1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

fg)%
S

O

R HE

,NS

N4

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
J Immunol. 2014 July 15; 193(2): 673-687. doi:10.4049/jimmunol.1302058.

Innate PLZF+* CD4+ ap T cells develop and expand in the absence
of Itk?

Amanda L. Prince’, Levi B. Watkin", Catherine C. Yin", Liisa K. Selin*, Joonsoo Kang",
Pamela L. Schwartzberg™, and Leslie J. Berg™$

"Dept. of Pathology, University of Massachusetts Medical School, Worcester, MA USA 01655
“National Human Genome Research Institute, NIH, Bethesda, MD USA 20814

Abstract

T cell development in the thymus produces multiple lineages of cells, including innate T cells.
Studies in mice harboring alterations in TCR signaling proteins or transcriptional regulators have
revealed an expanded population of CD4" innate T cells in the thymus that produce IL-4 and
express the transcription factor PLZF. In these mice, IL-4 produced by the CD4* PLZF* T cell
population leads to the conversion of conventional CD8* thymocytes into innate CD8* T cells
resembling memory T cells expressing Eomesodermin. The expression of PLZF, the signature
iNKT cell transcription factor, in these innate CD4* T cells suggests that they might be a subset of
af or y§ TCR* NKT cells or MAIT cells. To address these possibilities, we characterized the
CD4* PLZF* innate T cells in itk’- mice. We show that itk’- innate PLZF* CD4* T cells are not
CD1d-dependent NKT cells, MR1-dependent MAIT cells, nor v& T cells. Further, although the
itk’- innate PLZF* CD4* T cells express aff TCRs, neither p2m-dependent MHC class | nor any
MHC class 1l molecules are required for their development. In contrast to iNKT cells and MAIT
cells, this population has a highly diverse TCRa chain repertoire. Analysis of peripheral tissues
indicates that itk”" innate PLZF* CD4* T cells preferentially home to spleen and mesenteric lymph
nodes due to increased expression of gut-homing receptors, and that their expansion is regulated
by commensal gut flora. These data support the conclusion that itk”" innate PLZF* CD4* T cells
are a novel subset of innate T cells.

Introduction

The mature immune system is comprised of multiple lineages of T lymphocytes.
Conventional CD4* and CD8* T cells, the majority populations, develop in the thymus as
naive cells with TCRs specific for classical MHC class Il or MHC class | molecules,
respectively. In addition to these conventional T cell lineages, several subsets of T cells
develop in the thymus with pre-programmed effector functions, including the ability to
rapidly secrete cytokines and to home to specific extrathymic lymphoid or non-lymphoid
organs (1, 2). This latter group of T cells, collectively referred to as innate T cells, includes
TCRaf* T cells such as iNKT cells, mucosal-associated invariant T (MAIT) cells, and H2-
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M3-specific T cells, as well as several lineages of TCRy8* T cells (1, 2). For several of these
subsets, their specific effector functions and homing properties are correlated with the
expression of an invariant, or nearly invariant TCR sequence (3, 4). An additional common
element is that many of these cell types express TCRs that are specific for nonclassical
MHC class Ib molecules, rather than for classical MHC class la or class Il molecules (5-7).

Molecular analysis of several innate T cell lineages has identified key transcription factors
that regulate the signature functions of each cell subset. One such transcription factor is
promyelocytic leukemia zinc finger, (PLZF, also known as zbtb16). PLZF is expressed in
iNKT cells, human peripheral MAIT cells, and Vy1.1/V86.3* NKT cells (8-15), and PLZF
confers dual IFNy plus IL-4 secreting capabilities on the cells, along with a preference to
emigrate from the thymus to non-lymphoid tissues. In the two subsets of NKT cells (af§
TCR* and v§ TCR™), PLZF is first detected in immature thymic subsets expressing the
invariant TCRs, and is then down-regulated as the T cells mature (8, 9, 12). A second shared
feature of these cells is their dependence on the SLAM family receptor adapter protein,
SAP; in SAP-deficient mice, PLZF-expressing aff and y8 NKT cells fail to develop and/or
accumulate to normal numbers (15-18).

Expanded populations of innate PLZF-expressing CD4* T cells have also been found in
several lines of genetically-modified mice. For instance, mice expressing MHC class Il
molecules on their thymocytes have a predominant subset of innate CD4* T cells, known as
T-CD4 cells, that co-express IFNy and IL-4 when stimulated (19). In addition, kif2"", id3"",
SLP76 (Y145F), and itk”’- mice all have increased numbers of PLZF-expressing innate
CD4™* T cells that are responsible for inducing thymic CD8* T cells to develop as innate T
cells expressing the T-box transcription factor, Eomesodermin (Eomes) (20-22). In several
of these cases, studies have shown that these expanded PLZF* CD4* thymic populations are
eliminated in mice also lacking SAP (21, 23), suggesting an important role for homotypic
thymocyte-thymocyte interactions.

To date, a detailed characterization of the CD4* PLZF* T cell populations arising in itk”’", as
well as the other lines of mice sharing this phenotype, is lacking. Here we show that these
cells are not CD1d-specific iNKT cells, nor are they cells specific for the nonclassical MHC
class I molecule, MR1. We also demonstrate that the itk/- CD4* PLZF* cells are not
dependent on classical MHC class | or MHC class 11 molecules, nor are they a lineage-
confused population of v8 T cells. Instead, we find that these cells develop independently of
2m and MHC class 1l molecules, have high expression of gut-homing receptors,
preferentially migrate from the thymus to the spleen and mesenteric lymph nodes (mLN),
and are dependent on commensal gut flora for their expansion. These data identify a novel
population of innate CD4* T cells with striking similarities to human PLZF* T-CD4 and
MAIT cells.

Materials and Methods

Mice

Wild-type (WT) C57BI/6 mice were purchased from either Taconic Farms, Inc. (Hudson,
NY), Jackson Laboratories (Bar Harbor, ME), or Charles River Laboratories International,
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Inc. (Wilmington, MA). itk”’- mice were previously described (24-26) and housed at the
University of Massachusetts Medical School in accordance with the institutional animal care
and use committee (IACUC) and in a specific-pathogen free environment. IL-4 reporter
(4get) mice (27) were a gift from Markus Mohrs (Trudeau Institute, Saranac Lake, NY) and
were crossed to itk”" at the University of Massachusetts Medical School. cd1d”- mice were a
gift from the laboratory of Raymond Welsh and were crossed to ik’ mice at the University
of Massachusetts Medical School. mr17- and il-157- mice were a gift from Joonsoo Kang
and were also crossed to itk”’- mice at the University of Massachusetts Medical School.
H2dIAb1-Ea mice were purchased from Jackson Laboratories (Bar Harbor, ME) and were
crossed to itk at the University of Massachusetts Medical School. itk”" g2m- mice were a
kind gift from Pamela Schwartzberg (National Institute of Health). itk”’~ A2m’- were crossed
to itk”- H2dIAb1-Ea mice at the University of Massachusetts Medical School. p2m/H2-ab1/"
were purchased from Taconic Farms, Inc. (Hudson, NY). tcrd”- were a gift from the
laboratory of Raymond Welsh and were crossed to itk”~ mice at the University of
Massachusetts Medical School as previously described (11). Mice were between the ages of
3-12 weeks at the time of experiment.

Antibiotic Treatment

In order to examine the role of commensal gut flora in the expansion of itk’- innate PLZF*
CD4* T cells, we provided WT and Itk-deficient mice with a strong course of antibiotics via
drinking water from birth until the time of the experiment. This antibiotic cocktail consisted
of ampicillin (1 g/L, A9518), neomycin (1 g/L, N6386), metronidazole (1g/L, M3761)
(Sigma-Aldrich, St. Louis, MO), vancomycin (0.5 g/L, V870) (PhytoTechnology
Laboratories, Shawnee Mission, KS), and the sweetener Equal (5 g/L). This antibody
cocktail has previously been described to abrogate commensal gut flora in mice (28, 29).

Cell Preparation

Thymus, spleen, peripheral lymph nodes (pLN: including cervical, axillary, brachial and
inguinal), mesenteric lymph nodes (mLN), liver and small intestine were harvested from
mice and stored in RPMI (Gibco by Invitrogen, Grand Island, New York) supplemented
with fetal bovine serum (FBS), L-glutamine, penicillin, streptomycin, -mercaptoethanol,
and Hepes (RPMI-10). Thymi were processed using forceps and frosted microscope slides.
Spleen, pLN, and mLN were processed using only frosted microscrope slides. Thymus,
spleen, pLN, and mLN were lysed with red blood cell (RBC) lysis buffer prior to single cell
suspension with RPMI-10. Before harvesting, livers were perfused with 5 mL ice-cold 1X
phosphate buffered saline (PBS). Livers were processed by cutting with a razor blade prior
to suspending in 0.05% collagenase. After liver tissue was dissolved, red blood cells were
lysed prior to suspending the cells in a discontinuous 40/70% Percoll gradient to isolate
lymphocytes. A single cell suspension was made from the lymphocytes after the Percoll
gradient was performed. Intestinal intraepithelial lymphocytes (ilELSs) were isolated by
removing fecal matter and Peyer's patches from the small intestine prior to shaking in media.
Cell suspensions were filtered prior to suspending cells in a discontinuous 40/70% Percoll
gradient. Single cell suspensions of the ilELs were made after the gradient was performed.
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Cell Stimulation

Thymocytes from WT or itk”~ mice were plated at 106-107 cells per well prior to stimulating
with phorbol myristate acetate (PMA, 10 ng/mL) (Sigma-Aldrich, St. Louis, MO) and
ionomycin (1 pg/mL) (Sigma-Aldrich, St. Louis, MO) for six hours at 37°C in the presence
of brefeldin A (BD Biosciences, San Jose, CA) and monensin (BD Biosciences, San Jose,
CA).

Extracellular/Intracellular Staining

Cells were plated at 106-107 cells per well prior to washing with fluorescence-activated cell
sorting (FACS) buffer (1X PBS supplemented with 2% FBS). Fc receptors were blocked
using supernatant from 2.4G2 hybridomas grown in the lab prior to staining with the CD1d
tetramer loaded with PBS57 (a gift from the NIH). Cells were stained with various
combinations of the cell surface antibodies (BD Pharmingen, San Jose, CA, and
eBioscience, San Diego, CA) against CD4 (RM4-5), CD8 (53-6.7 or 5H10), TCRp
(H57-597), TCR& (GL3), Heat-shock antigen (HSA, CD24) (30-F1 or M1/69), CD44 (IM7),
CD62L (MEL-14), CD127 (IL-7Ra) (A7R34 or SB/199), CD124 (IL-4Ra) (mIL4AR-M1),
CD122 (IL-2Rp) (5H4 or TM-B1), CXCR3 (CXCR3-173), a4f7 (DATK32), CD103 (2E7),
CCR6 (140706), Va2 (B20.1), Va3.2 (RR3-16), Va8.3 (B21.14), VB3 (KJ25), VB4 (KT4),
V6 (RR4-7), V7 (TR310), V8.3 (1B3.3), VB10b (B21.5), VP11 (RR3-15), and V14
(14-2). Cells were then permeabilized using either the eBioscience Foxp3/transcription
factor staining kit or BD Cytofix/Cytoperm according to the manufacturer's protocol prior to
staining with antibodies against the transcriptions factors, Eomesodermin (Danllmag,
eBioscience, San Diego, CA) and PLZF (D-9, Santa Cruz Biotechnology, Inc., Dallas, TX)
with an 1gG1 secondary (A85-1, BD Pharmingen, San Jose, CA), and the cytokines (BD
Pharmingen or eBioscience), IL-4 (BVD6-24G2) and IFNy (XMGL1.2)

SMART-RACE PCR

Thymocytes from itk”- mice expressing the IL-4 reporter (4get) were harvested and
processed as described above using DMEM supplemented with azide (0.1%), Hepes (10
mM), and FCS (2%) and ammonium-chloride-potassium lysis buffer to lyse red blood cells.
CD8™* thymocytes were depleted using Dynal beads (Invitrogen, Grand Island, NY) prior to
staining with CD1d tetramer, TCRp, CD4, CD8, HSA, and CD44. CD4SP CD1d-tetramer®d
TCRp* HSAlW CD44high GFp* thymocytes were sorted into TRIzol (Invitrogen, Grand
Island, NY) on a FACS Aria (Becton Dickinson, Dallas, TX). Afterwards, RNA was
isolated according to the manufacturer's protocol prior to converting to cDNA using the
SMART Race cDNA amplification kit from Clontech using a modified manufacturer's
protocol in which the provided PowerScript was replaced with Supercript Il (Invitrogen,
Grand Island, NY). To amplify the TCRa specific genes the Advantage2 system was used
according to manufacturer's protocol (Clontech, Mountain View, CA). For the 5’ forward
primer, the Universal Primer Mix from the SMART Race cDNA amplification kit was used.
To amplify the genes of interest a 3’ reverse primer specific to the TCRa region was used
and reported previously (30). The PCR amplification program used was provided in the
manufacturer's protocol. The resulting PCR product of appropriate size (~500-700 bp) was
gel purified using the NucleoSpin Extract 11 kit according to the manufacturer's protocol
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(Clontech, Mountain View, CA). The purified PCR product was ligated into pCR4 vector
from the TOPO TA cloning kit (Invitrogen, Grand Island, NY) according to the
manufacturer's protocol and transformed into DH5a E. coli from One Shot TOP10
chemically competent cells (Invitrogen, Grand Island, NY) using the manufacturer's
procedures. Colonies were selected and amplified overnight for sequencing. Amplified
colonies are preserved in 20% glycerol on dry ice and sent to Agencourt Bioscience
(Beverly, MA) for sequencing. The resulting sequences were aligned using Sequencher
software (Gene Codes Corporation, Ann Arbor, MI) and analyzed using IMGT/V-quest
(http://www.imgt.org) (31, 32).

CD1d-tetramer"®9 af T cells expressing IL-4 mRNA develop in the absence of

In the absence of ltk, the frequency and number of CD4* PLZF* thymocytes is substantially
increased (Figure 1A). When further examined based on surface expression of TCRpversus
TCRG, it is apparent that in WT, the vast majority of CD4* PLZF* thymocytes are ap T
cells, whereas in itk”~, there are nearly comparable proportions of aff and v8 T cells in this
population (Figure 1B). Interestingly, WT CD4* PLZF* TCRB* thymocytes are
predominantly iNKT cells, as they bind to CD1d/a-galcer tetramers (hereafter referred to as
‘CD1d-tetramers’) (Figure 1C); in contrast, only a modest proportion of itk/- CD4* PLZF*
TCRp* thymocytes are iNKT cells, indicating a significant increase in a non-iNKT cell
population in the absence of Itk (Figure 1C).

To first determine that PLZF* thymocytes were the sole producers of I1L-4 in both WT and
Itk-deficient mice, we stimulated WT and itk”- thymocytes ex vivo with PMA and
ionomycin. In agreement with previous studies involving aff iNKT cells (8, 9), we found
that only PLZF* thymocytes populations are able to produce IL-4 (Figure 2A). To further
determine if the novel population of itk/- CD4* PLZF* TCRB* thymocytes described in
Figure 1 was constitutively expressing IL-4 mRNA, we crossed itk”’~ mice to mice carrying a
GFP reporter in the IL-4 locus (27). In these IL-4 reporter mice, known as ‘4get’ mice, GFP
expression is a direct readout of 1L-4 mRNA production, and previous studies with T-CD4
cells demonstrate that GFP expression correlates with expression of PLZF (33). As shown in
Figure 2B-D, itk’~ thymocytes include an increased percentage of CD4* GFP™ cells
compared to WT. Further, among WT thymocytes, the vast majority of CD4* GFP™ cells are
TCRB*; in contrast, itk”~ thymocytes have substantial populations of both ap and v§ lineage
cells expressing CD4 and GFP, with about a 2:1 ratio between the two cell types (Figure
2C). Similar to the pattern seen for PLZF expression, analysis of CD4* GFP* TCRp*
thymocytes for binding to the CD1d-tetramer indicated that the majority of these cells in the
WT thymus are iNKT cells, whereas in itk’- mice iNKT cells represent only a modest
percentage of this GFP* population (Figure 2D). Thus, this novel population of itk’- CD4*
PLZF* TCRB* CD1d-tetramer™d thymocytes is also constitutively expressing IL-4 mRNA;
previous studies have determined that IL-4 contributes to the conversion of conventional af
T cells into innate-like T cells expressing the transcription factor, Eomes (20-22, 34).
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PLZF* CD1d-tetramer"®9 ap T cells home to the spleen and mesenteric lymph node

To determine the preferred site of residence of the PLZF* CD1d-tetramer™9 aff T cells
found in itk’- mice, we examined a variety of peripheral organs for the presence of these
cells. Upon examination of the peripheral lymph nodes (pLN: inguinal, auxiliary, brachial,
and cervical), spleen, mesenteric lymph nodes (mLN), intestinal intraepithelial lymphocytes
(ilELs), and liver, we found that PLZF* CD1d-tetramer™9 a3 T cells preferentially homed
to the spleen and mLN in itk”’~ mice (Figure 3). Although we did see a significant increase in
the frequency and cell number of PLZF* CD1d tetramer™9 ap T cells in the pLN of itk”"
versus WT mice, the numbers of these cells in the pLN were 10-100 fold less than the
numbers found in the spleen or mLN (Figure 3C). We also saw a significant increase in the
frequency and number of PLZF* CD1d-tetramer™8 o T cells in the liver of Itk-deficient
mice (Figure 3B), but as we saw in the pLN, the numbers of these cells were 100 fold less
than the numbers found in the spleen or mLN (Figure 3B, C). Interestingly, we also
observed a significant decrease in the frequency and numbers of PLZF* CD1d-tetramer9
af T cells in the ilEL compartment of itk”~ mice (Figure 3B-C). These data indicated that
itk PLZF* CD1d-tetramer™d af T cells were likely to be expressing adhesion/homing
molecules known to direct T cells to mucosal-associated tissues.

To address this issue, we examined the surface receptors expressed on itk’- CD4* PLZF*
CD1d-tetramer™d aff thymocytes, and compared these to WT conventional CD4SP
thymocytes and itk’- PLZF"®9 CD4SP thymocytes. We first observed that the itk”’- CD4*
PLZF* CD1d-tetramer™9 o8 thymocytes had an activated phenotype, as they expressed high
levels of CD44 and low levels of CD62L (Figure 4A). We also found increased IL-7Ra
(CD127) expression on CD4* PLZF* CD1d-tetramer™9 af3 thymocytes relative to WT or
itk PLZF"e9 CD4SP thymocytes (Figure 4A). This expression level of CD127 is similar to
that seen on iNKT cells (data not shown), suggesting that itk’” CD4* PLZF* CD1d-
tetramer®9 a8 T cells may be a type of non-canonical NKT cell.

Next, we examined the expression of the gut-homing receptors a4p7, CD103, and CCR6 on
itk/- CD4* PLZF* CD1d-tetramer™9 af T cells, and found that all three receptors were
elevated on these cells relative to WT or itk”’- PLZF€9 CD4SP thymocytes (Figure 4B).
However, we did observe substantial variability in the expression of these gut-homing
receptors between independent experiments. Specifically, we found that itk’- CD4* PLZF*
CD1d-tetramer"®9a thymocytes expressed a4p7 and CD103 in 67% of experiments (4 out
of 6), and CCR6 expression in 67% of experiments (2 out of 3). One possible explanation
for this variability is that, like MAIT cells (7), these itk”- CD4* PLZF* thymocytes might be
dependent on the commensal gut flora for their maintenance, and thus be subject to
variability of the microbial environment in different mice.

The possibility that itk”- CD4* PLZF* T cells might be influenced by environmental factors
led us to consider whether the size of this population might be correlated with the expression
of gut-homing receptors on these cells. To assess this possibility, we compared the total
percentage of itk CD4* PLZF* CD1d-tetramer™d a8 thymocytes with the percentage of
these cells expressing a4p7, CD103, or CCR6. As shown in Figure 4C, we found a
significant, positive correlation between the size of the itk”- CD4* PLZF* population and
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the proportion of these cells expressing a4$7 or CD103. No such correlation was observed
for CCR6. When we examined CD4* PLZF* thymocytes from WT mice, we found that only
CD103 expression correlated positively with an increase in the percentage of these cells
(Figure 4D). We did see an inverse correlation between the expression of CCR6 and the
abundance of CD4* PLZF* WT thymocytes, but this correlation was not significant (Figure
4D). This was of interest since aff INKT cells have recently been shown to increase in
number in the mesenteric lymph nodes of germ-free mice. This accumulation is thought to
occur to due to the regulation of CXCL16 by microbiota (35). Despite this increase in
receptors associated with gut-homing on itk’- CD4* PLZF* af T cells, we did not see an
overall increase of these cells in the ilEL (Figure 3). This may be due to a slight defect in
actin polymerization that has been previously described in Itk-deficient T cells that may
impede cell migration (36, 37). Additionally, Itk/CTLA4 DKO mice are defective in tissue-
homing, which prevents organ infiltration of autoreactive T cells (38). To determine if the
expression of the gut homing receptors a4f7, CD103, and CCR6 was specific to innate
PLZF* CD4* T cells, we examined the expression of these receptors on mature,
conventional WT and Itk-deficient thymocytes. We found that the presence of WT
conventional CD4SP thymocytes did not correlate with the expression of a4f7, CD103, and
CCRS. In itk”~ mice, the presence of conventional CD4SP thymocytes had only a slight
inverse, but insignificant, correlation (r2: 0.06-0.17) with the expression of a4p7 and CCR6
(data not shown). However, the expression of CD103 did inversely and significantly
correlates with the presence of itk conventional CD4SP thymocytes (2 = 0.4478, p =
0.0089, data not shown). This suggests that Itk may be involved either directly or indirectly
with the regulation of CD103 on conventional T cells. Overall, these data support the notion
that itk”- CD4* PLZF* thymocytes are influenced by environmental factors, most likely the
microbial flora in the gut, reinforcing the similarity of these cells to previously-described
subsets of innate cells, such as MAIT cells.

itk” innate PLZF* CD4* T cells have a diverse TCR repertoire

To date, the majority PLZF* innate T cell subsets each utilize a highly restricted TCR
repertoire. y6 NKT cells express a TCR composed of Vy1.1 paired with V86.3, INKT cells
express Val4/Ja18 paired with TCRf chain specificities, and MAIT cells express Va19/
Ja33 (3,4,7,11, 12, 39-41). Only T-CD4 cells have been described to have a diverse TCR
repertoire and express PLZF (42) To address whether itk’/- CD4* PLZF* T cells also
expressed a restricted TCR repertoire, we first stained thymocytes from WT and itk”’~ mice
with available Vp- and Va-specific antibodies. As shown, we found significant decreases in
VB14 and Va2 expression on itk’- CD4* PLZF* thymocytes relative to WT or itk”-
conventional PLZF"e9 CD4SP thymocytes (Figure 5). In contrast, the proportion of itk’-
CD4* PLZF* thymocytes expressing Va3.2 was significantly increased compared to the
expression of this Va segment among conventional CD4SP thymocytes. This slightly
skewed TCR repertoire did not appear to be a function of altered thymic selection due to the
ITK-deficiency per se, as the Va and Vf usage of itk’" PLZF®9 CD4SP thymocytes
mirrored that of WT cells in all cases. However, we were unable to definitively rule out the
possibility of alterations in thymic selection in the absence of Itk since innate PLZF*
CD4%af T cells expand; thus, this phenotype may be due to altered negative selection, since
PLZF* thymocytes require strong TCR signaling for expansion (43). To further determine if
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the itk”- PLZF* CDA4SP cells expressed an invariant TCR, we performed SMART-RACE
PCR followed by sequencing of mature (TCRB* HSAI®W) CD1d-tetramer™®d GFP* CD4SP
thymocytes from itk”’- mice expressing the IL-4 reporter (GFP*). Despite seeing minor
skewing in our Va and Vp staining, direct sequence analysis indicated that the repertoire of
itk’”- CD4SP 4get™ thymocytes was highly diverse (Table I). No individual Va-Ja
combination was present at a frequency greater than 5/48, and of these five that shared the
TRAV12D-1*01 F rearrangement, three different amino acid sequences were present at the
V-J junctions. Thus, we conclude that although itk’- CD4* PLZF* cells share features with
iNKT, v NKT, and MAIT cells, this subset of innate T cells has a diverse TCR repertoire,
similar to T-CD4 T cells (42, 44).

itk innate PLZF* CD4* T cells develop independently of MR1 and CD1d

As described, itk”" innate PLZF* CD4* T cells share a number of characteristics with iNKT
cells and MAIT cells. To determine whether these itk’- CD4* PLZF™ cells were, in fact, a
subset of MAIT cells or non-canonical NKT cells, we examined the impact of genetic
deficiencies in MR1 or CD1d, respectively, on the development of these cells. Although
mouse MAIT cells have not been found to express PLZF (10), these experiments were
performed in peripheral CD8* and DN Va19-Ja33 TCR transgenic cells. It's plausible that
Itk may be required for a maturation step in the development of mouse MAIT cells;
therefore, itk”- CD4* PLZF* cells may be developmentally arrested in a phase that is
normally rapid and transient in WT mice. However, in the absence of MR1, we observed no
change in the frequency or absolute numbers of itk’- CD4* PLZF* thymocytes relative to
that seen in mice lacking only Itk (Figure 6). Similarly, the absence of CD1d also had no
effect on the development of itk’- CD4* PLZF* T cells (Figure 7).

To determine whether itk’- CD4* PLZF* T cells might be selected on another nonclassical
MHC class Ib molecule, or on classical MHC class I, we crossed itk”’~ mice to mice lacking
all B2m expression. As can be seen in Supplemental Figure 1, itk”" &2m’" mice had
comparable numbers of CD4* PLZF* T cells in their thymus to the numbers in the itk”-
mice. These data indicate one of several possible conclusions. itk”" innate PLZF* CD4* T
cells may be dependent on a nonclassical MHC class | molecule that does not pair with 2m,
they may be dependent on MHC class 11, or finally, these cells may not require any MHC
ligand for their maturation, similar to v8 T cells.

Class Il MHC restricted cells regulate the expansion of itk”- innate PLZF* CD4* T cells

To address the possibility that itk”~ innate PLZF* CD4* T cells might require MHC class 11
molecules for their development and/or selection, we crossed itk’- mice to MHC class 11-
deficient mice. When the 1tk/MHC class 11 double-deficient mice were analyzed, we found
that the numbers of CD4* PLZF* CD1d-tetramer™®9 af T cells were reduced compared to
the numbers seen in the single Itk-deficient mice (Figure 8). However, in spite of the
reduced numbers, a clear population of CD4* PLZF* CD1d-tetramer®9 a3 thymocytes was
observed in itk’-/H2dAb1-Ea mice, These data indicate that MHC class 11 molecules are not
required for the development of itk/- CD4* PLZF* T cells, but may be necessary for their
expansion.
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MHC molecules regulate the development of CD4* PLZF* thymocytes

The absence of $2m or class I MHC did not prevent the development of itk”~ innate PLZF*
CDA4* T cells, a feature reminiscent of v& T cells. Thus, we reasoned that itk”~ innate PLZF*
CD4* T cells were either promiscuous in their recognition of MHC class I and Il molecules
or did not require MHC molecules for their development. Therefore, we crossed Itk/p2m
DKO mice to Itk/MHCII DKO mice to obtain mice deficient in Itk, f2m, and MHCII
(TKO). In these mice, we still detected the development of itk”’~ innate PLZF* CD4* cells,
although at a reduced frequency (Figure 9A-D). Interestingly, the total thymic cellularity of
TKO mice was significantly reduced when compared to WT, Itk KO, or $2m/MHCII DKO
mice (Figure 9E). This result suggests that SP thymocytes promote the expansion of
developing T cells in the absence of Itk and is consistent with our data demonstrating that
the conventional CD4™* T cell subset promotes the expansion of itk”" innate PLZF* CD4* T
cells.

Since itk”’" innate PLZF* CD4* T cells developed in the absence of f2m and MHCII, we
considered whether these cells might be*confused” dual-lineage ap/yd T cells that would
require the y5 TCR for their development. However, examination of itk’~ tcrd”- mice for the
presence of mature (TCRBNIN HSAIOW) CD4SP CD1d-tetramer™9 thymocytes demonstrated
no reduction in the frequency or number of itk”~ innate PLZF* CD4" cells between itk’" and
itk’" terd”- mice (Supplemental Figure 2).

IL-15 regulates the expansion of itk”" innate PLZF* CD4" cells in the periphery

IL-15 is an important cytokine required for the terminal maturation and maintenance of
iNKT cells, as well as the persistence of memory-phenotype conventional and innate CD8*
T cells. In addition, 1L-15 is an important regulator of aff and y8 ilELs (45, 46). As itk”-
innate PLZF* CD4" cells home to the mLN, we considered whether these cells might also
require 1L-15 for their maintenance. Whereas the absence of IL-15 had no effect on the
development of itk”- innate PLZF* CD4* cells in the thymus, we observed a significant
increase in the numbers of itk’" innate PLZF* CD4* cells in the spleen and mLN of mice
lacking IL-15 (Supplemental Figure 3). Thus, in the absence of IL-15, and all IL-15-
dependent lymphocyte subsets, itk”’- innate PLZF* CD4™ cells undergo enhanced expansion
in the periphery.

Commensal flora regulate the expansion of itk”" innate PLZF* CD4" cells

Although we found that itk”~ innate PLZF* CD4* cells were not dependent on MR1 for their
development, the variability in gut-homing receptor expression we observed (Figure 4)
suggested that these cells might require commensal gut flora for their peripheral
maintenance, a feature reminiscent of MAIT cells (7). Hence, we examined the influence of
antibiotics on the presence of itk’" innate PLZF* CD4* cells. The course of antibiotics
utilized in this study has previously been described to abrogate commensal gut flora in mice
(28, 29), and we began treating mice with the antibiotic cocktail from birth. Strikingly, we
found that Itk-deficient mice receiving antibiotic treatment had a significantly decreased
frequency and number of innate PLZF* CD4* cells in the thymus and mLN (Figure 10).
However, we did not find any significant differences in the spleen (data not shown). Thus,
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commensal gut flora appear to promote the expansion of itk’~ innate PLZF* CD4" cells in
the both the thymus and mLN.

To further determine the role of itk’" innate PLZF* CD4* in the development of Eomes*
innate-like CD4* and CD8™ T cells, we analyzed the presence of these subsets in WT or
itk mice treated with antibiotics. We found that overall thymic cellularity was similar
between mice untreated or treated with antibiotics (Supplemental Figure 4A); however,
there were diminished numbers of Eomes* innate-like CD4" and CD8™ T cells in antibiotic
treated itk”~ mice compared to untreated controls (Supplemental Figure 4C, E). While
antibiotic treatment influenced the expansion of itk”’~ innate PLZF* CD4* thymocytes, this
treatment did not affect CD4* TCR&* PLZF* thymocytes in itk’- mice (Supplemental Figure
4G). Intriguingly, antibiotic treatment did promote the expansion of itk’ iINKT cells
(Supplemental Figure 41), which suggests that these two subsets may compete for a thymic
niche during development in Itk-deficient mice. Alternatively, and most likely, microbiota
have recently been shown to regulate the expression of CXCL16; thus, in germ-free mice
upregulation of CXC16 promotes iNKT cell accumulation (35), a phenomenon that may also
be occurring upon antibiotic treatment of Itk-deficient mice. In the periphery, we did not see
statistically significant differences in Eomes* CD4* or CD8* T cells, v8 NKT cells, or iNKT
cells between itk”~ mice untreated or treated with antibiotics (Supplemental Figure 4D, F, H,
J); however, we did find a significant decrease in the overall cellularity of the mesenteric
lymph node (Supplemental Figure 4B). Thus, itk’" innate PLZF* CD4* T cells may promote
the overall expansion of additional innate cell subsets; however, the reduction in numbers of
itk’”” innate PLZF* CD4* T cells upon treatment with antibiotics may not fully abrogate the
expansion of these other innate cell subsets due to the continued presence of itk”’" v8 NKT
cells.

Discussion

Recent studies in a variety of genetically-modified mouse strains have revealed an expanded
population of IL-4-producing CD4* T cells. These cells express the transcription factor
PLZF, normally found in aff and vy NKT cells, as well as in human MAIT cells (8, 9, 11,
12, 14, 20, 21). Mouse lines exhibiting this large number of PLZF* innate T cells include
those lacking Itk, 1d3, KLF2, mice expressing a mutant form of SLP-76 that no longer
interacts with Itk (SLP-76(Y145F)), mice expressing a stabilized form of j-catenin, and
finally, mice expressing MHC class Il molecules on their thymocytes (20-22, 42, 47, 48).
One common feature shared by all of these cell types, those present in WT mice as well as
those found in the mutant lines described above, is their dependence on the SLAM-family
receptor signaling protein, SAP (16-18, 21). Additionally, we have found that itk”" innate
PLZF* CD4"* cells require SAP for their development (Prince et al, accompanying
manuscript), and when we further analyze this population between WT and SAP-deficient
mice, we see a significant decrease in CD4* PLZF* thymocytes (p < 0.0002 using a Mann-
Whitney t test). Thus, this CD4" PLZF* population described in Itk-deficient mice could be
a minute, but present, population in WT mice. Interestingly, SAP is not required for the
development of conventional naive CD4* or CD8* T cells (49, 50), indicating the itk”-
PLZF* T cells, along with all the others, are selected via a distinct pathway from
conventional aff T cells. Furthermore, the requirement for SAP suggests a role for

J Immunol. Author manuscript; available in PMC 2015 July 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Prince et al.

Page 11

homotypic interactions between thymocytes as a necessary component of this developmental
pathway. In the thymus, SAP is most highly expressed in CD4* CD8* thymocytes, as well
asin y8 T cells (www.immgen.org). Our data rule out an important role for v8 T cells in the
development and/or expansion of PLZF* T cells, at least in itk’- mice, pointing instead to a
likely role for SAP in afthymocytes that are the likely precursors to the CD4* PLZF* T
cells in these mice.

A second feature shared by iNKT, y8 NKT, and MAIT PLZF* T cell subsets is their
expression of a highly restricted, if not invariant, TCR repertoire. Additionally, while T-
CD4 cells have been shown to develop utilizing a Va2* VB8.2* transgenic TCR (T3 TCR),
these cells maintain a diverse TCR repertoire (33, 42). Similarly, we determined that itk”-
innate PLZF* CD4™ T cells also had a diverse TCR repertoire. Since itk innate PLZF*
CD4* T cells develop independently of MHC class la, class Ib, and MHC class 11 protein
expression, it is unlikely that they require a TCR ligand-dependent selection process.
Instead, their maturation may be more similar to that of adult 3T cells, which have been
proposed to require a functional TCR complex, but not necessarily a particular ligand
specificity, for their maturation and survival (51). Although itk’- innate PLZF* CD4* T cells
did not require a known MHC molecule for selection, we found that this cell type was highly
dependent on the presence of SP thymocytes for their expansion. In the T3 model system for
T-CD4 cells, this transgenic TCR is only efficiently selected upon thymocyte-thymocyte
interactions where the CIITA transgene is expressed (33). Our data further support the
crucial role of thymocyte-thymocyte interactions for the development of PLZF* T cells and
also suggest that interactions with SP thymocytes are critical for the expansion of PLZF-
expressing innate-like lymphocytes.

In our studies, we addressed whether the population of CD4* PLZF* T cells that expanded
in itk”- mice were one of the known subsets of PLZF* T cells found in WT mice. However,
elimination of all y8 T cells, all p2m-dependent MHC class | molecules, as well as the
specific selecting MHC ligands for iNKT cells and MAIT cells, had no impact on the
numbers of CD4* PLZF* T cells in itk’" mice. In addition, these cells were not dependent on
MHC class Il expression, ruling out their identity as conventional CD4* T cells that were
converted into innate cells. Together, these data indicate that itk”- CD4* PLZF* T cells are a
novel subset of innate T cells, and not one of the previously identified populations known to
express PLZF. While it is plausible that this is an artifact of the absence of Itk, it is striking
that a variety of genetically-modified mice have an increase in CD4* PLZF* T cells,
including kif2"-, id37-, SLP76(Y145F), and CIITA transgenic mice (20-22, 42, 48). Thus, it
seems unlikely that this is solely an artifact of the absence of Itk and may instead offer an
alternative model for examining the development of innate-like lymphocytes.

Although itk’- CD4* PLZF* T cells are not ap or v8 NKT cells, nor are they MR1-
dependent MAIT cells, this population shares individual features with each of these subsets.
Like all PLZF™ cells, those expanded in the itk”- mice are constitutively-expressing the IL-4
gene. Similar to v8 T cells, the itk’- CD4* PLZF* T cells do not require either MHC class |
or MHC class 1l molecules for their development and functional maturation. Further, like the
human MAIT cell population, itk’" CD4* PLZF* T cells generally express gut-homing
receptors, such as a4f7 and CD103, and preferentially home to mesenteric lymph nodes,
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rather than to other peripheral lymph nodes or to liver, an organ favored by aff and y8 NKT
cells. Interestingly, in spite of their increased numbers in the mesenteric lymph node, itk”"
CD4* PLZF* T cells are not found in the ilEL compartment. This latter feature may reflect
an inability of itk”’~ T cells to migrate in response to the appropriate chemokine signals that
direct WT cells into the ilEL tissue, a possibility that is consistent with recent studies
demonstrating that CTLA4-deficient mice are rescued from fatal lymphocyte infiltration into
tissues in the absence of Itk (38).

One final feature of itk’- CD4* PLZF* is the regulation of their expansion by commensal
gut flora. This data demonstrated that the numbers and phenotype of itk’- CD4* PLZF* T
cells are regulated in part by the gut microbial environment in each mouse. This feature,
shared with MAIT cells in WT mice (7), accounts for the wide variability seen in itk/- CD4*
PLZF* T cells. Not only do the numbers of CD4* PLZF* T cells in itk’- mice range over
0.28-1.10 as a percentage of total thymocytes, but the expression of gut-homing receptors on
these cells also varies substantially in a manner that correlates with the cell numbers. In
addition, analysis of itk”~ il-157 mice indicates enhanced peripheral expansion of this
population in the absence of 1L-15. As previous studies have documented competition
among other innate T cell subsets, in some cases due to limiting amounts of IL-15 (52, 53),
we suggest that the increased numbers of itk”- CD4* PLZF* T cells found in the absence of
IL-15 may reflect the absence of other competing populations in these compartments. As
itk/- CD4* PLZF* T cells express high levels of CD127, the IL-7 receptor achain,
peripheral itk/- CD4* PLZF* T cells may have enhanced exposure to IL-7 in the mesenteric
lymph nodes and spleen, in the absence of the 1L-15-dependent subsets. Alternatively,
alterations in the numbers of peripheral itk’- CD4* PLZF* T cells may also arise due to
indirect effects on the microbial environment found in these mice due to changes in their
immune homeostasis.

Interestingly, this itk/- CD4* PLZF* T cell subset may help regulate the expansion of other
innate T cell subsets. We found that upon treatment of Itk-deficient mice with antibiotics,
there were diminished numbers of Eomes* innate-like thymocytes, and further, we saw an
overall decrease in the cellularity of the mesenteric lymph nodes in these mice
(Supplemental Figure 4). These data suggest that while itk’" v§ NKT cells may be sufficient
to induce Eomes expression in conventional T cells, innate CD4* PLZF* T cells promote the
expansion and/or maintenance of these cells in the thymus (Figure 10 and Supplemental
Figure 4). Further, it's plausible that itk”~ innate CD4* PLZF* T cells do not regulate the
expansion and/or maintenance of other innate lymphocytes directly. Instead, itk”- innate
CD4* PLZF* T cells may regulate the microbiota that promote the expansion of other innate
lymphocyte subsets.

Strikingly, T-CD4 cells that are PLZF* and have a diverse TCR repertoire have been
described in mice expressing a transgene for human MHC class 1l (19, 42, 44, 48, 54). This
population was recently described to regulate adaptive immune responses during infection
with Listeria monocytogenes or Helicobacter pylori (55). Interestingly, neonatal mice have
been described to be immuno compromised in order to promote microbiome development
(56). Thus, it is possible that innate CD4* PLZF* T cells play a role in this
immunosuppression. In fact, the presence of T-CD4 cells have been described in human
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fetal thymus and spleen (42). Therefore, our data described here may reflect a novel model
system for studying innate lymphocyte development that may be similar to the development
of these subsets in humans. Further studies are needed to continue the characterization of
innate lymphocytes in order to truly understand the role of these subsets and the interactions
with the gut microbiota in order to prevent microbiome-associated diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CD4* PLZF ap T cellsdevelop in the absence of Itk
Thymocytes from WT and itk” mice were isolated and stained with CD1d-tetramer and

antibodies to CD4, TCRS, TCRp, and PLZF.

(A) Dot-plots show CD4 versus PLZF staining of total thymocytes; numbers indicate the
percentage of CD4* PLZF™ cells. Graphs show a compilation of data indicating the
percentages (left) and absolute numbers (right) of CD4* PLZF™ cells.

(B) Dot-plots show TCRp versus TCRS staining on CD4* PLZF* thymocytes. Graphs show
the relative proportion of CD4* PLZF* thymocytes expressing TCRS or TCRB (left), and the
absolute numbers of cells in each population in itk’ mice (right).

(C) Histograms show CD1d-tetramer staining on CD4* PLZF* TCRB™ thymoyctes in WT
(left) or itk (right). Graphs show percentages (left) and absolute numbers (right) of CD4*
PLZF* TCRpB* CD1d-tetramer™®d thymocytes.

n = 20-27 mice per group. Results are representative of six independent experiments.
Statistical analysis was performed using a Mann Whitney t test. ***p < 0.0005 ****p <
0.0001
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(A) Thymocytes from WT and itk”- mice were isolated and stimulated with PMA and
ionomycin for six hours at 37°C in the presence of brefeldin A and monensin prior to
intracellular staining with antibodies against PLZF, IFNy, and IL-4. Dot plots show IFNy
versus I1L-4 production of PLZFP thymocytes (right) and PLZF"9 thymocytes (left).
Figure is representative of two independent experiments.
(B-D) Thymocytes from WT-4get and itk”"-4get mice were isolated and stained with CD1d-
tetramer and antibodies to CD4, TCRS, and TCR.
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(B) Dot-plots show GFP fluorescence versus CD4 staining; numbers indicate the
percentages of CD4* GFP™ cells. Graphs show a compilation of data indicating the
percentages and absolute numbers of CD4* GFP* cells.

(C) Dot-plots show TCRp versus TCRS staining on CD4* GFP* cells. Graphs show a
compilation of data indicating the proportions of CD4* GFP* cells in the ap versus y8
lineage (left), and the absolute numbers of CD4* GFP* cells in each lineage among
itk”/-4get thymocytes (right).

(D) Histograms show CD1d-tetramer staining on CD4* GFP* TCRp* cells. Graphs show
percentages and absolute numbers of CD1d-tetramer®¥ CD4* GFP* TCRpB* thymocytes. n=
18-19 mice per group. Results are representative of four independent experiments. Statistical
analysis was performed using a Mann Whitney t test. ****p < 0.0001
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Figure 3. CD4" innate PLZF* CD4* cells preferentially home to spleen and mesenteric lymph
nodes (mLN)

Lymphocytes were isolated from peripheral lymph nodes (pLN: inguinal, auxiliary, brachial,
and cervical), spleens, mLNSs, ilELs, and livers and were stained with CD1d-tetramer and
antibodies to CD4, CD8, TCR3, TCR, HSA, CD44, and PLZF.

(A) Dot-plots show PLZF versus CD44 staining on TCRBMI" TCR§"€Y HSAOW CD1d-
tetramer™9 cells in each organ; for pLN, spleen, and mLN, cells were also gated on CD4*
CD8". Numbers indicate the percentages of PLZF* CD44Mi cells in each sample. Graphs
show compilations of data indicating percentages (B) and absolute numbers (C) of CD44hi
PLZF* in each organ. n > 20 mice per group and the results are representative of more than
five independent experiments for pLN, spleen, and mLN. n = 8-10 samples and the results
are representative of two independent experiments for ilELs. n = 11-16 mice per group and
is representative of two independent experiments for liver. Statistical analysis was
performed using a Mann-Whitney t test. *p < 0.05 **p < 0.005 ***p < 0.0005 ****p <
0.0001
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Figure4. Innate PLZF* CD4* aB T cellsin itk”™ mice have an activated phenotype and expr ess
gut-homing receptors
Thymocytes from WT and itk”- mice were isolated and stained with CD1d-tetramer and
antibodies to CD4, CD8, TCRS, TCRp, HSA, CD44, CD62L, CD127, a4f7, CD103, CCR6,
and PLZF.
(A) Histograms show CD44, CD62L, and CD127 expression on WT conventional CD4SP
thymocytes (CD4SP TCR8"9 TCRpN9" CD1d-tetramer™d HSAIOW: gray shaded
histograms), itk”~ conventional thymocytes (CD4SP TCR8"€9 TCRpNI" CD1d-tetramerned
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HSAIW: plack shaded histograms), and itk’" innate PLZF* CD4* cells (CD4* PLZF*
TCR&"9 TCRBNIN CD1d-tetramer™d; black open histograms). Results are representative of
five or more independent experiments.

(B) Histograms show gut homing receptor (a4p7, CD103, and CCR6) expression on WT
conventional CD4SP thymocytes (CD4SP TCR8"®9 TCRpN9" CD1d-tetramer"®d HSAlOW;
gray shaded histograms), itk’- conventional thymocytes (CD4SP TCR&"d TCRpN9" CD1d-
tetramer™®d HSAIOW: black shaded histograms), and itk”~ innate PLZF* CD4" cells (CD4*
PLZF* TCR8"ed TCRpN9IN CD1d-tetramer™d; black open histograms). Results are
representative of 4-6 independent experiments.

(C,D) Gut-homing receptor expression correlates with the frequency of CD4* PLZF*
thymocytes in itk”~ mice. Graphs display the percentages of either (C) itk’- CD4 SP
TCR&"I TCRBN9N CD1d tetramer®d HSAIOW or (D) WT CD4* PLZF* thymocytes and the
proportion of these cells expressing a4p7, CD103, or CCR6 in each individual mouse.
Legend on the right indicates percentages from individual experiments. n = 5-14 mice per
group. Results are representative of 3-6 independent experiments.
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Figure5. itk innate PLZF* CD4* cells have a diverse TCR repertoire
Thymocytes from WT and itk” mice were isolated and stained with CD1d-tetramer and

antibodies to CD4, CD8, TCR8, TCRp, HSA, and PLZF, in addition to antibodies to Va2,
Va3.2,Va8.3, VB VB4, V6, VA7, VB8.3, VB10b, VB11, or VB14. For VBanalysis,
thymocytes were gated on CD4SP TCR@NIN HSA!OW cells; for Vaanalysis, thymocytes were
gated on CD4SP TCR&"™d TCRpN9" CD1d-tetramer™d HSAIOW cells.

The graph shows the percentages of cells in each population expressing the indicated Va or
V. Black bars indicate WT conventional CD4 aff T cells; gray bars indicate conventional
itk/- CD4 ap T cells; white bars indicate itk’- innate PLZF* CD4* ap T cells. n = 6-7 mice
per group. Results are representative of two independent experiments. Statistical analysis
was performed using a one-way ANOVA. ***p < 0.0005 ****p < 0.0001
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Figure 6. The development of itk”- cD4* PLZF* af T cellsisindependent of MR1
Thymocytes from WT, itk”~, mr1/- and itk/mr17- mice were isolated and stained with CD1d-

tetramer and antibodies to CD4, TCR3, TCRp, and PLZF.

(A) Dot-plots show CD4 versus PLZF staining of total thymocytes; numbers indicate the
percentages of CD4* PLZF™ cells.

(B) Dot-plots show TCRp versus TCRS staining on CD4* PLZF* thymocytes; numbers
indicate the percentages of cells in each quadrant.

(C) Histograms show CD1d-tetramer staining on CD4* PLZF* TCRB™ thymocytes.
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(D) Graph shows a compilation of data indicating absolute numbers of CD4* PLZF* TCRB*
CD1d-tetramerd thymocytes.

n = 5-8 mice per group. Results are representative of three independent experiments.
Statistical analysis performed using a one-way ANOVA. *p <0.05 **p < 0.005 ****p <
0.0001
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Figure 7. The development of itk”- CD4* PLZF* aB T cellsisindependent of CD1d
Thymocytes from WT, itk”-, cd1d”- and itk/cd1d”- mice were isolated and stained with

CD1d-tetramer and antibodies to CD4, TCRS, TCRp, and PLZF.

(A) Dot-plots show CD4 versus PLZF staining on total thymocytes; numbers indicate the
percentages of CD4* PLZF™ cells.

(B) Dot-plots show TCRp versus TCRS staining on CD4* PLZF* thymocytes. Numbers
indicate the percentages of cells in each quadrant.

(C) Histograms show CD1d-tetramer staining on CD4* PLZF* TCRB™ thymocytes.
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(D) Graph shows a compilation of data indicating absolute numbers of CD4* PLZF* TCRB*
CD1d-tetramerd thymocytes.

n=7-9 mice per group. Results are from four independent experiments. Statistical analysis
performed using a one-way ANOVA. ****p < 0.0001****p < 0.0001
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Figures. itk innate PLZF* CD4* cells are dependent on conventional CD4* T cells for
expansion
Thymocytes from WT, itk”-, H2d/Ab1-Ea gn jtk/H201Ab1-Ea mice were isolated and stained
with CD1d-tetramer and antibodies to CD4, TCRS, TCRp, and PLZF.
(A) Dot-plots show CD4 versus PLZF staining of total thymocytes; numbers indicate the
percentages of CD4* PLZF™ cells.
(B) Dot-plots show TCRS versus TCRf staining on CD4* PLZF* thymocytes; numbers
indicate the percentages of cells in each quadrant.
(C) Histograms show CD1d-tetramer staining on CD4* PLZF* TCRB™ thymocytes.
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(D) Graph shows a compilation of data indicating percentage of CD4* PLZF* TCRB™*
CD1d-tetramer®d thymocytes.

(E) Graph shows a compilation of data indicating absolute numbers of CD4* PLZF* TCRB*
CD1d-tetramer™d thymocytes.

n = 6-8 mice per group. Data is representative from three independent experiments.
Statistical analysis was performed using a one-way ANOVA. **p < 0.005 ****p < 0.00001
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Figure 9. Development of itk”" innate PLZF* CD4* cells develop isregulated by MHC molecules
Thymocytes from WT, itk”", f2m’-/H2-ab1"" and itk’"/2m-/H291AP1-Ea mice were isolated
and stained with CD1d-tetramer and antibodies to CD8, CD4, TCRS, TCRp, and PLZF.
(A) Dot-plots show CD4 versus CD8 staining of total thymocytes; numbers indicate the
percentages of CD4* CD8* DP cells.
(B) Dot-plots show CD4 versus PLZF staining of total thymocytes; numbers indicate the

percentages of CD4* PLZF™ cells.
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(C) Dot-plots show TCRS versus TCRp staining on CD4* PLZF* thymocytes; numbers
indicate the percentages of cells in each quadrant.

(D) Graph shows a compilation of data indicating percentage of CD4* PLZF* thymocytes.
(E) Graph shows a compilation of data indicating the absolute number of total thymocytes.
n = 4-5 mice per group. Data is representative from two independent experiments. Statistical
analysis was performed using a one-way ANOVA. *p < 0.05, **p < 0.005 ****p < 0.00001

J Immunol. Author manuscript; available in PMC 2015 July 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Prince et al.

2

Antibiotics

C)

Figure 10. Commensal gut flora promote the expansion of itk”~ innate PLZF* CD4" cdlls
Thymocytes and mLN from untreated or treated WT and itk” mice were isolated and
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stained with CD1d-tetramer and antibodies to CD4, CD8, TCR3, TCRf, HSA, CD44, and
PLZF.
(A) Dot-plots show CD44 versus PLZF staining of CD4SP TCR&"® TCRB* CD1d
tetramer™®d HSAIOW thymocytes from untreated (-) or antibiotic treated (+) mice.
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(B) Graphs depict the frequency (top) and number (bottom) of CD44Ni PLZF* CD4SP
TCR8"Y TCRB* CD1d tetramer™d HSAIOW thymocytes from untreated (-) or antibiotic
treated (+) mice.

(C) Dot-plots show CD44 versus PLZF staining of CD4SP TCR8"€9 TCRpN CD1d
tetramer"®9 HSAI® of lymphocytes from the mLN of untreated (-) or antibiotic treated (+)
mice.

(B) Graphs depict the frequency and number of CD44N PLZF* CD4SP TCR8"€9 TCRf*
CD1d tetramer™®d HSA!W lymphocytes from the mLN of untreated (-) or antibiotic treated
(+) mice.

n = 4-7 mice per group. Data are representative of two independent experiments. Statistical
analysis was performed using a one-way ANOVA. *p < 0.05 **p< 0.005 ***p < 0.0005
*xxkn < 0,0001
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Table |
itk’ innate PLZF* CD4" T cellshave adiverse TCR repertoire

RNA from mature (TCRBM HSAI®) CD4SP CD1d-tetramer"®d thymocytes from itk”- mice expressing the IL-4
reporter (GFP*) was isolated and converted into cDNA before generating amplicons specific for the TCRa
chain. These amplicons were sequenced to indicate that itk’- MAIT-like cells have diverse TCRa repertoire.

Frequency

V-GENE and allele

AA JUNCTION

3

TRAV15D-2/DV6D-2*03 F or TRAV15N-2*01 F

CALSELISGGYKVVF

TRAV13N-4*01 F

CAMERTNYGSSGNKLIF

TRAV12D-1*01 F CALSEGPGYQNFYF
TRAV8D-2*02 (F) or TRAV8N-2*01 F CATYRGSALGRLHF
TRAVIN-3*01 F CAVRGFASALTF

TRAV7-4*02 F or TRAV7D-4*01 F

CAASENQGGSAKLIF

TRAV14-1*01 F or TRAV14N-1*01 F CADMNTGGLSGKLTF
TRAV10*02 (F) CAASMSNYNVLYF
TRAV15D-2/DV6D-2*03 F or TRAV15N-2*01 F CALSELGTNYNVLYF
TRAV4D-4*03 (F) or TRAV4N-4*01 F CAAERVNSGTYQRF
TRAV8D-2*03 F CATHRGSALGRLHF
TRAV6D-7*04 F or TRAV6N-7*01 F CALGRGSALGRLHF

TRAV7-4%02 F or TRAV7D-4*01 F

CAASDPMNYNQGKLIF

TRAV16N*01 F

CAMREPFPNTNKVVF

TRAV7-5%01 F or TRAV7D-5*01 F

CAASSGSWQLIF

TRAV12D-1*01 F

CALSAWSNYNVLYF

TRAV6D-6*02 F

CALGAWTNAYKVIF

TRAV13N-1*01 F

CAMEPPGYQNFYF

TRAV12D-2*01 F

CALSAHDTNAYKVIF

TRAV12-3%03 (F)

CALRYNYAQGLTF

TRAV13N-2*01 F

CAIACNYAQGLTF

TRAV7-4*02 F or TRAV7D-4*01 F

CAARSSNTNKVVF

TRAV14-2*02 F

CAARYNQGKLIF

TRAV8D-2*01 F, TRAV8D-2*02 (F), or TRAV8N-2*01 F

CATISGSFNKLTF

TRAV14D-3/DV8*01 F or TRAV14N-3*01 F CATPGTNSAGNKLTF
TRAV13-2*02 (F) CAARTGGYKVVF
TRAV14-2*01 F, TRAV14D-2*03 F, or TRAV14N-2*01 F | CAASGNYSNNRLTL

TRAV13-4/DV7*02 (F)

CAMERPSGSWQLIF

TRAVIN-3*01 F

CAGRSNYNVLYF

TRAV3-3*01 F

CAVGVTGSGGKLTL

TRAV6ED-7*04 F or TRAV6N-7*01 F

CALGVNSNNRIFF

TRAV12D-1*01 F

CASNTGNYKYVF

Rl

TRAV13N-4*01 F

CAIASSGSWQLIF
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Frequency | V-GENE and allele AA JUNCTION
1 TRAVON-3*01 F CAVSMSMGYKLTF
TRAV5D-4*02 (F) CAAMDNNAPRF
1 TRAV7-4*02 F or TRAV7D-4*01 F CAASEWRGNTGKLIF
1 TRAV4D-4*02 (F) CAAGTSNTNKVVF
1 TRAV13D-1*02 (F) CALERNSNNRIFF
1 TRAV13N-4*01 F CAMFSNYNVLYF
1 TRAV12D-2*01 F CALRNNYAQGLTF
1 TRAV7-3*04 F CAVSRGSALGRLHF
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