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Abstract

We previously reported a subset of -y6 T cells in mice which preferentially responds following
intradermal immunization with collagen in Complete Freund’s Adjuvant (CFA). These cells
express a nearly invariant “canonical” V-y4V64+ TCR. They are potent producers of IL-17A, and
promote the development of collagen-induced arthritis. In this study, we report that CFA
emulsified with PBS alone (without collagen) is sufficient to induce a strong response of
Vy4V&4+ cells in the draining lymph nodes of DBA/1 and C57BL/6 mice, and that the TCRs of
the elicited Vy4V&4+ cells in both strains heavily favor the canonical sequence. However,
although both CFA and Incomplete Freund’s Adjuvant (IFA, which lacks the killed mycobacteria
present in CFA) induced V-y4V64+ y& T cell to expand, only CFA stimulated them to express
IL-17A. The route of immunization was also critical, since intraperitoneal CFA induced only a
weak response by these cells, whereas intradermal or subcutaneous CFA strongly stimulated them,
suggesting that the canonical CFA-elicited V-y4V64+ cells are recruited from Vy4+ 6 T cells
normally found in the dermis. Their IL-17A response requires the toll-like receptor adapter protein
MyD88, and their activation is enhanced by IFN+y, although ap T cells need not be present. The
CFA-elicited Vy4V84+ y8 T cells show a cytokine profile different from that of other previously
described IL-17-producing y6 T cells. Finally, the V-y4V64+ subset appears to promote the Th17
aP T cell response, suggesting its importance in mounting an effective immune response against
certain pathogens.
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Introduction

The y& T cells are often regarded as distinct subsets, based on the TCRs they express, for
two reasons: first, because -y6 T cells that reside in particular tissues differ with regard to the
TCRs they express; and second, because those expressing the same V-genes have been
found to carry out similar functions [1]. This observation has led many to speculate that v
T cells in tissues such as the skin and the intestinal epithelium act as sentinels that help
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prevent microbial infection, and that their specificity is tied to this role. Despite this, the
ligands recognized by the TCRs of y& T cells responding in various experimental models
remain for the most part uncharacterized. y& T cells have been implicated as regulatory cells
in various models [reviewed in [2]]. Conversely, numerous studies have now also shown
that & T cells, particularly certain subsets, can instead produce 1L-17, a cytokine critical for
neutrophil recruitment, and thereby exacerbate autoimmunity [reviewed in [3]].

We previously discovered a subset of y8 T cells that preferentially expands in the draining
lymph nodes of DBA/1 mice following intradermal injection of complete Freund’s adjuvant
(CFA). These cells virtually all express a V-y4V64+ TCR, whose junctions are limited such
that for each chain, the majority represent a particular sequence motif. This “canonical”
subset is heavily biased to secrete IL-17, a property that probably explains why DBA/1 male
mice, which can be induced to develop collagen-induced arthritis when immunized by
intradermal injection of collagen emulsified in CFA, show a reduced disease incidence and
severity if the response of Vy4+ cells is blocked [4]. This canonical Vy4V&4+ subset has
many properties in common with a predominant y& TCR+ subset normally found in the
dermis, as recently reported in three different publications [5-7]. The dermal -y6 T cells
were shown to differ from the fetal thymus-derived y6 TCR+ dendritic epidermal T cells
(DETCs) subset, which represents most of the T cells normally present in the epidermis of
mice, in terms of the type of TCR they express (since DETCs are Vy5V&1+ but the dermis-
associated y6 T cells are not), and also in having an overall lower TCR level and higher
CCRG level (which is nearly absent on DETCs) [5]. The dermis-associated y& T cells
predominantly express IL-17 when stimulated with PMA/ionomycin [5-7], and about half
express a V-y4+ TCR [6, 7]. In one study, mice injected intradermally with BCG were found
to undergo a rapid induction of IL-17 secretion among their dermal -y6 (but not ap) T cells,
a process also found to be important in subsequent neutrophil recruitment [7]. In another
study [6], IL-17-producing -y6 T cells were shown to promote psoriasis in a mouse model
plus in psoriasis patients, dermal -y8 T cells were similarly discovered to be increased. The
psoriasis-associated human y& T cells also produced IL-17 when stimulated in culture,
strongly implying that dermal -y8 T cell subsets in mice and humans are functional
analogues. In this study, we show that V-y4V64+ IL-17-producing y& T cells are also
preferentially induced by intradermal CFA injection in C57BL/6-background mice. For most
of these induced cells, we discovered that their TCRs have junctions that are “canonical,”
i.e. that they represent a well-defined sequence motif. We also investigated what is needed
to bring about their response, in terms of type of adjuvant, injection route, and host
inflammatory signals. Finally, we present evidence that the response of the canonical
Vy4V64+ & T cell subset promotes the concomitant development of Th17 CD4+ ap T
cells.

Materials and Methods

Mice

DBA/1LacJ, C57BL/6, B6. TCRB—/—-, B6.TCR6-/—, and B6.MyD88—/— mice were
originally purchased from Jackson Laboratories (Bar Harbor, ME) and thereafter bred in our
facility. The B6. TCRB—/— IFN-y—/- strain was generated by breeding B6.IFN-y—/- (from
Jackson Laboratories) with B6. TCRpB—/— mice to create F2 mice, and then establishing a
new strain by selecting as breeders the progeny homozygous for both inactivated genes.
B6.Vy4/6-/- mice were bred in our facility, as previously described [8, 9]. Both male and
female mice were used unless otherwise designated in the figure legends, at ages ranging
from 8-16 weeks. Mice were injected with 100 I of complete Freund’s adjuvant (CFA)
containing 4 mg/ml of killed Mycobacerium tuberculosis H37 RA (Difco; Fisher) emulsified
with an equal volume of PBS, either intradermally at the base of the tail, subcutaneously in
the scruff of the neck, or intraperitoneally. Mice were also stimulated with 100 p.I of
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incomplete Freund’s adjuvant (IFA) emulsified in an equal volume of PBS (Difco; Fisher),
or with 100 pl of 2.25 mg alum (aluminum hydroxide; AlumImuject; Pierce) emulsified in
PBS. Mice were boosted as indicated with a second identical injection on day 14-21, and
sacrificed on day 26, or on the day indicated in the figure legends. Axillary and inguinal
lymph nodes, and popliteal lymph nodes as well in some experiments, were taken for
analysis. For naive controls in many experiments, because of low cell numbers, T cells from
2—4 mice were pooled to allow for the analyses.

TCR Vy4 Sequences

This analysis was carried out as previously described [4]. Briefly, RNA was isolated from
nylon wool purified lymph node cells and amplified with primers specific for Cy1 and V4.
The cDNA products were then TA cloned using the pCR2.1 vector (InVitrogen), and
individually sequenced to determine the amino acid sequence encoded in the junctional
region.

Flow Cytometry

Single cell suspensions from lymph nodes or from peritoneal lavage were passed over nylon
wool to enrich for T cells, and then stained for flow cytometry as previously described [9].
Biotinylated and FITC-labeled anti-V-y1 (2.11 [10]), anti-Vy4 (UC3 [11]), and anti-V&4
(GL2 [12]) monoclonal antibodies were prepared in our laboratory, and used to stain cells
together with streptavidin-APC (eBioscience) or streptavidin—-Cychrome (BD Biosciences),
and PE-conjugated anti-CD44 monoclonal antibody (BD Biosciences). In some experiments,
T cells were instead or also stained using anti-Cp-FITC (H57-597 [13]) monoclonal
antibody, or with anti-CD8B-APC (eBioscience) and anti-CD4-FITC (GK1 [14]).
Intracellular cytokine staining was carried out as previously described [4]; briefly, cells were
first activated in vitro by culturing them for 4-6 hours with PMA/ionomycin. After surface
staining and fixation, cells were permeabilized with saponin-containing buffer, and
intracellularly stained with PE-labeled antibodies specific for IL-17F (eBioscience); IL-17A,
IL-2, IFN-y, TNFa (BD Biosciences); IL-22 (R&D Systems); and in some experiments also
with IL-17A-APC (eBioscience). Stained samples were analyzed on a FACSCalibur or
FACScan flow cytometer (BD Biosciences), and the data were processed using FlowJo
software (Tree Star). Note that the nomenclature for mouse Vy genes used in this study is
that of Heilig and Tonegawa [15]. The WHO-1UIS equivalent designations are: Vy1
(GV5S1), Vy4 (GV3S1), V64 (DV104S1) [16].

Luminex Cytokine Assay

Cells were passed over nylon wool to enrich for T cells, then negatively selected by staining
them with biotinylated antibodies against TCRB and V4 (for V-y1 enriched cells), or TCRB
and V-y1 (for Vy4 enriched cells), followed by incubation with streptavidin-MACS beads
and passage over LD magnetic columns to remove the positive cells (Miltenyi Biotec). Cells
from the lymph nodes of 3 mice were pooled for each group. After purification, the cells
were cultured for 40 hours at 2 x10°/well in 96-well plates coated with 10 pg/ml pan-
specific anti-TCRS antibody (GL3 [12]). The culture supernatants were then analyzed using
a 20-plex cytokine assay (InVitrogen), and the Luminex 100 system. Values obtained for
cytokines in ng/ml were determined from standards analyzed at the same time.

Vy4+ T cell depletion/inactivation

Mice were immunized by intradermal injection of CFA emulsified in PBS as described
above on day 0 and day 21. At day -4, mice were also injected intravenously in the tail vein
with 200.g of purified anti-Vy4 monoclonal antibody, and this treatment was repeated at
day 17. Mice were sacrificed on day 26.

Immunol Res. Author manuscript; available in PMC 2014 March 01.
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Statistical Analysis

Results

Differences between 2 groups were analyzed using a two-tailed Student’s £test; a p-value of
0.05 or less was considered to be significant. All experiments were performed at least twice,
using 3 or more mice per group, unless otherwise noted. For scatter plots, each symbol
shows the result obtained from an individual mouse, except for naive controls in which in
most cases cells from 2—4 mice were pooled and the value for a single mouse then
calculated; longer lines superimposed over the symbols show the mean, and shorter ones
show the s.e.m. unless otherwise indicated. Bar graphs indicate the average obtained, and
the errors bars indicate the s.e.m. unless otherwise indicated in the figure legend.

CFA alone preferentially induces Vy4Vd4+ cells in the draining lymph nodes in both DBA/1
and C57BL/6 mice

We previously reported that DBA/1 mice with collagen-induced arthritis show preferential
expansion of a particular y8& T cell subset, which expresses a V-y4V64+ TCR, is biased to
produce IL-17A, has an activated phenotype based on several different activation markers,
and carries TCR chains whose junctional amino acid sequences, particularly in the case of
the -y chain, are identical or nearly so. In the same study, we also observed that CFA alone
(without collagen), when injected using a similar protocol, was sufficient to induce the
preferential expansion of Vy4V&4+ cells biased to produce IL-17A [4]. However, whether
or not the TCR junctions of these cells also contained the previously noted canonical
conserved amino acid sequence motif was not determined in that study. We therefore
examined the junctions of Vy4 transcripts from T cells isolated from the draining lymph
nodes of DBA/1 mice injected intradermally with CFA, and found indeed that most (31/45;
about 69%) encode this motif (Fig. 1A). In comparison, only ~25% of naive DBA/1 Vy4
transcripts contained the YG(X)LYS junction, whereas it was present in 88% of the Vy4
transcripts isolated from collagen/CFA treated DBA/1 mice [4]. This indicates that
intradermal injection of PBS-emulsified CFA alone, without any collagen, is sufficient to
induce the preferential response of the canonical VV-y4V&4+ subset in DBA/1 mice.

We therefore went on to examine whether CFA was needed to stimulate the expansion of
these V-y4Vé&4+ cells, or whether incomplete Freund’s adjuvant (IFA) or alum might also
suffice. When following the same injection protocol used to induce CIA (denoted d. 26 in
Fig. 1), IFA was able to induce Vy4V&4+ cell numbers to expand and the proportion of
Vy4+ cells that co-expressed V&4 to increase (Fig. 1B and C), although it was less effective
in this regard than CFA/collagen or CFA alone. Injection of alum, in contrast, did not induce
any measurable Vy4V&4 expansion. We also examined whether a single injection of CFA
might be sufficient to induce the response of this subset. Indeed, among lymphocytes present
in lymph nodes 9 days after a single CFA injection, Vy4V&4+ cells were slightly increased
in both numbers and proportion, compared to those in the lymph nodes of naive controls (d.
9in Fig. 1B and C). A single injection of IFA as well was also able to induce a small but
measurable increase of these cells at day 9, though not in their proportion. Not surprisingly,
no expansion of this subset after a single dose of alum (tested at day 11) was seen (Fig. 1B).

The TCRs of Vy4V&4+ cells that expand in the lymph nodes of C57BL/6 mice are also

canonical

Although C57BL/6 mice, unlike DBA/1 mice, rarely develop CIA when immunized with
collagen/CFA, we suspected that collagen/CFA or CFA only might expand Vy4V&4+ cells
in this strain as well. We found that both collagen/CFA (not shown) and CFA alone (Fig.
2A) are indeed able to induce a robust expansion of Vy4V64+ cells and an increase in their
proportion (Fig. 2B) following two intradermal injections, when examined on day 26 after
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the initial injection. At an earlier timepoint (day 19), the expansion of this subset and its
proportionate increase were still clearly evident, but substantially weaker. As seen with the
DBA/1 strain, a single injection of CFA was also sufficient to induce a weak, though
measurable, V-y4V64+ cell expansion 9 days later in C57BL/6 mice.

To verify whether, in experiments using C57BL/6 mice, the TCRs of the observed expanded
Vy4V64 population also predominantly contained the conserved junctional motifs, we
sequenced cDNA from V4 transcripts derived from the draining lymph nodes of C57BL/6
mice treated using the same protocol we used for DBA/1 mice to elicit CIA. As shown in
Fig. 2C, although only 21% of the in-frame V-y4 transcripts from C57BL/6 naive controls
carried the canonical sequence (4/19; data not shown), here we also found that the junctions
of the majority (37/63, or 59%) of the in-frame transcripts from the immunized mice
expressed the conserved sequence. Although this was somewhat lower than the frequency
observed for DBA/1 mice treated with collagen/CFA (which was 88% [4]) or with CFA
only (69%; see Fig. 1A), it is possible that the frequency actually is essentially the same
between the two strains, because one of the 4 C57BL/6 mice we tested apparently responded
very poorly and had only 30% canonical V-y4 transcripts (3/10), compared to 64% (8/13),
45% (13/29) and 100% (11/11) for the other 3 mice. Thus, intradermal CFA immunization
in C57BL/6 mice also resulted in a clear preferential expansion of V-y4V&4+ y& T cells
having the same conserved Vy4 sequence, indicating that the induction of this subset does
not depend upon the DBA/1 background.

Both CFA and IFA can induce the expansion of Vy4Vd4+ yd T cells, but CFA is needed to
stimulate them to express IL-17A

We next tested whether in C57BL/6 mice, the Vy4V84+ cells induced by CFA also show an
induction of activation markers and a bias to produce IL-17A, as we found in DBA/1 mice
[4]. As shown in Fig. 3A, both of these characteristics were evident in CFA-immunized
C57BL/6 mice, even when the cells were examined only 9 days after a single intradermal
CFA injection, which is before the increase in the proportion of Vy4+ cells co-expressing
V64 is evident (see Fig. 2B, above). Because IFA appeared to be less effective in inducing
expansion of V-y4V84+ cells than CFA in DBA/1 mice (see Fig. 1B, above), we wondered
whether IFA-induced Vy4V64+ cells would, like those induced by CFA, show an increased
bias to produce IL-17A. As shown in Fig. 3B (left panel), at 9 days following immunization,
IL-17A expression in the C57BL/6-derived VV-y4V84+ cells did not differ from that of naive
controls, whereas in the cells from CFA-treated mice, IL-17A had already been induced at
this timepoint. Because the expansion of Vy4V&4+ cells at day 9 is barely detectable, we
also examined CFA vs. IFA-treated mice given two immunizations, at day 26 after the initial
inoculation, to test whether IL-17A induction might be demonstrable after a stronger
stimulation. Although a slightly higher percentage was obtained in IFA-treated mice, it was
not significantly different from the percent of IL-17A producing V-y4V&4+ cells normally
present in naive B6 mice (Fig. 3B, right panel). Thus, IFA injected intradermally appears to
be inadequate for inducing IL-17A production in this subset. IFA did induce some
upregulation of CD44 expression on the Vy4V 64+ population, but this tended to be lower
than that induced by CFA (data not shown).

Intraperitoneal CFA immunization induces a comparatively weak response by Vy4Vd4+

cells

Because intradermal CFA was sufficient for the induction of the canonical Vy4V64+ cells,
we also examined whether this particular route of injection is needed. When CFA was
injected twice intraperitoneally into C57BL/6 mice, an increase in V-y4V64+ cell numbers
was evident on day 26 (Fig. 4A), along with a corresponding and significant increase in the
proportion of Vy4+ cells co-expressing V64 (Fig. 4B, left panel). Although the induced
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peritoneal VV-y4V&4+ cells expressed high levels of CD44 (Fig. 4B, right panel), the
percentage was not significantly higher than that found on these cells in naive mice, though
both were considerably above that seen for naive Vy4V64+ cells in lymph nodes (see Fig.
3A above). We were thus unable to use this characteristic to assess their activation. The
increase in peritoneal V-y4V64+ cell numbers induced by CFA, though obvious, was of a
much smaller degree than was found in peripheral lymph nodes following intradermal CFA
injection (Fig. 4C). As we previously noted following intradermal treatment with CFA/
collagen [4], no increase of V-y4V&4+ cell numbers or proportion was detectable in the
spleens of mice injected intraperitoneally with CFA (data not shown). Thus, intraperitoneal
injection of CFA elicits a comparatively weak local response by V-y4V&4+ cells.

Vy4Vd4+ yd T cells are also strongly and preferentially induced by subcutaneous injection
of emulsified CFA

Vy4+ cells normally found in the dermis appear to have many of the same properties as the
canonical Vy4V64+ cells that preferentially respond following CFA immunization [17, 18,
5-7]. Delivering an inflammatory stimulus to the dermis via subcutaneous injection of CFA
might therefore be expected to generate a strong response of Vy4V&4+ cells, comparable to
that elicited by intradermal CFA immunization. We tested this and found that subcutaneous
injection indeed induced a substantial increase in Vy4V&4+ cell numbers (Fig. 4D), as well
as an increase in the proportion of Vy4+ cells that co-expressed V&4 (Fig. 4E), indicating a
preferential response by this subset. Based on cell numbers obtained, the response induced
by subcutaneous injection may be somewhat weaker than that induced by intradermal
injection, however. Because the V-y4V &4+ cells respond efficiently to CFA introduced
either into the skin or just beneath it, and but only weakly to CFA introduced
intraperitoneally, the dermis is a likely reservoir for this subset.

Induction of IL-17-producing Vy4Vd4+ cells does not require the presence of af T cells

In a previous study, the in vitro stimulated IL-17 secretion by y& T cells was found to be
greatly enhanced when ap T cells were present in the same culture [19]. We therefore
wondered whether in mice lacking ap T cells, the V-y4V&4+ subset would respond. When
B6.TCRB—/- mice, which have no ap T cells, were treated with intradermal CFA, we found
that the Vy4V&4+ cells nonetheless expanded vigorously (Fig. 5A). The fold-increase of the
Vy4V64+ subset was considerably less than in wildtype C57BL/6 mice (only about 7-fold
compared to more than 50-fold, as shown in Fig. 2E above); this may be a consequence of
the already-expanded state of the & T cells in the B6. TCRB—/- strain, the probable result of
enhanced homeostatic expansion due to the absence of ap T cells [20]. Indeed, the
Vy4V64+ cells in B6. TCRB—/—-mice also appeared to be activated because, as in wildtype
mice, there was a clear increase in the proportion of VV-y4+ cells co-expressing V&4, an
induction of IL-17A in these cells, and an upregulation of CD44 expression (Fig. 5B).
Therefore, ap T cells are not necessary for the in vivo expansion and activation of the
Vy4V64+ subset.

Activation of the Vy4Vd4+ cells requires stimulation via a PRR and is enhanced by IFNy

Induction of IL-17A expression in Vy4V&4+ cells in this system required immunization
with CFA, which contains killed mycobacteria, as opposed to intradermal IFA, which does
not. IL-17A induction may thus require an additional signal, likely triggered by molecules in
the bacterial component of CFA engaging with a pattern recognition receptor (PRR), such a
toll-like receptor (TLR). We therefore tested whether in MyD88-/- mice, which are
deficient in most TLR signaling due to the absence of a critical signal transduction adaptor
protein, the V-y4V&4 cells respond following immunization with intradermal CFA.
Compared to wildtype C57BL/6 controls, we found that expansion of this subset was
markedly reduced in MyD88-/- mice (Fig. 6A). Although the proportion of Vy4+ cells that
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co-expressed V84 was nonetheless clearly elevated (Fig. 6B), CFA immunization was not
able to induce IL-17A production in the B6.MyD88-/- derived V-y4V&4+ cells (Fig. 6C).
Because IFN-y enhances the macrophage response to TLR2 and TLR4 ligands [21], we next
examined whether IFNy is necessary for induction of the Vy4V64+ cells. As shown in Fig.
6D (left panel), expansion of the Vy4V&4+ subset was reduced in B6. TCRp—/- IFNy—-/-
mice, compared to B6. TCRpB—/— mice. This may reflect the more general reduction in
inflammatory cells that are recruited to the draining lymph nodes in mice that cannot
produce IFNy ((not shown), especially since V84+ cells that instead co-express V-y1
showed a similarly reduced expansion in this strain (Fig. 6D, right panel; note that like ap T
cells, V-y1+ cells also normally increase in number in the lymph nodes following
intradermal immunization with CFA [4]). Nonetheless, the activation of the V-y4V64+ cells
was impaired in the TCRB-/- IFNy—/— mice, because the percent of Vy4+ cells co-
expressing V84 in these mice increased only marginally compared to those in TCRp-/—
controls (Fig. 6E, 15t panel), and was not significant. Despite this overall weaker response,
high-level expression of CD44 was still clearly induced on the B6. TCRp—/— IFNy—-/-
derived Vy4V&4+ cells, albeit to a lesser degree than on those from B6. TCRp—/- mice (Fig.
6E, 34 panel). In both B6. TCRB—/- and B6. TCRB—/- IFNy—/- mice, as in wildtype mice
[4], the percent increase in cells co-expressing V&4, and their CD44 upregulation, was
specific to Vy4+ cells; y& T cells co-expressing V64 instead in conjunction with Vy1 did
not change in proportion in either the TCRB—/- or TCRB—/— IFN-y-/- mice (Fig. 6E, 2"
panel), and they did not acquire CD44 expression (Fig. 6E, 41 panel), as we had noted
previously in wildtype mice [4]. Given the general decrease in the inflammatory response in
the TCRB—/- IFN-y—/- strain, whether or not the activation of V-y4V64+ cells is normally
enhanced by IFNy could not be determined from this experiment, but clearly at least some
steps towards the activation of this subset are possible without it.

CFA-elicited Vy4Vd4+ cell show a distinct cytokine profile

To further characterize the Vy4V84+ cells induced by intradermal CFA, we examined them
for their ability to produce several other cytokines. As shown in Fig. 7A, whereas CFA-
induced V-y4V64+ cells from C57BL/6 mice frequently express IL-17A, they do not
produce IL-17F or IL-22, other IL-17 family members. In this way, they differ from IL-17-
producing yS T cells that were previously described in several other studies [22, 6, 5].
Compared to CFA-induced Vy4V&4+ cells, in which nearly half of the cells under the
conditions used for this experiment were induced to express IL-17A (Fig. 7, left panels,
center), both naive Vy4V64+ cells and Vy4+ cells from CFA-immunized mice that do not
co-express V&4 showed a less pronounced IL-17A bias (Fig. 7, left two panels, top and
bottom).

In contrast, CFA-induced cells instead expressing V-1, even if they co-expressed V&4,
produced almost no intracellular IL-17A (Fig. 7. right two panels). IL-17A induction in
Vy4V64+ cells could be detected as early as day 9 following a single intradermal CFA
injection, but not IFA (Fig. 8A). Although a small fraction of the IL-17A+ cells co-
expressed TNFa, none expressed IFNy either at this timepoint or at day 26 (not shown), and
only a very few expressed IL-2. We went on to confirm that VV-y4+ cells from the draining
lymph nodes of mice immunized with intradermal CFA actually secrete substantially more
IL-17A protein than do Vy1+ cells, by testing supernatants from the cultures of purified
cells activated in vitro, using a Luminex Multiplex cytokine assay (Fig. 8B).

The Vy4Vd4+ subset promotes a Th17 ag T cell response

Because the V-y4V64+ cells provide a relatively early source of IL-17A during
inflammation, they could promote the development of ap TCR+ IL-17-producing cells,
including Th17 cells, as we suggested in our previous study [4]. We examined this by pre-
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treating mice, prior to each intradermal injection of CFA, by intravenous injection of anti-
V-y4 specific monoclonal antibody, which inactivates and/or depletes most of the Vy4+
cells [23, 9]. The numbers of IL-17-producing ap T cells present in the draining lymph
nodes of mice so treated were found to be substantially reduced compared to those obtained
from sham-treated controls (Fig. 9A). Moreover, the proportion of IL-17A-producing ap T
cells was reduced by more than half in mice treated with anti-V-y4 antibody as compared to
untreated controls (Fig. 8B). Somewhat surprisingly, the percentage of IFN-y producing a8
T cells was reduced to a similar degree, and that of ap T cells producing TNF-a also
significantly decreased. Conversely, although the overall percentages were quite low, we
observed a highly significant enhancement of IL-6+ af T cells in mice treated with anti-
V-y4+ antibody vs. untreated controls; this is interesting because IL-6 is important in
promoting the differentiation of Th17 ap T cells [24] but not of IL-17-producing -y6 T cells
[25]. In another experiment, we examined IL-17A expression specifically in CD4+ T cells
and obtained similar results: the percentage of IL-17A CD4+ cells obtained from mice given
intradermal CFA was substantially reduced in TCR&—/- and V-y4/6—/- mice (which cannot
produce either Vy4+ or Vy6+ cells but have near-normal numbers of other 6 T cells) [8,
9], as compared to wildtype mice (Fig. 9C). Because most of the Vy4+ cells in lymph nodes
following treatment with intradermal CFA are canonical Vy4V&4+ cells, this subset appears
to be needed for a full-fledged Th17 response.

Discussion

Several recent reports describe -y6 T cells normally present in the dermis that often express
V4 and are biased to produce IL-17A [5-7]. These dermal y& T cells, which are highly
motile and appear to be pre-activated to some degree, have not yet been characterized with
regard to the V& genes they co-express, or the sequences of their Vy4 TCR junctions. The
canonical Vy4V64+ cells we have studied here that expand in the draining lymph nodes
following intradermal CFA injection may be recruited from this dermal population, because
we found that V-y4V64+ cells also preferentially responded in the draining lymph nodes
following subcutaneous immunization with CFA. Moreover, in previous studies,
subcutaneous injection of CFA-emulsified with a uveitis-inducing retinal peptide, which
promotes the subsequent development of uveitis, also led to the preferential activation of a
Vy4V64+ subset [19, 26]. Like the dermal -y6 T cells, the CFA-elicited Vy4V&4+ cells to
some extent appear to be preactivated: although the CD44 level on this subset increases to a
higher level following CFA immunization, it is already unusually high on most of these cells
even in naive mice [4, 7], compared to V-y1+ cells [4]. According to several reports, Vy4+
¥8 T cells from naive mice can be induced by culture with cytokines alone (IL-23 with or
without added IL-1) to produce IL-17 [27], and also to proliferate [6], and although the
stimulation can be augmented by the presence of pathogen products, these were not required
[6]. This suggests that in our system, cytokines elicited by CFA, together with molecules
derived from the mycobacteria present in CFA, are likely sufficient to induce proliferation
and promote the migration of the V-y4V&4+ cells into lymph nodes. It also implies that,
despite their highly conserved TCRs, the Vy4V84+ 6 T cell response does not require
stimulation via the TCR for these steps. This may be a general property of T lymphocytes
that differentiate into IL-17-biased cells, because certain cytokine combinations in vitro
were recently shown to be sufficient to stimulate IL-17 secretion by both & T cells and
naive CD4+ af T cells, without any need for a TCR signal [28]. Because killed
Mycobacterium tuberculosis was recently shown to stimulate IL-1p and IL-18 production by
dendritic cells, and this cytokine combination was able to induce IL-17 production by both
ap and y8 T cells [28], it is possible that TCR stimulation of the Vy4V&4+ cells in our
system also is not needed to induce them to secrete IL-17.
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Canonical -y6 TCRs, with invariant or nearly invariant junctions, are characteristic of three
previously described y& T cell subsets: the Vy5V61+ “DETC” cells found almost
exclusively in the epidermis [29]; the V-y6V81+ cells that respond in many different types
of inflammation and are resident in the tongue, nasal epithelium, and female reproductive
tract and may also be resident in the peritoneum [30, 31, 3]; and a Vy1V&6.3 subset that in
many ways resembles iNKT ap T cells [32]. All of these are derived from precursors that
develop only in the fetal thymus. Interestingly, Gray et al. presented evidence that at least
some of the dermal -y8 T cells are also fetal thymus-derived [5]. Thus, if the cells we have
investigated in this study are indeed dermis-derived, their canonical TCR may be fetal
thymus-derived as well.

Some of the characteristics of the Vy4V84+ IL-17-producing -y6 T cells may be typical of
all IL-17 producing y& T cells; these have been variously reported as expression of high
levels of CD44+, CD25, TLR2, and CCR6; and production of 1L-22 and IL-17F instead or
as well. Among the Vy6V&1+ canonical subset that expands in the lung following repeated
intranasal instillation of live Bacillus subtilis, a large fraction secreted IL-17A and produced
or co-produced IL-22 or IL-17F, although they did not express IFNvy [22]. Moreover, IL-17
and IL-22 co-expression was common among y6 T cells elicited in the peritoneum
following injection of heat-killed mycobacteria with a synthetic aryl hydrocarbon receptor
ligand [33]. However, y& T cells elicited by infection with Listeria monocytogenes, which
largely express the canonical Vy6V&1 TCR, often expressed both IL-17A and IFNvy [3, 34].
Thus, even within the V-y6V&1 canonical subset whose members bear virtually identical
TCRs, differences in the way the cells are elicited appear to impact their cytokine profile.
For the canonical Vy4V84+ cells studied here, like the Vy4+ cells of the dermis [6],
production of IFN-y was not found, even though Vy4V&4+ cells that produce IFN-y have
been previously described following coxsackievirus B3 infection [35]. Whether this
discrepancy can be explained by differences in the agents eliciting the response, or reflects a
subtle difference in the responding y6 T cell subset, is not clear at this time. Furthermore,
dermal Vy4+ cells were shown in two recently published studies to produce IL-17F and/or
IL-22 as well as IL-17A [5, 6], whereas we found in this study that a high percentage of the
CFA-elicited lymph node V-y4V&4+ cells express IL-17A, but not IL-22 or IL-17F. If the
dermal Vy4+ cells indeed represent the canonical Vy4V&4 cells that were recruited to skin-
draining lymph nodes following intradermal or subcutaneous CFA immunization, as we
speculate here, this could indicate that their inherent cytokine bias changes during
immunization, or instead that the canonical V-y4V64+ dermal cells differ from other VV-y4+
dermal cells in this regard.

We were unable in this study to detect TLR2 or TLR4 by flow cytometry on the Vy4V&4+
CFA-responsive cells in lymph nodes (data not shown), although TLR2 expression has been
previously noted on IL-17-producing y& T cells [36]. This was somewhat surprising, since
TLR2 is directly involved in the induction of IL-17 expression on CD4+ T cells, IL-23 has
been shown to induce TLR2 and TLR4 mRNA expression on splenic y8 T cells [37], and
TLR ligands and other PRRs have been shown to enhance IL-23 stimulated expression of
IL-17 by & T cells [33, 6]. Scartl and/or Scart2, which are scavenger receptors expressed
by Vy4+y6 T cells in the dermis and in skin-draining lymph nodes [17, 18], may play a
similar role in inducing IL-17 on these cells as do TLRs on other y& T cellsand CD4 af T
cells, if they are able to bind to pathogen products derived from the mycobacteria present in
CFA. The IL-17A response by canonical Vy4V&4+ cells appears to require stimulation not
only via cytokine receptors but also TLRs, since IL-17A was not induced on these cells in
CFA-immunized MyD88-/- mice (see Fig. 6C above). Consistently, a recent publication
showed that IFA containing TLR 2 and 4 ligands can be an effective substitute for the
mycobacteria in CFA in inducing IL-17+ y8 T cells and Th17 cells, although it did not show
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whether the -y6 T cells themselves express TLR2 or TLR4, whereas IFA containing instead
TLR3 and TLR7 ligands was not found to be very effective [38].

In our experiments, removing certain components from the system - mycobacteria, MyD88,
or IFNYy - also decreased the overall strength of the inflammatory response, so that an
increase in V-y4V&4+ cells could not be used to assess a response by the V-y4V&4+ cells.
However, as noted in mice that received a single dose of CFA and were analyzed 9 days
later, even though the increase in numbers of Vy4V&4+ cells was quite small at that
timepoint, their response was clear based on the proportionate increase of y& T cells
expressing this TCR, their increase in CD44 expression, and the induction of IL-17A
expression within them. Since the Vy4V&4+ cells express neither TLR2 nor TLR4 and do
not produce IFN-y when stimulated, presumably their response is instead triggered by the
stimulation of other cells that express these molecules, such as dendritic cells. Whether these
particular molecules are required for the V-y4V&4 response, or instead others with related
functions can substitute for them, remains to be determined. It is possible that the
mycobacteria, MyD88, and IFNy act in this system via a common mechanism: a TLR
molecule (likely to be TLR2 or TLR4 since mycobacteria carry ligands for these) whose
signaling involves MyD88, which leads to secretion of IFN+y in the responding mice. More
likely, the process is more complex, however, because we saw a different outcome
depending upon which of these signals was disrupted. Specifically, a defect in MyD88
hindered the induction of IL-17A in Vy4V&4+ cells but did not alter their proportionate
increase, whereas a defect in IFN+y reduced the increase in the proportion of V-y4V&4+ cells,
but did not prevent them from being induced to express high levels of CD44 (see Fig. 6
above). Delineating the signals that are needed to fully activate the Vy4V&4+ cells in this
system will require further study.

We presented evidence in this study that the Vy4V84 subset promotes a Th17-type immune
response (Fig. 8 above). Consistently, Sumaria et al. [7] similarly demonstrated that lack of
dermal & T cells can reduce the subsequent antigen-specific CD4 response to
intradermally-injected mycobacteria, and others [19, 27, 38] also showed that the y6 T cells
in other experimental systems that likely represent the canonical VV-y4V&4+ subset enhance
IL-17 production by ap T cells, including CD4+ Th17 cells. So, although these cells clearly
can promote autoimmunity [4, 19, 27, 18], they are probably also critical in immune
defense, for the mounting of an effective Th17 response. The concomitant reduction we
noted of the Thl-associated cytokines IFNy and TNFa when these cells are not present
could indicate that the Vy4V84+ subset might also be important in promoting a subsequent
strong Th1 response, particularly since IL-17A induces dendritic cells to produce IL-12, and
thereby helps to bring about a Thl response [39], and in a study concerning the pulmonary
CDA T cell response to vaccination against mycobacteria, IL-23 and IL-17 were found to be
critical to eliciting the accelerated response of IFN-y-producing CD4+ cells [40].
Interestingly, we also noted in our study a marked increase in IL-6-producing ap T cells
following treatment of the mice with anti-V-y4 antibody (Fig. 8B above). This may reflect a
lag in the differentiation of CD4 af T cells into Th17 cells, since IL-6 is important in this
process [41]. Our findings suggest that the IL-17 response of canonical Vy4V64+ cells is
likely to be important in promoting host resistance to certain infectious agents. Because Cai
et al. [6] recently showed that psoriasis patients have elevated levels of dermal IL-17-
producing -y8 T cells, if the canonical Vy4V64+ cells in mice are indeed derived from y& T
cells normally found in the dermis, similar y8 T cells are likely to play an important role in
humans as well, in promoting effective Th17 and perhaps Th1 responses.
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Fig. 1. DBA/1LacJ micetreated with CFA, but not IFA or alum, show preferential expansion of
the canonical Vy4V&4+ y8 T cell subset

DBA/1LacJ were mice immunized intradermally with collagen/CFA (denoted CIA), or with
CFA, IFA, or alum only emulsified in PBS, and the draining lymph nodes harvested on the
day indicated. Untreated controls (naive) are shown for comparison A. Vy4 transcripts from
the lymph nodes of four CFA-treated males, immunized twice on d. 0 and 21 and sacrificed
on day 26 (d. 26), were amplified by PCR, and the cDNA transcripts then cloned and
sequenced, separately for each mouse. The predicted amino acid sequence encoded by each
unique junction is shown (which includes the C-terminal portion of VV-y4, N-encoded amino
acids, and N-terminal J-y1 amino acids), and the number of clones obtained represented by
each sequence is indicated; the conserved motif (top line) was predominant. B. The number
of Vy4V 64+ cells obtained from DBA/1LacJ mice treated as indicated; some mice were
immunized only once (1X) and the lymph node cells harvested as indicated on day 9 or day
11, whereas others were injected twice (2X) on days 0 and 21 and the lymph node cells
harvested on day 26. Each group contained 3-9 mice; each symbol within a group represents
the result from an individual mouse; error bars show the s.d. C. As for B, except the average
percent of Vy4+ cells co-expressing V64 is indicated for each treatment group.

Immunol Res. Author manuscript; available in PMC 2014 March 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Roark et al. Page 15

A 20 C57BL/6 B 100 c CIA Protocol, C57BL/6
Motif: YGXLYS  No. observed
YG LYS 37
15 % 75 Cove :
No. VyaVod+ %Vod+ Y6 SY
cells x 104 ;o of Vyd+ YG FYS .
5 g 25
g
0 0

Naive CFA CFA CFA Naive CFA CFA CFA
X 2X

X S 2 X Total: 63
d26 d.19 d.9 d.26 d19 d.9

Fig. 2. C57BL/6 mice immunized with CFA also causes preferential expansion of the canonical
Vy4V 84+ subset in the draining lymph nodes

A. The number of Vy4V 64+ cells obtained from the lymph nodes of individual C57BL/6
mice immunized with intradermal CFA on days 0 and 21 and sacrificed on day 26, or
immunized on days 0 and 14 and sacrificed on day 19, or immunized on day 0 and sacrificed
on day 9, are shown. B. As for A, except the average percent of V-y4+ cells co-expressing
V&4 is indicated for each treatment group. C. Four C57BL/6 male mice were treated as for
Fig. 1A, except that mice were immunized with CFA/collagen (the CIA protocol) instead of
CFA only, and cloned V4 transcripts from each individual were sequenced.
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Fig. 3. C57BL/6-derived Vy4V&4+ cellsinduced by intradermal CFA also upregulate CD44
expression and are biased to produce | L-17A

A. Results of typical experiments showing the percentage of C57BL/6-derived Vy4V64+
cells with high levels of CD44, and the percent of this subset that was positive for IL-17A
after PMA/ionomyecin stimulation and intracellular cytokine staining. Mice were treated by
intradermal CFA immunization as described in Fig. 2A, and lymph nodes harvested on the
day shown. Some points in this graph represent results from only two animals, but the
findings were confirmed in other experiments (not shown) using similar but not identical
conditions. B. As for A, except the IL-17A+ percentage of VV-y4V&4+ cells is compared for
day 9 vs. day 26 for mice treated with either CFA or IFA. The result for mice treated with
CFA on day 9 represents the average obtained from only 2 animals, but is included for
comparison. The IFA and CFA results were confirmed in other experiments under similar
but not identical conditions.
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Fig. 4. Theroute of immunization influences the strength of the response of the Vy4V &4+ subset

to CFA

A—C. C57BL/6 mice were either uninfected (naive controls), or given an intraperitoneal
(i.p.) injection of CFA emulsified in PBS on days 0 and 21. Cells were stained for flow
cytometric analysis 26 days after the first injection. A. Peritoneal Vy4V&4+ cell numbers

obtained. B. Percent of peritoneal VVy4+ cells co-expressing V64 (left) and percent of

peritoneal CD44-high Vy4V&4+ cells (right). C. The fold-increase in intraperitoneally (i.p)
or intradermally (i.d.) immunized mice was calculated by dividing the number of Vy4V64+
cells obtained in each CFA stimulated mouse by the average obtained per mouse in naive
controls. D—E. C57BL/6 mice were injected twice as for intradermal CFA immunization, but
subcutaneously at the scruff of the neck, and cells from the axillary and inguinal lymph
nodes were combined and analyzed on day 26. Lymph nodes were pooled for the naive
controls, whereas subcutaneously or intradermally injected mice show the average obtained
from 4-5 animals. D. Vy4V &4+ cell numbers obtained from lymph nodes of mice
immunized by subcutaneous injection of CFA. E. The percent of V-y4+ cells co-expressing

V&4 from the same samples shown in D.
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Fig. 5. Theresponse of the Vy4V &4+ cellsto intradermal immunization with CFA does not
requirethepresenceof ap T cells
A. Vy4V84+ cell numbers obtained from lymph nodes of B6. TCRB—/— mice immunized by
intradermal injection of CFA on days 0 and 14, and sacrificed on day 19. Error bars show
s.d. B. B6.TCRB—/- mice were treated as in A, and lymph nodes cells analyzed by flow
cytometry. The percent of Vy4+ cells co-expressing V64 (left), the percent of IL-17A+ cells
among V-y4Vé&4+ cells (center), and the percent of CD44-high cells among V-y4V&4+ cells
(right), are shown. For each condition, 57 mice were tested, except for IL-17A expression
by naive V-y4V&4+ cells, which is shown for comparison and represents lymph nodes from
two mice that were pooled.
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Fig. 6. Neither a TLR signal nor IFNy iscritical for stimulating expansion of the V-y4V 64 subset,
but a TLR signal appearsto be required for inducing them to produce IL-17A

A—C. Mice were immunized by intradermal injection of CFA on days 0 and 21, and their
lymph nodes were harvested on day 26. For each group, 3-6 mice were analyzed except as
noted below. A. The Vy4V84+ cell numbers obtained from C57BL/6 vs. B6.MyD88-/-
mice. Cells from the lymph nodes of 2 mice were pooled for the MyD88 naive control. B.
The percent of Vy4+ cells co-expressing V84. Cells from the lymph nodes of 3 mice were
pooled for the MyD88 naive control. C. The percent of IL-17A+ cells among V-y4V&4+
cells. Only 2 mice were analyzed for the B6.MyD88—-/- CFA treated group, and cells from
the lymph nodes of 3 mice were pooled for the MyD88 naive control. D—E. Mice were
immunized as for A except immunizations were on day 0 and 14, and lymph nodes were
harvested on day 20. D. The Vy4V84+ and Vy1V&4+ cell numbers obtained from
B6.TCRB—/- vs. B6.TCRB—/-IFNy—/- mice. Error bars show s.d.; n.s.= not significant (p >
0.05). E. The percent of Vy4+ or Vy1+ cells co-expressing V64 (left), and the percent of
CD44-high Vy4V64+ or Vy1V84+ cells (right).
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Fig. 7. Activation of the canonical Vy4V84 subset inducesit to produce |L-17A, but not IL-17F
or IL-22

C57BL/6 mice were immunized by intradermal injection of CFA on day 0 and day 14, and
the lymph nodes harvested on day 26. A typical example of flow cytometry profiles of cells
from an individual mouse is shown (CFA, bottom), along with a typical example from an
untreated control mouse (naive, top). Histograms show the staining for 3 different
intracellular cytokines within cells gated by the quadrants indicated.
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Fig. 8. Vy4V64+ cellsinduced to express|L-17 do not co-express |FN+y or IL-2, although some
co-express TNFa

A. C57BL/6 mice were immunized by intradermal injection of CFA or IFA, and lymph
nodes harvested on day 9. The panels show a typical example of a flow cytometry panel
from an individual mouse. B. Draining lymph nodes were taken on day 20 from DBA/1LacJ
or B6. TCRB-/- mice that were either left untreated, or that received intradermal CFA
injections on days 0 and 14. Cells from 3 mice were pooled, passed over nylon wool to
enrich for T cells, and negatively selected using MACS beads to enrich for either Vy1+ or
V-y4+ cells. Cells were cultured on wells coated with anti-C& monoclonal antibody, and the
presence of various cytokines measured using a multi-plex cytokine bead assay with known
standards. Cells from DBA/1 mice show the results from single cultures; error bars for cells
from B6.TCRB—-/— mice show the range of values obtained from duplicate wells tested
separately.
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Fig. 9. Theap T cell responseto intradermal CFA isaltered when Vy4+ cellsareinactivated
C57BL/6 mice were immunized intradermally with CFA on days 0 and 21, with intravenous
injections of anti-V-y4 antibody preceding each immunization by 4 days; lymph nodes were
harvested on day 26. A—B: Each group represents the average obtained from 4 mice whose
cells were analyzed individually, except the naive control, included for comparison, for
which cells from the lymph nodes of 4 mice were pooled together before the analysis. A.
Numbers of ap T cells obtained expressing IL-17A intracellularly after 4 hours of culture
with PMA/ionomycin. B. As for A, except the percent of af T cells expressing the indicated
cytokine is shown. C. The percent of IL-17A+ cells present in CD4+ cells was determined.
Here, mice were immunized by intradermal injection of CFA on day 0 and day 14, and the
lymph nodes harvested on d. 19. Error bars show the range obtained from samples from
duplicate mice analyzed separately; for naive TCR6—/- and naive Vy4/6—/- mice, shown
for comparison, the result was determined from cells obtained from a single mouse only.
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