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© Th1,Th2, Th9 and Th17 cells are conventional CD4* effector T cells identified as secretors of prototypical
: cytokines IFN~, IL4, IL9, and IL-17A respectively. Recently, populations of natural Th17 and Th1l cells
(nTh17 and nThl) with innate-like phenotype have been identified in the thymus that are distinct from
conventional Th17 and Th1 cells. The absence of the Tec family kinase Interleukin-2 inducible T cell
kinase (Itk) results in T cellimmunodeficiency in mice and humans. Here we show that Itk negatively
regulates the development of nTh1 cells that express IFN~ in a Tbet independent manner, and whose
expansion can be enhanced by IL4. Furthermore, we show that robust induction of IL4 responses during
Trichinella spiralis infection enhance the presence of nTh1 cells. We conclude T cell receptor signaling via
Itk controls the development of natural Thl cells, which are expanded by the presence of IL4.

: Upon encountering an antigen, a naive CD4" T cell differentiates into distinct effector T helper cell lineages.
. These subsets are distinguished by the expression of lineage specific transcription factor, their cytokine profile
. and effector function. In response to antigen from an intracellular pathogen such as a virus, T cells differentiate
. to a Thl subtype by upregulating its master transcription factor Tbet and secrete IFN~. In presence of extracel-
- lular pathogen or parasite T cells differentiate to Th2 subtype by upregulating GATA3 and secretion of IL-4, IL-5
. and IL-13. Th9 cells express Purine-rich 1 (PU.1) and secrete IL-9, while Th17 cells are generated in response to
: extracellular bacteria and fungi, express RAR-related Orphan Receptor gamma T (RORAt) and secrete IL-17'.
. Aside from these conventional CD4* T cell effectors, a number of T cell populations have been identified that also
secrete T-helper cytokines, including those that have innate effector function such Invariant Natural Killer T cells
(iNKT) cells and ~0 T cells. Unlike conventional T cells, these innate T cells have a limited TCR repertoire, show
features of activated cells and are primed for rapid effector cytokine secretion even during their thymic develop-
ment**. Additionally, a population of Th17 (nTh17) cells with innate-like phenotype has recently been identified
in the thymus that is distinct from conventional Th17 cells. These natural Th17 cells have a skewed T cell Receptor
(TCR) arrangement and have a differential requirement for thymic selection, distinct from their conventional
counterpart®1°. These nTh17 cells have been shown to be generated in response to both self as well as non-self
antigens and play a role in mediating host immune responses. In genetically manipulated mice with impaired
TCR signaling, including those lacking the Tec kinase Itk, we and others have reported the emergence of CD8" T
cells with innate and memory cell-like characteristics, dependent on enhanced IL-4 signaling!!~!8. More recently,
. apopulation of innate memory like CD4" T cells (nTh1) has been identified in the thymus with characteristics of
. Th1 cells. This population is generated in Class II Major Histocompatibility Complex Transactivator transgenic
. (CIITAtg) and BALB/c mice in the context of availability of increased IL-4!*%. These “nTh1” cells share features of
innate memory CD8" T cells including expression of activation markers, the transcription factor Eomesodermin
(Eomes) and rapid secretion of Th1-like cytokines upon stimulation.
The Tec family kinase Interleukin-2 inducible T cell kinase (Itk) is critical for optimal signaling through the
. TCR and in its absence, humans and mice exhibit T cell immunodeficiency. Itk has been shown to differen-
© tially regulate the development and effector function of conventional as well as non-conventional innate-like T
cells®’-2%, In conventional T cells, we and other have shown that the absence of Itk results in severely impaired
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Th2 and Th17 responses, which is attributed to impaired activation of key signaling molecules downstream of the
TCR including reduced nuclear translocation of NFAT. By contrast we and others have shown that the absence
of Itk enhances the development of T regulatory cells?>?. These findings clearly support a role for Itk in regulat-
ing pathways that control development of effector Th cells and their cytokine production. Here we identify and
characterize a novel population of IFN~ expressing CD4* T cells that are expanded in the absence of Itk. We show
that these nTh1 cells are generated from a subset of T cells that receive lower TCR signals in the thymus and have
skewed TCR repertoire with a preferential V33 usage. More importantly, we show that the development of this
population is independent of the Th1 lineage master transcription factor T-bet, and can develop in the absence
IL-4 signaling, although IL-4 can drive both the expansion and expression of Eomes by this population. In line
with this, we show that there is an expanded population of nTh1 cells in mice infected with Trichinella spiralis, a
parasite that induces a strong Th2 response later on during the immune response. We suggest that these are nat-
ural Thl (nTh1) cells analogous to the recently reported innate Eomes+ CD4™" T cells generated in CIITAtg and
BALB/c mice. These results suggest that nTh1 cells are generated under physiological conditions of lower TCR
signaling and can be expanded by IL4 signaling induced by natural infection in vivo.

Materials and Methods

Mice. WT, T-bet~~ and IFN~~/~ mice were purchased from Jackson Laboratory. IL13~/~ (gift of Dr. Margaret
Bynoe, Cornell University), IL4Ro ™/~ (gift of Dr. Frank Brombacher, University of Cape Town, South Africa, via
Dr. Fred Finkelman (University of Cincinnati, OH, USA), T-bet™/~, IFN~~/~, IL4Ra™’~ and IL13~/~ mice were
backcrossed to Itk~/~ mice for at least five generations to generate respective double knockout mice. All mice were
on the C57BL/6 background, were used between 6-12 weeks of age, and both males and females mice were used.
Animals were housed in specific pathogen free facilities at Cornell University and all experiments were approved
by the Office of Research Protection’s Institutional Animal Care and Use Committee at the Cornell University.
All experimental methods were performed in accordance with the relevant guidelines and regulations at Cornell
University.

Ex vivo stimulation and flow cytometry. Freshly isolated thymocytes or splenocytes were stimulated
with 50 ng/ml of PMA (Sigma) and 1 pg/ml of Ionomycin (Sigma) in the presence of 1-5pg/ml of Brefeldin A
(Sigma) for 4-5hours. Stimulated cells were stained for the indicated surface markers antibodies against CD4
(clone # GK1.5), CD8 (clone #53-6.7), TCRp (clone # H57-597), CD44 (clone IM7), alpha GalCer (NIAID
Tetramer Facility), NK1.1 (clone PK136), IFNy (clone XMG1.2), CD69 (clone H1.2F3), CD24 (clone M1/69),
CD5 (clone 53-7.3), Nur77 (clone 12.14), VB3 (clone 8F10), Eomesodermin (clone Danl1mag), and subsequently
fixed and permeabilized using the Foxp3 fixation/permeabilization kit according to manufacturers’ instructions
and stained for the indicated intracellular proteins. Data was acquired on a LSR II (BD Biosciences) and analyzed
using FlowJo software (Tree Star).

Fetal Thymic Organ Cultures (FTOCs). FTOCs were performed as described previously?’. Briefly, fetal
thymic lobes were isolated from embryonic day 16.5 embryos and cultured on inserts in a 0.4 pm 6-well transwell
plate (Costar) with 1.5 ml of RPMI medium in the lower chamber. The medium was changed on the 4™ day of
culture and the single cell suspensions of the thymic lobes were obtained after 8 days in culture.

T. spiralis Infection. T spiralis first-stage larvae (L,) was isolated from infected rats as previously described?.
For infection of mice, 300 L, larvae in 2% nutrient broth (Difco)—0.6% gelatin (Fischer Scientific) were adminis-
tered by oral gavage. Thymocytes were isolated from mice euthanized at the indicated days post infection.

Statistical analysis. Students t test and ANOVA were performed using Prism software to evaluate statistical
significance between samples sets or multiple groups, which had similar variance, with p < 0.05 considered sta-
tistically significant. For animal studies, power analysis and prior experience in performing similar studies were
used to determine sample sizes. Since each experimental group represents a distinct genetically engineered mouse
strain or group of mice treated the same way and analyzed at different time points (e,g, T. Spiralis experiments),
mice were not randomized nor were the investigators blinded in these experiments.

Results
Absence of Itk enhances development of natural Thl cells. We have previously shown that naive
peripheral CD4* T cells in Itk~/~ mice carry preformed mRNA for IFN~ and the Th1 transcription factor T-bet,
and rapidly produce IFN~ upon stimulation?”. We also previously showed that elevated T-bet was a function of
the preexisting IFN~ expression in these cells, and that this “primed” nature of naive Itk~/~ CD4" T cells resulted
in enhanced preferential Th1 differentiation in vitro*”?. To determine if this was a characteristic that these cells
acquired during development in the thymus, we analyzed expression of IFN~ and T-bet in CD4 single posi-
tive (SP) thymocytes following stimulation with PMA and Ionomycin, gating out a-Galactosyl Ceramide/CD1d
(a-GalCer/CD14d) tetramer positive (or in some cases NK1.1 positive) iNKT cells which can rapidly produce
this cytokine (see Fig. 1A for gating strategy). We found that a percentage of both WT and Itk~/~ CD4SPTCR3
highNK1.1~ cells rapidly produced IFN~ upon stimulation, but that there was a significantly higher proportion
and number of Itk CD4SP cells that produced IFN~ (Fig. 1B). Thus these cells are similar to the recently
described nTh1 cells, in that they develop in the thymus, and can rapidly produce cytokine, in this case IFN~,
upon stimulation®.

It is possible that these IFN~ producing cells are not actually thymocytes, but mature peripheral T cells
that have recirculated back into the thymus. To exclude such cells, we used markers to identify mature CD4SP
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Figure 1. Itk signaling negatively regulates the development of nTh1 cells. (A) Gating strategy for the analysis of
nTh1 cells. Thymocytes from WT and Itk~/~ mice were stimulated with PMA and Ionomycin (P/I) in the presence
of Brefeldin A and CD4SPTCRB3"8"aGalCer Tetramer~ (or NK1.1~ in some experiments) cells were analyzed

for the expression of IFN~ by FACS. (B) Thymocytes from W'T and Itk~'~ mice were stimulated with PMA and
Tonomycin (P/I) in the presence of Brefeldin A and CD4SPTCR3"8"NK1.1~ cells were analyzed for the expression
of IFN~ by FACS. Plotted as proportion (left panel) and number (right panel) of nTh1 cells in the thymus (n=8
(WT)/ n=10 (Itk~/~)). (C) Thymocytes from WT and Itk~/~ mice were stimulated with PMA and Ionomycin (P/I)
in the presence of Brefeldin A and CD4SPTCR3"8"aGalCer Tetramer ™ cells were analyzed for CD69 and CD24

as indicated, followed by the expression of IFN~ by FACS (n=3/group). (D-F) Thymocytes from WT or Itk '~
mice treated as in (B) was analyzed for the expression of CD5 (n=12 (WT)/ n=7 (Itk~~)) (D) and Nur77 (n=4
(WT)/ n=4 (Itk'7)) (E) by CD4SPTCR3"8"NK1.1~ cells (top panel) and CD8SPTCR3"8"NK1.1~ cells (bottom
panel) (n=7-12/group). (F) Cells isolated from D8 FTOCs generated from WT and Itk '~ embryos (embryonic
day 16.5) were treated as in (B) and analyzed for the expression of IFN~ (top panel), Nur77 (bottom panel) using
FACS (3 independent cell preps of FTOCs with 2-4 fetal thymic lobes per cell prep). Data is cumulative of at least 2
independent experiments. Error bars represent mean & SEM, *p < 0.05 calculated by unpaired Students’ t test.
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Figure 2. nThl cells preferentially express V33 TCR. WT and Itk~/~ thymocytes or splenocytes were
stimulated with P/1 in the presence of Brefeldin A and analyzed. (A) CD4SPTCR3"¢" thymocytes (n=10 (WT)/
n=11 (Itk~/7)), (B) CD4* TCRB" splenocytes (n=3 (WT)/ n=4 (Itk'~)) and (C) CD8SPTCR@3"#" thymocytes
were analyzed for the expression of V33 by IEN~" versus IEN~~ populations using FACS (n=10 (WT)/

n=11 (Itk~/7)). Data is cuamulative of at least 2 independent experiments. Error bars represent means + SEM,
*P < 0.05 calculated by unpaired Students’ t test.

thymocytes that have not yet left the thymus as reported by Fink and colleagues®, and found that the nTh1 cells
were still found in the thymus, and that their proportions were elevated in the absence of Itk (Fig. 1C).

nTh1l cells receive lower TCR signals during development. The strength of signaling through the
TCR has been shown to regulate a number of naturally occurring effector populations in the thymus including
natural T regulatory cells (nTregs), v T cells and iNKT cells®. Since the absence of Itk would be predicted to result
in lower TCR signal strength we determined if the development of nTh1 cells is regulated by TCR signal strength
by analyzing the expression of CD5, a marker of TCR signal strength in T cells®'. Consistent with the notion
that T cells with lower TCR signal strength develop into nTh1 cells, we found that the nTh1 population (IFN~")
in both WT and Itk~/~ thymus had significantly lower expression of CD5 compared to the IFN~~ non-nTh1
population (Fig. 1D, top panel). This is further supported by the fact that WT and Itk—/~ nTh1 cells also have
lower expression for Nur-related factor 77 (Nur77), another surrogate marker for TCR signal strength (Fig. 1E,
top panel)®2 Interestingly, we find no difference in the level of expression of CD5 or NuR77 in the CD8SPTCRS3
high\'K1.1-TFN~* population compared to CD8SPTCRB3M$"NK1.1-IFN~~ population in both WT and Itk~/~ mice
(Fig. 1D,E, bottom panels), further supporting differences in development of these nTh1 cells. Note again that
Itk~/~ CD4SP as well as CD8SP cells also had lower expression of CD5 and Nur77 compared to their WT counter-
parts, which is in line with previous reports that there is reduced TCR signaling in the absence of Itk**. To further
confirm the ontogeny of these cells we performed fetal thymic organ cultures (FTOC) of fetal thymic lobes iso-
lated from WT and Itk~/~ embryos (embryonic day 16.5). FTOCs analyzed at 8 days’ post culture, revealed a sig-
nificant proportion of these IFN~* cells with lower Nur77 expression within the CD4SP compartment (Fig. 1F),
suggesting that these cells were derived from the thymus and did not represent a population that had recirculated
into the thymus from the periphery. These data suggest that T cells with lower affinity or avidity TCR that trans-
lates to lower signal strength preferentially differentiate into nTh1 cells.

nTh1l cells preferentially express V33T cell receptor. We next determined whether nTh1 cells used
different V{3 in their TcRs. We found that the nTh1 cells that develop in the presence or absence of Itk showed
higher enrichment for cell bearing V33 compared to non-nTh1 CD4SP cells (Fig. 2A). This preferential V(33 usage
was not seen in the Thl cells that analyzed in the periphery (Fig. 2B), although this could be secondary to the
fact that we are potentially analyzing a mixed population of natural and conventional Th1 cells in the periphery.
While we did not see any difference in the V33 usage between CD4"IFN~* and CD4*IFN~~ populations in the
periphery, whether nTh1 cells are the precursors of the CD4"VB3+IFN~" population we find in the periphery
warrants further investigation. Although we saw a slight but significant increase in the enrichment of V33* cells
within CD8*TCRB"8"NK 1.1 IFN~* compared to CD8*TCRB"8"NK 1.1 IFN~~ population this was significantly
lower than the skew we see in CD4%® population (Fig. 2C).

Role of T-bet in the development of nThl cells. 1t is well established that the T-box transcription factor
T-bet is important for the differentiation and function of Th1 cells*, so we examined mice lacking T-bet or T-bet
and Itk for thymocytes with the properties of nTh1 cells. We found that T-bet was not essential for the generation
of nTh1 cells as Itk/T-bet DKO mice had an even higher proportion and number of nTh1 cells in the CD4SP cell
compartment than Itk~~ mice (Fig. 3A). Similar to the nTh1 cells that develop in the WT and Itk~/~ mice, the
cells that develop in the T-bet~/~ and Itk/T-bet DKO mice had lower expression of CD5 and were enriched for
VB33 cells (Fig. 3B,C). These results suggest that T-bet was not only dispensable for the development nTh1 cells
but the absence of T-bet on the Itk~~ background promoted the development and/or expansion of nTh1 cells.

Eomesodermin (Eomes) is another T-box transcription factor that has been shown to be able to regulate the
production of IFN~*, and so we next determined the expression of Eomes in nTh1. We found that while WT and
Tbet™/~ nTh1 cells rarely expressed Eomes, this factor was highly upregulated in the nTh1 cells from Itk~~ and
Itk/T-bet DKO mice (Fig. 3D).
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Figure 3. T-bet is dispensable for the development of nTh1 cells. (A) Thymocytes from the indicated mice
were stimulated with P/I in the presence of Brefeldin A and analyzed for the expression of IFN~ by CD4SP
TCR@"is" cells and represented as proportion (left panel) or number (right panel) of nTh1 cells (n=11 (WT)/
n=12 (Itk/-)/ n=4 (Tbet ')/ n=7 (Tbet'~Itk—/7)). (B,C) CD4SP TCR3"¢" cells treated as in (A) were
analyzed for the expression of CD5 (n=12 (WT)/ n=7 (Itk~/~)/ n=3 (Tbet~'~)/ n=5 (Tbet~/~Itk'~)) (B) and
VB3 TCR (n=9 (WT)/ n=11 (Itk~/~)/ n=3 (Tbet~'~)/ n=5 (Tbet~/~Itk~/~)) (C) by IFN~* versus IFN~". (D)
CD4SP TCRAM¢" cells (n=11 (WT)/ n=12 (Itk~/~)/ n=4 (Tbet =)/ n=7 (Tbet/~Ttk/~)) treated as in (A) were
analyzed for the expression of Eomes by FACS and represented as proportion (left panel) or number (right
panel) of Eomes™ cells (n =4-12/group). Data is cuamulative of at least 2 independent experiments. Error bars
represent means &= SEM, *P < 0.05 calculated by unpaired Students’ t test.

IL4 signaling expands nTh1 cells and induces their expression of Eomes, but is not required for
their development. We and others have recently shown that IL4 signaling is critical for the development of
CDS8 innate memory phenotype (IMP) T cells that develop in the absence of Itk!1%3¢, These CD8 IMP cells have
preformed mRNA for IFN~ and rapidly produce this cytokine upon stimulation, similar to what we see for the
nThl cells'>*”3%. We therefore wanted to determine if IL4 pathway was involved in the development of these cells.
We found that although Itk/IL4Ra DKO mice had a lower proportion of nTh1 cells compared to Itk~/~ controls,
these mice had a higher proportion of nTh1 cells compared to ILARa ™/~ controls. Analysis of the related Th2
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Figure 4. IL4 signaling expands the nTh1 population but is dispensable for their development. (A,B)

ocytes from WT (n=9), Itk~/~ (n=12), ILARa~/~ (n=8), Itk~/~/IL4Ra~/~ (n=9), IL13~/~ (n=6) and
Itk~/=/IL13~/~ (n=8) were stimulated and analyzed for the expression of IFN~ (A), Eomes (B) and IFN~/Eomes
double positive (C) cells in the CD4SP TCR3M¢" population. Data presented as proportion (left panel) or number
(right panel) of cells (n=3-12/group). (D) Thymocytes from CD4-Cre* and CD4-Cre/Eomes™F mice were
stimulated and analyzed for the expression of IFN~ by CD4SP TCR3#" cells and represented as proportion

(top panel) or number (bottom panel) of cells (n=3/group). Data is cumulative of at least 2 independent
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Figure 5. Increase in the expression of Th2 cytokines in vivo during infection with T. spiralis can promote
the expansion of nTh1 cells. (A) Thymocytes isolated from uninfected (n=6), day 17 (n=12) and day 28 (n=4)
T. spiralis infected WT mice were stimulated as in Fig. 1 and analyzed for the expression of IFN~ by CD4SP
TCR@"is" cells and plotted as proportion (left panel) or number (right panel) of nTh1 cells. (B) Thymocytes from
mice infected as in (A) were analyzed for the expression of CD5 by IFN~* and IFN~~ CD4SP TCRg"ish cells
(n=28/group). Data is cumulative of at least 2 independent experiments. Error bars represent means + SEM,

*p < 0.05 calculated by unpaired Students’ t test.

cytokine IL13 (using Itk/IL13 DKO mice) revealed similar findings suggesting that IL-13 may also contribute
(Fig. 4A). These results suggest that while the IL4 signaling axis may promote the expansion of nTh1 cells, unlike
CD8 IMP T cells, it is not a requirement for the development of these cells'2. However, the IL4 signaling axis is
responsible for the expression of the Eomes transcription factor in nTh1 cells, as in the absence of the IL4Rq,
there was a complete loss of expression of IFN~*/Eomes™ nTh1 cells (as well as Eomes™ cells) in Itk~'~ mice, but
not in the absence of IL13 (Fig. 4B,C). However, analysis of thymocytes from T cell specific (CD4-Cre) Eomes
mice revealed no difference in nTh1 cells compared to control mice (Fig. 4D). Note that re-expression of Itk on
the Itk~/~ background in T cells reverts the proportion of nTh1 cells to WT levels (Fig. 4A-C)'5. These results
suggest that while IL4 signaling is dispensable for the development of nTh1 cells, it is essential for the induction
of Eomes expression in these cells.

Expansion of nTh1 cells under robust Th2 conditions. The results so far suggest that T cells with lower
affinity TCR preferentially differentiate into nTh1 cells in the thymus, a process that can be augmented by the
loss of Itk which dampens TCR signaling, and that the expansion of these cells can be promoted by IL4 signaling.
However, it is unclear if this represents a physiological pathway for the generation and/or expansion of nThl
cells. To test this, we analyzed the thymus of WT mice under conditions of an infection that generates a strong
Th2 response. Infection with Trichinella spiralis (T. spiralis) induces a strong Th2-mediated immunity that peaks
around 17-22 days post infection (dpi) and subsides by 28 dpi*. We found that infection with T. spiralis led to a
marked increase in the proportion and number of nTh1 cells in the thymus that was coincident (17 dpi) with a
robust Th2 response, with lower level expression of CD5 (Fig. 5A,B). The proportion and number of these nTh1
cells was back to basal levels by 28 dpi when the Th2 response had subsided. These results suggest that physio-
logical signals that result in strong production of IL4 such as infection with the parasite T. spiralis, can induce the
expansion of nTh1 cells in the thymus of WT mice, providing further evidence for the idea that n'Th1 cells develop
from low affinity TCR interactions in the thymus under normal conditions, and are expanded in the presence of
IL4.

Discussion

While conventional T helper cells such as Th1 cells require differentiation in the presence of specific cytokine con-
ditions over a period of days to take on full effector function, the recently described natural Th1 cells have develop
in the thymus, have preformed mRNA for IFN~, and can rapidly produce IFN~ upon stimulation!*?. Here we
show that development of nTh1 cells is enhanced in the face of reduced signaling as a consequence of the absence
of the kinase Itk. We also show that surprisingly, enhanced development of nTh1 cells was independent of the Th1
master transcription factor T-bet. We also show that while the Th2 cytokine is not required for the development of
nTh1 cells, the presence of IL4 signal allows the expansion of these cells. Our findings are similar to what has been
reported by Berg and colleagues, although they did not refer to this population as nTh1 cells*. Our data suggest
a new function for Itk, and suggest that patients with mutations in this kinase may have enhanced Th1 responses
due to the presence of nTh1 cells.

Natural Th1 cells were first reported to develop in CIITA transgenic mice, express expression of Eomes and
can undergo expansion in the presence of IL4'*%. These cells were suggested to develop due to low affinity/low
avidity interactions with the TcR. Our findings with Itk deficient mice, where we observe enhanced development
of these cells support the conclusion that these cells develop in the face of reduced TcR signaling. We note that
in the FTOC in vitro, we can detect the presence of these cells in both WT and Itk~/~ thymus, suggesting that
they develop under both conditions, however, we do not see an increase in these cells in these cultures absence
of Itk. This may reflect the fact that the in vitro conditions are sufficient for the development of these cells, but
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not their expansion in the absence of Itk. This expansion may be dependent in part on the presence of IL4, or
other conditions in vivo that is not recapitulated in vitro, since we see elevated proportions of these cells in the
absence of Itk even when potential recirculated T cells are excluded by flow cytometric gating. Interestingly, the
previous report of nTh1 cells did not find evidence for enrichment for the enrichment of particular TcR V(3 usage,
although V(33 expression was not examined. We show here that the nTh1 cells that develop in WT and Itk~/~ mice
are enriched for expression of V33, and that these cells show evidence of having received reduced TcR signaling.
Thus the absence of Itk may enhance the development of these cell due to the reduced TcR signals that developing
thymocytes receive.

Conventional Th1 cells utilize the transcription factor T-bet to enforced differentiation toward the Th1 lineage.
We were therefore surprised to find that nTh1 cells develop in the absence of T-bet, and actually Itk/T-bet double
knockout mice have even more enhanced development of nTh1 cells. Although there are reports that conven-
tional Th1 cells are not completely dependent on T-bet for their differentiation, T-bet plays a significant role in
this process. Natural Th1 cells express the related transcription factor Eomes, although we suggest that Eomes is
not required for their development, but is actually induced by the presence of IL4 during the expansion of these
cells by this cytokine. This model is supported by the fact that we continue to observe enhanced development of
these nTh1 cells in the absence of IL4 signaling, although they lack significant Eomes expression, and their pro-
portion is reduced. However, our data do not exclude the possibility that either Eomes or T-bet is responsible for
the development of these cells and a more definitive conclusion will come from analysis of T-bet/Eomes double
knockout mice.

We have recently shown that Itk tunes the response of CD8* T cells to IL4, resulting in the development of
what we and others have termed innate memory phenotype (IMP) T cells, and we suggest that Itk may perform a
similar function in these CD4" nTh1 cells, such that the absence of Itk leads to reduced TcR signals, predisposing
the development nTh1 cells, which acquire expression of Eomes and are then expanded by enhanced sensitivity
to IL4'2'8,. However, CD8" IMP cells are completely abrogated in the absence of IL4 signaling'>'$, unlike the case
for these nTh1 cells, which are still present in the absence of IL4 signaling, albeit at reduced proportions. This
suggests that IL4 is more important for the expansion of nTh1 cells, as compared to CD8" IMP cells, where IL4
is required for their development. We note that Tofukuji et al. have reported on the generation of a novel Th1l
population that can be generated by exposure of naive CD4" T cells to TcR signals in the presence of TGF3 and
IL4*. Interestingly, these cells also express Eomes. Furthermore a population of Eomes expressing CD4™ T cells
that are cytotoxic to tumors can be induced by 4-1BB*2. Further work will be needed to determine whether these
cells are related.

Our work also suggests that cells with a similar phenotype expand in the thymus during infection with T.
spiralis, which drives a robust Th2/IL4 response. This suggests that these cells may contribute to the immune
response during robust Th2 responses. In addition, in allergic inflammatory diseases such as allergic asthma,
where the levels of IL4 are elevated, it is possible that this could drive the presence of nTh1 cells. However, while
this may be possible in children with allergic asthma, where IFN-v- producing CD4" T cells are frequently
observed, although it should be made clear that it is not known whether these cells are allergen-derived, or are
derived via a mechanism that involves the influence of IL-4 on developing T cells**. While IFN-~- producing
CD4" T cells are also observed in adults with allergic asthma®, this mechanism of IL-4 induction of these cells
is probably less likely to occur given the thymus is most likely already involuted*. However, we speculate that if
there is an IL-4 > nTh1 > IFN-~ axis in diseases such as allergic asthma, attempts to reduce IL-4 using monoclonal
antibody approaches (such as in pascolizumab?), may disrupt a homeostatic network that may have unknown
consequences. Regardless, lacking specific markers to deplete these cells, we are unable to directly test their role
in infection or in diseases such as allergic asthma at this time. Nevertheless, taken together, this work supports to
existence of a novel population of nTh1 cells that develop under conditions of low TcR signal strength as seen in
the absence of Itk, and under the influence of IL4. It will be of considerable interest to determine the function of
these cells in the immune response.
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