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Abstract

Studies examining the role of PD-1 family members in allergic asthma have yielded conflicting
results. Using a mouse model of allergic asthma, we find that blockade of PD-1/PD-L1 has distinct
influences on different CD4+ T cell subsets. PD-1/PD-L1 blockade enhances AHR not by altering
the magnitude of the underlying Th2 immune response, but by allowing the development of a
concomitant Th17 immune response. Supporting differential CD4+ T cell responsiveness to PD-1-
mediated inhibition, naive PD-17~ mice displayed elevated Th1 and Th17 levels, but diminished
Th2 cytokine levels, ligation of PD-1 limited cytokine production by in vitro-polarized Th1 and
Th17 cells, but slightly enhanced cytokine production by in vitro-polarized Th2 cells, and PD-1
ligation enhanced Th2 cytokine production by naive T cells cultured under non-polarizing
conditions. These data demonstrate that different CD4+ T cell subsets respond differentially to
PD-1 ligation and may explain some of the variable results observed in control of allergic asthma
by the PD-1 family members. As the PD-1/PD-L1 axis limits asthma severity by constraining
Th17 cell activity, this suggests that severe allergic asthma may be associated with a defective
PD-1/PD-L1 regulatory axis in some individuals.
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Introduction

The prevalence of allergic asthma continues to rise in developed nations. As overproduction
of Th2 cytokines such as IL-4, IL-5, and IL-13 following allergen exposure are sufficient to
explain many of the changes associated with allergic asthma (elevated IgE production,
eosinophil dominated inflammation, airway hyperreactivity (AHR)), the Th2 cell is
considered central to disease pathology[1]. However, other T cell subsets can markedly
influence the course of disease. For example, regulatory T cells have been ascribed a
protective role in both mouse models of allergic asthma and human disease[2—-4]. In
contrast, recent evidence suggests that the production of Th17-associated cytokines my drive
the development of more severe disease[5-7]. Thus, factors that subtly alter the balance of T
cell effector function serve as important regulators of susceptibility to allergen-induced
AHR.

As professional antigen presenting cells dendritic cells (DCs) within the lung integrate a
multitude of environmental signals that drive the development of pathogenic or protective T
cell responses and as such, play an important role in regulating the development of allergen-
induced AHR. One method of conveying these integrated signals to developing T cells is
through the expression of the PD-1 family of co-stimulatory molecules. PD-1 (CD279) is
expressed primarily by activated CD8+ T cells, CD4++ T cells, and B cells[8]. It binds two
unique ligands, PD-L1 (CD274), expressed on both non-hematopoietic and hematopoietic
including DCs, and PD-L2 (CD273) whose expression is restricted to activated APCs[9, 10].
However, despite expression on both CD4+ and 8 T cells, the actions of PD-1 in vivo are
best described in 8 T cells where high PD-1 drives “exhaustion” of virus-specific 8 T cells
observed following chronic infection[11, 12] and restrains 8 memory development after
acute infection with lower respiratory tract infections with human metapneumovirus,
respiratory syncytial virus, or influenza virus[13]. In contrast to its well-defined role in
controlling 8 responses, the importance of PD-1 in regulating different effector CD4+ T cell
responses is poorly studied. In CD4+ T cells, PD-1 is best known as a promoter of
CD4*CD25* regulatory T cell activity[14] and the capacity of pulmonary plasmacytoid DCs
to induce Tregs and limit asthma development has been linked to their elevated expression
of PD-L1[15]. Interestingly, despite the characterization of PD-1 as a driver of Treg
development, the role of the PD-1/PD-L axis in regulating allergic asthma is uncertain, with
some reports suggesting a protective role for this pathway[15-19], and others reporting a
pro-asthmatic role for either PD-L1[17] or PD-L2[20, 21]. Collectively, these data suggest
that the ability of PD-1 family members to control CD4+ T cell responses may be more
complicated than previously appreciated.

Herein we sought to clarify the role of the PD-1/PD-L1 axis in control of allergic asthma. In
contrast to our previous observations of limited impact of PD-1 blockade on allergen-
induced AHR in A/J mice, in which allergen uptake is primarily by pulmonary myeloid
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dendritic cells (mDCs), we found that PD-L1 and PD-1 blockade in C3H mice (a model of
mild AHR in which allergen uptake is primarily by plasmacytoid dendritic cells (pDCs))
significantly enhanced the severity of allergen-induced AHR. Surprisingly, the enhanced
AHR was associated a shift in the pulmonary inflammatory cell profile towards increased
pulmonary neutrophil infiltration and increased production of Th17-associated cytokines
while Th2 cytokine responses were unaltered. These findings suggest that the PD-1/PD-L1
axis may variably regulate the activity of different effector CD4+ T cell subsets, and may
have differential capacity to inhibit T cell responses in different strains of mice. Consistent
with these findings, we observed increased Thl- and Th17-associated cytokine production,
concomitant with decreased Th2-associated cytokine production in naive Pdcd1™~ mice.
Additionally, PD-1 ligation (with rPD-L1-Fc) during in vitro Th1/Th17 differentiation or re-
stimulation significantly decreased Th1/Th17 cytokine production, while stimulation of
PD-1 on Th2 cells via either PD-L1 or PD-L2 enhanced Th2 cytokine production. The
ability of PD-1 signaling to enhance Th2 differentiation was even noted in cultures of naive
CDA4+ T cells stimulated in the absence of any additional T cell skewing cytokines, wherein
PD-1 stimulation was associated with increased expression of the Th2-associated
transcription factor GATAS. Collectively, these data suggest that overall regulation of CD4+
T cell responses by PD-1 is more complicated than previously anticipated, and varies
between different subsets and strains of mice. It seems likely that differences in cell type and
strain responsiveness may have contributed to some of the conflicting data regarding the role
of PD-1 family members in allergic asthma.

PD-1 blockade enhances Th17, but not Th2 responses in a mouse model of allergic
asthma, in select mouse strains

After intratracheal allergen exposure, A/J mice develop allergen-induced airway
hyperresponsiveness (AHR) associated with allergen uptake by pulmonary mDCs, and a
mixed Th2/Th17 response[7, 22]. In A/J mice, PD-L2 blockade enhanced DC-derived IL-12
production and diminishing AHR, while PD-1 blockade had no impact on AHR
severity[20]. In contrast to A/J mice, C3H mice develop mild AHR associated with allergen
uptake by pulmonary pDCs and Th2 differentiation[7, 22]. As pDCs exert an anti-asthmatic
influence through PD-L1 expression[15], we hypothesized the PD-1/PD-L1 axis may play a
greater role in C3H mice. To determine the roles of the PD-1 family members in regulating
asthma development in a more asthma-resistant strain, we treated C3H/HeJ mice with house
dust mite extract (HDM) in the presence of an isotype control mAb (1gG»;), or blocking
mAbs to PD-L2 (clone TY25)[23], PD-L1 (clone MIH-6)[9], or PD-1 (clone RMP1-14)[24].
Consistent with our previous results[20], blockade of PD-L2 in C3H mice decreased AHR,
and increased circulating IL-12 levels, (Supplementary Figure 1). However, in contrast to
the results reported in A/J animals, blockade of either PD-1 or PD-L1 in HDM-exposed C3H
animals resulted in a significant increase in the severity of AHR (Fig 1A). Consistent with
our previous results, these findings suggest that PD-L2 acts in a PD-1 independent
manner[20]. However, these data also demonstrate a protective role for the PD-1/PD-L1 axis
selectively in an asthma-resistant strain.
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To dissect the mechanisms responsible for increased AHR observed following PD-1 and
PD-L1 blockade, we assessed cellular recruitment to the airways. HDM treatment induced
significant pulmonary eosinophilia that was not impacted by isotype or anti-PD-1 treatment
(Fig 1B). Surprisingly, anti-PD-L1 completely abrogated eosinophil recruitment (Fig 1B).
The reason for the decreased eosinophilia in anti-PD-L1 treated mice is unclear, however,
flow cytometric analysis revealed that both bone marrow derived, and pulmonary
eosinophils recruited to the lung after HDM-exposure were PD-L1 positive (Supplementary
Figure 2) suggesting direct interactions between anti-PD-L1 and eosinophils may contribute.
Only a small increase in the number of neutrophils was observed in HDM, or HDM +
isotype animals, but treatment of mice with either anti-PD-1 or anti-PD-L1 significantly
enhanced pulmonary neutrophilia (Fig 1B). As neutrophil recruitment is associated with
Th17 responses, we assessed cytokine production in HDM-stimulated lung cell cultures.
Consistent with an enhanced Th17 response, mice receiving anti-PD-1 or anti-PD-L1
produced significantly greater levels of IL-17A than those receiving HDM or HDM +
isotype (Fig 1C). In contrast, production of the Th2 cytokines IL-4, IL-5, IL-13 (Fig 1D -
1F), and IL-10, associated with a regulatory T cell response (Supplementary Figure 3) were
not significantly altered in cells from anti-PD-1 or -PD-L1 treated mice. IFNy was not
detectable in any HDM-restimulated cultures.

To further characterize the allergic response in mice treated with anti-PD-1/PD-L1, we also
assessed serum immunoglobulin levels, and mucus production. HDM exposure induced a
marked upregulation in both total IgE (Fig 2A) (a surrogate for antigen specific IgE[25]) and
HDM-specific 1gG1 (Fig 2B). However, levels of both IgE and IgG4 remained unaffected by
anti-PD-1 or anti-PD-L1 (Fig 2A, B). Similarly, while HDM + isotype treated mice
displayed a marked increase in the frequency of periodic acid-Schiff positive mucus cells,
this was not impacted by PD-1 or PD-L1 blockade (Fig 2C). Thus, in a model of allergen-
induced AHR, the PD-1:PD-L1 axis has a limited role in inhibiting Th2 immune responses,
but plays an important role in constraining Th17 responses. The differential effect of
PD-1:PD-L1 blockade on Th2 and Th17 responses suggest that different effector CD4+ T
cell populations may be differentially impacted by PD-1.

Increased Thil and Th17, and reduced Th2 cytokine production in Pdcd1™~ mice

To clarify whether PD-1 differentially regulates the activity of CD4+ T cell subsets, we
assessed T cell cytokine production using cells from PD-1 deficient mice. To this end, we
isolated cells from the spleens of naive C57BI/6 and Pdcd1~/~ animals. To gauge the relative
levels of Thl, Th2 and Th17 activity, cells were stimulated with a variety of polyclonal
stimuli (ConA, PMA + lonomycin, or aCD3 + aCD28), and overall cytokine production
was assessed by ELISA. Consistent with the reported inhibitory role for PD-1, spleen cells
from Pdcd1~/~ mice produced more IFNy and IL-17A following stimulation when
compared to cells from wildtype (WT) mice (Fig 3A, 3B). In contrast, cells from Pdcd1 ™/~
mice produced significantly less IL-4, IL-5 and IL-13 (Fig 3C-E). Similar results were
observed when T cells were isolated from the lungs (Supplementary Figure 4). Thus,
regardless of the method of T cell stimulation, or the source of cells, PD-1 limits Th1- and
Th17-associated cytokine production, while potentially stimulating Th2-associated cytokine
production.
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To determine if PD-1 signaling impacted the frequency of Thl, Th2 or Th17 cells in vivo,
the frequency of cytokine-secreting CD4+ T cells was determined in WT and Pdcd1~/~
mice by flow cytometry (gating strategy depicted in Supplementary Figure 5). Consistent
with earlier data, a significantly greater frequency of pulmonary and splenic CD4*IFNy*
and CD4*IL-17A* cells were observed in Pdcd1~/~ mice, while the frequency of
CDA4*1L-13" cells did not differ in Pdcd1~~ and WT mice (Fig 4A). The increased
frequency of CD4*IFNy* and CD4*IL-17A" cells observed in Pdcd1™/~ mice also
correlated with higher levels of circulating IFNy and IL-17A (Fig 4B) as determined using
an in vivo cytokine capture assay (IVCCA)[26]. Paradoxically, while no change in the
frequency of Th2 cells was observed, a small but statistically significant decrease in
circulating IL-4 and I1L-13 levels was noted (Fig 4B). Collectively, these data suggest that
PD-1 selectively restricts Th1 and Th17 responses, but supports basal Th2 responses in
naive hosts.

PD-1 stimulation limits cytokine production of established Thl and Th17 cells, while
enhancing Th2 cytokine production

Because PD-1 signaling supports Treg differentiation and activity[14], it is possible that
alterations in effector cytokine production observed in Pdcd1—/— and anti-PD-1/PD-L1
treated C3H/HeJ mice may be secondary to altered Treg activity. Therefore, to limit the
influence of PD-1 to a single effector T cell subset, we moved to an in vitro system. We
isolated naive (CD47CD62L*CD25"9) T cells from the lymph nodes of naive C3H/HeJ
mice, and cultured them under Th1-, Th2-, or Th17-polarizing conditions. As expected, Thl-
polarized T cells expressed abundant message for Thx21 and Ifng, Th2-polarized cells
expressed Gata3, 114, and 1113, and Th17-polarized cells expressed Rorc, 11173, and 1117f
(Table 1). We then re-stimulated identical numbers of in vitro Thl, Th2 or Th17-polarized T
cells on plates coated with aCD3 (5 pg/ml) plus either 1gG-Fc or PD-L1-1g. Compared to
Th1 or Thi17 cells re-stimulated in the presence of 1gG-Fc, Thl and Th17 cells re-stimulated
in the presence of PD-L1-1g showed marked inhibition of either IFNy (~66% inhibition - Fig
5A) or IL-17A and IL-17F (~45% inhibition - Fig 5B) production. Interestingly, the Thl
cells restimulated in the presence of 1 pg/ml of rPD-L1 demonstrated more substantial
inhibition (66%) than those restimulated in the presence of 5 pg/ml of rPD-L1 (40%) (Fig
5A). In contrast, the magnitude of IL-17A and IL-17F inhibition was dependent upon the
amount of PD-L1-Ig present as 5 pg/ml PD-L1-Ig resulted in greater inhibition than 1 pg/ml
PD-L1-Ig (Fig 5B). Consistent with our previous observations that Th2 cells are poorly
regulated by the PD-1/PD-L1 axis in Pdcd1™~ and anti-PD-1/PD-L1-treated C3H/HeJ mice,
PD-1 ligation on Th2 cells had no effect on IL-4 or IL-13 production, and only marginally
inhibited IL-5 production (~10%) (Fig 5C). Restimulation of skewed Th2 cells on plates
coated with aCD3 (5 pug/ml) and PD-L2-Ig similarly enhanced cytokine production
(Supplementary Figure 6). Furthermore, alteration of cytokine production in cultures of
skewed Thl, Th2 or Th17 cells was not a result of increased cell death or induction of Treg
cells (assessed by flow cytometry — gating strategy depicted in Supplementary Figure 7A),
as neither the frequency of dead cells (Supplementary Figure 7B) nor the frequency of
Foxp3+ T cells (Supplementary Figure 7C) were consistently altered in cultures restimulated
in the presence of PD-L1-I1g or PD-L2-1g. These suggests that stimulation of PD-1 on Th2
cells with either PD-1 ligand is sufficient to increase their cytokine production.
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PD-1 recruits phosphatases to the TCR complex, resulting in dephosphorylation of signaling
molecules downstream of TCR activation[27]. Thus, the inability of PD-1 to limit cytokine
production by established Th2 cells may be due to excessively strong activation signals
overwhelming the capacity of PD-1-activated phosphatases to limit T cell activation. Thus,
we assessed the capacity of PD-1 to inhibit Thl, Th2 and Th17 cells stimulated with a lower
dose of aCD3 (1 pg/ml). Stimulation with 1 ug/ml aCD3, resulted in a 50 — 85% reduction
in overall cytokine production (Fig 5D—-F) compared to cultures re-stimulated with 5 pug/ml
aCD3 (Fig 5A-C). However, even with reduced TCR stimulation, re-stimulation of Th1 or
Th17 cells in the presence rPD-L1 significantly decreased IFNy (Fig 5D), or IL-17A and
IL-17F production (Fig 5E). In contrast, Th2 cells stimulated with 1 pg/ml of aCD3 in the
presence of rPD-L1 produced significantly more (~30%) IL-5 and IL-13 (Fig 5F). Again,
restimulation of skewed Th2 cells in the presence of PD-L2-Ig also enhanced cytokine
production (Supplementary Figure 8), and neither PD-L1-1g or PD-L2-Ig consistently
altered cell viability (Supplementary Figure 9A) or the frequency of Foxp3+ cells
(Supplementary Figure 9B). Thus, while PD-1 signaling significantly inhibits the activity of
Th17 cells, PD-1 can provide a co-stimulatory signal for Th2 cells under sub-optimal
stimulation conditions.

PD-1 ligation during T cell differentiation inhibits Thl and Th17 activity, but enhances Th2

cell activity

To determine whether PD-1 ligation during effector differentiation had an impact on
cytokine producing capacity, naive T cells were cultured under Thl-, Th2- or Th17-
polarizing conditions in the presence of 1gG-Fc or rPD-L1. As with Thl- and Th17-
polarized cells restimulated in the presence of rPD-L1, the presence of PD-L1-Ig during
polarization, decreased cytokine production by both Thl (IFNy-Fig 6A) and Th17 cells
(IL-17A, IL-17F - Fig 6B). In contrast, the presence of rPD-L1 during Th2 polarization did
not significantly impact IL-5 and IL-13 production, but enhanced production of IL-4 by ~
40% (Fig 6C). However, as ligation of PD-1 limits T cell proliferation[28], it is conceivable
that the observed differences in cytokine production were due to differences in the number
of T cells present in the culture, rather than an overall decreased capacity for cytokine
production. To determine if overall cytokine producing capacity was altered by polarization
in the presence of PD-L1, T cells polarized in the presence of 1gG-Fc or rPD-L1-1g were
rested overnight, and equivalent numbers of T cells were re-stimulated for 24 hours with
aCD3/aCD28 (in the absence of either IgG-Fc or PD-L1-1g). Thl and Th17 cells
differentiated in the presence of rPD-L1 produced significantly lower IFNy or IL-17A and
IL-17F (Fig 6D, E) respectively, while rPD-L1-polarized Th2 cells produced significantly
greater levels of IL-4, IL-5 and IL-13 (Fig 6F). Th2 cells polarized in the presence of PD-
L2-1g displayed elevated IL-4 production, and comparable IL-5 and IL-13 production in the
skewing cultures, but significantly increased levels of cytokines were produced upon
restimulation (Supplementary Figure 10). Skewing in the presence of PD-L1-1g or PD-L2-Ig
did not alter cell death, or induce the differentiation of Tregs (Supplementary Figure 11).
Thus, PD-1 ligation during T cell differentiation selectively restricts Thl and Th17 cell
cytokine production, even following restimulation in the absence of further PD-1 ligation. In
contrast, PD-1 enhances Th2-derived cytokine production.

Eur J Immunol. Author manuscript; available in PMC 2016 April 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McAlees et al. Page 7

PD-1 signaling during T cell differentiation promotes a Th2-skewing environment

As the presence of rPD-L1-1g and rPD-L2-Ig during skewing enhanced the production of
Th2 cytokines, and GATAS is a master regulator of Th2 identity, we also assessed the
frequency of GATA3+ cells in cells cultured under Th2 polarizing conditions in the
presence and absence of PD-1 stimulation. As shown in Figure 7A, polarizing T cells in the
presence of PD-L1-Ig and PD-L2-Ig enhanced the frequency of GATA3+ cells, suggesting
that PD-1 signaling can support Th2 differentiation. To determine if PD-1 signaling may be
sufficient to drive Th2 differentiation directly, naive T cells were isolated from C3H/HeJ
mice, stimulated with aCD3 and aCD28 in the presence of IgG-Fc, or PD-L1-lg, and the
production of cytokines was assessed over time by RT-PCR. Under these conditions, a spike
in IL-2 mRNA was observed at 48 hours, but, surprisingly, the magnitude of this induction
was not impacted by PD-L1 (Fig 7B). In contrast, while expression of I1fng followed similar
kinetics as IL-2, synthesis of Ifng mRNA was significantly reduced by rPD-L1-1g (Fig 7C).
Significant induction of message for IL-17A or IL-17F was not seen under these conditions.
Consistent with our previous observations of enhanced Th2 cytokine production in the
presence of PD-L1, there was a significant (~5 fold) increase in the levels of 114 mMRNA in
cultures stimulated in the presence of PD-L1 (Fig 7D). Similar patterns were seen with
expression of 115 and 1113 (data not shown). As GATAS3 expression is an important regulator
of Th2 cell differentiation, we also assessed the levels of Gata3 mRNA. Consistent with the
rise in expression of mMRNA for multiple Th2 cytokines, we also observed a significant
enhancement of Gata3 mRNA in PD-L1 stimulated cultures (Fig 7E). Finally, changes in
mMRNA expression resulted in significantly increased production of IL-4, IL-5 and IL-13,
and significantly decreased production of IFNy (Fig 7E). Collectively, these data show that
PD-L1 can provide a co-stimulatory signal that selectively enhances Th2 cell differentiation.

Discussion

Our observation of reduced Th1/Th17 cytokine production following PD-1 ligation is
consistent with previous reports of PD-1-mediated inhibition of cytokine production in non-
polarized CD4+ T cells[13, 29-35]. While inhibition of Th2 cytokine production by PD-1
has been reported (in non-polarized T cells)[30, 34, 36-38], we find that PD-1 consistently
enhances Th2 cytokine production. Our findings are consistent with the observation of
reduced Th2 cytokine production in PD-L1~~ mice following Leishmania mexicana
infection[39], and in the placenta in a model of allogeneic fetomaternal tolerance[31].
Similarly, PD-1 blockade decreases Th2 cytokines in superantigen stimulated PBMCs from
cancer patients[29], suggesting that PD-1 can stimulate Th2 responses in human CD4+ cells.
While the reasons for the discrepancies regarding an inhibitory/stimulatory role for PD-1 on
Th2 cytokine production are unclear, our findings suggest that PD-1 enhances Th2 responses
in conditions of sub-optimal TCR stimulation. Thus, in conditions where PD-1 plays an
inhibitory role, overall TCR signaling may be very robust, while in conditions where PD-1
plays a stimulatory role, TCR signaling may be comparatively weaker. However, as our
study is the first to examine the effect of PD-1 on purified Th2 cells, it is also plausible that
inhibition of Th2 cytokine production reported elsewhere[30, 34, 36-38], reflects reduced
availability of T cell growth factors (e.g. IL-2) resulting from inhibition of non-Th2 cells,
rather than direct effects on Th2 cells.

Eur J Immunol. Author manuscript; available in PMC 2016 April 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McAlees et al.

Page 8

The reasons for the differential effects of PD-1 ligation in Th2 and Th1/Th17 cells also
remain unclear. However, we speculate that this is due to intrinsic differences that govern
metabolic activity of Th2 cells and Th1/Th17 cells. Different mTOR complexes are utilized
in different CD4+ T cell subsets; while Thl and Th17 differentiation is supported by mTOR
complex 1 (mMTORC1), Th2 differentiation requires mTORC2[40, 41]. Activation of
mTORC1 in T cells follows the classical mTOR activation pathway and is dependent upon
the PIBK/AKT pathway[42]. While the mechanisms of mMTORC?2 activation in Th2 cells is
not entirely clear, it may be independent of the CD28/PI13K/Akt pathway[42]. As PD-1
inhibits the activation of the PI3K/Akt pathway in CD4+ T cells[14], it is likely that PD-1
directly limits mTORC1, while mTORC2 may be insensitive to inhibition via PD-1. This is
an area of ongoing investigation in our laboratory.

We observe that PD-1 ligation enhances both GATA3 expression, and production of IL-4.
As GATA3 expression is both downstream of IL-4 signaling[43] and can promote 1L-4
expression[44, 45], it is unclear whether PD-1 influences IL-4 production, which indirectly
enhances Gata3 expression, or vice versa. However, it is interesting to note that when PD-1
is ligated on naive T cells under non-polarizing conditions, increased Gata3 expression is
observed at 24 hours, a time point that precedes a significant induction of 114 mRNA (96
hours). Thus, PD-1 may influence Th2 differentiation by directly enhancing GATA3
expression. This finding also argues that the ability of PD-1 to influence Th2 differentiation
may be most evident in conditions in which there are no other powerful GATA3-inducing
factors present (i.e. in the absence of IL-4). Such results may help reconcile our potentially
confounding observations of increased Th2 cytokine production in naive Pdcd1~/~ mice and
the failure of anti-PD-1 treatment of C3H/HeJ to substantially alter Th2 cytokine production
in a model of allergic asthma.

The role of PD-1 family members in allergic asthma is complex. Some reports suggest a
protective role for the PD-1 family[15-17, 46] and others describe a pro-asthmatic role for
either PD-L1 (resulting from decreased iNKT cell-derived IFNy production[17]) or PD-L2
(resulting from a PD-1 independent reduction in DC-derived IL-12 production[20, 21]).
Moreover, in contrast to our observation that PD-1/PD-L1 blockade enhances asthma
severity in C3H/HeJ mice described herein, we previously found that PD-1/PD-L1 blockade
has no impact asthma severity in A/J animals[20], suggesting that the capacity of PD-1
ligation to regulate CD4+ T cell cytokine production may vary by strain. In support of this,
stimulation of C3H/HeJ, or BALB/c-derived (data not shown) Thl or Th17 cells in the
presence of rPD-L1 significantly inhibits Th1l and Th17 cytokine production, while similar
stimulation of A/J-derived Th1 or Th17 cells fails to alter cytokine production (data not
shown), suggesting that PD-1 responsiveness may be limited in A/J mice. As we observe
increased pDC activity in C3H mice[20], and pDCs have been shown to limit the
development of AHR through a PD-1 dependent mechanism[15], it is plausible that the
selective effect of PD-1/PD-L1 blockade in C3H mice may be indicative of a major
regulatory role for pDCs. However, given the wide expression pattern of PD-L1 on both
hematopoietic and non-hematopoietic cells[9, 10] it seems likely that the global PD-1
unresponsiveness present in A/J mice plays a much larger role in the development of Th17
cells and severe asthma than a decreased frequency of activated pulmonary pDCs. It is also
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possible that natural variation in PD-1-responsiveness amongst common laboratory mouse
strains may contribute to some of the confusion regarding the role of PD-1/PD-L1/PD-L2 in
control of allergic asthma.

While asthma is widely regarded as the result of a Th2-dominated immune response, there is
increasing evidence in both humans[5] and animal models[7] that a mixed Th2/Th17
response drives the development of more severe AHR. However, while IL-17A enhances
IL-13 driven AHR, IL-17A does not exacerbate all aspects of asthma, inasmuch as IL-17A
neutralization has no impact on IgE synthesis or mucus cell metaplasia in HDM-sensitized
A/J mice[7]. The failure of PD-1 to stimulate Th2 responses in this model may be related to
the Th2-dominant immune response, because PD-1 does not stimulate Th2 cytokine
production under conditions of high TCR stimulation (Fig 4C). Rather, as only the Th17 arm
of the immune system is constrained by PD-1/PD-L1 in our model of allergic asthma, these
data suggest that the Th17 cell, rather than the Th2 cell is the target of PD-1/PD-L1
blockade. Thus, our observation that in vivo PD-1/PD-L1 blockade enhances AHR,
pulmonary neutrophilia and IL-17A production, without impact on Th2 cytokine synthesis,
IgE levels or mucus cell metaplasia, is wholly consistent with a pathogenic role for IL-17A.

From a clinical perspective, these data suggest that the PD-1/PD-L1 axis does exert an
inhibitory influence in asthma, but is only involved in regulating the severity of disease, no
disease initiation. Our observation that the PD-1/PD-L1 axis constrains the development of
severe allergic asthma by targeting Th17 cell activity suggests that in certain individuals,
more severe allergic asthma may be associated with a defective PD-1/PD-L1 regulatory axis.
Thus these findings highlight the complexity of immune regulation by PD-1 and suggest that
the variability seen in studies examining the role of PD-1 family members in control of
allergic asthma may be due the differential capacity to regulate specific effector CD4+ T cell
subsets. As Th17 cells appear to be strongly inhibited by the PD-1/PD-L1 axis, and
excessive Th17 responses are associated with the development of more severe allergic
asthma, stimulating the PD-1/PD-L1 regulatory axis may represent a novel therapeutic
approach for the treatment of severe allergic asthma in certain individuals.

Materials and Methods

Mice

Male C3H/HeJ, C57BI/6J (Jackson Laboratories), and Pdcd1—/— mice on a C57BI/6

background (a gift of Tasuku Honjo)[47] were housed in an SPF facility at Cincinnati
Children’s Hospital Medical Center. All experiments were approved by the CCHMC
IACUC.

Assessment of asthmatic phenotype

Mice were treated with 40 pl PBS, or 100 ug HDM (Greer Laboratories, Lenoir, NC) i.t. on
days 0 and 14 and treated with intraperitoneally with 250 pg anti-PD-L1 (MIH®6), anti-PD-1
(RMP1-14) or rat 1gG,, (GL117) on days 0, 2, 14 and 16. AHR was determined as
previously described[20]. BALF was collected in HBSS and cells were places on slides by
cytocentrifugation, and stained with Diff-Quik (Dade Behring). Differential cell counts were
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determined using morphologic criteria under a light microscope by evaluation of = 500 cells/
slide. Whole lung cells were restimulated with HDM for 72 hours, and cytokine production
was assessed by ELISA using mAbs from eBioscience. To enumerate mucous-producing
airway epithelial cells, PAS+ and PAS- epithelial cells were counted from at least 7 medium
sized airways, and the percentage of PAS+ cells was calculated for an individual mouse.

Skewing and stimulation of T cell subsets

Naive CD4*CD25™9CD62L* T cells were isolated using CD4+ T cell isolation kit 11
(negative selection), CD25 microbead kit (negative selection), and CD62L microbeads (all
from Miltenyi Biotec, Auburn, CA). Isolated CD4*CD25"9CD62L"* T cells were plated in
flasks coated with aCD3 (5 pg/ml) in the presence of aCD28 (5 pg/ml) and Th1-(10 ng/ml
IL-12, 1 pg/ml alL-4), Th2- (10 ng/ml IL-4, pg/ml alFNy), or Th17- (20 ng/ml IL-6, 5
ng/ml TGFB1, 10 ng/ml IL-23, 1 pg/ml alL-4, 1 pg/ml alFNy) skewing cytokines. Cells
were cultured for 5 days. Cultures were skewed or stimulated in the presence of either plate
bound 1gG-Fc (5 pg/ml), or plate bound PD-L1-Ig (R&D Systems, Minneapolis, MN). Cells
were rested overnight in the absence of stimulation, and then restimulated on plates coated
with various concentrations of aCD3, 1gG-Fc and PD-L1-1g. Cytokine production was
assessed by ELISA using eBioscience mAbs.

Quantitative real-time PCR

IVCCA

PCR primer pairs for S14, Pdcd1, Thx21, Ifng, Gata3, 114, 1113, Rorc, 1117a and 1117f were
obtained from the mouse primer depot[48] and designed to span an intronic region to avoid
co-amplification of genomic DNA. Gene expression was analysed by real-time PCR using
the iCycler system (BioRad) and SYBR green.

A kit for measuring in vivo I1L-4 production by IVCCA was purchased from Becton-
Dickinson. For measurement of in vivo IL-13, IFNy and IL-17A production was done
following injection of mice with biotin-labeled eBio1316H (IL-13), R46A2 (IFNy) or
IL-17A (eBiol7B7) and using plates coated with eBio13A (IL-13), XMG1.2 (IFNy) or
eBiol17CK15A5 (IL-17A) (all from eBioscience).

Assessment of PD-1 and PD-L1 expression on eosinophils

Total bone marrow cells were isolated, and erythrocytes were lysed by RBC lysis buffer
(Sigma-Aldrich). After a density gradient of Histopaque 1083 (Sigma-Aldrich), the low-
density bone marrow (LDBM) cells were collected and plated at 1 x 108 cells/ml in IMDM
(Life Technologies) supplemented with 10% FBS (HyClone), penicillin-streptomycin (Life
Technologies), 200 mM I-glutamine (Life Technologies), and 55 pM 2-ME (Sigma-
Aldrich). During the first 4 d, the medium contained stem cell factor (PeproTech) at 50
ng/ml each. From day 4 to day 14, the cells were cultured in medium containing 10 ng/ml
IL-5 (PeproTech). The medium was changed every 2 d until day 14. Eosinophils were
stained with mAb to CC11b (clone M1/70; eBioscience) and CCR3 (clone 83101, RnD
Systems). To assess PD-L1 expression on eosinophils in vivo, mice were treated with HDM
as above, and eosinophils were identified as CD3"9CCR3™ cells following staining with
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anti-CD3 (clone 145-2C11; eBioscience) and CCR3 (clone 83101, RnD Systems). PD-1 and
PD-L1 expression was detected using antibodies to PD-1 (clone RMP1-30; eBioscience) and
PD-L1 (clone MIHS5; eBioscience)

Statistical Analysis

To determine differences between multiple groups, analysis of variance (ANOVA) was used
with post hoc comparisons using Tukey’s method. For comparison between two groups, a
Student’s t-test was performed. Significance was assumed at p < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Experimental asthma was induced, and PD-1 or PD-L1 was blocked as described in
Materials and Methods. At sacrifice, AHR (A) and BAL cellularity (B) were assessed.
IL-17A (C), IL-4 (D), IL-5 (E) and IL-13 (F) production by lung cells re-stimulated with
HDM (30 ug/ml). Mean + SEM shown. n = 14 — 20 mice pooled from 4 independent
experiments. *, ** and *** indicate p < 0.05, p < 0.01, and p < 0.001 between groups

(ANOVA).
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Figure 2.
Experimental asthma was induced, and PD-1 or PD-L1 was blocked as described in

Materials and Methods. (A) Total IgE, or (B) HDM-specific IgG1 n = 14 — 20 mice pooled
from 4 independent experiments. (C) PAS staining to identify mucus secreting cells. PAS+
cell counts from n = 7-10 total mice per group. Mean + SEM shown.
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Cytokine levels in the supernatants of spleen cells isolated from naive WT C57BI/6 (open
bars) and PD-1 —/- (closed bars) mice that were stimulated with ConA, PMA + lonomycin
(PMA), or aCD3 + aCD28. Tissue culture supernatant was collected and assayed for
cytokines indicated by ELISA. Mean + SEM shown. n =5 WT and 4 PD-1 —/- mice.
Representative data from 1 of 3 experiments. *, ** and *** indicate p < 0.05, p < 0.01, and
p < 0.001 between strains (Student’s t test).
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(A) Spleen and lung cells isolated from naive WT C57BI/6 (open bars) and PD-1 -/-
(closed bars). Cells were stimulated with PMA/lonomycin overnight, and cultured in the
presence of brefeldin A and monensin for 4 hours. (A) Cells were stained with mAbs to
CD4+ plus IFNy, IL-13, or IL-17A for analysis of the frequency of cytokine positive CD4+
cells. (B) Levels of IFNy, IL-17A, IL-4 and IL-13 secretion were assessed by in vivo
cytokine capture assay. Mean + SEM shown. n =5 WT and 4 PD-1 —/- mice.
Representative data from 1 of 3 experiments. * and *** indicate p < 0.05, and p < 0.001
between strains (Student’s t test).
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Figure5.
Naive C3H/Hel CD4*CD62L*CD25"9 T cells were skewed towards Thi, Th2 and Th17

cells as described in Materials and Methods. After skewing without PD-L1, cells were rested
for 24 hours, and 5 x 10* were stimulated with aCD3 at 5 pg/ml (A — C) or 1 pg/ml (D — F)
in the presence of 1gG-Fc (5 pg/ml) (open bars), or rPD-L1-Fc at 1 pg/ml (grey bars), or 5
ug/ml (black bars). After 72 hours, tissue culture supernatant was collected for analysis of
cytokines by ELISA. Mean + SEM shown. n = 4 individual cultures per condition.
Representative data from 1 of 2 experiments. *, ** and *** indicate p < 0.05, p < 0.01, and
p <0.001 (ANOVA).
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Naive C3H/Hel CD4*CD62L*CD25"9 T cells were skewed towards Th1, Th2 and Th17
cells as described in Materials and Methods. A—C: T cells were skewed in the presence of

plate bound 1gG-Fc (5 pg/ml, white bars) or PD-L1-Ig (5 pg/ml, black bars). Cytokine

production was measured by ELISA. D-F: After skewing as in A-C, cells were rested, and 5
x 10% cells were stimulated with plate bound oCD3 (5 pg/ml) and soluble aCD28 (5 pg/ml).
Mean + SEM shown. n = 4 individual cultures per condition. One representative experiment
of two performed shown. *, ** and *** indicate p < 0.05, p < 0.01, and p < 0.001 (Student’s

t test).
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Figure7.
Naive C3H/HeJ CD4*CD62L*CD25Me9 T cells were skewed towards Th2 cells as described

in Materials and Methods, and the frequency of viable CD3+ CD4+ GATA3+ T cells was
assessed by flow cytometry (A). Naive C3H/HeJ CD4*CD62L*CD25M9 T cells were
stimulated with aCD3 and aCD28 in the presence of 1gG-Fc (open squares) or PD-L1-Fc
(closed squares). mMRNA levels of (B) IFNy, (C) IL-2, (D) IL-4 and (E) GATA3 were
assessed at the indicated time points by RT-PCR. (F) Secretion of Th2 (IL-4, IL-5, 1L-13)
and Thl (IFNy) cytokines were measured at times of maximal transcription (Th2 - 96 hours;
IFNYy 48 hours). Mean + SEM shown. One representative experiment of two performed
shown. Each experiment included three to five replicate wells per condition ** and ***
indicate p < 0.01, and p < 0.001 (ANOVA (A), and Student’s t test (B — F)).
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Table 1

Gene expression by Thl, Th2 and Th17 skewed T cells

Gene Thl Th2 Th17

Rorc 5,785+ 725 3,667 + 549 121,156 + 10,373
IL-17A 0 11+11 34,675 + 2,081
IL-17F 84+11 33+13 175,785 + 24,214
GATA3 6,506 + 877 88,314 + 10,545 20,792 + 485

IL-13 24+9 3,450 + 278 21+21

IL-4 126 +11 3,853 + 154 59 + 38

Thet 12,429 + 929 91+25 163 + 28

IFNy 56,152 + 1,282 365 + 60 225+183
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