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Abstract

The sub-classification of immunology into innate and adaptive immunity is challenged by innate-
like T lymphocytes that use innate receptors to respond rapidly to stress despite expressing T cell
antigen receptors, a hallmark of adaptive immunity. Explaining how such cells straddle innate and
adaptive immunity, the current study shows that antigen receptor signaling, whose conventional
role is to facilitate clonal T cell activation, is critical for innate-like T cell development but then is
rapidly attenuated, thus accommodating the cells’ innate responsiveness. These findings permitted
the identification de novo of an innate-like T cell subset, and argue that T cell hypo-
responsiveness, a state traditionally implicated in tolerance, may be fundamental to T cells
entering the innate compartment and thereby providing lymphoid stress surveillance.

In the innate phase of an immune response, myelomonocytic cells such as dendritic cells
(DC) are rapidly activated by microbe-associated molecules that engage the cells’ pattern
recognition receptors (PRRs), particularly Toll like receptors. As a consequence, DC take up
microbial materials and/or infected cells and migrate to lymphoid tissues where they present
antigen to T lymphocytes, thus initiating the adaptive phase of the response. For the next
several days, such lymphocytes clonally expand, differentiate, and then migrate to the
affected tissues where they provide antigen-specific effector functions and commonly
contribute to antigen-specific memory. Thus the biologies of myelomonocytic cells and
lymphocytes largely segregate with innate and adaptive immunity, respectively?.

While extremely powerful, this frame of reference is incomplete. In particular, there are T
lymphocytes that by definition express T cell antigen receptors (TCRs), but which respond
rapidly to infection or tissue dysregulation in synchrony with the innate response. This
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responsiveness permits such cells to contribute to lymphoid stress-surveillance with
implications for tumour immunology, allergy, and inflammation?:3. Moreover the functional
potentials of these cells are developmentally pre-programmed rather than requiring the time-
consuming step of differentiation de novo in the periphery245. Such ‘innate-like’ T
lymphocytes are functionally diverse and have attracted much recent attention based on their
significant contributions to host protection, and on their widespread implication in
immunopathologies?. However, the means by which these T cells can straddle the distinct
biologies of innate and adaptive immunity are unresolved. In particular, engagement of the
antigen receptor is a fundamental checkpoint over the safety of conventional lymphocyte
activation, without which cells of inappropriate specificities could be activated by cytokines
and/or stress-antigens alone. And yet the response modes of innate-like T cells suggest that
they lack this key checkpoint.

To investigate this, the current study began with a prototypic subset of innate-like -y6 T cells
which rapidly produces interleukin (IL)-17A solely in response to the pro-inflammatory
cytokines IL-1 and 1L-236. These cells are particularly abundant in human and murine
neonates and provide immune-protection against bacteria and fungi, while also contributing
to immunopathologies such as rheumatoid arthritis, psoriasis and experimental allergic
encephalomyelitis’-12. Such cells well illustrate the uncertainties surrounding the role of the
TCR in the biology of innate-like T lymphocytes. Thus, murine IL-17A-producing y8 T
cells, which do not express CD27 and are therefore widely referred to as y827~ cells®, are
considered to emerge by default from thymic progenitors that receive only weak TCR
signals during development, by comparison to strong signals received by y827* cells*13,
And yet, y827 cells and their thymic progenitors are developmentally pre-programmed and
constitutively display markers (TCRM, cD127M IL-1RN CD62L!°, CCR6*, CD44M)
associated with TCR activation®1214, Thus it seemed appropriate to use these cells to re-
assess the contribution of TCR signaling to the development and biology of innate-like T
cells. Far from emerging by default, the developmental maturation of 827~ cells was found
to selectively depend on strong, TCR-associated signaling that then revised the cells’ TCR
responsiveness. Such properties were likewise shown by other, diverse subsets of innate-like
T cells, suggesting that the developmental suppression of conventional TCR checkpoint-
control may be a general means by which lymphocytes acquire rapid responsiveness to
innate stimuli.

Innate-like y8 T cells selectively depend on Zap70

Experimental ablation of the TCR was not a practical approach to addressing its role in
innate-like -y8 T cell development, since it would most likely affect all T cells and it would
specifically remove the capacity to accurately phenotype -y8 T cell subsets. Therefore, the
role of TCR signaling was examined using the SKG mouse that carries a mutation reducing
by ~90% the function of the kinase domain of the TCR-proximal signaling kinase, Zap70%.
v8 T cell numbers in SKG versus wild type (WT) mice were comparable in the thymus,
slightly decreased in the spleen, and slightly increased in the lymph nodes (LNs)
(Supplementary Fig. 1a). However, by contrast to this mild phenotype, the y6 subset profile
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was dramatically altered. Specifically, SKG LNs were severely depleted of y&27~ cells that
could rapidly produce IL-17A upon polyclonal stimulation with PMA + ionomycin (Fig.
1a,b). Likewise, y6 T cells expressing the CCR6 chemokine receptor (a marker of y&27~
cells4) were markedly depleted from LNs and from the dermis, a site ordinarily rich in
v827~ cells!0 (Fig. 1a; Suplementary Fig. 1b). Conversely, there was no such marked loss of
827 cells, nor overt impairment in the capacity to produce interferon-y (IFN-y upon
stimulation with PMA + ionomycin (Fig. 1a,c,d). Rather, the absolute numbers of such cells
in SKG versus WT mice were slightly decreased in the spleens and slightly increased in the
LNs, paralleling total -y8 T cell numbers (Fig. 1d; Supplementary Fig. 1a). Thus, a striking
dependence on Zap70 is shown by innate-like y&27~ cells but not by the bulk of systemic y&
T cells, thus providing a novel criterion by which to subdivide the peripheral y& T cell
compartment.

The selective loss of IL-17A producing y6 cells was developmental in that it was overt in
the thymus (Fig. 2a,b; Supplementary Fig. 1c). Any possibility that this loss was attributable
to reduced mature, peripheral y827~ cells recirculating through the thymus was excluded by
the marked reduction in 1L-17A-producing 82~ cells in fetal and in neonatal mice (Fig.
2b). Furthermore, these highly significant decreases applied both to Vy6* IL-17A-producing
thymocytes, that develop primarily in the fetus, display very limited TCR diversity, and that
principally populate the uterine and tongue epithelial6-18, and to Vy4* IL-17A-producing
thymocytes that are more diverse than V67 cells, and that primarily populate the
peritoneum, spleen, LNs, dermis and intestinal lamina propria®0 (Fig. 2c). By contrast,
SKG and WT mice showed comparable numbers and subset composition of 827+
thymocytes (Fig. 2d,e). In sum, a substantial defect in Zap70, a major TCR-proximal kinase,
selectively attenuated the developmental maturation of y& T cells competent to produce
IL-17A rapidly upon infection and/or stress.

Hypo-responsive TCR signaling in innate-like T cells

Whereas B cells experiencing strong antigen receptor signaling during development enter a
quasi-anergic state in which the antigen receptor becomes markedly hypo-responsive to
ligand engagement, no such analogous state was found for developing T cells1®. However,
considering that only conventional T cells have been examined in this regard, it remained
possible that an analogous quasi-anergic state applied to innate-like 827~ cells, based on
their strong developmental dependence on Zap70. A signature response of T cells to antigen
receptor engagement is the rapid and transient increase in cytosolic calcium concentration
reflecting release from intracellular stores and import via plasma-membrane channels2C.
Following antigen receptor cross-linking, this conventional T cell pattern was displayed by
peripheral y827* cells from WT and SKG mice (Fig. 3a; Supplementary Fig. 2a) and by
v827* WT thymocytes (Supplementary Fig. 2b), but it was not displayed by either peripheral
or thymic y827~ cells from WT mice (Fig. 3a; Supplementary Fig. 2b), even over extended
time frames (data not shown). (Note that the 627~ cells were gated on y827/-CD44M cells
since this subset includes the majority of 827~ cells that produce 1L-17A12). In addition to
adult y827-CD44M thymocytes, neonatal V-y6*y827~ thymocytes displayed quantitatively
impaired, qualitatively distinct calcium fluxes, supporting the hypothesis that the TCR
response is markedly revised early in the cells’ development (Supplementary Fig. 2c).
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A downstream consequence of TCR engagement is transient phosphorylation of Erk.
However, whereas phospho-Erk was readily detected in y827+ LN cells at 5 minutes after
TCR cross-linking, essentially none was detected in y827~ cells (Fig. 3b). Also downstream
of T and B cell antigen receptor signaling is calcineurin-dependent transcription of the
Nur77gene?l. Thus, Mur77.GFP reporter mice have been employed to identify cells
experiencing antigen receptor signaling1®22, When peripheral y827* cells were cultured
overnight they displayed a low background of GFP expression, whereas TCR-agonist
stimulation induced a clear, dose-dependent increase in signal, with up to ~85% of cells
becoming GFP* (Fig. 3c). Conversely, only the highest concentration of antibody induced
GFP expression above background in y827~ cells, and then only in a minority of cells (Fig.
3c). In sum, innate-like 827~ cells and their thymic progenitors could be contrasted with
most systemic -y6 T cells and thymocytes by multiple metrics of hypo-responsiveness to
TCR engagement. The cells were not completely anergic, but responded only to very high
levels of antigen receptor engagement.

Consistent with the cells’ hypo-responsiveness, TCR agonist antibody evoked IL-17A
production in <5% of peripheral y827~ cells, relative to the background of cells treated with
control antibodies (Fig. 3d), and there was little appreciable calcium flux relative to 827+
cells treated in parallel. To further investigate whether the cells were intrinsically hypo-
responsive or simply lacked the provision of additional signals, several co-stimulants were
employed together with anti-CD3. None showed any significant impact with the exception
of pre-exposure to IL-7 which slightly increased the fraction of y827~ cells producing
IL-17A to between 5% and 10% (Fig. 3d), consistent with IL-7 being a selective growth
factor for y627~ cells12. However, cells stimulated with anti-CD3 + 1L-7 still displayed very
little calcium flux (Fig. 3d). By contrast, IL-1p and IL-23 induced IL-17A production, often
by >80% of cells, whereas this was not the case for y&27* cells in response to cytokines
and/or TCR engagement (Supplementary Fig. 2d). Although TCR stimulation often (but not
always) fractionally increased the amount of IL-17A produced by 1L-23 - IL-1p-stimulated
827 cells (Fig. 3d; Supplementary Fig. 2e), there was still minimal calcium flux (Fig. 3d),
and the high amounts of IL-17A induced by IL-1p and I1L-23 were completely resistant to
Cyclosporin A (Supplementary Fig. 2e). Thus, the profound response of 827~ cells to
innate stimuli occurs in the context of sustained antigen receptor hypo-responsiveness.

This hypo-responsiveness is acquired following a developmental period when there is an
acute and selective dependence on antigen receptor signaling components that most likely
induced the high expression levels of IL-7R and of receptors for innate stimuli (such as
IL-1B) expressed by y827~ cells (see Fig. 1a). Consistent with this, the expression of IL-1R
and IL-7R by developing 827~ thymocytes increased between embryionic day (E)18 and
E19 from about 15% to >45% together with a coincident increase in the Mean Fluorescence
Intensity (Supplementary Fig. 3a). In sum, for innate-like, IL-17-producing y6 T cells the
most essential role of the TCR is during development, rather than directing peripheral
responses to challenge.

Nat Immunol. Author manuscript; available in PMC 2019 April 26.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Wencker et al. Page 5

TCR attenuation during DETC development

To investigate whether the biology of 827~ cells might describe other innate-like T cells,
analysis was made of murine Dendritic Epidermal T Cells (DETC) that compose a quasi-
monoclonal T cell subset expressing a Vy5V&1 TCR, and that make substantial
contributions to the maintenance of epithelial integrity and to cutaneous atopic
responses23:23-25 By several criteria, DETC and y827~ cells are very different. Thus,
activated DETC produce IFN-vy, IL-13, and several chemokines and growth factors, but
rarely if ever produce 1L-17A326, However, DETC resemble 827~ cells in displaying
innate-like biology by which they can rapidly respond /n vivoto the up-regulation on
keratinocytes of high levels of self-encoded stress-responsive ligands for the innate receptor,
NKG2D325,

Normal development of Vy5V81* DETC progenitors between E15 and E17 depends on
TCR signaling components activated when the cells engage medullary thymic epithelial cells
(mTEC) expressing Skint1, the founding member of a B7-like/Butyrophilin-like gene
family2728, Skint1 imposes in DETC progenitors a gene regulatory network suppressing
Rorcand //17aand simultaneously up-regulating CD45RB; the expression of genes
associated with mature DETC function, e.g. 76x21 and /fng, and epidermal-homing
potentiall329, Of note, these effects of SkintI could be phenocopied by TCR agonists2’, and
DETC also failed to mature in mice deficient in Syk, an antigen receptor-proximal kinase
substituting for ZAP70 in fetal DETC progenitors30. However, whether or not DETC
progenitors developmentally acquire antigen receptor hypo-responsiveness had not been
examined.

The majority of Vy5* DETC progenitors sampled at E15 from Nur77.GFP mice were GFP*,
whereas this was not true for Vy5* thymocytes in Aur77.GFP mice bred onto an FVB.Tac
background that carries a hypomorphic mutation in Skint127:28 (Fig. 4a). Thus, these data
support the conclusion that TCR signaling is initiated by engagement of SkintI-expressing
mTEC. However, whereas E15 Vy5V81* progenitors showed conventional calcium flux in
response to TCR cross-linking, this was starkly attenuated within one day (Fig. 4b), by
which time the cells also failed to phosphorylate Erk or Src proteins (Fig. 4c). Conversely,
Vy5V61* progenitors from FVB.Tac mice showed conventional calcium fluxes and Erk and
Src phosphorylation (Fig. 4b,c) upon TCR cross-linking, thus establishing a causal link
between SkintI-initiated TCR-signaling and hypo-responsiveness. Consistent with TCR-
induced hypo-responsiveness, >25% of Vy5V81* progenitors had by E16 upregulated
inhibitory receptors of the Ly49 family whereas none was induced in Vy5V81* progenitors
from FVB.Tac mice (Supplementary Fig. 3b). In sum, whereas DETC and y827~ cells are
phenotypically and functionally distinct cell types, they share a developmental dependence
on discrete TCR signaling modalities and a consequent attenuation of antigen receptor
responsiveness.

Atypical TCR responsiveness of DETC

Like peripheral y827~ cells, mature DETC did not recover conventional TCR responsiveness
even when the cells were cultured with any of several cytokines and putative co-stimulators,
including those for the NKG2D and JAML receptors, respectively (data not shown)3L. Thus,
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when compared with y827* cells from Aur77.GFP mice (the same comparison as was
employed in Fig. 3c, above), DETC incubated with low doses of TCR agonist antibody
showed no acquisition of GFP expression above the background of overnight culture, and
even at very high doses they did not display the levels of GFP expression achieved by
systemic y827* cells (Fig. 4d). A strikingly parallel dose-response to TCR agonist antibodies
was evident for IL-2 production by DETC (Fig. 4e). Thus, like peripheral 627~ cells,
mature DETC were not fully anergic, but showed a substantially higher threshold for
response through the TCR than did most systemic y6 T cells. The revision of TCR signaling
in DETC relative to conventional T cells was both quantitative and qualitative, as shown by
calcium flux assays. Thus, whereas this was completely attenuated over the first 5 minutes
post-stimulation (arrow in Fig. 4f), during which time other T cell responses had peaked and
returned to baseline (for example, see Figs. 3a; 4b), this was followed, in eight out of
thirteen experiments, by an unusual, delayed but sustained response commencing =6
minutes post-stimulation (Fig. 4f). This highly atypical, revised response mode might
explain how the DETC TCR can be utilized for constitutive immune surveillance of
keratinocytes, sustaining CD3( phosphorylation but without provoking cytokine production
or cell activation?8. However, in five of thirteen experiments, the sustained response was less
evident, with attenuation being the overt evident phenotype. In sum, whereas TCR signaling
in mature DETC shows some recovery from the attenuation imposed during DETC
development, its properties remain distinctive relative to those of most systemic T cells.

A novel innate-like T cell subset

The striking commonalities between two otherwise dissimilar innate-like T cell subsets
suggested that most, possibly all, innate-like T cells might depend for their development on
strong TCR signals that are then revised. Were this to be the case, these criteria might be
used to identify novel innate-like T cell subsets. To test this, adult mice were examined for
additional thymocyte subsets expressing markers indicative of developmental TCR
signaling. One such marker is high expression of CD45RB3.27 which identified a subset of
CD27+*CD45RBN thymocytes that was ~90% depleted in SKG mice (Fig. 5a). A large
fraction of these cells readily produced IFN-y upon stimulation with PMA + ionomycin
(Supplementary Fig. 4a), and consistent with their loss, absolute numbers of IFN-y-
producing thymocytes were slightly reduced in post-natal SKG mice (Supplementary Fig.
4b). However, by comparison to the bulk of ¥&27* cells (which are CD45RB°), these
CD27*CD45RBMN cells failed to flux calcium or phosphorylate Erk upon TCR cross-linking
(Fig. 5b,c). Thus, a candidate innate-like T cell subset was identified de novo within the bulk
of CD27* systemic y& T cells.

To test whether these cells were truly innate-like, CD27*CD45RBM thymocytes and LN
cells were cultured with several combinations of cytokines (Supplementary Table 1), among
which there was a striking response to 1L-12 plus IL-18, with or without IL-15. This
provoked IFN-y production by >80% of CD27+*CD45RBM thymocytes and >70% of
CD27*CD45RBM LN cells, but did not have any substantive effect on the bulk of y827+
cells, emphasizing the distinction between these T cell subtypes (Fig. 5d; Supplementary
Table 1). IL-18 is a member of the IL-1 family. Hence, the induction of IFN—y but not
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IL-17A in CD27*CD45RBM cells by IL-18 + IL-12 seemed complementary to the induction
of IL-17A by IL1p + IL-23 in >80% of 827~ cells (see above).

In sum, different -y6 T cell subsets with distinct cellular phenotypes and effector functions
share rapid, bulk responsiveness to combinations of I1L-1-family and STAT-activating
cytokines. However, whereas the differential response of 827~ cells by comparison to
CD27*CD45RBMN cells to IL-1 might be explained by the high amounts of IL-1R expressed
by y827~ cells (Supplementary Fig. 4c), such reasoning could not explain the differential
response of CD27*CD45RBN cells to IL-18R, since although this was highly expressed by
CD27*CD45RBM cells, it was expressed even more strongly by 827~ cells that responded
only poorly to IL-18 (Supplementary Fig. 4c, d). Most likely the respective responses of
innate-like T cell subsets to cytokines reflects both their expression of the appropriate
receptors and their developmentally pre-programmed effector differentiation®.

In seeking shared properties of the two systemic innate-like -y6 T cell subsets that might
relate to their common hypo-responsiveness to TCR-stimulation, neither subset was found to
express LAG-3 (Supplementary Fig. 4c), or CR-TAM, or CTLA-4 (not shown), all of which
have been associated with reduced TCR-responsiveness in af T cells32-34, Likewise, neither
subset expressed high levels of £gr2or Egr32 or diacylglycerol kinase a. (Dgka) and Dgkz
and Cb/bwhich are Egr-target genes associated with anergy3®, and which were, by contrast,
expressed more highly by the bulk of y827* cells (Supplementary Fig. 4e and data not
shown). In sum, the TCR hypo-responsiveness of the two innate-like -y6 T cell subsets was
not obviously maintained by signaling components thus far implicated in NFAT-mediated
anergys3®.

Finally, other T lymphocyte subsets were examined for the newly-established joint criterion
of innate-like cells; namely, developmental dependence on TCR signaling followed by its
subsequent revision. The bulk of TCRaf* and TCRy&* iNKT cells were present in normal
numbers in SKG mice and displayed conventional TCR responsiveness in Mur77.GFP mice
(Supplementary Fig. 5a,b), showing them to be distinct from the innate-like T cells
described here. Conversely, the intestine includes TCRaf* and TCRy&* T cells that are
developmentally dependent on Syk kinase30 and reportedly agonist-selected37:38, and these
cells showed stark TCR hypo-responsiveness, consistent with their being developmentally
anergised3® (Supplementary Fig. 5¢c). Thus, the distinct biologies of different T cell subsets
can be segregated according to the developmental dependence on discrete TCR signaling
modalities and the impact of this on the cells’ peripheral TCR responsiveness.

It should not be possible for a lymphocyte to straddle innate and adaptive immunity, since
lymphocyte activation requires antigen receptor-mediated signaling that thereby prevents the
expansion in the adaptive response of cells with inappropriate specificities. While co-
stimulatory ligands and cytokines collaborate with antigen to activate T cells, this is distinct
from the response of innate-like lymphocytes to innate signals alone, as was first described
for DETC responding to NKG2D ligand upregulation?>, and as described for y827~ cells
responding to IL-1p + 1L-238. Such responses profoundly expand lymphocyte biology by
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permitting T cell participation in the early phases of immune responses that are classically
attributed to myeloid cells. This study shows how this can be achieved.

During innate-like T cell development, a requisite activation of TCR signaling components
markedly revises the antigen receptor response mode, removing it as the primary checkpoint
for peripheral responsiveness. Thus freed, the cells can respond rapidly to innate signals.
These dual criteria of developmental dependence on TCR signaling components and the
consequent revision of TCR responsiveness proved capable of identifying a new innate-like
T cell subset that responds selectively to IL-12 + IL-18.

By revising their TCR response mode, innate-like T cells resemble Innate Lymphoid Cells
(1LC)3 that by definition lack constraint by antigen receptors. Nonetheless, two factors
distinguish these cell types. First, although the residual TCR responsiveness of innate-like T
cells is highly atypical relative to other T cells, the cells are not fully anergic and do not
obviously display the molecular signature of anergy induced by NFAT activation in the
absence of AP-1 mobilization38. Thus, these cells may employ their TCRs in novel ways,
e.g. the steady-state TCR-mediated engagement of epithelial cells by IEL25, or innate-like T
cell responses to very high amounts of antigen in the context of particular cytokines!2. By
such means, the TCR may powerfully expand the innate response repertoire which in
invertebrates can be amplified by massive expansion of PRRs*. The diverse specificities of
v T cells seem highly suited to expanding innate immune recognition*!. Second, by
contrast to ILC, the pre-requisite of developmental TCR signaling may provide a means to
quality control lymphocytes entering the innate compartment.

Importantly, the current study shows that the developmental imposition of hypo-
responsiveness does not solely lead to T cell tolerance, but appears critical to the
construction of lymphoid compartments that will respond rapidly to tissue dysregulation,
reflected by epithelial stress-ligands, such as Rae-1, and/or IL-1 cytokines®42, the latter in
combination with particular STAT-activating cytokines*3. Thus, IL-17A production by
innate-like T cells is induced by IL-1p + IL-23, whereas IFN-y production is provoked by
IL-18 (another IL-1 family member) plus IL-12. Echoing this, IL-12 + IL-18 provokes IFN-
v production by NK cells#4. Such potent, stress-responsive lymphocyte compartments
inevitably incur risks, and IL-17A-producing -y6 T cells have been widely implicated in
inflammatory diseases?*!.

This study emphasizes subdivision in the -y lineage. Contrary to common perspective,
many y& T cells are not strictly innate-like since they show no responses to the cytokine and
stress-ligand combinations tested, but instead display ‘textbook” TCR-dependent response
modes. This is consistent with the adaptive contributions of murine, bovine, and human -y6
cells to infection, vaccination, and nominal antigen challenge®. Indeed, the rarity of some
biochemically-validated -y6 TCR reactivities, e.g. the endothelial protein C receptor (EPCR),
is consistent with a polyclonal, adaptive repertoire*®. Likewise, most v thymocytes and
their mature progeny display a phenotype (CD127'°IL-1R!°CD62L*CD44/°) of naive T
cells®>12, and some 8 cells responding in an antigen-specific fashion can show peripheral
differentiation to IL-17A production, in contrast to the developmental pre-programming of
innate-like 827~ cells*. Although the downstream consequences of antigen activation in
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v8 T cells may differ in fine detail from those of conventional ap T cell activation,
including an acquired capacity to respond to innate stimuli4®, the cells’ primary peripheral
responses were adaptive because they were driven by the specificities of their TCRs.
Moreover, there is growing evidence that innate-like and ‘adaptive’ -y8 T cells develop in
waves from distinct progenitors that might respond differently to developmental TCR
signaling*47. Such intrinsic differences in cellular responses to TCR signaling should
qualify ‘strength-of-signal models’ of ap:y8 lineage commitment that are mostly based on
varying the quality of the ligand“8.

The innate-like IFN-y-producing CD27*CD45RBN compartment identified here probably
comprises y827* cells that engage thymic ligands*12. It was previously considered that this
diverted thymocytes from a default potential to produce IL-17A%13, This study extends that
view, predicting that the functional maturation of any such “default cells’ would still require
strong, Zap70-dependent TCR signaling. Consistent with this, Vy5V81* progenitors that
cannot mature as IFN-y-producing DETC in SkintZ-mutant FVB.Tac mice display IL-17A-
producing potential, but few emerge into the periphery13. Moreover, the few 827~
thymocytes with IL-17A-producing potential detected in SKG mice displayed markedly
lower TCR levels than their WT counterparts, suggesting abortive maturation.

By proposing key criteria for innate-like T lymphocytes, this study provokes a reassessment
of other T cell subsets. First, TCRap* TH17 cells show largely normal TCR
responsiveness*?, re-emphasizing their fundamental biological distinction from 827~ cells.
It would likewise seem inappropriate to classify TCRap* and TCRy&* iNKT cells as
innate-like, since they are present in approximately normal numbers in SKG mice and
display conventional TCR responsiveness. Indeed, whereas these cells can make pleiotropic
cytokine responses notoriously quickly and without requirement for extensive clonal
expansion, their activation depends primarily on TCR engagement. Furthermore, the small
percentage of iINKT cells that responds purely to innate signals displays hypo-responsive
TCR signaling®©, and innate responsiveness could be experimentally established in bulk
NKT cells by TCR ablation®. This association of innate-like responsiveness with revision of
the TCR response mode is clearly consistent with this study’s findings.

Although this study emphasizes the developmental origin of innate-like T cells, this response
state might also be acquired in the periphery, for example following chronic antigen
exposure, as alluded to for NKT cells and for some y&27* T cells. Likewise, human
intestinal T cells in celiac disease acquired with time the capacity to respond to IL-15 and
NKG2D ligands alone®2. Based on this study, such cells would be predicted to have revised
their TCR response mode, which casts a new light on this common immunopathology.
Finally, the revised TCR responsiveness of innate-like T cells, many of which are tissue-
associated, might justify re-assessment of the use calcineurin inhibitors as broad
immunosuppressants.

Nat Immunol. Author manuscript; available in PMC 2019 April 26.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Wencker et al.

Page 10

Online methods

Mice

Balb/c and FVB/NHsd (FVB.WT) were purchased from Charles River and Harlan
laboratories, respectively. FVB/NTac (FVB.Tac) mice carrying a mutation in SkintI gene
were from Taconic farms. Mur77.GFP reporter mice on a C57/BL6 background?2 were
provided by Prof K. Hogquist (University of Minnesota, USA). Zap705KC (SKG) mice on a
Balb/c background!® were provided by S. Sakaguchi (University of Osaka, Japan). The
Skintl mutation was crossed onto the Nur77.GFP reporter by intercrossing the reporter with
FVB.Tac and breeding the F1 to FVB.Tac. All adult mice used were more than 5 weeks old.
For timed pregnancies mice were mated overnight and the day a vaginal plug was observed
was considered as EO. All animal experiments were undertaken in full compliance with UK
Home Office regulations under a project licence to A. Hayday.

Cell isolation

Fetal, newborn and adult thymi (from 5 to 8 week old mice), lymph nodes (axillary, inguinal
and brachial) and spleen were homogenized in PBS 2% FCS by mechanical disaggregation
and filtered through a 70 pm or 40 um filter (BD Bioscience). Splenocyte suspensions were
incubated with a red blood cell lysing buffer (Sigma). Epidermal T cells were isolated as
previously described?’. In some experiments (IL-2 production and calcium mobilization)
Trypsin-GNK was replaced by TriplE (Invitrogen), in which case the tissue was incubated
for 4 hours instead of 2 hours to separate epidermis from dermis. Dermal T cells were
prepared as follows: epidermis was removed after 2 hours of incubation with T-GNK as
described above. Dermis was minced and further digested with 85 pg/ml Liberase TM
(Roche), 0.25 mg/ml Hyaluronidase (Sigma), 0.2 mg/ml DNAse (Roche), 10 mM Hepes
(Sigma) and 1mM Sodium Pyruvate (Gibco), for 2 hours at 37°C. Viable dermal and
epidermal lymphocytes were isolated using a 40/80% Percoll gradient (GE Life Sciences).
To isolate intestinal intraepithelial lymphocytes (IEL), small intestines were excised,
flushed, opened longitudinally and Peyer’s patches removed. Intestines were cut into 0.5 cm
pieces and incubated for 20 min in RPMI (Gibco) supplemented with 100 U/ml penicillin
(Gibco), 100 pg/ml streptomycin (Gibco) and 10% FCS (Sigma) (RPMI 10%) containing
1mM DTT (Sigma). Gut pieces were then vortexed and the resulting cell suspension filtered
through a 70 pm strainer. IEL were isolated from the 80/40% interface following 80/40/20%
Percoll gradient centrifugation. To isolate liver lymphocytes, mice were perfused with PBS
and the livers were removed and homogenized in PBS 2% FCS by mechanical
disaggregation and filtered through a 70 um filter. Most hepatocytes were removed by
allowing them to settle at the bottom of the tube. The resulting supernatant was subjected to
35/70% Percoll gradient centrifugation and iNKT cells isolated from the interface.

Cell culture and media

For anti-CD3e stimulation of DETC and LN cells from Nur77.GFP-reporter mice, cells
were cultured overnight in IMDM (Invitrogen) supplemented with 50 UM 2-mercaptoethanol
(Gibco), 100 U/mL penicillin (Gibco), 100 pg/mL streptomycin (Gibco), and 10% FCS
(Sigma) on plates coated with control 1gG or the indicated amount of anti-CD3e (145-2C11,
LEAF Purified, eBioscience). To assess IL-2 production, Brefeldin A (1 pg/ml, Sigma) was
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added to the culture for the last 10h. IEL from Nur77.GFP-reporter mice were cultured in
RPMI 10% for 4 hours on plates coated with control 1gG or the indicated amount of anti-
CD3e. For flow cytometric assays of cytokine production, cells were cultured in RPMI 10%,
and stimulated with 25 ng/ml PMA and 1ug/ml ionomycin in the presence of 10 pg/ml
Brefeldin A (all from Sigma). To assess the effect of cytokines on y& responsiveness to anti-
CD3e antibodies, LN cells were cultured for 16 hours in complete RPMI with or without
IL-7 (20 ng/ml; R&D) or IL-18 (10 ng/ml; Peprotech) + I1L-23 (50 ng/ml; eBioscience).
Cells were cultured for an additional 2h and assayed for intracellular calcium mobilization
upon TCR stimulation (as described below) or transferred onto plates coated with anti-CD3e
or control 1gG (10 pg/ml) and cultured for an additional 5 hours in presence of Brefeldin A
(10 pg/ml). IL-17A production was assessed by intracellular cytometry. For inhibitor
experiments, LN cells were cultured in RPMI 10% for 21h in the presence or absence of
IL-18 (10 ng/ml) + IL-23 (50 ng/ml) on plates coated with IgG-control or anti-CD3e (10
ug/ml), and in the presence of Cyclosporin A (80nM; Sigma) or DMSO control. Brefeldin A
(10 pg/ml) was added for the final 5 hours and I1L-17A production assessed by intracellular
cytometry. To assess IFN-y production following innate stimulation of the CD45RBN
subset, thymocytes or LN cells were incubated in RPMI 10% with IL-1p (10ng/mL); IL-3
(100U/mL; R&D); IL-6 (20ng/mL; Peprotech); IL-12 (100ng/mL; R&D); IL15 (100ng/mL;
Immunotool); IL-18 (100ng/mL; R&D); IL-23 (50ng/mL), in different combinations.
Brefeldin A (10 pg/ml) was added for the final 5 hours and IFN-y or IL-17A production
assessed by intracellular cytometry.

Flow cytometry

Flow cytometry was performed essentially as described!2:13, Antibodies against TCR&
(GL3), V1 (2.11), Vy4 (UC3-10A6), V5 (536), V66.3 (8F4H7B7), CD3 (145-2C11),
CD27 (LG.7F9; LG3A10), CD44 (IM7), CD45 (30-F11), CD45RB (C363.16A), Rat IgM
(HIS40), CD127 (IL-7R; SB/199), IL-1R (JAMA-147), CD218a (IL-18Ra; P3TUNYA),
CCR-6 (29-2L17), CD223 (LAG-3; CO9B7W), IL-17A (TC11-18H10.1), IFN-y (XMGL1.2),
IL-2R (JES6-5H4) coupled to appropriate fluorochromes were from eBioscience, BioLegend
or BD-Pharmingen. 17D1 rat IgM antibody recognising Vy5V&1 and Vy6V81 53 was
produced in-house, with hybridoma supernatant used as a primary staining reagent followed
by staining with anti rat IgM. iINKT cells were identified using R-PE labelled mouse CD1d
aGalCer tetramers (Prolmmune) following the manufacturers’ instructions. Intracellular
phosphoproteins were detected as described 4 using anti-phospho-Erk1/2 and anti-phospho-
Src antibodies from Cell Signalling. For assays of intracellular Ca?* mobilisation, cells were
loaded with Indo-1AM (Invitrogen) (1 uM in IMDM or RPMI with no FCS) for 30 min at
37°C. Thereafter, cells were stained for surface markers and kept on ice. Prior to stimulation
cell aliquots were allowed to equilibrate to 37°C for 5 min, and then analysed by flow
cytometry. After acquiring the background level of intracellular Ca2* for 30 seconds, cells
were stimulated with 10 pug/ml of biotinylated anti-CD3e antibody (145-2C11, eBioscience),
and then crosslinked by addition of streptavidin. Samples were acquired with LSRII or LSR-
Fortessa cytometers (BD) and analysed using FlowJo software (TreeStar). Cell sorting was
performed on a MoFlo sorter (Beckman-Coulter) or a BD Aria at the flow cytometry
facilities of the LRI Cancer Research UK or the Peter Gorer Department of Immunaobiology,
KCL, London.
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RNA expression analysis

LN cells from C57BI/6 animals were FACS sorted with a combination of TCRS, CD27,
CDA45RB antibodies. Total RNA was isolated with NucleoSpin RNA XS kit (Macherey-
Nagel) as per manufacturer’s instructions. RNA was reverse transcribed with SuperScriptll|
(Invitrogen) using random hexamers. Quantitative PCR was performed with SensiMix
SYBR HI-ROX kit (Bioline) on RotorGene 3000 equipment (Corbett). Relative expression is
displayed in arbitrary units normalized to Thp (TATA-box binding protein) by AACt method.
Primer sequences are available upon request.

Statistical analysis

Normal distribution was assumed a priori for all samples. Unless indicated otherwise, an
unpaired non-parametric t-test with Welch correction was used for dataset comparison. In
cases where data point distribution was not Gaussian, a non-parametric t-test was also
applied.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. SKG mice are severely depleted of IL-17A-producing y8 T cells
Flow cytometry of y& T cells (gated on TCR&*CD3*) from LNs of wild type (WT) or SKG

animals: (a) cells stained for CD27, CD44, IL-7Ra or CCRE6; plots are representative of at
least 3 independent experiments (n = 8 per group); the difference in MFI for CD27 in the
different panels reflects the fact that the data were collected from different independent
experiments but were internally controlled (b) cells stained intracellularly for IL-17A after
stimulation with PMA + ionomycin; plots are representative of 4 independent experiments
(n =12 per group); error bars in cell enumeration are £ SD. (c) Intracellular staining for
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IFN-vy of sorted TCR§*CD3*CD27"* cells from pooled LNs and spleens after PMA +
ionomycin stimulation; plots representative of 2 independent experiments (n = 7 per group).
(d) Absolute numbers of IFN-y-producing y6 T cells from spleen and LNs after stimulation
with PMA + ionomycin; error bars = SD; 4 independent experiments (n =12 per group). NS,
not significant, *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 (Student’s t-test)
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(a) Flow cytometry of neonatal WT and SKG y& thymocytes; representative of 2

independent experiments (n = 6 per group). (b) Intracellular staining as in Fig. 1b of -y6
thymocytes isolated at times indicated and stimulated with PMA + ionomycin; plots
representative of 2 to 4 independent experiments per time point (n = 8 per group); the
difference in MFI for CD3 in the different panels reflects the fact that the data were
collected from different independent experiments but were internally controlled. (c)
Absolute numbers of IL-17A-producing y& thymocytes from neonates stained with
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antibodies for 17D1 (that detects Vy6* cells when used simultaneously with anti-TCRS,
upper panel) or Vy4 (lower panel). Error bars are + SD; at least 3 independent experiments
(n = 15 per group). (d) Absolute numbers of TCR6*CD3*CD27* adult thymocytes; error
bars £ SD; 4 independent experiments (n = 11 per group). (e) Flow cytometry of VVy chain
usage by TCR&8*CD27* adult thymocytes; plots representative of 3 independent experiments
(n =7 per group). NS, not significant, *P < 0.05, **P < 0.01, ***P < 0.001 and ****P <
0.0001 (Student’s t-test)
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assayed over a 5 minute timeframe for intracellular Ca%* mobilization upon TCR stimulation
with biotinylated anti-CD3e (10 pg/ml) followed by streptavidin cross-linking (10 pg/ml);
data representative of at least 6 independent experiments (n =14). (b) WT LN cells were
stimulated /n vitro with soluble anti-CD3e (10 pg/ml) for 5min and phosphorylation of

Erk1/2 assessed by flow cytometry in indicated subsets (colored line depicts stimulated

cells; grey line depicts cells treated with isotype control antibody); data representative of at
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least 3 independent experiments (n = 6). (c) LN cells from Aur77.GFP reporter mice were
cultured overnight with increasing amounts of plate-coated anti-CD3e (0.5; 2.5 and 12.5 ug/
ml). GFP expression was assessed by flow cytometry in indicated subsets; data
representative of 5 independent experiments (n = 16). (d) WT LN cells were cultured for
16h with no cytokines, IL-7 (20 ng/ml) or IL-18 (10 ng/ml) + IL-23 (50 ng/ml). Cells
represented in the left panels were cultured for an additional 5 hours with coated anti-CD3e
(10 pg/ml) or IgG-control (10 pg/ml) in the presence of Brefeldin A and IL-17A production
assessed by intracellular flow cytometry in the y8 CD27-CD44Ni subset. Dataset
comparison was performed using a paired t test. Cells represented in the two rightmost
panels were cultured an additional 2h under the specified conditions and the indicated
subsets (defined by cell surface staining) were assessed for intracellular calcium
mobilization following anti-CD3e as in Fig.3a; data representative of at least 4 independent
experiments (n = 8). NS, not significant, *P < 0.05, **P < 0.01, ***P < 0.001 and ****P <
0.0001 (Student’s t-test)
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Fig. 4. Atypical TCR responses of DETC and their progenitors
(a) E15 fetal thymocytes of Mur77.GFP mice bred onto FVB.Tac backgrounds were

analysed by flow cytometry with littermate embryos heterozygous for Tac mutation used as
a WT control. Plots are gated on CD45*TCR&* thymocytes; data are representative of 3
independent experiments (n = 8 per group). (b) Fetal thymocytes (gated on CD45*TCR$&
*Vy5") isolated from FVB.WT or Tac embryos at indicated gestational ages and assayed for
intracellular Ca2* mobilization as in Fig. 3a. Arrow indicates 5 min after beginning of cell
acquisition; data are representative of at least 3 independent experiments with pooled fetal
thymic lobes. (c) E16 fetal thymocytes from FVB.WT and Tac embryos were stimulated /in
vitro with soluble anti-CD3e (10 pg/ml). Phosphorylation of Erk1/2 and Src was assessed
by flow cytometry 2 min after stimulation; data are representative of 3 independent
experiments with pooled fetal thymic lobes. Histograms are gated on CD45*Vy5*TCR&*
cells; grey line — unstimulated, colored line — stimulated. (d) Epidermal and LN T cells
isolated from Nur77.GFP reporter mice were cultured overnight with increasing amounts of
coated anti-CD3e (0; 0.5; 1; 2.5; 5 and 12.5 ug/mL) and GFP expression assessed in TCR&
*Vy5* epidermal cells by comparison with CD3*TCR&*CD27* LN cells; graph is a
summary of 5 independent experiments. (e) Epidermal T cells were isolated from WT
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animals and cultured as in (d). Brefeldin A (1 pg/ml) was added for the last 10 hours and
IL-2 production analyzed by intracellular cytometry in TCR&" VVy5* epidermal cells; data
are representative of 3 independent experiments (n = 6). (f) Analysis of intracellular Ca?*
mobilization in WT V5" TCR&6" DETC was performed as in Fig. 3a. Arrow indicates 5min
after beginning of cell acquisition; data are representative of 8 out of 13 independent
experiments.
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Fig. 5. CD27*CD45RBM 6 cells are innate-like T cells

(a) Flow cytometry analysis of TCR&™ & thymocytes isolated from adult WT and SKG
mice stained for CD27 and CD45RB; data representative of 5 independent experiments (n =
14 for each group). (b) Analysis of intracellular Ca2* mobilization in WT TCR&" adult
thymocytes performed as in Fig. 3a; data are representative of 3 independent experiments (n
=11). (c) WT LN cells stimulated /n7 vitro with soluble anti-CD3e (10 pg/ml) for 5 min at
which time point Erk1/2 phosphorylation was assessed by flow cytometry in TCR6*CD3*
subsets, as indicated; (colored line depicts stimulated cells; grey line depicts cells treated
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with isotype control antibody); data representative of at least 2 independent experiments (n =
4). (d) WT thymocytes or LN cells were cultured for 21h with IL-12 (100 ng/mL) + IL-18
(100 ng/mL) with (thymocytes) or without (LN) IL-15 (100 ng/mL). Brefeldin A (10 pg/ml)
was added for the final 5 hours and IFNvy production was assessed by intracellular cytometry
in TCR6TCD3* subsets, as indicated; data representative of 3 independent experiments
(thymocytes; n = 9 per condition) or 2 (LN; n = 6 per condition).
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