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Abstract

In OVA-sensitized and challenged mice, v8 T cells expressing Vy1 enhance airway
hyperresponsiveness (AHR) but the underlying mechanism is unclear. These cells also reduce
IL-10 levels in the airways, suggesting that they might function by inhibiting CD4*CD25*
regulatory T cells (Tyeg) or other CD4* T cells capable of producing IL-10 and suppressing AHR.
Indeed, sensitization and challenge with OVA combined with inactivation of Vy1* cells increased
CD4*CD25* cells in the lung, and markedly those capable of producing I1L-10. The cellular
change was associated with increased 1L-10 and TGF-J levels in the airways, and a decrease of
IL-13. Tyeg include naturally occurring Foxp3* Treg, inducible Foxp3™ Tyeq, and antigen-specific
Treg many of which express folate receptor 4 (FR4). Although Foxp3 gene expression in the lung
was also increased pulmonary CD4* T cells, expressing Foxp3-protein or FR4 remained stable.
Therefore, the inhibition by Vy1* v8 T cells might not be targeting Foxp3* Teq but rather CD4* T
cells destined to produce IL-10.
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1. Introduction

The mechanisms of airway hyperresponsiveness (AHR) and inflammation in allergic asthma
and related diseases of the lung are not yet fully understood. T cells play an important role
but different populations have diverse effects that are often in opposition. More recent
studies have implicated y8 T cells, but their influence on the allergic response appears to be
equally complex [1-4].

v& T cells fall into discrete subpopulations, which differ in their expression of TCRs [5, 6].
The observation that TCR-Vy expression alone can be sufficient to define functionally
distinct v T cell subsets [7, 8] led us to examine the role of such subsets in allergic airway
inflammation and AHR. We found that Vy4* v8 T cells suppress AHR in a manner
independent of af T cells and largely bypassing the inflammatory response [9-11]. In
contrast, Vy1* v8 T cells enhance AHR [12, 13], in different settings, and probably through
more than one mechanism. In the absence of conventional, allergen-specific T cells they are
capable of mediating AHR, as long as synergistic iNKT cells are present [13]. In the
presence of allergen-specific af T cells, in normal C57BL/6 and BALB/c mice, Vy1* y§ T
cells also enhance AHR, although their effect on cytokine levels in the airways differs [12].
In mice of the C57BL/6 genetic background, their regulatory effect involves IL-10, because
depletion of the Vy1* cells resulted in increased levels of IL-10 in BAL fluid, whereas
reconstituting Vy1* cells in mice lacking v3 T cells had the opposite consequence [12].
IL-10 is produced by several types of T cells including CD4*CD25* regulatory T cells
(Treg), Which produce IL-10 themselves [14, 15], enhance IL-10 production by other cells
[16, 17], and are capable of regulating the allergic response in the lung [18-21].
Consistently, recent studies have demonstrated an important role for both 1L-10 and Teg in
the resolution of airway inflammation and AHR [17, 22]. However, at least in the regulation
of the allergic pulmonary response, regulatory activity was also observed when Tieq
themselves did not produce 1L-10 [17, 22]. In view of our earlier findings we reasoned that
one mechanism by which Vy1* y8 T cells enhance the allergic response in the lung might be
through inhibiting the development of IL-10-producing T cells in the lung, including
perhaps pulmonary Teg. Indeed, selective inactivation of the Vy1™ cells by in vivo treatment
with anti Vy1 mAbs resulted in an increase in the lung of inducible CD4*CD25* T cells
capable of producing IL-10, associated with an increase in anti-inflammatory and a decrease
in proinflammatory cytokines, but not with an increase in Foxp3-protein* Treg-

2. Materials and Methods

2.1. Animals, sensitization and airway challenge

Female C57BL/6 mice were obtained from OrientBio (Sungnam, Korea) or from Jackson
Laboratories (Bar Harbor, Maine), were maintained on ovalbumin (OVA)-free diets, and
were investigated at an age of 8-12 wks, under protocols approved either by the Institutional
Animal Care and Use Committees of the Chungbuk National University, or of the National
Jewish Medical and Research Center, Denver Colorado. Mice were sensitized by i.p.
injection of 20 ug OVA (Grade V; Sigma Chemical Co., St. Louis, MO) emulsified in 2.25
mg aluminum hydroxide (AlumIimuject; Pierce Chemical, Rockford, IL) in a total volume of
100 ml on days 0 and 14, and challenged via the airways with OVA (1% in saline) for 20
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min on days 28, 29 and 30 by ultrasonic nebulization (particle size 1-5 mm; De Vilbiss,
Somerset, PA). Mice were sacrificed for further assay at 48 h after the last allergen
challenge.

2.2. Administration of anti-TCR mAbs

Hamster anti-TCR Vy1 mAb 2.11 [23] and anti Vy4 mAb UC3 [24] were purified from
hybridoma culture supernatants using a Protein G-Sepharose affinity column (Pharmacia,
Uppsala, Sweden). T cell functional depletion/inactivation was achieved after injection of
200 pg hamster anti-TCR Vvy4 or Vy1 mADs into the tail veins of mice, 3d before each of the
two OVA sensitizations, and the effect of the antibody treatment on TCR expression was
monitored as previously described [12]. Using this method, we effectively remove TCR-
expression (> 80% reduction based on antibody staining) and specifically remove the
function of the targeted T cells (based on functional tests and comparison of the antibody
treatment and cell transfer experiments). Whether this treatment also eliminates the targeted
cells is not clear. Sham antibody treatments were performed with nonspecific hamster 1gG
(Jackson Laboratories, Bar Harbor, ME). Note: Throughout this paper, we use the
nomenclature and numbering system for murine Vy genes introduced by Heilig et al. [25].

2.3. Bronchoalveolar lavage and Measurement of cytokines in BAL fluid

Lungs were lavaged with Hank’s balanced salt solution (HBSS, 1 ml) via an intratracheal
tube, and total leukocyte numbers were measured using a Coulter Counter (Coulter
Corporation, Hialeah, FL). Differential cell counts were performed by counting at least 200
cells on cytocentrifuged preparations (Cytospin 2; Cytospin, Shandon Ltd., Runcorn,
Cheshire, UK), stained with Leukostat (Fisher Diagnostics, Fair Lawn, NJ), and
differentiated by standard hematological criteria [3]. IL-10, IL-13, and TGF-f in BAL fluid
samples were detected by ELISA using commercial Kits (R&D Systems, Minneapolis, MN),
as previously described [12]. Cytokine levels were determined by comparison with known
standards. The limits of detection were 7.8 pg/ml for IL-13 and 15.6 pg/ml for the other
cytokines.

2.4. Flow cytometric analysis

Lung tissue cells, prepared as previously described in detail [10], were resuspended in RPMI
medium supplemented with 2 mM L-glutamine, 20 UM 2-mercaptoethanol, 100 units of
penicillin/ml, 50 pg of streptomycin per ml, and 10% FBS, and stimulated overnight at 37°
C in the presence of 50 ng/ml phorbol 12-myristate 13-acetate (PMA), 500 ng/ml of calcium
ionomycin, and 10 pg/ml brefeldin A (BFA). Cells were harvested, washed, and
resuspended at 2x10%/well in staining buffer (BSS containing 1% sodium azide and 2%
FBS). Cells were first stained with FITC-conjugated hamster anti-mouse CD4 and CD25
mAbs (Pharmingen, San Diego, CA) for 30 min at 4°C, and then fixed in 2%
paraformaldehyde for 20 min.

For intra-cytoplasmic staining, cells were washed and incubated in staining buffer
containing 0.1% saponin for 10 minutes. Continuously exposed to saponin, cells were then
stained with PE-conjugated mouse 1gG1 anti-murine IL-10 mAb (Pharmingen) for 30 min at
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4°C. After washing with staining buffer containing saponin, cells were washed again with
staining buffer without saponin to allow membrane closure.

In the experiment described in Table 1, freshly isolated cells from lung and spleen were
passed over nylon wool columns, and non-adherent cells (NAD) were stained with
antibodies specific for CD3e, CD4, CD25 and either Foxp3 or folate receptor 4 (FRA4).
Stained cells were analyzed on a FACScalibur flow cytometer (Becton Dickinson) using
Lysis Il and Cellquest software. All subsequent analyses used a light scatter gate designed to
include only small lymphocytes. A minimum of 25,000 events per gated region was
counted. Estimated cell numbers were obtained by multiplying relative cell frequencies with
total numbers of digested cells per one lung of each mouse, gated for viability and low
forward and side scatter. These numbers likely under represent population sizes but are
useful in indicating absolute changes in the examined cell populations.

2.5. Measurement of Foxp3 gene expression by qRT-PCR

RNA of digested lung cells was isolated using the Absolutely RNA Mini Prep kit
(Stratagene, La Jolla, CA), according to the manufacturer’s protocol. The eluted RNA was
quantified by using a Qubit Fluorometer (Invitrogen, Carlsbad, CA) and Quant-iT RNA
assays (Invitrogen) as recommended by the manufacturer. Synthesis of cDNA was
performed by using 5% iScript Reaction Mix (containing oligo dT and random hexamers),
iScript reverse transcriptase (Bio-Rad, Hercules, CA), quantified RNA, and RNase-free
water mixed in a total volume of 20 pl. The quantitative transcription profile of Foxp3 was
determined by qRT-PCR using the SYBR green PCR master mix (QIAGEN, Valencia, CA).
To normalize the relative concentration values, PCR of the housekeeping gene GAPDH was
also performed. A melting curve analysis was always performed for each PCR amplicon to
verify specific amplification, and multiple trials of gRT-PCR were performed with each
primer set; Foxp3 sense: 5’-CTGCATCGTAGCCACCAGTA-3’ and Foxp3 antisense: 5’-
AAGTAGGCGAACATGCGAGT-3’. qRT-PCRs were run in a Corbett Rotor-Gene
RG-3000 (Corbett Life Science, Sydney, Australia) under identical amplification conditions.
Fold gene expression of Foxp3 was evaluated using the Delta-Delta Ct method, a calculation
method using transcription values based on the change in threshold for control (in this case
GAPDH) and target cells. The threshold cycle is defined as the cycle number where
fluorescent signaling crosses the threshold of logarithmic increases in cDNA concentration.

2.6. Statistical analysis

Data are prepared as means + standard error of the mean (SEM). The Mann-Whitney test
was used for analysis of the effects of mAb treatment on airway inflammation, and ANOVA
for analysis of differences in cytokine levels. Pair wise comparisons were performed using
the Tukey-Kramer honest significant difference (HSD) test. Statistically significant levels
were set at a p value of 0.05.
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3.1. Vy1* y8T cells alter airway cytokines but not the leukocytic airway-infiltrate

We examined mice sensitized and challenged with OVA, and treated with mAbs to
inactivate TCR-Vy1* or Vy4* v§ T cells or isotype-matched non-specific 1gG. The
antibodies were injected twice, each 3 days before one of two sensitizing i.p. injections with
OVA. By comparison with isotype-matched non-specific antibodies, the treatments with
specific y& T cell-inactivating antibodies did not induce significant changes in total airway
infiltrating cells, and relative frequencies of macrophages, eosinophils, neutrophils and
lymphocytes remained essentially unchanged (Fig.1A). In marked contrast, one of the
antibody-treatments induced substantial changes of cytokine levels in the BAL fluid of these
mice. Whereas anti Vy4 mAb had no effect in comparison with non-specific antibodies, the
treatment with anti V'y1 mAb resulted in a reduced level of IL-13, a slightly increased level
of TGF-B, and a greatly increased level of IL-10 (Fig. 1B).

3.2. Vy1* y6 T cells prevent pulmonary accumulation of IL-10-producing CD4*CD25* T

cells

Next, we determined total numbers and relative frequency of CD4*CD25* T cells in the
lung tissue of these mice (Fig. 2). Pulmonary lymphocytes were incubated overnight with
PMA/ionomycin and brefeldin A, stained with specific antibodies detecting surface-
expressed CD4 and CD25, and intra-cellular IL-10, and enumerated by flow cytometry (Fig.
2A). Compared with controls that were only challenged, OV A-sensitized and challenged
mice showed a large increase in the total numbers of pulmonary CD4*CD25* T cells,
accompanied by substantial increase in the relative frequency of these cells within the total
CD4" pulmonary T cell population (Fig. 2B). CD4*CD25* cells that could be induced to
produce IL-10 also appeared in small numbers. However, when the treatment with anti Vy1
mAb was added to the sensitization and challenge, CD4*CD25* T cells increased further,
and those that could be induced to produce IL-10 increased dramatically, both in absolute
numbers and relative frequency (Fig. 2B). Because the treatment with non-specific isotype-
matched antibodies or with anti Vy4 mAb did not have this effect, the data suggest that
Vvy1t y8 T cells in particular selectively suppress the development of inducible, IL-10-
producing CD4*CD25* T cells in the OVA-challenged lung.

3.3. Effect of Vy1* 8T cells on Foxp3 expression in the lung

CD4*CD25" Tyeq have been divided into inducible and naturally occurring subsets.
Naturally occurring Tyeq are characterized by their expression of the transcription factor
Foxp3. Examining the lung of OVA-sensitized and challenged mice, which were also treated
with the v8 T cell-inactivating mAbs for overall Foxp3 gene-expression using quantitative
RT-PCR, we found increased Foxp3 gene-expression in those mice that had been treated
with the anti Vy1 mAbs, indicating that Vy1* v8 T cells in particular exert a regulatory
effect on pulmonary cells with the potential of expressing this gene (Fig. 3). However, when
we examined freshly isolated pulmonary CD3e* T cells or CD4* or CD4*CD25* T cell
subsets that expressed Foxp3 protein in the anti VVyl-treated mice, there were no significant
changes in relative cellular frequencies or absolute numbers, nor did we find such changes in
the spleen (Table 1). We also examined T cell populations expressing folate receptor 4, a
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recently described cell surface marker associated with the differentiation of antigen-specific
Treg [26], with similar results. It thus appears that Vy1* y8 T cells target an inducible
population among CD4*CD25* T cells and prevent their development into IL-10-producing
cells, without changing the size of cell populations within the same T cell pool that are
capable of expressing Foxp3 or FR4-proteins.

4. Discussion

The finding that Vy1* v8 T cells enhance AHR in OV A-sensitized and challenged mice [12,
27] raised questions about the underlying mechanism. These cells are effective in very small
numbers, are able to decrease levels of IL-10 in the airways, and require the presence of aff
T cells for their regulatory function [12]. Others have shown that IL-10 can regulate the
allergic response, and that transferred CD4*CD25* a3 T cells can increase 1L-10 in the lung
[17, 22]. The possibility of a connection between the two T cell-types in the regulation of
the allergic response let us to examine the effect of Vy1* v§ T cells on pulmonary
CD4*CD25* T cells in OVA-sensitized and challenged mice.

Along with an expected Th2 response [28], the OVA-sensitized and challenged mice
developed substantially higher numbers of pulmonary CD4*CD25* T cells than did mice
which were only challenged with OV, an increase likely due to recruitment of these cells
into the lung [29-31]. Inactivating Vy1* but not Vy4* v§ T cells using anti TCR mAb
further increased pulmonary CD4*CD25* cells, both in absolute and relative terms.
However, the two-fold increase of CD4*CD25* cells was small by comparison with the six-
fold increase of those CD4*CD25™ cells that were capable of producing IL-10. These
cellular changes were accompanied by increases in the airways (BAL) of IL-10 and TGF-§,
and a decrease in 1L-13, suggesting that the cellular changes in the lung of the antibody-
treated mice actually reached sufficient proportions to diminish the allergic response and the
pivotal AHR-inducing cytokine IL-13. Thus, our findings suggest that at least one
mechanism by which Vy1* v8 T cells support the allergic response leading to AHR is
indirect, through the inhibition of inducible IL-10-producing CD4*CD25* T cells in the
lung.

The exact role of 1L-10, and the mechanism by which CD4*CD25* T cells suppress the
allergic response and AHR, are still unclear. It has been questioned that 1L-10 production by
CD4*CD25* T cells is prerequisite for their suppression of Th2 responses because,
following adoptive transfer, OVA-specific CD4*CD25™ T cells isolated from IL-10-
deficient mice suppressed the allergic response as well as CD4*CD25* T cells from
wildtype mice [17]. However, a study with naturally occurring CD4*CD25" T cells found
that these cells had to be incubated with IL-10 in order to become suppressors when isolated
from 1L-10-deficient mice, thus emphasizing the importance of IL-10 [22]. In addition, the
same report showed that CD4*CD25* T cells were the major source of IL-10, suggesting
that 1L-10 is required for the functional differentiation of suppressive CD4*CD25" T cells,
and that the source population also provides the cytokine [22]. Our findings suggest that
Vy1* v8 T cells might regulate this developmental process.
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Inactivating Vy1* v8 T cells also increased levels of soluble TGF-B in the airways.
CD4*CD25* T cells can be induced to produce TGF-B, both the secreted and surface-bound
forms [14, 32, 33]. Like IL-10, TGF-f might be needed primarily for the further
differentiation of CD4*CD25" T cells, rather than AHR-suppression, because the
suppressive action of CD4*CD25* T cells has been shown to be independent of this
cytokine [34, 35]. Again, this suggests a role for the v3 T cells in the development of the
AHR-inhibitory CD4*CD25* T cells. Th2 suppression mediated by CD4*CD25* T cells is,
at least in part, dependent on TCR-ligation, and direct cell-contact or close range mediators,
and it is not APC-dependent [36—38]. Therefore, the substantially increased pulmonary
CD4*CD25* T cells observed here might be also directly mediating suppression of the
allergic response, in addition to an effect due to the altered cytokine levels.

Although inactivating Vy1* v8 T cells increased levels of Foxp3 gene expression in the lung
tissue of the OVA-sensitized and challenged mice (based on PCR detection), we did not find
significant changes in the relative frequency of Foxp3-protein expressing T cells in the lung
or spleen, nor did we find Foxp3-protein expressed at higher levels in the T cells of these
organs. It remains possible, however, that the changes in mMRNA expression do not result in
increased protein levels, or that cells other than CD3* T cells express Foxp3 at variable
regulated levels [39]. Naturally occurring regulatory CD4*CD25* T cells (Treg) are known
to express Foxp3 at high levels, and Foxp3-expression correlates with their regulatory
activity [40, 41]. However, inducible CD4*CD25* T cells with regulatory functions have
been described that are Foxp3-negative [42], and both types of Treq as well as CD4* T cells
not classified as Tyeq are capable of producing IL-10 [15]. Finally, Vy1* y8 T cells do not
appear to change pulmonary (or splenic) T cell populations expressing folate receptor 4
(FRA4) either, a recently described marker of antigen-specific Tyeq [26].

In conclusion, our study indicates that Vy1* v8 T cells regulate certain steps in the
development and functional activity of IL-10-producing pulmonary CD4*CD25* T cells in
allergen-sensitized and challenged mice of the C57BL/6 genetic background. This regulation
provides a mechanistic explanation for their documented capability to increase the allergic
response in normal mice where conventional af} T cells are present. This indirect mechanism
is different and comes into play in addition to another AHR-enhancing mechanism also
involving C57BL/6-derived Vy1* v§ T cells, which was found to be operational in the
absence of conventional af T cells and only required iNKT cells in synergy with the af T
cells [13].
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Fig. 1. Inflammatory cell infiltrate and cytokines in the airways of OVA-sensitized and
challenged C57BL/6 mice treated with antibodies against TCR-y8

A. Mice were sensitized and challenged with OVA (2ip3N protocol). They were further
treated twice with anti TCR-Vy1 mAb, anti TCR-Vy4 mAb or nonspecific hamster 1gG
(sham treatment) by i.v. injection 3 days before each of the two sensitizations. Inflammatory
cells in BAL fluid were counted 48 h after the last OVA challenge. TC, total cells; Eo,
eosinophils; Ma, macrophages; Lym, lymphocytes; Neu, neutrophils. Results for each group

are expressed as the mean + SEM (n = 12 in each group).
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B. Mice were treated and BAL fluid collected as described under A. Cytokine assays were
performed as indicated, and results for each group expressed as the mean + SEM (n =12 in
each group). Significant differences (p < 0.05) between the anti TCR Vy1 mAb-treated
group and the other groups are indicated by *.
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Fig. 2. Pulmonary CD4*CD25* cells of OVA-sensitized and challenged C57BL/6 mice treated
with antibodies against TCR-vy8

A. Mice were treated as described in Fig.1. Pulmonary cells recovered 48 h after the last
OVA challenge were stimulated with PMA/ionomycin in the presence of brefeldin A, and
then stained with antibodies specific for CD4, CD25 and intracellular I1L-10, as described in
Materials and Methods. For three-color fluorescent analysis, cells were gated based on their
scatter profile (lymphocyte gate) and on CD4-expression. 2.5 x 104 gated cells were counted
in each histogram.

B. Cell frequencies were determined cytofluorimetrically as described in 2A. Absolute cell
numbers were obtained by multiplying the cell frequencies (percentage of CD4*CD25" or
CD4*CD25* IL-10* cells) by the number of cells obtained in lung digests. Results for each
group are expressed as mean £ SEM (n =12 in each group).

Immunol Lett. Author manuscript; available in PMC 2015 July 13.
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Fig. 3. Foxp3 gene expression in the lung of OVA-sensitized and challenged C57BL/6 mice
treated with antibodies against TCR-y3

Mice were treated as described in Fig. 1. Pulmonary cells were recovered 48 h after the last
OVA-challenge, total RNA was isolated and RT-PCR performed with primers specific for
Foxp3. Gene expression levels were determined after normalization to GAPDH. Results for
each group are expressed as the mean = SEM (n = 8 in each group).
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