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Abstract

Background—Timothy grass (TG) pollen is a common seasonal airborne allergen associated
with symptoms ranging from mild rhinitis to severe asthma.

Objective—The aim of this study was to characterize changes in TG-specific T cell responses as
a function of seasonality.

Methods—~Peripheral blood mononuclear cells (PBMC) obtained from allergic individuals and
non-allergic controls, either during the pollen season or out-of-season, were stimulated either with
TG extract or a pool of previously identified immunodominant antigenic regions.

Results—PBMC from allergic subjects exhibit higher IL-5 and IL-10 responses in-season than
when collected out of season. In the case of non-allergic subjects, as expected we observed lower
IL-5 responses and robust production of IFNy compared to allergic individuals. Strikingly, non-
allergic donors exhibited an opposing pattern, with decreased immune reactivity in-season. The
broad downregulation in non-allergic donors indicates that healthy individuals are not oblivious to
allergen exposure but rather react with an active modulation of responses following the antigenic
stimulus provided during the pollen season. Transcriptomic analysis of allergen-specific T cells
defined genes modulated in concomitance with allergen exposure and inhibition of responses in
non-allergic donors.

Conclusion and Clinical Relevance—Magnitude and functionality of T-helper cell responses
differ substantially in-season versus out-of-season in allergic and non-allergic subjects. The results
indicate specific and opposing modulation of immune responses following the antigenic
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stimulation during the pollen season. This seasonal modulation reflects the enactment of specific
molecular programs associated with health and allergic disease.

INTRODUCTION

The prevalence of IgE-mediated allergic diseases has steadily increased over the last decades
[1-4]. An estimated 25-40% of the western civilization suffers from allergic rhinitis and/or
asthma [5]. Phleum pratense (Timothy grass, TG) is one the most prevalent outdoor
allergens [6] that elicit IgE responses and trigger symptoms in subjects with rhinitis and
asthma.

Allergen-specific CD4* T cells exist in both allergic and non-allergic individuals, exhibiting
distinct cytokine profiles in the respective cohorts [7, 8]. Allergic immune responses are
characterized by excessive production of Th2-related cytokines by allergen-specific CD4* T
cells [9, 10] whereas it has been proposed that IFNy-producing Th1 cells or IL-10
production by regulatory T cells are associated with the establishment of a healthy immune
response and tolerance induction in non-allergic individuals [7-9, 11, 12].

The impact of seasonality on immune reactivity has been studied in allergic subjects [13,
14], but little is known about T cell reactivity in non-allergic subjects during natural allergen
exposure. In the present study, we analyzed the impact of grass pollen season on Timothy
grass (TG)-specific T cell responses in allergic and non-allergic subjects. T cell responses in
allergic individuals were enhanced. However, unexpectedly, T cell responses of non-allergic
individuals were generally downregulated following antigenic stimulation during TG pollen
season. Transcriptomic analysis of antigen-specific T cells indicated that this seasonal
modulation is associated with specific molecular programs in healthy versus allergic
immune responses, respectively.

MATERIAL AND METHODS

Characteristics of the study population and PBMC isolation

Donor recruitment followed Institutional Review Board (La Jolla Institute for Allergy and
Immunology, La Jolla, CA) approval (Federal Wide Assurance no. FWAQ00000032). Each
individual gave informed consent, was assigned a study identification number, and
information on clinical case histories was recorded. Immediate hypersensitivity skin-test
reactivity to a panel of 32 common allergen extracts was determined by standard methods
using a cut-off of 3 mm wheal diameter [15]. The panel was purchased from Greer
Laboratories, Inc. (Lenoir, NC, USA) and included black walnut pollen, alder, hazel, English
plantain, orchard, wheat, western ragweed, giant ragweed, spring birch, olive, timothy grass,
dog epithelia, white oak, sweet vernal grass, mite (Dermatophagoides pteronyssinus, D.
farinae), bermuda grass, common mugwort, fungi (Aspergillus fumigatus, Penicillium
chrysogenum, Cladosporium herbarum, Alternaria alternate), perennial rye, Kentucky blue
grass, cypress, Russian thistle, American cockroach, German cockroach, cat hair, canary
grass, palm and juniper.

Clin Exp Allergy. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hinz et al.

Page 3

Most donations were from a cross-sectional donor cohort, and a more limited number of
samples were available from a longitudinal donor cohort. Donors were chosen for different
assays based on availability of longitudinal versus single (cross-sectional) donations and cell
number availability. A summary of the characteristics of the cohort is provided in
Supplementary Table S1A. Supplementary tables S1B-D present all available information
for all donors regarding their atopic/allergic status, symptom severity, date of blood draws
(and associated in- versus out-of-season classification). This table also includes information
regarding polysensitization, wheal, gender, and age. The non-allergic donors were both
asymptomatic and non-atopic, having no skin-prick test reactivity (reactions of zero
millimeter diameter) to any of the tested allergen extracts listed above including timothy,
Bermuda, juniper, canary, Kentucky blue and sweet vernal grass. These individuals could
have allergic sensitivities to other aeroallergens that were not included in the skin-prick test
panel. PBMCs were isolated by density gradient centrifugation according to manufacturer
instructions (Ficoll-Hypaque, Amersham Biosciences, Uppsala, Sweden) [16] and
cryopreserved for further analysis.

Definition of seasonality

HLA typing

We noticed that T cell reactivity was slightly delayed relative to the reported timothy grass
season in California; the seasonal increase was maintained throughout August, September,
and October and inclusion of samples collected in May and June decreased the overall effect
of season. These samples were therefore excluded from analysis. As a result of these
findings, the period between July 15t and October 151 was considered in-season.

Genomic DNA was isolated from PBMC by standard techniques (QIAmp, Qiagen, Valencia,
CA) used for HLA Class Il typing. High resolution Luminex-based Sequence-Specific
Oligonucleotide (SSO) typing and PCR-based Sequence-Specific Primer (SSP) subtyping
methods (if necessary) were utilized according to manufacturer instructions (One Lambda,
Canoga Park, CA).

In vitro expansion of TG-specific T cells and dual ELISPOT assays

PBMC:s of allergic and non-allergic individuals were stimulated with TG extract (Greer,
Lenoir, NC) or a pool of 20 predominant TG epitopes (P20, supplementary Table S2) at a
concentration of 50 pg/mL or 5 ug/mL, respectively. Cells were cultured in RPM11640
supplemented with 5% human AB serum in 24 well plates (BD Bioscience, San Diego, CA)
at a density of 4 x 105/mL and incubated at 37 °C. I1L-2 was added every 3 days after initial
stimulation. Depending on the experiment, cells were harvested on day 0, 4, 7, 11, 14, 17 or
21 and screened for reactivity following re-stimulation with TG extract or P20 by dual
ELISPOT assay as described previously [16]. Each assay was performed in triplicate. Three
independent criteria had to apply for a response to be considered positive: p<0.05in a
Student’s t-test using the mean of triplicate values of the response against the extract, pool or
individual peptides, compared to the response against the negative control (PBMC in
medium without stimulus), stimulation index (SI) exceeded 2-fold the mean negative control
wells and net SFC were above the threshold of 20 SFCs/10% PBMC.
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Capture assay for antigen-specific IL-5- or IFNy-producing cells, flow cytometry and
tetramer staining assays

Cytokine-producing cells were captured using a cytokine secretion assay (Miltenyi Biotech,
Bergisch Gladbach, Germany) according to manufacturer instructions. Following overnight
rest in 6-well plates (Costar Corp.), 4 x 108/mL PBMCs from allergic and non-allergic
individuals were stimulated by adding 2.5 pg/mL of a pool of 100 immunodominant
peptides (Tg megapool, Supplementary Table S2 and S3) for 3 h. Thereafter, cells were
harvested, washed and labeled with 20 pL of anti-IFNy/CD45- or anti-1L5/CD45- antibody
conjugates (Miltenyi Biotech). After capturing the secreted cytokine, cells were stained with
20 uL/107 cells of PE-labeled detection antibody. Thereafter, PBMCs were washed and co-
stained with antibodies for CD3, CD4, CD45RA and CCR7. INFy- or IL5-producing cells
from effector and central memory compartment were sorted on a BD ARIA cell sorter.

Tetramer staining and tetramer enrichment assays were performed as previously described
[17]. Magnetically enriched cells were co-stained with antibodies specific for CD3 (anti-
CD3-AF700, clone UCHT1, BD Bioscience) and CD4 (anti-CD4-APCeF780, clone RPA-
T4, Ebioscience). Tetramer-positive cells were analyzed on a BD LSRII.

Micro-scaled RNA sequencing

Total RNA was purified using a miRNAeasy kit (Qiagen, USA) as described previously

[18]. Purified total RNA (0.2-5 ng) was amplified following the smart-seq2 protocol [19].
cDNA was purified using AMPure XP beads (Beckman Coulter). From this step, 1 ng of
cDNA was used to prepare a standard Nextera XT sequencing library (Nextera XT DNA
sample preparation and index kit, Illumina). Samples were sequenced using HiSeq2500
(IMlumina) to obtain 50-bp single-end reads. Both whole-transcriptome amplification and
sequencing library preparations were performed in a 96-well format to reduce assay-to-assay
variability. Quality control steps were included to determine total RNA quality and quantity,
optimal number of PCR amplification cycles, and fragment size selection

Bioinformatic RNA sequencing analysis

Single-end reads that passed Illumina filters were filtered for reads aligning to tRNA, rRNA,
adapter sequences, and spike-in controls. Reads were then aligned to the UCSC hg19
reference genome using TopHat (v 1.4.1) [20]. DUST scores were calculated with PRINSEQ
Lite (v 0.20.3) [21] and low-complexity reads (DUST > 4) were removed from the BAM
files. Alignment results were parsed via SAMtools [22] to generate SAM files. Read counts
to each genomic feature were obtained using the htseq-count program (v 0.6.0) [23] using
the “union” option. After removing absent features, raw counts were imported to R/
Bioconductor package DESeq2 [24] to identify differentially expressed genes. DESeq2
normalizes counts by dividing each column of the count table (samples) by the size factor of
this column, calculated by dividing the samples by geometric means of the genes. P-values
for differential expression were calculated using the binomial test for differences between
the base means of two conditions and adjusted for multiple tests using the Benjamini
Hochberg algorithm [25]. Genes were considered differentially expressed if DESeq?2
analysis resulted in a p-value of < 0.05 and the change in expression was >two-fold.
Hierarchical clustering was performed using ward linkage with Euclidean metric. The
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sequences have been submitted to the Gene Expression Omnibus under accession number
GSE70050 (http://www.nchi.nlm.nih.gov/geo/).

Statistical analysis

RESULTS

Statistical tests were performed using Graphpad Prism Version 6 (La Jolla, CA) or Microsoft
Excel (Microsoft, Redmond, WA). In general, non-parametric tests were applied because the
data could not be assumed to be normally distributed. The unpaired Mann-Whitney U-test
was used to calculate Pvalues in the cross sectional cohort. For analysis of significance in
the longitudinal cohort where samples from the same donor were compared in- and out-of-
season, a paired Wilcoxon test was applied. All Pvalues <0.05 were considered to be
significant. In the case of ELISPOT assays, as in previous studies [26—-30], Student’s t-test
was used to determine significance of the mean of triplicate values of the response against
negative control. This analysis is also supported by an independent Poisson distribution to
allow for a non-normalized distribution if the number of cytokine-producing cells was low.

Seasonality of cytokine production in allergic and non-allergic donors

Previous studies [16, 30, 31] identified twenty epitopes (Supplementary Table S2) that
account for 79.5% of the total response to a set of Timothy grass (TG) -derived pollen
antigens (Phl p allergens) in TG-allergic individuals. Here, PBMCs were expanded /n vitro
with either a pool of those epitopes, (referred to as P20 throughout the paper) or TG extract,
and cytokine production was assessed at different time points after culture using ELISPOT
assays (Figure 1A, B).

In allergic individuals, considerable IL-5 and IFNy responses were observed (specifically, in
the case of P20-expanded cultures, average 2387 and 614 SFC/106 PBMC). Lower
responses were noted for IL-17 and IL-10 (330 and 146 SFC/108PBMC) as compared to
IFNy and IL-5. In non-allergic individuals, as expected, lower IL-5 and IL-10 responses
were observed. Surprisingly, IFNy and IL-17 responses in allergic and non-allergic
individuals were essentially superimposable (Figure 1A, B).

Based on these results, 14-17 days stimulation with P20 was selected for use in subsequent
experiments analyzing cytokine production as a function of seasonality. For this analysis,
cytokine responses of allergic and non-allergic donors were segregated and analyzed as a
function of TG season, with the July to mid-October period considered “in-season”, and any
other time point “out-of-season”. Overall, a total of 37 in-season and 39 out-of-season
donations were tested for IFNy, IL-5, IL-10 and IL-17 production (Figure 1C, D).

As expected, in-season PBMC donations from allergic individuals exhibited significantly
higher IL-5 and IL-10 responses. IFNy levels did not change depending on seasonality
(Figure 1C). Strikingly, in non-allergic donors both IFNy and IL-5 were significantly lower
in-season compared to out-of-season (Figure 1D).

The ratios between IL-5/IFNvy and IL-5/IL-10 production were also determined
(Supplementary Figure S1). No significant differences regarding T cell polarization were
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observed when in- and out-of-season ratios in allergic and non-allergic individuals were
compared.

Seasonal modulation of cytokine reactivity is allergen-specific

Next, we investigated whether this inverse pattern of seasonality in allergic versus non-
allergic individuals was TG-specific, or rather reflective of a general modulation of all T cell
reactivity. TG-allergic individuals were classified as allergic or not allergic to other common
seasonal or perennial allergens, based on skin-prick test reactivity. In- and out-of-season
PBMC donations were stimulated with various allergen extracts for 14 days and the ratio of
in- and out-of-season IFNy or IL-5 production was calculated. Ratios greater than one reflect
increased cytokine production in season compared to out of season. For example, TG-
sensitized donor D78_1/D78_2, additionally sensitized to mugwort but not to juniper or
canary grass, was stimulated with mugwort, but also juniper- or canary grass extract; and
TG-sensitized donor U102_1/U102_2, additionally sensitized to mugwort, was stimulated
with mugwort and also bermuda grass and black walnut extracts to which the donor was not
allergic.

IL-5 reactivity to seasonal allergens was increased in-season for allergens to which the
donors were sensitized (Figure 2). However, when donors were not sensitized to the tested
allergen, in-season IL-5 reactivity was lower. The difference in the in- and out-of-season
ratios between those two groups was significant (o= 0.039).

Similarly, IFNy reactivity to seasonal allergens did not change with the season (Figure 2,
supplementary Table S4) for allergens to which the donors were sensitized, on the basis of
skin test reactivity. However, IFNvy production in response to allergens that did not trigger
positive skin reactivity in these donors was significantly decreased in season and the in- and
out-of-season ratio was significantly lower compared to allergens to which donors were
allergic (Figure 2; p=0.023; one tailed Mann-Whitney U-test). In the same donors, IFNy/
IL-5 reactivity to perennial allergens was not significantly changed regardless of whether
donors were sensitized to the particular allergen or not (Figure 2, supplementary Table S5).

Longitudinal analysis of the impact of seasonality on T cell reactivity

The initial observation of inverse patterns of immune reactivity depicted in Figure 1C-D was
made in a cross-sectional cohort where samples analyzed in and out-of-season were from
different donors. We next analyzed IL-5- and IFNy-producing T cells from longitudinal
PBMC samples, in which the same allergic or non-allergic donors provided in-season and
out-of-season blood donations (Figure 3). Confirming the results from the cross-sectional
donors, in allergics the IL-5 response was upregulated in-season, whereas IFNy responses
were not significantly changed. In non-allergics, a different pattern was observed: as in the
cross-sectional donors, the IL-5 response was downregulated in-season. IFNy responses,
which were significantly downregulated in the more numerous cross-sectional cohort, were
not significantly decreased. Overall, despite the minor discrepancy in IFNy responses in
non-allergics, the longitudinal analysis confirms differential seasonal modulation of cytokine
responses between allergic and non-allergic individuals.
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Ex vivo tetramer analysis reveals no seasonal difference in cell numbers in allergic and
non-allergic donors

To further characterize the mechanisms associated with the phenomena described above we
utilized longitudinal samples and tetrameric staining reagents. The use of tetramer staining
addressed whether the lower reactivity observed as a function of seasonality is due to a
decrease in the absolute number of reactive cells, or alternatively, if the decrease of
reactivity might be due to lower reactivity of cells. In these experiments we determined the
frequency of tetramer-positive cells ex vivoin longitudinal blood donations from 4 non-
allergic and 4 allergic donors. PBMCs were stained with a pool of 4 tetramer reagents
matching the donors’ HLA types (Supplementary Table S6), enriched and co-stained with
antibodies specific for CD3 and CD4. Longitudinal IFNy and IL-5 reactivity against P20 and
HLA class Il tetramer-stained PBMCs from a representative non-allergic donor are shown in
Supplementary Figure S2A-B. A compilation of the results for all eight donors is shown in
Figure 4A. No significant changes were observed. Interestingly, in allergic donors higher
reactivity was paralleled by a subtle increase in the number of tetramer-positive cells
detected in season. By contrast, in non-allergic donors, despite lower reactivity, no change in
the number of allergen-specific cells was detected. Allergen-specific CD4* T cells of non-
allergic donors might therefore become anergic/hyporesponsive following the antigen
stimulation provided by the pollen season.

To assess whether this stimulation is associated with development of regulatory CD4* cells,
the expression of several Treg- and/or Trl-associated markers, such as CD25, CD127 and
FoxP3 (Treg), as well as CD49b and LAG3 (Tr1), was analyzed in non-allergic donors
longitudinally using flow cytometry [32]. However, no change in the bulk frequency of those
cells was detected (data not shown).

Co-culture of longitudinal samples reveals suppressive activity in-season for non-allergic

donors

The decrease in reactivity of non-allergic donors observed in-season could be due to
elicitation or actual suppressive/regulatory activity by seasonal pollen exposure. To address
this point, in- and out-of-season PBMC donations were separately stimulated /n vitro with
P20 as described before. In parallel, we assayed co-cultures of equal numbers of PBMCs
from in- and out-of-season donations from the same donors. The reactivity detected after 14
days is shown in Figure 4B-C. More specifically, for each donor, the expected reactivity,
calculated as the average reactivity of the in- and out-of-season separate cell cultures
(expressed in terms of SFC per million PBMC), is plotted, along with the actual observed
reactivity in the /n vitro co-culture. In addition, the percentage decrease of the immune
responses detected in the co-cultures (calculated as 100 minus the ratio of co-culture vs.
expected reactivity based on separate cultures) is shown. In allergic individuals, immune
responses were not significantly modulated (Figure 4B). In contrast, in non-allergic
individuals, IFNy and IL-5 responses were observed as decreased, on average, by 60 and
80%, respectively (Figure 4C).
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Isolation of TG-specific T cell memory subsets for mRNA profiling

To further characterize seasonal changes in TG-specific memory subsets, we utilized an ex
Vvivo capture assay to isolate IL-5- and IFNy-producing T cells. To maximize the number of
cell captures for analysis, we supplemented the P20 pool with an additional 80 previously
described TG-derived epitopes (Supplementary Table S2, S3; [15, 26]). The megapool of
100 peptides was used to increase the ex vivo signal. This decision was based on results of
parallel studies revealing that the use of peptide megapools comprised of a large number of
epitopes and prepared by sequential lyophilization allow detection of responses directly ex
vivo [33], in particular in the case of allergic diseases where the frequency of progenitor
cells is generally very low [34]. After 3h stimulation with this pool of TG epitopes, PBMCs
were incubated with an anti-CD45/IL-5 (or IFNy) capture antibody and co-stained with an
antibody cocktail as described in the methods section prior to sorting of cytokine-producing
cells.

We, and others, have successfully used the classification scheme based on CD45 and CCR7
to distinguish Tcp and Tepy cells [35, 36]. To demonstrate that seasonal modulation reflects
activation of particular memory T cell subsets, cells were further separated into naive (Ty;
CD45RA*CCRT), effector memory (Tgp; CD45RA™CCR77), central memory (Tom;
CD45RA™CCRT7*), and terminally differentiated effector memory T cells (Tepmra,
CD45RA*CCR7") by FACS sorting (Supplementary Figure S3A). Cytokine production was
associated with Tgp and Tepy, with a general trend toward Tgp being decreased and Ty
increased in-season. The data from 5 allergic and 6 non-allergic donors is shown in
Supplementary Figure S3B-C.

Transcriptional profiles revealed differential patterns of gene regulation in IFNy- and IL-5-
producing cells

We determined the transcriptional profile of allergen-specific T cells from 5 allergic and 6
non-allergic individuals by sorting IFNy- or IL-5-producing T cells from Tgp and Tepm-
compartment following ex vivo stimulation and using the capture assay described above.
When compared to the control CD4" cells not releasing IFNy or IL-5, cytokine-producing
cells from the majority of the donors had a transcriptional profile suggestive of antigen-
specific activation (Supplemental Figure S4). For example, expression of HLA-DR, IL-2,
TINF, CCL3, miR155HG were significantly upregulated in both IFNvy- and IL-5-producing
cells Figure S4 top panel), with greatest increases in Tg)p, subsets compared to Ty subsets.
Expression of signature Thl genes like /FNy, GZMB, TBX21 (encoding for transcription
factor T-bet) and other relevant genes like /L-17A, RORC, and /L-10were upregulated in
IFNYy captured cells (Figure S4 middle panel). Expression of signature Th2 genes like /L-5,
1L-4, 1L-13 /L 1RL 1 (encoding for IL-33 receptor), was upregulated in IFNy producing cells
Figure S4 bottom panel). Overall, these results validate the cytokine capture assay as an
effective means to isolate T cells of defined subsets.

Transcriptional profiles reveal seasonal gene regulation in IFNy- and IL-5- producing cells

Next, differentially regulated genes between samples obtained in-season versus out-of-
season in either IFNy- or IL-5-producing cells were identified based on an adjusted p-value
of < 0.05 and as well as a two-fold change in gene expression (Figure 5A, red circles).
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Comparing the number of significantly modulated genes in general, in allergic subjects,
more genes were downregulated as a function of seasonality in Th1-like cells (IFNy capture)
than in IL-5-producing cells (1002 vs. 437 genes, Figure 5B) while in non-allergic donors
nine times more genes were downregulated in IL-5- than in IFNy- producing cells (360 vs.
40 genes). Similarly, in allergic individuals more genes were upregulated (650 vs. 373) in
IL-5-than in IFNy-producing cells, while in non-allergic donors more genes were
upregulated in IFNy - than in IL-5-producing cells (214 vs. 270, Figure 5B).

Pattern of seasonal modulation in transcriptional profiles in non-allergic individuals

We next examined genes differentially regulated in non-allergic donors in more detail,
focusing on IL-5 responses, which were most consistently modulated in the experiments
presented in Figures 1, 3 and 4 above. From the list of 3,382 genes in Figure 5B, we
identified 543 genes that had a significant seasonal up- or downregulation in IL-5-producing
cells in non-allergic individuals, and showed discordant patterns in IL-5-producing cells in
allergic donors (Table 1A). Thus, the genes listed in Table 1A are a subset of those presented
in Figure 5B, selected on the basis of being differentially expressed in non-allergic as
compared to allergic donors. The rationale for examining genes from both allergic and non-
allergic donors in both IL-5- and IFNy-producing cells was to identify genes that are not
only modulated by seasonality, but actually modulated in different directions when allergic
and non-allergic donors are considered.

Expression of the majority of genes upregulated in 1L-5-producing cells in non-allergic
donors (but not in allergic subjects) did not change in IFNy -producing cells (234 vs. 6).
Similarly, the vast majority of genes downregulated in IL-5-producing cells were unchanged
in IFNy-producing cells in both allergic and non-allergic subjects (302 vs. 1, Table 1A).
These findings suggest an I1L-5-specific modulation, since IFNy-producing cells are not
modulated in opposite direction for those genes, but rather left unperturbed. Given that these
two cell types are quite distinct, it is not surprising that there is little overlap of common
gene changes between them.

Heat maps of IL-5-captured cells from non-allergic donors as a function of seasonality for
the 543 genes are shown in Figure 5C, where shades of red reflect the degree of
downregulation, while blue indicates the level of upregulation and genes with unchanged
expression levels according to seasonality are plotted in white. The expression patterns
clustered in three broad categories. A first group of five in-season samples clustered together
and showed mostly opposite patterns of regulation compared to a group of five out-of-season
samples. A third cluster was associated with intermediate and less pronounced patterns and
corresponded to a mixed group of 3 in-season and 5 out-of-season samples.

A specific molecular program associated with seasonal down-modulation of IL-5-
producing cells in non-allergic individuals

Within the subset of genes, we observed several genes of interest that are significantly up- or
downregulated in IL-5-producing cells in-season compared to out-of-season in non-allergic
donors (Table 1B). These included a number of genes encoding TNF- and IFN-related
genes; several heat shock- and proteasome-related proteins, were also modulated (Table 1B).
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In parallel, several genes encoding chemokines and adhesion proteins, such as CCL5,
ICAM3, IGBPI1 or ITFG3, were significantly upregulated in non-allergic donors but
remained unchanged in allergic subjects. The list of differentially modulated genes also
included genes encoding kinases regulating cellular location, activation pathways and signal
transduction.

A number of T cell-related surface antigens essential for activation of T cell responses and
immune reactivity were significantly downregulated in IL-5-producing cells in-season in
non-allergic individuals, while no change in expression was observed in allergic donors.
Examples include CDZ, an early and widely expressed T cell marker, which interacts with
LFA-3 and CD48/BCM1 [37] as well as CD69and /L2RG. The expression of RICTOR,
encoding for a T cell surface antigen particularly critical for Th2 differentiation, and the
inflammatory cytokine 1L-32, were also significantly downregulated in non-allergic donors
and unchanged in allergic subjects in-season compared to out-of-season. In contrast, CD247,
a part of the TCR complex, was upregulated in allergic individuals in-season and
downregulated in non-allergic individuals.

Conversely, a number of genes related to the retinoic acid and heme pathways, known to
regulate immunosuppressive pathways [38, 39] were differentially expressed. These include
HBB and UROD, encoding for heme and a uroporphyrinogen decarboxylase involved in the
production of heme, respectively (Table 1B).

DISCUSSION

In the present study, the impact of timothy grass (TG) pollen season on TG-specific T cell
responses was analyzed in allergic and non-allergic individuals. In line with previous studies
[13, 14], responses in allergic subjects were polarized towards a Th2 type, significantly
increased during TG pollen season. Strikingly, in non-allergic donors an opposing pattern
with broadly decreased immune reactivity in-season was observed.

The broad downregulation observed in non-allergic donors indicates that healthy individuals
are not oblivious to allergen exposure but rather react with an active modulation of responses
following the antigenic stimulus provided by the pollen season. A significant reduction in
IFNy and IL-5 is also reflected in trends towards decreased I1L-10 and IL-17 responses. To
make sure that any difference we saw was not due simply to modulation of the relative
composition of memory subsets as a function of seasonality, we separately characterized
different memory subsets. Further, memory cells were studied to exclude the possibility that
the patterns observed are an artifact of /n vitro stimulation of naive T cells. The fact that
similar patterns of modulation are observed in the different T cell subsets indicates that it
does not result from changes in the relative composition of memory subsets as a function of
seasonality.

Previous studies have shown that non-allergic donors have detectable allergen-specific
responses, mostly polarized towards a Thl or Trl phenotype [7, 8] [13]. The current study is
novel in that it suggests that in addition to a different polarization, non-allergic individuals
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respond to increased antigen exposure during the pollen season with a generalized
downregulation of responses.

Downregulation of T cell responses was allergen-specific, because it was specifically
associated with seasonal allergens to which donors were not sensitized, and was not
observed in perennial allergens to which they were sensitized. One hypothesis to explain this
declined reactivity is an actual decline in numbers of allergen-specific T cells due to
induction of apoptosis or deletion of responding cells [40, 41]. Selected Th1 cell apoptosis
was previously reported to be more prominent in atopic subjects compared to non-allergic
individuals as a mechanism of Th2 predominance [41].

Here we used allergen-specific tetramers to assess whether the declined reactivity in-season
was due to a decrease in frequency of antigen-specific cells. In line with other studies, we
detected TG-specific CD4™ T cells at frequencies in the range of 1-6/10,000 in those
experiments in both allergic and healthy individuals [17, 42]. Since there were no significant
changes in frequencies of allergen-specific T cells despite lower in-season reactivity, these
data rule out apoptosis or deletion of responding cells as a potential mechanism.

The lack of changes in the frequency of allergen-specific T cells also seems to rule out that
the seasonal modulation is due to their migration to airway-associated tissues. This
possibility is also unlikely based on the observation that allergen-specific T cells are actually
slightly increased in frequency in allergic individuals in-season — the opposite of what would
be expected if allergen-specific T cells would be depleted by migration to the airway.

The seasonal decrease in T cell reactivity of non-allergic individuals seems to be associated
with a regulatory mechanism [43, 44]. We could support this hypothesis through co-culture
of PBMCs from longitudinal in- and out-of-season donations. It is possible that this
regulatory mechanism might involve allergen-specific regulatory T cells (Treg) [45].
Overtvelt et al. analyzed birch pollen-specific CD4* T cells and showed that in healthy
subjects, circulating T cells exhibited an IL-10-producing FOXP3-positive phenotype [8].
However, in our experiments we did not detect increases in IL-10 production, but rather a
general decrease of cytokine production, including IL-10.

The present study highlights changes in reactivity as a function of seasonality at the level of
allergen-specific T cells. As such, it should be noted that these changes are associated with
the “regulated” cells rather than the regulatory cells. In preliminary analysis we did not
detect differences in the bulk non-allergen-specific T cells at the level of elements associated
with Treg and/or Trl cells, such as FoxP3, CD49b or LAG3, at either the mRNA or protein
(as assayed by FACS) level (data not shown). Future experiments will address these issues in
more detail, and the alternative possibility that the regulatory interaction might be mediated
by other cell types, such as B cells or antigen-presenting cells [46-51].

We focused our investigation on the transcriptional profiles of allergen-specific T cells.
Studies to characterize allergen-specific T cells are limited by low progenitor frequencies
within peripheral blood mononuclear cells [42, 52]. To enable ex vivo characterization of
responding cells, we utilized a cytokine capture assay and a pool of 100 TG-specific
epitopes that were previously identified [16, 30]. This experimental strategy, coupled with
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micro-scaled methods to profile global mMRNA levels in a few hundred cells, uncovered
differential patterns of seasonal gene regulation in IL-5-producing cells in healthy compared
to allergic donors. Strikingly, in non-allergic donors, we observed upregulation of a number
of genes encoding for TNF- and IFN-related genes. This could reflect a molecular program
opposing Th2 activation [53]. Moreover, several heat shock- and proteasome-related proteins
were also modulated, potentially as a consequence of the modulation of IFN- and TNF-
related pathways [54]. In parallel, several genes encoding chemokines and adhesion
proteins, such as CXCR4, were modulated, suggesting changes in cell-cell interactions and
homing characteristics [55]. Active down-modulation of genes encoding for T cell markers
like CD2, CD69, CD247 or IL-2R might also contribute to confining exaggerated immune
responses in non-allergic subjects upon allergen exposure [56-58]. Since CD2 plays an
important role in mediating adhesion between T cells and other cell types [56-58], its
selective downregulation might be associated with decreased immune reactivity. Likewise,
lower expression of CD247, part of the CD3-TCR complex, may limit reactivity in non-
allergic individuals [57].

When we clustered the gene expression patterns in IL-5-producing cells from non-allergic
donors, three main groups were revealed, associated with in-season or out-of-season changes
or with intermediate profiles, respectively, and populated by both in-season and out-of-
season donations. We hypothesize that this last “mixed group” heat map profile might reflect
variability in terms of season onset and actual donor exposure. Future longitudinal studies
with more frequent sampling will address this possibility. Furthermore, it is important to
note that a lack of grass pollen skin-prick reactivity and grass pollen allergy symptoms does
not make a subject non-atopic but rather non-grass pollen allergic. Even though these
individuals were tested for sensitivity to a variety of allergens, allergic sensitivities to other
aeroallergens that were not included in the skin-prick test panel cannot be excluded. While
the present study was not designed or powered to longitudinally examine seasonality
changes as a function of disease severity, additional studies addressing these issues will be
key to provide valuable stratification of true allergic phenotypes and strengthen findings
suggesting cellular and molecular mechanisms of seasonal allergy. These studies may also
be expanded to include analysis of responding T cells before and after nasal challenge with
allergen extracts [59].

This study identifies a number of genes whose modulation might contribute to maintaining a
healthy immune response upon allergen exposure. The fact that we detected a robust 1L-10
signal in IFNy-producing Tgp cells suggests a double IFNy/IL-10 producing cell
population, which may be crucial for distinguishing the regulatory mechanism governing
tolerance to allergens from that responsible for an allergy phenotype. Meiler et al.
demonstrated that high-dose bee venom allergen tolerance is associated with clonal
expansion of specific IL-10-secreting Tr1 cells, which may switch from existing Th1- and
Th2-like allergen-specific cells [60]. In this context it is important to underline that here we
characterized mRNA profiles associated with cytokine-producing allergen-specific T cells,
and thus associated with “regulated” rather than “regulatory” cells.

Results from this study suggest that the down regulation of T cell responses may be due to
either an actual decline in numbers of allergen-specific T cells or inhibited functionality of
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the cells following allergen exposure. The lack of change in specific T cell frequency as
detected using a tetramer-based approach seems to rule out apoptosis or deletion of
responding cells as a potential mechanism for the lower in-season reactivity. Indeed,
consistent with this notion, co-culture of PBMCs from longitudinal in- and out-of-season
donations revealed suppressive activity in season in non-allergic donors. In this study, we
focused on the changes detected at the level of allergen specific, memory CD4 T cells, i.e.
associated with the “regulated” cells rather than the regulatory cells. While our preliminary
analysis did not suggest a role for Tregs, other cell types such as B cells or other antigen-
presenting cells might mediate the regulatory interaction [48-51]. Our transcriptomic
analysis revealed changes in reactivity as a function of seasonality at the level of allergen-
specific T cells. In non-allergic donors, genes encoding for TNF- and IFN-related genes
were upregulated, while T cell markers such as CD2, CD69, CD247 and IL-2R were
downregulated, suggesting the potential for a specific transcriptional program being
associated with seasonal downregulation of allergen-specific T cells in non-allergic
individuals. Future experiments will address these issues in more detail.

In conclusion, the mechanism of suppression in healthy individuals remains unclear, and
may reflect different mechanisms from those operating in the context of high-dose allergen
tolerance. It would be of significant interest to characterize distinct transcriptional programs
in allergic and non-allergic donors in- and out-of-season by PCR in more detail in future
studies and to assess the functional role of specific genes by RNAI approaches [61, 62].
Indeed, understanding the mechanisms associated with this seasonal downregulation may be
key to recapitulate natural tolerance upon allergen exposure and enable more effective
interventions. The identification of specific molecular signatures and target molecules that
are modulated in healthy donors during allergen season may be used as potential biomarkers
in a diagnostic setting, and also suggest potential targets for therapeutic intervention.
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Kinetics of eytokine-production
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Figure 1. Kinetics and magnitude of cytokine production in TG-allergic and non-allergic donors
A-B: Cytokine production over 21 days following restimulation with TG extract (A) or a

pool of 20 predominant TG epitopes (B). Means of 10 donors are shown, respectively.
Dashed line, allergics; continuous line, non-allergics. Error bars indicate SD. C-D: Seasonal
cytokine responses in a cross-sectional cohort of TG allergic (C) and non-allergic (D)
individuals. IFNy, IL-5, IL-10 and IL-17 reponses elicited by P20 in a 14-day /n vitro
restimulation assay. Samples obtained between Jul 15t to Oct 15! are considered in-season.
*p<0.05, ** P<0.01, Mann-Whitney U-test.
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Figure 2. Seasonal modulation of cytokine reactivity is allergen-specific
Ratio of in- and out-of-season cytokine reactivity in TG-allergic donors tested against (A) a

set of other common seasonal (trees: date palm, olive, black walnut, prickly juniper; grasses:
rye grass, bermuda grass, canary grass, wheat, kentucky blue; weeds: giant ragweed,
mugwort) and (B) perennial allergens (american cockroach, german cockroach, house dust
mite (Der p 1), cat, dog, Alternaria sp.). All donors tested were TG-allergic and were further
classified as allergic or non-allergic for other allergens on the basis of skin test reactivity
(All, allergic; Ctr, not allergic to the tested seasonal or perennial allergen). PBMC, obtained
in and out-of-season, were stimulated with allergen extracts for 14 days and IFNy and IL-5
production was analyzed longitudinally (in the same donor in- and out-of-season). Donors
were chosen for representative assays based on availability of longitudinal samples and type
of assay. Pvalues were determined using Mann-Whitney U-test.
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Figure 3. Seasonal cytokine response in longitudinal samples from TG-allergic and non-allergic
individuals

Cytokine responses (IFNy, IL-5) elicited by P20 in a 14-day /n vitro restimulation assay in
allergic (A) and non-allergic donors (B). *P< 0.05, paired Wilcoxon one-tailed test.
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Figure 4. A Ex vivo tetramer analysis
Numbers of TG-specific CD4" T cells in- and out-of-season in allergic and non-allergic

donors. B-C. Co-culture of longitudinal samples. PBMC from in and out-of-season
donations were stimulated 7 vitro with P20 separately as described before. Immune
reactivity in 1:1 co-cultures of in and out-of-season donations from the respective allergic
(B) or non-allergic (C) donors were analyzed. The expected reactivity in absence of any
inhibitory mechanisms, calculated as the average of the in and out-of-season reactivity (in
terms of SFC per million PBMC) is plotted and compared to the actual observed reactivity
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by the end of the /n vitro co-culture. *£ < 0.05, as calculated by paired Wilcoxon one-tailed
test.
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Figure 5. Gene expression patterns of IFNy- and IL-5-producing antigen-specific cells
A. MA plots comparing gene expression patterns of IFNy- or IL-5-producing cells in allergic

and non-allergic donors as a function of pollen season. Geometric mean of gene expression
(x-axis) is compared with fold change in expression between in- and out-of-season samples.
Differentially regulated genes were identified based on an adjusted P-value of < 0.05 and as
well as a two-fold change in gene expression (red circles). B. Histogram of the number of
genes differentially expressed between in- and out-of-season samples categorized by
expression direction (black, upregulation; grey, downregulation) and by allergic status and
type of molecule captured. C. Heat map gene expression of 1L-5-producing cells from T¢cp
(green) and Tgpy (blue) in non-allergic donors in- and out-of-season (green and red,
respectively). Data from 6 non-allergic individuals (3 cross-sectional and 3 longitudinal
samples) is shown. Each row indicates gene expression levels of each individual donor
represented in the respective column. Shades of red are reflective of the level of
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downregulation; blue, upregulation; white, no change in expression with season. The heat
map was generated by taking into account the distance for similarity between genes and
samples using the Euclidean distance. Genes and samples were clustered using the Ward
linkage method. Micro-scaled RNA-seq was performed on a total of 76 samples: 64 samples
(11 donors) for each allergen-specific CD4* subset (IFNy-Tgpy, IFNy-Tem IL-5-Tgm, IL-5-
Tcm) and 12 samples (5 donors) for each CD4* memory subset not producing IFNy or IL-5

(Tem Tewm)-
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