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Background: Allergen-specific CD4+ T cells are a highly 

heterogenous population. Depletion of these cells has been 

proposed as essential to achieve allergen desensitization in 

allergen immunotherapy.

Objective: The overall aim of this study was to characterize the 

heterogeneity of timothy grass (Phleum pratense) allergen- 

specific CD4+ T cells and determine how the frequency and 

phenotype of these cells change in response to sublingual (SLIT) 

and subcutaneous (SCIT) immunotherapy. Correlations 

between frequencies of these cells with Total Nasal Symptom 

Score and grass-specific serum immunoglobulin were also 

investigated.

Methods: Mass cytometry with lanthanides-tagged peptide 

major histocompatibility complex class II multimers and CD154 

upregulation assays were used to examine changes in the 

frequency and phenotype of Phl p–specific CD4+ T cells in 

longitudinal peripheral blood mononuclear cell samples from a 

randomized, double-blind, placebo-controlled trial of SLIT and 

SCIT. Supervised and unsupervised clustering was used for data 

analysis.

Results: Phenotypes of Phl p–specific T cells were highly 

heterogenous but could be categorized into two major 

metaclusters, CRTH2hiCD27lo and CRTH2loCD27hi, each with 

distinct phenotypic profiles. Weak positive correlations between 

Total Nasal Symptom Score and frequencies of T cells within 

both subsets were observed. SCIT preferentially depleted 

CRTH2hiCD27lo cells, whereas SLIT depleted CRTH2loCD27hi 

cells. CRTH2hiCD27lo cell frequency correlated with Phl 

p–specific IgE and IgG4, but not IgA, levels.

Conclusion: Unsupervised clustering revealed distinct 

subpopulations of allergen-specific T cells that were 

differentially targeted and depleted by SCIT and SLIT, 

suggesting that SCIT and SLIT act through overlapping but 

distinct immunologic pathways. (J Allergy Clin Immunol 

2026;■■■:■■■-■■■.)
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The prevalence of allergic rhinitis in adults is estimated to be 

18% globally, with rates increasing over the past few decades.1

Allergic rhinitis is a disease driven by type 2 inflammation; how

ever, allergen-specific TH1 cells are also observed.2 Recent 

studies show that a special subset of TH2 cells, with the pheno

typic surface markers CD1611CD49d1CRTH21CD272, is 

uniquely present in people with allergic diseases. This subset of 

TH2 cells, known as pathogenic TH2A cells, is considered to be 

the main driver of pathogenic TH2 responses in allergic 

individuals.3-6

Allergen immunotherapy has been used to retrain the immune 

system and induce tolerance for decades.7 Subcutaneous immu

notherapy (SCIT) needs to be administered for 3 to 5 years to 

obtain tolerance. While this therapy is generally recognized to 

be effective, the burden on patients is substantial because they 

have to receive the immunotherapy in a doctor’s office.8 As a 

result, sublingual immunotherapy (SLIT) was developed to try 

to reduce the burden by allowing at-home dosing.9

The GRASS (Long-Term Effects of Sublingual Grass Therapy) 

clinical trial was performed to determine whether a shorter 

duration of therapy with SLIT could induce tolerance.10 The 

GRASS trial was a single-site, randomized, placebo-controlled, 

3-arm study comparing timothy grass SCIT, timothy grass 

SLIT, and placebo for the treatment of grass allergy. One hundred 

six adults with timothy grass (Phleum pratense) allergy were ran

domized to treatment with SCIT, SLIT, or placebo for 2 years, fol

lowed by 1 year off therapy. By the end of 2 years of therapy, the 

Total Nasal Symptom Score (TNSS) (weighted 10-hour area un

der the curve) during a nasal allergen challenge was significantly 

lower in both the SCIT and SLIT arms compared to placebo. After 

1 year off therapy, the TNSS (10-hour area under the curve) 

returned toward baseline and was not significantly different be

tween the 3 trial arms.
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Abbreviations used

CyTOF: Cytometry by time of flight

ddH2O: Double-distilled H2O

PBMC: Peripheral blood mononuclear cell

PE: Phycoerythrin

RT: Room temperature

SCIT: Subcutaneous immunotherapy

SLIT: Sublingual immunotherapy

TNSS: Total Nasal Symptom Score

UMAP: Uniform manifold approximation and projection

Several biomarkers, including grass-specific IgG4-to-IgE ratio, 

percentage of allergen-IgE complexes binding to B cells in vitro, 

and basophil activation, correlated with clinical response pat

terns.11 At year 2 of this study, a significant sustained reduction 

in circulatory TH2A cells was observed only in the SCIT arm 

and not in the SLIT arm, even though both treatment arms simi

larly improved in the primary outcome of TNSS during nasal 

allergen challenge.11 Given the heterogeneity of CD41 T cells, 

these previous findings raise the possibility that depletion of sub

sets of TH2 cells other than TH2A cells may be critical for attain

ing desensitization with the SLIT group. To explore this, we used 

a panel of 25 antibodies, multiple peptide major histocompatibil

ity complex (MHC) class II multimers and CD154 upregulation 

assays in mass cytometry experiments to analyze frequencies, 

surface phenotypes, and cytokine profiles of Phl p–specific 

CD41 T cells during the course of immunotherapy. These data 

were then analyzed in both supervised and unsupervised ap

proaches. The results confirmed that TH2 cells are highly heterog

enous. We further examined how immunotherapy affects these 

different T-cell subsets, how these different TH2 cell subsets are 

related to one another, and how they influence TNSS and antibody 

responses.

METHODS

Sample and clinical data collection
Peripheral blood mononuclear cells (PBMCs) were collected 

from GRASS trial participants at baseline; after 1 and 2 years of 

SCIT, SLIT, or placebo; and after 1 year off therapy. PBMCs were 

cryopreserved as previously described.10 Clinical data corre

sponding to the samples were obtained from the Immune Toler

ance Network’s TrialShare website (itntrialshare.org).

Multimer production and assembly
Myc-tagged HLA-II monomer reagents were produced from 

S2 cells transfected with HLA-II complementary DNA as 

previously described.12 In brief, transfected S2 cells were 

expanded to a 2 L volume in spinner flasks (Bellco, Vineland, 

NJ) and induced for 5 days with 1 mmol copper sulfate, adding 

2 μg/mL biotin to ensure efficient protein biotinylation. Super

natants were separated from intact cells by centrifugation 

(11,000g), separated from debris with a 0.2 μm filter (Thermo 

Fisher Scientific, Waltham, Mass), and then affinity purified 

with L243 coupled with CNBr-Activated Sepharose 4B (GE 

Healthcare, Pittsburgh, Pa). Class II protein was eluted at pH 

11.5, equilibrated with pH 4.0 Tris buffer, and exchanged into 

a pH 6.0 storage buffer (0.2 mol sodium phosphate). Phl p– 

specific CD41 T-cell epitopes were identified by Tetramer 

Guided Epitope Mapping, as described elsewhere.11 Class II 

monomers were loaded with individual peptides by incubating 

for 72 hours at 378C in the presence of 2.5 mg/mL n-octyl-β- 

d-glucopyranoside (Sigma, St Louis, Mo). Multimers were 

formed by individually incubating class II molecules with 

metal-labeled streptavidin or phycoerythrin (PE)-labeled strep

tavidin (Thermo Fisher Scientific) for 6 to 18 hours at room tem

perature (RT) at a molar ratio of 8:1. Metal-labeled streptavidin 

was produced as previously described.13,14 Multimers used in 

this study are listed in Table E1 in this article’s Online Reposi

tory available at www.jacionline.org.

Multimer-based immune cell profiling via mass 

cytometry
Approximately 20 million frozen PBMCs were thawed and 

subjected to multimer staining. Initially, cells were resuspended 

in 200 μL of T Cell Medium, which consists of RPMI 1640, 10% 

human serum, L-glutamine, HEPES buffer, and sodium pyruvate. 

Subsequently, dasatinib (Santa Cruz Biotechnology, Santa Cruz, 

Calif) was added to the cell suspension at a final concentration 

of 50 nmol. This mixture was incubated at 378C for 5 minutes. 

Next, 3 μL (500 μg/mL) of each metal-tagged multimer was 

added. The cells were incubated at RT for 2 hours, with intermit

tent stirring every 30 minutes. After the incubation period, cells 

were washed with 3 mL of running buffer (13 PBS, EDTA, so

dium azide), then resuspended in 175 μL of running buffer plus 

25 μL of anti–c-Myc microbeads (Miltenyi Biotec, San Diego, 

Calif) for 15 minutes at 48C. The cells were washed and resus

pended in 1 mL of running buffer, and a 20 μL fraction was re

tained. The multimer-positive cells were enriched through a 

mass spectrometry column (Miltenyi Biotec) following the man

ufacturer’s instructions. The enriched cells, alongside the preen

richment fraction, were stained with an extracellular antibody 

cocktail that consisted of 25 antibodies (see Table E2 in the On

line Repository available at www.jacionline.org) for 25 minutes 

at RT. Cisplatin was added (final concentration 25 μmol) at 24 mi

nutes, immediately followed by quenching with 3 mL of running 

buffer. Cells were washed with 13 PBS and resuspended in 500 

μL 13 PBS with iridium (125 nmol), then incubated for 30 mi

nutes at RT. Cells were washed with 13 PBS, spun down, and re

suspended in 150 μL IC Fixation Buffer (eBioscience; Thermo 

Fisher Scientific) and incubated at RT for 45 minutes. Cells 

were then washed once with 13 PBS and twice in double- 

distilled H2O (ddH2O). Finally, the cells were resuspended in 

ddH2O, spiked with EQ beads (Fluidigm, San Francisco, Calif), 

and immediately analyzed via cytometry by time of flight (Cy

TOF). Data normalization was performed using EQ beads and 

CyTOF v2 software, and FCS files were analyzed by FlowJo soft

ware (Becton Dickinson, Franklin Lakes, NJ). For the multimer 

analysis, cells positive for each specific multimer-labeled lantha

nide were individually gated (see Fig E1 in the Online Repository) 

and Boolean gated to identify multimer-specific T cells. The fre

quency of epitope-specific cells was calculated using the 

following formula: F 5 [1,000,000 3 (multimer positive events 

from enriched tube/103 number of CD41 T cells from the 

‘‘pre’’ fraction)].
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CD154 upregulation assay and intracellular cytokine 

staining of timothy grass–specific CD4+ T cells
Twenty million frozen PBMCs were thawed, rested for 4 hours 

at RT, and incubated in vitro for 16 hours with timothy grass peptide 

libraries from Phl p 1, Phl p 5a, and Phl p 5b. Peptides were 20 aa in 

length with a 12 aa overlap (mimotopes). Each peptide was used at 

a final concentration of 0.5 μg/mL. Anti-CD40 antibody (1 μg/mL, 

Miltenyi Biotec) was also added to inhibit the downregulation of 

CD154, preventing CD40/CD154 interactions on newly activated 

T cells. After stimulation, the PBMCs were stained with anti– 

CD154-PE antibody (Miltenyi Biotec) for 30 minutes at RT. Cells 

were then incubated with anti-PE beads, and the CD1541 cells 

were enriched through a Miltenyi Biotec mass spectrometry col

umn. Cells were washed and stained with anti-PE metal conjugate 

as well as a panel of cell surface antibodies that included anti- 

CD69, anti-CD27, and anti-CRTH2 (see Table E3 in the Online Re

pository available at www.jacionline.org). The cells underwent a 

30-minute incubation at RT. In the final minute of incubation, 

cisplatin was added to the sample and then quickly quenched 

with 3 mL of running buffer. The cells were washed with 13 

PBS, resuspended in 500 μL of 13 PBS containing iridium, and 

incubated for another 30 minutes at RT.

Next the cells were fixed with 150 μL of IC Fixation Buffer 

(eBioscience) and incubated at RT for 45 minutes. This was 

followed by a 30-minute permeabilization step using Permeabi

lization Buffer (eBioscience). The cells were then stained with an 

intracellular cytokine antibody cocktail, including GM-CSF, IFN- 

γ, IL-4, IL-5, IL-9, IL-10, IL-13, IL-17A, IL-21, and TGF-β

(Table E3) at pretitrated concentration and incubated for 30 mi

nutes at RT. After washing with 13 permeabilization buffer and 

13 PBS, followed by two rinses in ddH2O, cells were resus

pended in ddH2O. EQ beads (Fluidigm) were then added, and 

the cells were immediately analyzed on the CyTOF machine. 

Analysis of the flow cytometry standard (FCS) files was conduct

ed by FlowJo software. Antigen-responsive T cells were identi

fied on the basis of the upregulation of both CD154 and CD69 

on CD41 T cells.

Mass cytometry data analysis
FCS files were analyzed by R software (www.r-project.org). 

Files were read into R with the ‘flowCore’ package.15 Marker in

tensities were transformed using an inverse hyperbolic sine trans

formation (arcsinh) with parameters a 5 0, b 5 0.2. To adjust for 

batch differences between samples, z score normalization was 

applied to each marker relative to the total CD41 T-cell expres

sion for that marker on the same subject and visit before dimen

sionality reduction. Dimensionality reduction was performed by 

the uniform manifold approximation and projection (UMAP) al

gorithm as implemented in the UMAP R package. Normalized 

event profiles were clustered by the PhenoGraph algorithm, as im

plemented in the R Phenograph package, and visualized by Com

plexHeatmap. For plotting frequencies, a pseudocount of 1 cell 

per million was added to allow use of a log scale for visualization 

purposes. The ‘learn_graph()’ function from the R package 

Monocle was used to construct a trajectory.16

Statistics
ANOVA was used to compare TNSS, timothy grass IgE, 

and timothy grass IgG4 across treatment groups at baseline. 

A chi-square test was used to compare the effect of biological 

sex across treatment groups. Cell frequencies were compared 

by Wilcoxon rank sum test with a false discovery rate multiple 

testing correction. The linear Pearson correlation coefficient 

was used to evaluate TNSS and timothy grass–specific T-cell fre

quencies, and Spearman rank–based correlations were used to 

examine timothy grass–specific IgE, IgG4, and IgA1 as well as 

timothy grass–specific T-cell frequencies.

RESULTS
Forty-four participants from the GRASS study were included 

in this project (n 5 13 placebo, n 5 14 SCIT, n 5 17 SLIT). 

Table I summarizes the demographics and baseline clinical 

measures of these participants. There were no statistically 

significant differences in age, sex balance, TNSS, timothy 

grass–specific IgE, or timothy grass–specific IgG4 at baseline.

Using lanthanide Phl p–specific multimers and a panel of 25 

different antibodies, the frequency and phenotype of Phl p– 

specific CD41 T cells was characterized before treatment with 

allergen immunotherapy (baseline); during treatment at the end 

of years 1 and 2; and 1 year after stopping treatment (year 3). 

As a control, rhinovirus-specific CD41 T cells were examined 

in parallel. Fig 1 shows DR0101 multimer staining results for 

one DR0101 participant. At baseline, Phl p 1–specific T cells 

were CCR41CRTH21CD272—phenotypic properties of TH2A 

cells. Compared to the placebo group, the frequency of Phl p– 

specific CD41 T cells was significantly decreased at years 1 

and 2 of treatment in the SLIT group, and this decrease was still 

observed between the SLIT group and placebo at year 3 after 1 

year of no treatment (Fig 2, A). In contrast, the frequency of 

rhinovirus-specific CD41 T cells for all 3 groups remained un

changed throughout the study (Fig 2, B). Standard biaxial gating 

that used CRTH2 as a marker for TH2A cells also revealed a sig

nificant decrease in the frequency of Phl p–specific CD41 T cells 

in both the SLIT and SCIT groups at year 1 compared to placebo, 

furthermore this decrease was only observed in the SCIT group at 

years 2 and 3 (Fig 2, C). There was no significant difference in 

TH2A frequencies between the SLIT and SCIT groups.

Unsupervised clustering was used to further characterize the 

phenotype of Phl p–specific CD41 T cells. Data visualization via 

UMAP with Phenograph clustering with Phl p–specific cells from 

all 4 time points identified Phl p–specific CD41 T cells segre

gating into 8 distinct clusters (Fig 3, A), which were further cate

gorized into 2 metaclusters: a CRTH2hiCD27lo metacluster 

including clusters 4-8, and a CRTH2loCD27hi metacluster 

including clusters 1-3 (Fig 3, B and C, and see Fig E2 in the Online 

Repository available at www.jacionline.org). Cells within the 

CRTH2hiCD27lo metacluster were characterized by high expres

sion of CRTH2 and CD49d, and low expression of CD27, 

consistent with the TH2A cell phenotype (Fig 3, D, Fig E2). 

Within the CRTH2hiCD27lo metacluster, clusters 4 and 5 ex

hibited all the hallmarks of the TH2A subset 

(CRTH21CD49d1CD1611CD272) but were distinguished by 

CD39 expression. Compared to the other clusters in this metaclus

ter, cluster 4 cells expressed the highest levels of CD49d, CD161, 

and inducible T-cell costimulator; cluster 6 cells expressed the 

lowest levels of CD161; cluster 7 had the lowest expression of 

CD25 and CD127; and cluster 8 cells had very low CCR4 expres

sion. Within the CRTH2loCD27hi metacluster, cluster 2 expressed 

CXCR3 whereas clusters 1 and 3 were CCR41 and CXCR32, 
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markers characteristic of conventional TH2 cells, but had distinct 

expression profiles for CD161, CD49d and CD25. Cells in 

CRTH2loCD27hi metacluster also expressed lower levels of TI

GIT, CTLA-4, and CD39 compared to the CRTH2hiCD27lo meta

cluster. Pseudotime trajectory was also used to infer the 

relationship between these different subsets of T cells. 

A transition of cells from cluster 1 to cluster 5 was observed 

(see Fig E3 in the Online Repository).

The frequency of cells within each metacluster in response to 

SCIT and SLIT was also examined. Compared to the placebo 

group, the frequency of the CRTH2hiCD27lo metacluster 

decreased in response to SCIT but not SLIT, and this persisted 

TABLE I. Demographic and baseline clinical characteristics of study participants

Treatment

No. of participants with:

Total no. of 

participants

Median 

age 

(years)

Sex, M/F Baseline mean (SD) of:

DR0101 DR0301 DR0401 DR0701 DR1101

TNSS 

score

TG IgE 

(kUA/L)

TG IgG4 

(kUA/L)

Placebo 4 4 6 5 2 13 29.4 9/4 6.33 (2.29) 56.14 (48.06) 0.29 (0.26)

SCIT 6 4 1 5 1 14 27.4 8/6 6.53 (2.14) 36.28 (38.16) 0.32 (0.18)

SLIT 3 4 5 9 1 17 35 14/3 5.66 (1.74) 53.62 (89.63) 0.41 (0.4)

TG, Timothy grass.

FIG 1. Ex vivo class II multimer staining. (A) Combinatorial ex vivo class II multimer staining of Phl p 1–spe

cific, Phl p 5–specific, and rhinovirus (RV)-specific CD41 T cells at 4 different time points. Combinatorial mul

timer staining was carried out in PBMCs from DR0101 subject at baseline and years 1, 2, and 3 after 

treatment. Multimer for each epitope specificity was conjugated to 2 different metal tags, as shown in 

Table E1. Staining for specific T cells of different epitope specificities at each time point was carried out 

in single tube. Dark dots represent epitope-specific CD41 T cells; gray dots, other CD41 T cells. Frequencies 

of epitope-specific CD41 T cells per million CD41 T cells are indicated. Gating strategy for identification of 

multimer positive T cells is shown in Fig E1. (B) Phenotypic cell surface markers of gated DR0101/Phl p 1– 

specific T cells at baseline.
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FIG 2. Frequencies of timothy grass–specific and rhinovirus (RV)-specific T cells as determined by tetramer 

staining throughout courses of study. (A) Summed frequencies of timothy grass–specific T cells. Each data 

point represents summed total frequencies of all timothy grass–specific T cells from 1 subject. (B) Fre

quencies of RV-specific T cells. (C) Frequencies of timothy grass–specific T cells with TH2A phenotype. 

Points show individual frequencies; lines connect medians.
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to year 3 (Fig 4, A). In contrast, the frequency of the 

CRTH2loCD27hi metacluster decreased in response to SLIT but 

not SCIT (Fig 4, B). Examination of the individual clusters 

comprising the metaclusters indicated that cluster 5 is predomi

nantly the driver of metacluster CRTH2hiCD27lo response to ther

apy in year 2, whereas cluster 3 is the driver of metacluster 

CRTH2loCD27hi response in year 1 (see Fig E4 in the Online Re

pository available at www.jacionline.org).

The distributions of Phl p 1, Phl p 5a, and Phl p 5b within two 

major metaclusters were examined. There were significantly 

more Phl p 1–specific CD41 T cells in the CRTH2hiCD27lo 

metacluster and more Phl p 5b–specific CD41 T cells in 

the CRTH2loCD27hi metacluster (Fig 4, C). However, because 

of the small numbers of cells analyzed, we were unable to 

clearly assess differences in grass component–specific T cells 

over time.

To further characterize the functional differences between the 

two metaclusters, additional PBMC samples were obtained from 

the current cohort, and CD154 upregulation assays were carried 

out for cytokine analysis. CD1541CD691 cells were defined as 

timothy grass–specific CD41 T cells in these assays. Unsuper

vised clustering of these antigen-reactive cells subdivided these 

cells into 13 different clusters, which were further classified 

into two major populations corresponding to CRTH2hiCD27lo 

and CRTH2loCD27hi phenotypes (Fig 5, A and B). We noted 

that CRTH2hi cells expressed a higher level of CD154 compared 

FIG 3. Cellular clustering of timothy grass–specific T cells with multimer staining assays. (A) UMAP dimen

sionality reduction and PhenoGraph clustering were applied for CyTOF data set for examination of surface 

markers of timothy grass–specific T cells. Total of 5,375 cells were examined. We identified 8 clusters of 

timothy grass–specific T cells. (B and C) Eight clusters of T cells were grouped into 2 major metaclusters 

as defined by CRTH2 and CD27 surface expression. (D) Cell surface marker expression of different timothy 

grass–specific T-cell subsets.
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FIG 4. Phl p–specific CD41 T cells in CRTH2hiCD27lo and CRTH2loCD27hi subsets. (A and B) Differential 

decline of timothy grass–specific CD41 T cells in CRTH2hiCD27lo and CRTH2loCD27hi subsets during SCIT 

and SLIT treatment. Points show individual frequencies; lines connect medians. (C) Mosaic plot with rect

angle areas proportional to numbers of Phl p 1–, Phl p 5a–, and Phl p 5b–specific T cells in CRTH2hiCD27lo 

and CRTH2loCD27hi subsets.
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to CRTH2lo cells (Fig 5, A), implying that CRTH2hi cells have a 

lower threshold of activation compared to CRTH2lo cells. The 

CRTH2hi cluster has significantly higher levels of GM-CSF, IL- 

4, IL-5, IL-9, and IL-13, whereas the CRTH2lo cluster exhibited 

significantly higher levels of IFN-γ (Fig 5, C).

Previous studies of the parent cohort for the current investiga

tion demonstrated that both SCIT and SLIT significantly reduced 

TNSS compared to the placebo group at year 2.10 The current 

cohort, comprising approximately a third of the parent cohort 

(44 vs 102 enrollees), exhibited a similar trend (Fig 6, A). Weak 

FIG 5. Cellular clustering of timothy grass–specific T cells with CD154 upregulation assays. (A) Total of 5,063 

timothy grass–specific cells, as defined by CD1541CD691 T cells, were examined. Unsupervised clustering 

led to identification of 13 clusters. (B) UMAP display of 13 different clusters, which were subdivided into 2 

major metaclusters. (C) Cytokine profiles of CRTH2hiCD27lo and CRTH2loCD27hi clusters.
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FIG 6. Correlation between TNSS, serum timothy grass–specific immunoglobulin levels, and frequency of 

different Phl p-specific T-cell subset. (A) TNSS average area under curve (AUC) for 0 to 10 hours after nasal 

challenge. (B) Pearson linear correlation between frequencies of allergen-specific CD41 T cells as measured 

by class II multimers and TNSS score. Pearson correlation coefficients are shown above plots. (C) Serum 

timothy grass–specific IgE, IgG4, and IgA1 level during immunotherapy. Thin lines show individual donors; 

thick lines indicate medians. (D) Spearman correlation between IgE, IgG4, and IgA1 levels and frequency of 

total, CRTH2hiCD27lo, and CRTH2loCD27hi Phl p–specific CD41 T cells.
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positive correlations were observed between the frequencies of T 

cells in both metaclusters and TNSS scores (Fig 6, B). These 

modest correlations underscore the contribution of tissue- 

resident immune responses and humoral mechanisms, beyond pe

ripheral allergen-specific T-cell frequencies, to clinical symptom 

severity as reflected by TNSS.

While the timothy grass–specific IgE level remained fairly flat 

throughout the course of the study, timothy grass–specific IgG4 

increased in response to both SCIT and SLIT over the first 2 years 

of the trial compared to placebo, with SCIT inducing a higher 

level of IgG4 compared to SLIT (Fig 6, C). In contrast, SLIT 

induced a higher level of IgA compared to SCIT. Previous studies 

have shown that IgE level correlated with frequency of TH2A 

cells.17,18 Here we found that the grass-specific IgE levels posi

tively correlated with frequency of Phl p–specific CRTH2hiC

D27lo cells and total Phl p–specific cells for the entire cohort 

throughout the study (Fig 6, D), whereas the IgG4 levels only 

correlated with frequency of Phl p–specific CRTH2hiCD27lo cells 

and total Phl p–specific CD41 T cells for the SCIT and 

SLIT groups and not with the placebo group (Fig 6, D). 

No correlation between timothy grass–specific IgA and frequency 

of Phl p–specific T cells was observed (Fig 6, D).

DISCUSSION
We examined the heterogeneity of allergen-specific CD41 T 

cells with CyTOF and used unsupervised clustering to examine 

the phenotype of Phl p–specific cells. The phenotype of these cells 

can be categorized into two major metaclusters: a CRTH2hiC

D27lo metacluster and a CRTH2loCD27hi metacluster.

Cells within the CRTH2loCD27hi metacluster represent distinct 

subsets of T helper cells, including naive/TH1 cells and conven

tional CCR41CRTH22 TH2 cells. Notably, all cells in the 

CRTH2loCD27hi metacluster, with the exception of cells in clus

ter 1, are CD1612.

Cells within the CRTH2hiCD27lo metacluster exhibited the 

classic TH2A markers (ie, CRTH21CD49d1CD272) and pro

duced higher levels of TH2 cytokines. We speculate that the 

different clusters within the CRTH2hiCD27lo metacluster repre

sent a mix of TH2A cells at various stages of development or acti

vation. These TH2A cells are likely differentiated from the 

CD1611CRTH2loCD271 TH2 subpopulation (cluster 1) within 

the CRTH2loCD27hi metacluster, as this is the only subpopulation 

within the CRTH2loCD27hi metacluster that is CD1611, a marker 

for TH2A cells.

For TH2A cell ontogeny, we propose a model in which 

CD271CD252CD1272CD1611CRTH22 TH2 cells (cluster 1) 

act as progenitors for TH2A cells. On early allergen exposure, 

these progenitors transition into the CD271CD252 

CD1272CD1611CRTH21 subset (cluster 7). The basis for this 

hypothesis is that TH2A cells are derived from conventional 

TH2 cells,3,6 and cells in clusters 1 and 7 have very similar 

surface phenotypes. On further stimulation by allergen, cells in 

cluster 7 upregulate CD25, CD127, and CD161 and transit into 

the cluster 5 state, which attains the full surface phenotype of 

TH2A cells (ie, CD251CD1271CD1611CRTH21CD391). 

This scenario is supported by the pseudotime pathway analysis 

(Fig E3).

A CCR42 and a CD1612 TH2A subset were also observed in 

the CRTH2hiCD27lo metacluster, these may be subsets of cells 

that have lost expression of CCR4 or CD161 during TH2A cell 

differentiation or differentiate directly from a CD27hi subset. In 

either case, cells from both of these CCR42 and CD1612 subsets 

are likely trafficking to other tissues compared to the CCR41 and 

CD1611 counterpart. Pizzarello et al also reported the presence of 

a CRTH2hiCD27lo CD1612 population in infants, which is asso

ciated with atopic dermatitis and food allergy.19 They reported 

that this CD1612 population was elevated before the elevation 

of the CD1611 population in infants that developed allergy, and 

they postulated that CD1612 may be a precursor of TH2A cells.

We speculate that a robust expansion of CRTH2loCD27hi cells 

under a suitable milieu is essential for the development of TH2A 

cells from TH2 cells. We observed that Phl p 1–specific cells have 

a higher proportion of the CRTH2hi population compared to Phl p 

5b–specific cells. This observation suggests that Phl p 1–specific 

T cells are more capable of undergoing extensive proliferation 

and differentiation on allergen exposure, whereas Phl p 5b–spe

cific T cells do not exhibit the same capacity. Higher frequencies 

of Phl p 1–specific cells compared to Phl p 5–specific cells were 

indeed observed in other studies.20 This difference in degree of 

expansion of different Phl p–specific cells may be due to antigen 

load or antigen processing, leading to a higher abundance of MHC 

class II/Phl p 1 complexes compared to MHC class II/Phl p 5b 

complexes.

An earlier study shows that SLIT and SCIT differentially 

modulate allergen-specific T cells. In that study, although both 

allergen immunotherapies elicit IL-10 responses, a decrease in 

IL-5 was only observed in the SCIT group.21 The current study 

also examined the effect of SLIT and SCIT on allergen-specific 

CD41 T cells. SCIT preferentially depleted cells in the TH2A- 

like CRTH2hiCD27lo metacluster. In contrast, SLIT preferentially 

depleted the CRTH2loCD27hi subset, which consists of classical 

TH2 cells. Frequencies of allergen-specific in both subsets show 

positive correlation with TNSS scores. As a consequence, 

decreased frequencies of CRTH2lo and CRTH2hi cells were corre

lated with improved TNSS of participants receiving SLIT or 

SCIT, respectively, for both years 1 and 2, similar to what was 

observed with multimer assays in the GRASS trial.11 Despite a 

rebound worsening of TNSS after discontinuation of SCIT or 

SLIT, neither CRTH2lo nor CRTH2hi cells changed significantly 

after therapy was discontinued. This observation contrasts with 

what was observed with multimer assays in the GRASS trial, 

wherein CRTH2hi cells increased after therapy discontinuation.11

Reasons for this discrepancy include different experimental ap

proaches and a different set of samples from the previous study. 

The use of a more comprehensive panel of multimers and a larger 

sample size may provide a stronger correlation. We also cannot 

discount the possibility that frequencies of nasal-resident Phl p– 

specific T cells rather than those in peripheral blood are a better 

biomarker for monitoring clinical symptoms.

In addition to the differential effects of SLIT and SCIT on 

allergen-specific T cells, these two delivery approaches also have 

distinct effects on allergen-specific IgG4 and IgA.11,22 SLIT in

duces higher levels of IgA compared to SCIT, while SCIT induces 

higher levels of IgG4. We examined the correlation between 

allergen-specific T-cell frequencies and IgA and IgG4 levels. 
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Our data showed a weak correlation between serum IgG4 levels 

and the frequency of CRTH2hiCD27lo cells, but not with fre

quency of CRTH2loCD27hi cells. In contrast, IgA levels did not 

correlate with frequency of either the CRTH2hi or CRTH2lo meta

clusters or total Phl p–specific cells. The differential effects of 

SLIT and SCIT on T cells, IgG4, and IgA observed are likely 

due to differences in (1) the allergen dose used—Grazax 

(75,000 SQ-T/mL) for SLIT versus Alutard SQ Grass Pollen 

(100,000 SQ-U/mL) for SCIT; (2) the allergen uptake sites (sub

mandibular lymph nodes for SLIT vs axillary lymph nodes for 

SCIT); and (3) the frequency of repeated exposure (daily for 

SLIT vs monthly for SCIT during the maintenance phase).

Previous findings have shown that CRTH21 TH2A cells pro

duce more TH2 cytokines and are directly correlated with serum 

IgE level, whereas CRTH2lo cells produce IFN-γ and IL- 

10.3,17,20 Consistent with this, we found that cells within the 

CRTH2hi subset exhibit higher activation and higher TH2 cyto

kine production, whereas cells within the CRTH2lo subset pro

duce higher levels of IFN-γ. Low levels of TGF-β and IL-10 

were detected in both populations of T cells, with no significant 

difference between them. Because TGF-β and IL-10 promote reg

ulatory T-cell differentiation and IgA class switching,23-25 a 

reduction in allergen-specific cells in both groups could theoreti

cally result in lower IgA levels after antigen immunotherapy. 

However, the observed increase in IgA after immunotherapy, 

particularly after SLIT, suggests that monocytes, macrophages, 

and regulatory B and T cells rather than allergen-specific effector 

T cells are the dominant source of these cytokines. Together, the 

preferential reduction of CRTH2hi and CRTH2lo antigen-specific 

cells through SCIT and SLIT, coupled with distinct IgG4 and IgA 

responses, suggest that quantitative differences and relative bal

ance in TH1, TH2, and immunoregulatory cytokines shape 

both B-cell class switching and T-cell differentiation within local 

immune environments elicited by these two forms of 

immunotherapy.

The current study is limited by the relatively small numbers of 

people enrolled onto the current cohort. Further experiments with 

other cohorts and use of single-cell RNA sequencing to examine 

allergen-specific cells in longitudinal samples should validate the 

current findings and provide further insights into the different 

pathways invoked by SLIT and SCIT in induction of tolerance.
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Key messages

● SCIT depletes CRTH2hiCD27lo TH2A cells.

● SLIT depletes CRTH2loCD27hi TH2 cells.

● TNSS and both timothy grass–specific IgG4 and IgE 

serum levels, but not IgA level, are correlated with fre

quency of Phl p–specific T cells.
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