII ligands, as has been described
for thymic nTreg cells (Kieback et al., 2016; Malchow et al., 2016; Malhotra and Jenkins,
2016). Nur77 (encoded by Nr4al) is upregulated immediately after TCR stimulation. Thus,
Nur77-GFP transgenic mice provide a convenient means to proxy the strength of TCR/self-
p/MHC signaling independent of cytokine induction (Hogquist and Jameson, 2014; Moran
and Hogquist, 2012; Qiao et al., 2012). To test if thymic nT{21 cells are actively signaling
through their TCRs, we produced Nur77-GFP, IL21-VFP dual reporter mice and used flow
cytometry to analyze Nur77-GFP expression by VFP* and CD25* CD4* T cells.
Comparison of MFIs of GFP showed that Nur77 was highly expressed by thymic nT21
cells almost identically to thymic CD25* Treg cells (Figures 5E and 5 F). However, the
MFI of NUR77-GFP for splenic nTw21 cells was reduced to levels comparable to those of
naive cells (Figures 5E and 5F). These results suggest that thymic nTy21 cells are
responding strongly to self-p/MHCII signals and to a similar degree as thymic nTrgg cells.
The reduced expression of Nur77 by nTH21 in the periphery could be due to a dampened
need for TCR signaling after thymic exit or by nT21 that arise de novo in the periphery.

FoxP3* CD4 T cells and microbial depletion restricts the expansion and maturation of
peripheral but not thymic nTy21

As nTreg are potent inhibitors of autoimmunity and are found in young naive mice at
frequencies comparable to thymic and peripheral nT21 cells, we asked if they restrain
nT21 cells. Foxp3-deficient (scurfy) mice are deficient in nTreg cells and consequentially
develop severe autoimmune disease within 3—4 wk of birth (Ramsdell and Ziegler, 2014).
We generated Foxp3~ 1L21-VVFP reporter mice and analyzed their male progeny at 2 wk of
age, when they display few signs of disease, and at 4 wk when they display overt disease.
FoxP3 deficiency caused substantial increases in splenic VFP* cells (Figure 6A) that were
primarily nTy21 rather than CXCR5* PD1™ pre- and CXCR5+ PD1* full-Tgy cells (Figure
6B). The increases in FoxP3-deficient mice were not simply due to global increases in all T-
helper subsets because about 40% of CD44* T cells were VFP™ positive (Figure 6C).
However, deficiency in FoxP3 had no significant effect on thymic nT{21 frequencies
(Figure 6D). Thus, nTy21 cells that develop in the thymus are insensitive to thymic nTreg
cells but are greatly restrained in the periphery by this potent regulatory population.

It has been established that enteric microbiota support the activation and expansion of Ty
subsets including Try (Block et al., 2016; Teng et al., 2016). We therefore addressed the
possibility that the expansion of nT21 in the periphery was influenced by signals from gut
microbiota. Cohorts of IL21-VFP mice were treated with ampicillin and sulfatrim in their
drinking water starting at 3 wk of age or were left untreated. This treatment resulted in the
substantial reduction of fecal bacterial as measured by bacterial16S DNA (Figure 6E). Flow
cytometric analyses indicated that antibiotic treatment dramatically reduced the frequencies
of splenic VFP* T cells while not altering the frequencies of thymic VFP* cells (Figure 6F
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and 6G). Thus, stimulatory signals from the gut microbiome support nTH21 cells in the
periphery while not affecting those developing in the thymus.

Peripheral and thymic nTy21 develop in unusually high frequencies in the IL21-dependent
K/BXN model of autoimmune arthritis

Given that thymic development of nT21 cells requires AIRE and constitutes the major
IL217* population to develop in normal and more so in FoxP3 deficient mice, we considered
the possibility that heightening their positive selection to self-p/MHC ligands would have
disease consequences. TCR transgenic KRN x NOD F; (K/BXN) mice spontaneously
develop autoantibodies against the ubiquitous glycolytic enzyme, glucose 6 phosphate
isomerase (GPI), that cause severe arthritis (Korganow et al., 1999; Kouskoff et al., 1996).
This humoral autoimmune disease critically requires transgenic CD4* T cells that are
positively selected by the NOD MHC class 11 molecule A% to respond strongly to self-GP1/
MHCII ligands, and is strictly dependent on IL21 (Block and Huang, 2013; Jang et al.,
2009). Its severity also depends on stimulatory cues from enteric bacteria (Block et al.,
2016; Wu et al., 2010)

To investigate the possible involvement of nT21 cells in this strictly 1L21-dependent
disorder, we produced K/BXN mice carrying the IL21-VFP reporter and characterized their
IL21-expressing T cells. Spleens and mesenteric lymph nodes of 10 wk old K/BXN mice
showed marked increases in VFP* cells compared with age-matched 1L21-VFP controls,
averaging over 37% of CD4* T cells and 50% of activated CD44* cells (Figure 7A and 7B).
The most striking increase was in nTy21 cells (Figure 7C), although full TgH expressed
elevated 121 as indicated by higher MFIs (Figure 7D). These increases in VFP* cells were
largely negated by antibiotic treatment indicating a key role for gut microbiota (Figure 7E).

We then addressed whether these dynamics were limited to the periphery. Comparison of
thymic VFP* CD4 T cells from K/BXN with control KRN TCR transgene-negative
B6XNOD F1 (BXN) IL21-VFP mice showed that K/BXN mice had striking (~10-fold)
elevations in thymic T21 cells as compared with BXN controls in parallel to similar
elevations of VFP* cells in the periphery (Figure 7F—H). Thus, skewing the T cell repertoire
toward increased self-reactivity substantially enhanced the thymic selection of nT21
resulting in abnormally high frequencies of nT21 and matured Tgy populations that depend
on microbial stimuli.

DISCUSSION

Classically, thymocytes with high TCR affinity for self-p/MHC ligands are eliminated, while
those with weak but sufficient affinities are positively selected and maintained in the
periphery in the naive state through continued basal self-p/MHC signaling to await immune
challenge (Hogquist and Jameson, 2014). However, this paradigm does not account for an
assortment of naturally activated a/p CD4* T cell subpopulations found in naive mice at
early age. These include nTreg, NKT, nTH17, and intestinal CCR9* Ty cells and can be
further distinguished by their thymic and/or peripheral | origin (Jenkinson et al., 2015;
Marks et al., 2009; McGuire et al., 2011; Wyss et al., 2016; Yadav et al., 2013). Through use
of a rigorously validated 1L21 reporter mouse, we describe a distinct naturally activated
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population in which IL21 is functionally expressed and found in surprisingly high
frequencies in the thymus and periphery of mice shortly after birth and without deliberate
immune challenge.

Transcriptomic analyses provided a glimpse into lineage bifurcations that are established at
an early age without immune challenge. Whole transcriptome comparisons of naive,
activated IL21™ and 1L21* nTw21 splenic cells with published data from purified early and
mature Try, GC Tgy and Tyl cell populations induced after viral infection clearly
established that nT21 cells were uniquely correlated with early and mature Tgy and GC
Ten and antithetically to Tyl cells. In contrast, the IL21~ activated population not only
correlated highly with prototypic Tyl but also showed transcriptional evidence for
alternative naturally-activated populations, including nTreg, NKT, and CCR9* Ty cells.

nTw21 cells stood out in their high expression of an assemblage of markers and cytokines
prototypic of Tgy and their low expression of genes, including Pram1, indicative of
alternative lineages. A Tgy-like ontogeny was further supported by transcription factors
typical of Tgy that were specifically increased in nTy21 cells, including Ascl2, Tox2, Fosb,
PouZafl, Egr2, Mafand E2f2 and Bcl6. However, some Tgy-associated transcription factors,
including Lefl, /fr4, Batf, were unchanged or minimally discriminated nTy21 from
activated 1L21" cells. Moreover, the expression patterns of FoxOZ1 and FoxP3, that are
considered to act early on to repress antigen-induced Ty cells by negative regulation of
BCL6 and IL21, respectively (Stone et al., 2015; Wang et al., 2014; Weber et al., 2015),
were not consistent with their repression of nT21 development or IL21 expression. We
suggest that nT{21 is an early stage in Tgy ontology that is distinguished from alternative
naturally activated populations by much of the transcriptional machinery that specifies
prototypical Tgy cells.

nTw21 being an early stage of Ty ontology is further supported by gene knockout studies.
According to concepts based on immunization paradigms in adult mice, Tgy programming
is initiated by encounter with antigen-presenting DC. This pre-Tgy stage is characterized by
the upregulation of BCL6 and cell surface expression of ICOS and CXCR5 without
expression of IL21 (Akiba et al., 2005; Barnett et al., 2014; Choi et al., 2011; Crotty, 2014;
Goenka et al., 2011). Similar to previously described pre-Tgy, we found that nT21 cell
development is largely dependent on BCL6 and is unimpaired in B cell-deficient mice.
However, nTH21 cells differed in that ICOS and CXCR5 were not required for 1L21
expression. A genetic deficiency in ICOS resulted in a 50% reduction in nT21 but not
lower 1L21 expression. A deficiency in CXCRS5, in contrast, lowered IL21 expression but did
not affect the overall frequencies of nTH21 cells. Thus, programming of nTH21 cells likely
initiates when naive cells are first activated by DC and receive early inductive signals from
BCL6 and to a lesser extent ICOS. This results in nTy21 cells expressing 1L21 independent
of ICOS or CXCRS5 signals but with heightened expression in those that have matured to
CXCR5* pre-Tgy cells.

Our study of mice lacking IFNZ1, I1L10, IL6 and 1L21 signals is also consistent with Tgy-
relatedness of nTw21 cells while also documenting the tonic effects of these cytokines in
young naive mice. IFN1 signaling in DC stimulates Ty (Cucak et al., 2009) although IFN1
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represses Tgy cells and 1L21 expression after viral infections (Nakayamada et al., 2014; Ray
etal., 2014). We found that tonic IFN1 supports nT21 which may suggest its role in DC
conditioning. We also found that nT421 cells are suppressed by IL10, which is in agreement
with its suppression of Ty (Cai et al., 2012). I1L6 supports prototypical Tgy cells throughout
their development and maturation and acts synergistically for IL21 at later stages (Eto et al.,
2011). Consistent with synergy of IL6 and IL21, we found that a double deficiency in IL21R
and IL6 substantially lowered the frequencies of nT{21 cells. Moreover, the fact that an
IL21R deficiency reduced thymic and peripheral nT21 cells provides strong evidence that
IL21 is secreted and functionally consequential in both anatomical locations. Whether IL21
supports nTH21 directly through autocrine feedback (Nurieva et al., 2007) or by paracrine
effects on DC and other APC, even during thymic development, remains to be determined.

In which sites do nTw21 cells originate? Our results are consistent with both thymic and
peripheral origins in a similar manner to that described for naturally-activated FOXP3 Treg
cells. Natural Treg can arise as a direct result of thymic selection (referred to as thymic
Treg and most recently as tripleM FoxP3 Treg) or by the induction of naive cells in the
periphery (pTrec) (Wyss et al., 2016; Yadav et al., 2013). It is quite unlikely that thymic
nTw21 derive from the peripheral pool because thymic nTy21 cells rarely exceed 0.4% of
CD4* CD8™ thymocytes despite 5- to 10-fold higher frequencies in the periphery that accrue
as normal mice age and 100-fold higher frequencies in FoxP3-deficient mice. Moreover,
nTH21 adoptively transferred into the periphery of T cell-deficient mice do not access thymi
despite having appreciable peripheral frequencies (data not shown). Conversely, peripheral
nTyH21 cells were found in normal frequencies in neonatally thymectomized mice (data not
shown). Moreover, we found that peripheral nT21 cells are greatly reduced by antibiotic
treatment while thymic frequencies were not affected. Our results are thus consistent with
thymic and peripheral origins of nT21 cells with the former being insulated from
peripheral stimuli until they merge with those induced in the periphery.

The diametrically opposed effects of AIRE provide further insights into differential modes
of thymic and peripheral nT{21 cell induction. Recent findings showed that AIRE channels
a significant fraction of most highly self-reactive T cell clones that escape negative thymic
selection into a Treg lineage (Kieback et al., 2016; Malchow et al., 2016; Malhotra and
Jenkins, 2016). Similarly, we found that thymic development of nT21 is dependent on
AIRE in a dose-dependent manner. Our results thus support an integral role for AIRE-
dependent self-antigens in the positive thymic selection of nT21, similarly to that described
for thymic nTreg cells.

In contrast, we found that mice deficient in AIRE had substantial increases in peripheral
nTH21 cells despite their reduction in the thymus. A deficiency in AIRE mistakenly diverts
highly self-reactive thymocytes from Trgg cells to aggressive self-reactive conventional T
cells that “go rogue” upon escape into the periphery (Kieback et al., 2016; Malchow et al.,
2016; Malhotra and Jenkins, 2016). Still to be determined is whether this increase can be
attributed to the selective peripheral expansion of already activated nTy21 cells surviving
thymic selection or by naive self-reactive thymic emigrants freshly activated on encounter
with new antigens and/or microbial cues in the periphery.
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Other features shared by nT21 and nTreg cells are their emergence in early post-natal life
in frequencies that exceed other naturally activated thymic and peripheral CD4* T cell
populations. Consistent with positive selection and activation by strong avidity TCR/self-
p/MHC signals, thymic nTy21 and nTreg cells both express high levels of Nur77 and are
heavily dependent on AIRE. TCR transgenic mice have been instrumental in establishing the
importance of strong TCR/self-p/MHC reactivity in the preferential positive selection of
Treg cells (Hsieh et al., 2004; Kieback et al., 2016; Malchow et al., 2016). In a similar
manner, the marked elevations of thymic and peripheral nT21 cells that we found in KRN
TCR transgenic K/BXN mice, whose development of pathogenic Tgy is strictly dependent
on the NOD H297 MHC, suggests that an alternative outcome of selection for strong TCR/
self-p/MHC reactivity is the enhanced positive selection of potentially dangerous nT21
cells. We also found that the absence of FoxP3 results in substantial increases in peripheral
nTw21, findings consistent with reports showing that IL21* T cells are increased in scurfy
mice (Iwamoto et al., 2014; Wing et al., 2014). Thus, nTy21 and nTreg cells may develop
self-reactivity through similar selection processes and at comparable frequencies but with
opposing regulatory and autoimmune capabilities.

Our identification of nT21 cells that arise in neonatal life may shed light on the origins of
Trn and related IL21-expressing extrafollicular T cell populations that contribute to
autoimmune diseases. A feature shared by Aire™~, Foxp3™~and K/BxN mice is substantial
increases in activated peripheral IL217 CD4 T cells. Among these IL21* populations, the
largest increase was consistently seen in nTw21 rather than mature Tgy. This points to the
probable importance of nT21 as the stage at which failure to control self-reactivity leads to
the development of autoimmune disease. Thus, failure to limit the activation, expansion and
further maturation of this intrinsically self-reactive population may underlie autoimmune
disorders in which 1L21, Ty and autoantibodies are important pathogenic drivers.

EXPERIMENTAL PROCEDURES

Generation of IL21-VFP reporter mice

Mice

The bicistronic 1L21-VFP knock-in allele (//21¢m1.1Hm) \was generated in C57BL/6N ES
cells by Ozgene Pty. Ltd. (Bentley WA) under the direction of HCM part of a contract with
NIAID, NIH. Both hemizygous and homozygous /L21-VFP mice were used with zygosity
consistent within each experiment. B6.1L21-VFP mice are available on request (D.C.R.,
H.C.M.) See Supplemental Experimental Procedures for reporter design and genotyping
information.

All mouse work was conducted according to national guidelines and approved by the
Institutional Animal Care and Use Committee of The Jackson Laboratory (AUS 01022). All
animals were maintained in a specific pathogen-free mouse colony and experiments were
performed using C57BL/6-background mice except where otherwise indicated. Experiments
involving the IL21-VFP reporter were either hemizygous and homozygous for /L21-VFP
with zygosity consistent within each experiment. Cohorts were age matched within one wk
of age with similar numbers of male and female mice in each experiment unless otherwise
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noted. Ages of mice were between two and thirteen weeks of age. Details on the mouse
strains, crosses, genotyping and breeding are described in Supplemental Experimental
Procedures.

Flow Cytometry

Analytical flow cytometry was performed by established procedures after FMO gating of
viable cells (McPhee et al., 2013) using antibodies listed in Supplemental Experimental
Procedures. Samples were run on a four-laser/13-color BD LSRII cytometer (BD
Biosciences) and analyzed with FlowJo software version 8 or 9 (Tree Star). For spectral
discrimination of VFP and GFP, a 510/20 filter was used in combination with the 505LP
filter for detection of GFP in the FITC channel, and a 542/27 filter was used in combination
with a 525L filter for detection of VFP/YFP in the PE channel. In each experiment,
compensation and gating were based on cells single positive for GFP or VFP.

T Cell Purification

RNAseq

For RNAseq splenic CD4* T cells were isolated using Milltenyi streptavidin microbeads
(Milltenyil; BD Bioscience) coupled with CD11b, CD11c, B220 and CD8 antibodies
followed by a pass through the autoMACS pro separator (Milltenyi) according to the
manufacturer’s protocols. Isolation of N, ACT and nTH21 cells for RNAseq was then
performed by FACS based on VFP, anti-CD4 and anti-ICOS detection using a FACSAria
(BD Biosciences).

Total RNA from purified N, ACT and nTH21 spleen cell pools were extracted with Qiagen
RNeasy Mini Kits (Qiagen, Hilden, Germany). Poly-A-enriched mRNA was reverse
transcribed and amplified using the NUGEN Ovation Kit (NUGEN, San Carlos, CA, USA).
Paired-end cDNA was sequenced with an lllumina MiSeq at 106 base pair length (Illumina,
San Diego, CA, USA). Reads were checked with FASTX-Toolkit (http://hannonlab.cshl.edu/
fastx_toolkit), trimmed with Trimmomatic, and aligned to the GRCm38.73 assembly
transcriptome with Bowtie. Transcript expression levels were estimated in transcripts per
million (TPM) using RSEM (Li and Dewey, 2011). Differential expression analysis across
the sorted populations was conducted with EBSeq (Leng et al., 2013). Detailed analytical
procedures are described in Supplemental Experimental Procedures

Immunization and cell culture

Mice were immunized intraperitoneally with 200uL Dinitrophenyl conjugated keyhole
limpet hemocyanin (DNP-KLH) emulsified in complete Freund’s adjuvant and analyzed 7-
11 days after immunization. For in vitro stimulation, total splenocytes from naive B6.1L21-
VFP mice depleted of red blood cells by exposure to ACK buffer were cultured in 6 well
plates with 5 ug/ml of anti-CD3 and 1 pg/ml of anti-CD28 for 24 or 36hrs in 5% FBS-
supplemented DMEM. Cells were then stained and sorted for being CD4*VFP~ and
CD4*VFP™. Gene expression analysis by RT-gPCR and serum cytokine analysis after in
vitro stimulation are described in Supplemental Experimental Procedures.
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Immunohistochemistry

Detailed protocols and reagents are described in Supplemental Experimental Procedures.

Statistical analyses

Statistical analyses were performed in GraphPad Prism v6 using non-parametric tests that do
not assume a normal distribution. The Mann-Whitney U test was used for two-way
comparisons and Kruskal-Wallis was used for multigroup comparisons. “n” refers to the
number of individual mice sampled per cohort with Mean + SD indicated. Comparisons of p
< 0.05 were considered to be significant. All experiments were repeated at least twice to
ensure reproducibility and reliable interpretations. RNAseq analysis is described under
“RNAseq” and Supplemental Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure_ 1. IL21-expressing CD4 T cells are the major population of activated CD4 T cells that
arises in young naive mice

(A) Example FACS plots of splenic VFP* CD4* T cells from 2 and 4 wk old naive 1L21-
VFP and reporter-negative control mice (B6:n=5; 2 wk:n=10; 4 wk: n=11). (B) Summary of
splenic and PBL VFP* CD4 T cell frequencies from naive IL21-VFP mice of indicated ages.
Increase over time is significant by P <0.02 (Kruskal-Wallis) (B6:n=5; 4wk:n=10,12;
10wk:n=13,14; 13wk: n=9,15) (C) Representative analyses of CD44, ICOS, CXCR5 and
PD1 expression by VFP* splenic CD4" T cells from 4 wk old naive IL21-VFP mice (n=15).
(D) Left: Representative MFI of VFP in CD4 T cells based on ICOS and CXCR5
expression. Right: combined data (n=11). (E) Left: Representative FACS plots comparing
reporter expression of CD4 T cells from splenocytes of 4 to 6 wk old 1L21-VFP, IL17-GFP,
IL10-GFP, IFNy-YFP and FoxP3-GFP heterozygous reporter mice on a B6 background.
Right: Summarized percentages of reporter-positive CD4 T cells (circle) and gated as
CD44Ni (triangle) (B6:n=4; IFNy:n=7; IL10:n=8; IL17:n=4; IL21:n=7; FoxP3:n=6). n,
number of mice/cohort. Representative of at least four independent experiments. ** P <0.01,
*** P<0.001; *** P <0.0001; n.s, not significant. Mean £ SD is indicated. See also Figure
S1and S2.
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Figure 2. Cellular, chemokine and cytokine requirements of 1L21* CD4 T cells
(A) FACS plots of VFP*CD4 T cells in PBL from 4 wk old WT, /ghm™~, Cxcr57~ and

Jcos™~ 1L21-VFP mice. Also shows co-expression of CD44, ICOS, CXCR5 and PD1
(n=12). (B) Frequencies of VFP*CD4 T cells in PBL from /ghm™", Cxcr5™~, and Icos™~
and WT IL21- VFP mice (n=12). (C) MFI of VFP by CD4* T cells; pooled data from PBL
of 4 wk old /ghm™~ (h=13), WT (n=28) Cxcr5”/~ (n=12), and Icos™~ (n=8) 1L21-VFP mice.
(D) Frequencies of VFP* CD4 T cells in 5-6 wk old WT (n=14), /107~ IL21-VFP (n=8)
and /fnar”~ IL21-VFP mice. (E) Frequencies of VFP* CD4 T cells in 4-6 wk old WT
(n=15), //67~ 1L21-VFP (n=9), //21r”~ IL21-VFP (n=5) and /67~ 1/21r7~ (n=4) IL21-VFP
mice. Representative of two to four independent experiments. * P <0.05; ** P <0.01; ***
P<0.001; n.s, not significant. Mean + SD is indicated.
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Figure 3. RNAseg-based transcriptomic analysis of natural CD4 T cell populations
(A) Comparisons of RNAseq profiles of N (CD4* VFP~ ICOS!® CD447), ACT (CD4*

VFP~ICOSN CD44%) and nT21 (CD4* VFP* ICOSM/INt CD44+) populations with
microarray-based datasets with. Top: naive, Thl, Ty and GC Tgy 8 days after an infection
with LCMV (Yusuf et al., 2010). Bottom: RNAseq datasets of early Tgy (IL-2Ra™ Blimpl™
CXCR5* PD1!9) and early Tyl (IL-2Ra. *Blimp1*CXCR5") cells isolated 3 days after
LCMV infection (Choi et al., 2015). (B) Heat map of the 471 genes that best discriminate N,
ACT and nT21 with representative KEGG and GO BP functional enrichments (P<1 x 106
and 1x1078, respectively. (C) Scatterplot of the Logs difference between each ACT sample
and the N sample with the most discriminating N, ACT, and nT{21 genes colored.
Reference genes are indicated. (D) Expression patterns of N, ACT and nTy21 for selected
Trn-associated genes. Data are shown as % representation of each transcript in the specified
population. *, Selectively enriched in nT21; and #, transcripts significantly different at
<0.05 by nTH21 in comparison to N and ACT. (E) Expression patterns of genes of interest
for TH1, TH2, NKT and Treg. See also Figure S3, Table S1, Table S2 and Table S3.
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Figure 4. IL6/1L21/BCL6-dependent nT21 cells are a major natural T-helper population to
develop in the neonatal thymus

(A) Representative thymic and splenic VFP expression patterns of CD4*8~ T cells from
naive 1L21-VFP mice at varied ages. (B) Combined thymus data from A (see figure 1A for
spleen) (B6:n=5; 2d:n=6; 2wk:n=10; 4wk:n=5) (C) Expression of ICOS, CD44, CD5 and
CD3 by splenic and thymic nTy21 (VFP* CD4*) from 6 wk old mice (n=6). (D)
Comparisons of thymic nT21 frequencies from WT, //67~, 1/21r”~and //67~1/21r”~ IL21-
VFP mice (n=4). (E) 4-6 wk old heterozygous reporter mice were analyzed for thymic
levels of IFNy-YFP (n=6), IL10-GFP (n=5), IL17-GFP (n=5), IL21-VFP (n=6) and FoxP3-
GFP (n=3). Total percentages of reporter-positive CD4*8~ T cells and of those that are also
CD44™ are shown. Statistics shown are comparing the CD44" subsets. (F) Frequency
comparisons of thymic and splenic nTH21 cells (VFPT CD4%87) from I1L21-VFP
heterozygous CD4-Cre* Bcl6™"", CD4-Cre™ Bel6™f and Bcl6 WT mice at indicated ages
(n=7-10). Representative of at least two independent experiments. * P <0.05, ** P <0.01,
**** P<(0.0001; n.s, not significant. Mean + SD is indicated. See also Figure S4.
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Figure 5. Thymic but not peripheral nTH21 cells require AIRE and express high levels of Nur77
(A-B) Thymic and splenic VFP* CD4* T cell frequencies in 7 wk old WT (n=12), Ajre*/~

(n=4) and Aire™~ (n=7) IL21-VFP mice. (C) Effect of Aire copy number on frequencies of
CD44* splenic VFP* CD4* T cells (WT:n=11; Aire™~:n=4; Aire’=:n=T). (D) Splenic Ty
sources (CXCR5!° PD1™ nT21; CXCR5M PD1™ pre-Try; CXCR5M PD1* full Tgy) in WT

(n=7), Aire*’~ (n=4), Aire™’~ (h=4) IL21-VFP mice. (E) Histograms of Nur77-GFP
expression by thymic and splenic VFP*, CD25* and naive CD4* T cells (n=5). (F)

Summary data from E. Representative of at least three independent experiments.* P <0.05,
** P <0.01, *** P <0.001, **** P<0.0001; n.s, not significant. Mean = SD is indicated.
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Figure 6. FoxP3 and depletion of gut microbiota restrict the expansion and maturation of
peripheral but not thymic nT21 cells

(A) (Left); Representative plots of VFP* gated splenic T cells from 4 wk old Foxp3~ (h=5)
and WT (n=4) IL21-VFP male mice. (Right); Summary data showing 2 and 4 wks. (B)
VFP* CD4* T cells from A at 2 weeks further distinguished as nTy21, pre-Tgn or full Tey
cells (VFP:n=7; FoxP3.n=5). (C) Effects of FoxP3-deficiency on frequencies of activated
CD44* splenic VFP* CD4™ T cells (VFP:n=4; FoxP3n=5). (D) Analysis of thymic VFP*
CD4*8™ T cells from 4 wk old Foxp3~ (n=4) and WT (n=5) 1L21-VFP male mice. (E)
Levels of fecal bacterial DNA detected by 16s RNA pyrosequencing from IL21-VFP mice
untreated or treated for 4 wks with ampicillin/sulfatrim (n=6). (F) Analyses of splenic
(n=13-14) and (G) thymic VFP* CD4" T cells (n=4) from antibiotic-treated and untreated
mice. Representative of at least two independent experiments. * P <0.05, ** P <0.01, ****
P<0.0001; n.s, not significant. Mean £ SD is indicated.
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Figure 7. Thymic and peripheral nT{21 develop in unusually high frequencies in the 1L21-
dependent K/BXN model of autoimmune arthritis

(A) Analysis of VFP* CD4* T cells from mesenteric lymph nodes (B6:n=2; K/BxN:n=9)
and spleens (B6:n=4; K/BxN:n=13) of 10 wk old B6 IL21-VFP and K/BXN IL21-VFP
mice. (B) Percentages of VFP* CD44Mi splenic CD4* T cells of B6 (n=4) and K/BxN (n=9)
IL21-VFP mice. (C) VFP* CD4 T cells further distinguished as nTw21, pre-Tgy or full Tey
cells (n=9). (D) MFI of VFP expression by CD4* T cells from C. (E) Comparison of CD4*
VFP* T cells from K/BxN (n=14), antibiotic treated K/BxN (n=7) and B6 (n=7) IL21-VFP
mice. Analysis of VFP* CD4" T cells from (F & G) thymi and (H) spleens of 6 wk old
BXN (n=6) and K/BXN (n=8) IL21-VFP mice. Representative of at least two independent
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experiments. *** P <0.001, **** P<0.0001; n.s, not significant. Mean £ SD is indicated.
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