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CD56+ T cells are a group of pro-inflammatory CD3+ lymphocytes with characteris-
tics of natural killer cells, being involved in antimicrobial immune defense. Here, we
performed deep phenotypic profiling of CD3+CD56+ cells in peripheral blood of normal
human donors and individuals sensitized to birch-pollen or/and house dust mite by high-
dimensional mass cytometry combined with manual and computational data analysis. A
co-regulation betweenmajor conventional T-cell subsets and their respective CD3+CD56+

cell counterparts appeared restricted to CD8+, MAIT, and TCRγδ+ T-cell compartments.
Interestingly, we find a co-regulation of several CD3+CD56+ cell subsets in allergic but
not in healthy individuals.Moreover, using FlowSOM,we distinguished a variety of CD56+

T-cell phenotypes demonstrating a hitherto underestimated heterogeneity among these
cells. The novel CD3+CD56+ subset description comprises phenotypes superimposedwith
naive,memory, type 1, 2, and 17 differentiation stages, in part represented by a phenotyp-
ical continuum. Frequencies of two out of 19 CD3+CD56+ FlowSOM clusters were signif-
icantly diminished in allergic individuals, demonstrating less frequent presence of cells
with cytolytic, presumably protective, capacity in these donors consistent with defective
expansion or their recruitment to the affected tissue. Our results contribute to defining
specific cell populations to be targeted during therapy for allergic conditions.
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Introduction

CD56, or neural cell adhesion molecule (NCAM), is found on most
natural killer (NK) cells and a subset of CD3+ T cells making
up between 1 and 11% of peripheral blood lymphocytes [1,2].
Nomenclature of CD56+ T cells can be controversial; they are
often referred to as NK-like T cells or CD3+CD56+ NKT-like cells
[2–4]. CD56+ T cells may also express other NK cell markers, and
comprise TCRγδ+ T cells as well as CD4+, CD8+, and CD4–CD8–

double-negative (DN) T cells expressing diverse or invariant
(iNKT, CD1d-restricted) αβ chains of the TCR [4,5]. Moreover,
a CD56+ population among TCRVα7.2+CD161+ mucosal associ-
ated invariant T (MAIT) cells has been described with increased
responsiveness to cytokine stimuli [6]. CD56 expression on CD3+

T cells has been associated with enhanced cytotoxicity and pro-
inflammatory function [1]. Activated CD1d-restricted NKT cells
produce a variety of cytokines and chemokines, making them
players in host immune responses during several pathologies
including allergy. For instance, CD4+ NKT cells generate IL4 and
IL13, crucial during Th2-driven allergic reactions. In the lung,
Type-2 CD1d-restricted NKT cells are involved in allergen-induced
airway hyperreactivity [7,8]. However, a systematic analysis of
CD56+ T cells aiming at a better understanding of their pheno-
typic and functional heterogeneity has not been performed so
far.

Here, we have performed a deep phenotyping of human
peripheral blood CD56+ T cells by 41-parameter mass cytome-
try (MC). Due to the above-mentioned controversial nomencla-
ture when describing CD56+ or CD57+ T cells with or without
CD1d-restriction as “NKT” cells, we will refer to the herein stud-
ied cells as CD3+CD56+ to provide an accurate nomenclature of
these cells instead of “NKT-like cells.” We could distinguish 19
phenotypically distinct populations of CD3+CD56+ T cells includ-
ing multiple innate-like and classical T-cell populations, indicat-
ing a hitherto underestimated heterogeneity among these cells. A
systematically comparison of the frequencies and co-relatedness
of CD3+CD56+ subsets in healthy donors and donors suffering
from allergy to house dust mites (HDMs) or birch pollen (BP), the
major airborn allergens and common inducers of allergic asthma,
disclosed a dysregulated CD3+CD56+ T-cell compartment in the
blood of allergic individuals.

Results and discussion

We used a panel of 41 antibodies (Supporting Information Table
S1) to detect and comprehensively phenotype NK cells and T
lymphocyte subsets, including CD56+ T cells, in cryopreserved
PBMC samples obtained from the blood of 14 allergic donor (AD)
and 13 healthy donor (HD) volunteers (Supporting Information
Table S2). For MC analysis, frozen PBMC were thawed, barcoded
[9,10], and stained to reveal the expression of T cell, NK cell,
and accessory markers. After data acquisition and de-barcoding,
we manually gated CD4+ T cells, CD8+ T cells, CD4–CD8– (DN)
T cells, TCRγδ+ T cells, MAIT cells, and CD3–CD56+CD16+ NK

cells from live, CD45+ cells (Supporting Information Fig. S1A).
As expected and consistent with their characteristic phenotype
shown in the heat map, CD4+, CD8+, TCRγδ+ T cells, and MAIT
cells occupied designated areas of the t-SNE [11] map of live
PBMCs (Fig. 1A and B). These cells were distinct from each
other and from non-T/NK cells (DUMP), while DN T cells were
scattered across the map and partly overlapped with areas of
CD8+, TCRγδ+, MAIT, and non-T/NK cells (Fig. 1A and B). Addi-
tionally, we observed that CD3+CD56+ cells were present in all
major CD3+ T-cell subsets (Fig. 1A). Overall, CD3+ cells com-
prised similar frequencies of CD56+ cells in HD and AD (5.2%
and 4.0%, median, p = 0.55, Mann–Whitney U-test). No signifi-
cant correlations (Spearman) were identified between frequencies
of CD3+CD56+ cells and the donors’ age, gender, and amounts of
specific (s)IgE in both groups. CD3+CD56+ T cells did not form
a separate population in the t-SNE projection of total PBMCs, but
constituted parts of areas occupied by CD4+, CD8+, TCRγδ+, DN,
and MAIT cells, respectively, suggesting that CD3+CD56+ cells
largely share the phenotypical setup of their parent T-cell sub-
set (Fig. 1A). Thus, we started exploring CD3+CD56+ T cells
by manually gating CD4+, CD8+, DN, TCRγδ+, and MAIT cell
subsets among the CD3+CD56+ population (Supporting Informa-
tion Fig. S1B). CD3+CD56+ T cells comprised mainly CD8+ and
TCRγδ+ cells (median, 36.1% and 27.1%; AD and HD combined)
as compared to lower abundant CD4+, DN, and MAIT cells mak-
ing up 6.4%, 9.0%, and 4.9%, respectively. We did not find sig-
nificant differences in the distribution of these subsets between
AD and HD (Fig. 1C), and no significant correlations with demo-
graphic and clinical data except an inverse correlation of the fre-
quency of CD3+CD56+ DN T cells with age in HD (r, −0.64, p =
0.027), a trend not shown by AD (r = 0.32, p = 0.28, data not
shown).

However, we did find correlations between the frequencies of
total CD8+, TCRγδ+, and MAIT T cells and their corresponding
daughter CD3+CD56+ T-cell subsets in both HD and AD groups.
This was not true for total DN T versus DN CD56+ T cells or
CD4+ T versus CD4+CD56+ T cells in both donors’ cohorts. This
finding indicates a co-regulation between particular T-cell sub-
sets and their daughter CD56-expressing subsets (Fig. 1D). Fur-
thermore, this co-regulation appears to be dictated by the T cell
rather than the NK cell ontogeny, because we found no correlation
between total NK cells and frequencies of the CD3+CD56+ sub-
sets (p > 0.12, data not shown). Next, we were interested to see
whether the different CD56+ T-cell subsets are regulated together
or independently and whether this is affected in allergic condi-
tions. Therefore, we performed a correlation analysis within the
different CD3+CD56+ subsets and tested for associations between
them. A positive and significant correlation was observed between
frequencies of DN CD56+ T cells and those of CD8+CD56+ or
TCRγδ+CD56+ T cells in both HD and AD. Likewise, frequencies of
CD8+CD56+ T cells and of TCRγδ+CD56+ T cells correlated in a
positive and significant manner in both donors’ groups. However,
and contrary to HD, we observed positive correlations between
frequencies of CD4+CD56+ T cells and those of CD8+CD56+ or
DN CD56+ T cells exclusively in allergic individuals (Fig. 1E).
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Figure 1. Differential emergence of CD56+ cells within CD4+, CD8+, CD4–CD8– (double negative, DN), γδ+, and MAIT T cells in human blood. Human
PBMCswere stained using a T-cell centric mass cytometry (MC) panel. (A) t-SNE visualization of MC data from PBMCswas used to identifymanually
gated natural killer (NK) cells and T-cell populations, colored as indicated (top). The same map (bottom) highlights T cells expressing CD56 as
separated subpopulations of CD4+, CD8+, DN, γδ+, and MAIT cells. (B) Heat map showing median arcsinh-transformed signal intensities of select
markers (columns) within the indicatedmanually gated cell populations (rows). (A and B) Representative sample of total samplesmeasured (control
n = 13, allergic n = 14). (C) Comparisons of CD3+CD56+ cell frequencies within CD4+, CD8+, DN, γδ+, and MAIT cells between control and allergic
donors. Numbers indicate p-values (unpaired Student’s t-test with Welch’s correction). Horizontal lines indicate median values. (D) Results of
the correlation analysis between the indicated frequencies of conventional T-cell subsets in live CD45+ cells (y-axis) and the frequencies of the
respective CD3+CD56+ cell subsets in CD45+ cells (x-axis) of individual donors. (E) Results of correlation analysis between frequencies of the
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This observation indicates an acquired co-dependency in the reg-
ulation of some CD3+CD56+ cell subsets that does not occur in
normal individuals. There were no correlations between the fre-
quencies of the remaining CD3+CD56+ cell subsets in AD or HD
(Supporting Information Fig. 1C). Taken together, CD3+CD56+

cells are mainly composed of CD8+ and TCRγδ+ cells in healthy
and allergic individuals. Moreover, the demonstrated correla-
tion between specific CD3+CD56+ T-cell subsets only in allergic
donors possibly relates to the immune pathophysiology of allergy
involving cytokines such as IL-4 and IL-13 [7,8,12].

Next, we performed a systematic phenotypical characteriza-
tion of the CD3+CD56+ T cells based on concatenated data
from all 27 PBMC samples (Fig. 2A and Supporting Informa-
tion Fig. S2A). CD3+CD56+ lymphocytes showed heterogeneous
expression of several cell activation, differentiation, cytotoxic-
ity, and exhaustion markers disclosing significant phenotypical
heterogeneity (Fig. 2A) of CD56+ T cells beyond the subsets
described above (Fig. 2B). We detected differential expression
of CD27, CD28, CD45RA, CD57, CD127, CD161, granzyme B
(GZMB), TBET, CXCR3, EOMES, and TIGIT, and minor frac-
tions of CD3+CD56+ T cells also expressed CCR7, CCR4, PD-
1, or ICOS. This additional heterogeneity of CD56+ T cells was
neither restricted to nor redundant with known subfractions
of CD3+CD56+ T cells, but was evident in CD4+, CD8+, DN,
TCRγδ+, and MAIT subsets (Fig. 2A and B).

To assess the size and characteristics of CD3+CD56+ T-cell
subsets beyond the manually gated ones, and to fully con-
sider the uncovered heterogeneity, we used FlowSOM cluster-
ing combined with hierarchical meta-clustering [13,14] to auto-
matically distinguish 20 individual subsets (that is, clusters)
of CD3+CD56+ cells (Fig. 2C and D). This approach recapitu-
lates the five major CD3+CD56+ cell subsets described above,
and identifies additional subsets within these (Fig. 2B and C).
The 20 clusters comprised seven clusters within CD8+CD56+

T cells (#1-6, 11), four clusters among CD4+CD56+ (#17-
20), four among TCRγδ+CD56+ (#7,9,12,16), and three within
the DN CD56+ T cells (#8,10,13). While differential expres-
sion of TBET, CXCR3, CD127, CD8, and EOMES was detectable,
TCRVα7.2+CD161+ “MAIT” cells (#14) were not further subdi-
vided at the chosen level of meta-clustering. Based on the low
but notable expression of at least one exclusion marker (DUMP),
cluster 15 was not further considered (Fig. 2C and Supporting
Information Fig. S2B). Clusters 1, 9, and 14 were the most abun-
dant clusters representing at average 23%, 18%, and 11% of total
CD3+CD56+ T cells, respectively. All other individual clusters rep-
resented between 0.05% and 7.3% of CD3+CD56+ T cells.

Among the clusters, two major families with high or low
GZMB expression were identified, indicating the presence of
CD3+CD56+ cell subsets with different cytotoxic potential. Inter-
estingly, the clusters (except #4, 10) in the GZMB high-expressing
family show increased median TBET expression. Moreover, all
clusters in this family lacked CD4, CD25, CD28, CCR7, TCRVα7.2,
and PD-1. In terms of hierarchy, the more-cytotoxic family has
two ramifications; the major difference between them lies in
whether or not their cells express TCRγδ. Cells in the TCRγδ–

(presumably TCRαβ+) clusters show moderate TIGIT expression
and comprise cluster 2 (single subgroup) and seven other clusters
(#1, 3–6, 8, 10) that form a second group. Cluster 2 expresses
the highest average levels of GZMB (among all 19 clusters)
and contains CD8+ cells with variable IRF4, CXCR3, CD57, and
CD45RA expression. Collectively, cluster 2 represents a popula-
tion with high cytotoxic potential (Fig. 2A and D). The other
TCRγδ– clusters display differential EOMES expression and, inter-
estingly, CD16 staining was dominant over CD8 in the hierarchical
arrangement of these clusters. For instance, clusters 1, 3, 4, 8, 10
exhibit less CD16 expression than clusters 5 and 6. The distinctive
features of cluster 3 are increased expression of TIGIT and EOMES
in the presence of CD27, which points toward less differentiated
cells. Due to the high expression of CD8, CD16, CD57, and GZMB,
we consider clusters 5 and particularly 6 as containing activated
cytotoxic T lymphocytes (CTLs). Previously, CTLs co-expressing
CD57 and GZMB have also been described in myocardial infarc-
tion and chronic graft-versus-host disease [15,16]. The second
group of more cytotoxic cells includes the TCRγδ-expressing clus-
ters 16, 9, and 7. Clusters 16 and 9, but not cluster 7, contain
mainly CD27+, CD127+, and CD161+ cells indicating a combined
cytotoxic potential and IFN imprint [1,12]. Cluster 7 displays
high expression of CD45RA and co-expression of CD57, TIGIT,
and CD8, conferring an unconventional phenotype similar to cells
responding to IL-2 and expressing the cytotoxic mediators IFN-γ
and TNF-α [17].

Strikingly, all clusters from the less-cytotoxic family, except
18, contain cells expressing moderate to high levels of CD28
and lack CD57, a feature clearly in contrast to all more cytotoxic
clusters. Another remarkable contrast is the presence of CD127-
expressing cells in all clusters of the less cytotoxic compared
to the more cytotoxic family. The less cytotoxic family involves
two major families, each with two further subdivisions. Clusters
11–14 form a group that is characterized by average levels of
CD27+, CXCR3+, EOMES+, and TBET+ cells. Cells in cluster
11 express CD8 but lack CCR4, CD25, and CD161 reflecting,
together with the other CD8+ clusters, the paucity of Tc2 and
Tc17 phenotypes or cells responding to IL-2. Our observations
on cluster 14, including reduced PD-1 expression, are in line
and complement what has been reported about CD56-expressing
MAIT cells, which also represent a subset with increased IFN-γ
response [6]. Beyond differential expression of TCRγδ, CD4/CD8,
and TCRVα7.2, clusters 12–14 are very similar; interestingly, a
fraction of cluster 14 also contains CD8+ cells. Although clusters
17–20 shared CD4 expression, they are placed in two different
groups. This can be explained by their differentiation status [18]
since clusters 17 and 20 showed CD45RA and CCR7 expression,
which was absent in clusters 18 and 19. Cells in cluster 17 were
the only ones expressing CCR4, ICOS, CTLA-4, CCR10, CRTH-2,
and also co-expressed CD16 and CD28, collectively indicating a
Th2 phenotype. However, some cluster 17 cells also expressed
FOXP3, yet in the absence of CD25. The phenotype of cluster
20 indicates a naive phenotype with high expression of CD27,
CD45RA, CCR7, and CD16. Cluster 19 cells are characterized
by CD161, CXCR3, and CD127 expression, similar to Th17 cells.
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(SAM) performed inOMIQ (www.omiq.ai). The boxplots show the abundance of the clusterswith a significant difference between control (n= 13) and
allergic (n = 14) individuals. Data points (solid dots/triangles) represent donors, lower and upper quartiles (left and right end of boxes, respectively),
median values (lines within the boxes), and range of data from minimum to maximum (whiskers). (F) Correlations between cluster frequencies in
allergic individuals and healthy controls. (G) Correlations between cluster frequencies and HDM-specific IgE titers. (F and G) Spearman’s correlation
test; boxed fields indicate p-values of less than 0.05 for the correlation. (A–G) Data were collected (as in Fig. 1) in one synoptic measurement of
PBMCs from (A–F) 27 donors (healthy n = 13, allergic n = 14) and (G) only allergic (n = 13).
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Cluster 18 comprised CCR7–CD45RA–CD28–CD27– differentiated
cells, with expression of CXCR3, PD-1, CD127 but not TIGIT,
low EOMES and the highest CD57, GZMB, and CD56 signal
among the less cytotoxic family. Median staining intensities for
LAG3, AHR, NKp46, NKp44, CCR6, ILT3, TIM3, and IRF1 were
homogeneous and mostly low, and did not reveal differential
expression between the 19 CD3+CD56+ cell clusters.

Together with their very low to no staining for CD27 (except
clusters 3, 9, and 10), CD28, and CD127, but CD45RA expres-
sion, the family of more cytotoxic CD3+CD56+ cell clusters share
characteristics with late differentiated cells [1,18–20]. On the
other hand, less cytotoxic CD3+CD56+ clusters (except cluster 20)
show very little or no presence of CD45RA+ cells, displaying an
effector memory and intermediate/advanced differentiated phe-
notype, which also includes CD27, CD127, and CD28 expression
[18,19]. Based on little or no expression of CCR7, we observed a
strong predominance of effector phenotypes in all clusters, except
for cluster 20. These results enrich and are in line with other
reports [3,4]. One of the properties of NK cells and CTLs is the
release of GZMB, the strongest human granzyme produced by
CTLs [21]. Additionally, in CD8+ T cells, GZMB expression has
been associated with the progress of differentiation defined by
CCR7, CD27, and CD45RA [19]. In line with the reported asso-
ciations between CD27, CD28, CD127, CD161, CCR7, CD45RA,
TBET, and GZMB in conventional T cells [19,21–29], our results
demonstrate a direct inverse association between GZMB+ cells
and CD27+, CD28+, CD127+, and CD161+ also in CD3+CD56+

cells, perhaps indicative of the grade of differentiation [30]. Con-
sidering CD45RA expression in addition, their phenotype is in
fact very similar to effector memory T cells re-expressing CD45RA
(TEMRA) [30–33].

The t-SNE map (Fig. 2A, Supporting Information Fig. S2B)
suggests that some clusters belong to a phenotypical continuum,
as indicated by the lack of clear cluster boundaries as seen for
other clusters. For instance, clusters 1, 4, 5, and 6 are hardly sep-
arated in the population of CD8+CD3+CD56+ cells, while CD8+

clusters 2 and 3 appear to have more distinct locations on the
map. Similarly, clusters 9 and 16 also appear to contribute one
greater population of TCRγδ+CD3+CD56+ cells. For most other
subsets, there is a good agreement between the grouping of cells
by t-SNE and the results of FlowSOM clustering. Interestingly,
these observations are in agreement with and confirm the unsu-
pervised hierarchical arrangement of the clusters (Fig. 2B). On the
other hand, some cells clustered together still show heterogeneity
(such as cluster 14), suggesting that some clusters comprise addi-
tional subsets that were not fractionated using a target metaclus-
ter count of 20. Together, these data indicate that CD3+CD56+ T
cells are more heterogeneous than previously appreciated; they
comprise CD56+ T-cell populations that phenotypically resem-
ble type 1, 2, 17, and MAIT cells. Apparently, all major known
CD3+CD56+ T cells lineage can acquire a cytotoxic phenotype,
indicating compatibility of the transcriptional programs confer-
ring cytotoxicity and polarization.

Next, we employed significance analysis of microarrays to sys-
tematically identify clusters with differential abundance in HD

versus AD. This analysis revealed reduced proportions of clusters
3, 6, 11, and 16 in allergic individuals. In particular, cluster 3 was
remarkably less abundant in AD than in HD (Fig. 2E), while the
differences in clusters 6 and 11 appear related to outliers (Sup-
porting Information Fig. S3A). In line with a cytotoxic/Tc1 phe-
notype [34], cluster 3 was characterized by TBET, TIGIT, CD27,
CD45RA, CXCR3, EOMES, CD16, and CD57 expression (Fig. 2D).
We selected four donors (marked by a-d in Fig. 2E) and con-
firmed the differential abundance of cluster 3 cells by manual
gating, in line with low or high CD27 expression (Supporting
Information Fig. S3B). The fact that the frequencies of clusters
3 and 16 were consistently reduced in peripheral blood of aller-
gic compared to control individuals (Fig. 2E), suggests that these
cells might have activities protecting from allergy, and are either
less expanded under allergic conditions, or have been recruited
to the affected tissue. While our present results cannot differ-
entiate between these possibilities, follow-up projects will seek
to validate the present findings and to elucidate the role of spe-
cially CD3+CD56+ cluster 3 in immune homeostasis and allergy.
Altogether, our findings may complement mechanisms of allergy
described before [12].

We next addressed the co-regulation of the individual clus-
ters by systematically performing Spearman correlations between
all cluster frequencies found in HD and AD. We found more sig-
nificant correlations (11 negative, 18 positive) between clusters
from HD than from AD (7 negative, 14 positive). Interestingly, we
observed a positive correlation between cluster 3 and the related
clusters 4 (r, 0.65, p = 0.0194) (both CD8+) and 9 (r, 0.62, p
= 0.0267) (both CD27+) and a negative correlation to cluster
18 (r, −0.57, p = 0.0448) only in HD, while no such correla-
tions were observed for cluster 3 of AD (Fig. 2F), re-emphasizing
the disturbed architecture of the CD3+CD56+ cell compartment in
allergy. Finally, we analyzed whether frequencies of CD3+CD56+

T-cell clusters are associated with clinical and laboratory cor-
relates of allergy. We observed a positive correlation between
cluster 16 frequencies and HDM-specific IgE concentrations (r,
0.72, p = 0.0047) (Fig. 2G), despite the high cytotoxic and low
type 2-like activity of this cluster. In view of the overall reduced
frequencies of cluster 16 in allergy, the correlation with allergen-
specific plasma IgE can presently not be rationalized, while cluster
16 definitely deserves attention in follow-up studies. Furthermore,
there were negative correlations between BP-specific plasma IgE
concentrations and clusters 17 and 19, although this analysis was
of very limited power as only 5 out of 14 individuals were sensi-
tized to BP (data not shown).

Concluding remarks

In summary, our study provides a detailed characterization of
CD3+CD56+ T cells in human blood by high-dimensional MC.
By identifying the presence of CD3+CD56+ cells with different
cytotoxic potential and phenotypes reminiscent of naive, effec-
tor memory, and type 1, 2 and 17 T cells, we here disclose a
remarkable heterogeneity of CD56+ cytotoxic T cells exceeding
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the canonical subsetting into CD4+, CD8+, DN, TCRγδ+, and
MAIT type cells. Consistent with the disturbance of the overall
architecture of CD56+ T cells in allergy, we here identified
CD3+CD56+ cell candidate populations that were significantly
diminished under conditions of allergy. These data lay the foun-
dation for exploring subsets of CD56+ T cells as targets for allergy
treatments.

Materials and methods

Donor sample preparation for MC and specific IgE
determination

Adult individuals were invited to participate in our study after
approval from the ethics committee of the medical faculty of the
Phillipps-University Marburg (study number 19/17-08042018).
Participants were recruited on March 6, 2019, showing rhinocon-
junctivitis or stating to be free of any seasonal allergy. After writ-
ten informed consent was obtained, blood from 27 volunteers
was collected on the same day by phlebotomy using mononu-
clear cell preparation tubes (CPT

TM
, BD Vacutainer), and PBMCs

were isolated as per manufacturer’s instructions. Then PBMCs
were washed once in 15 mL PBS (diluted with MilliQ water from
10x PBS, Rockland) and centrifuged at 300 x g for 5 min at 4°C
in a refrigerated centrifuge (4-16K; Sigma Aldrich). PBMCs were
washed again as before and the cell pellet was re-suspended in
Cryostor

TM
CS10 cryopreservation media (BioLife Solutions) at

∼4×106 cells/mL. Cryovials were then transferred to a −80°C
freezer overnight. Cryopreserved samples were then transferred
to the gas phase in a liquid nitrogen tank for storage. Sensitiza-
tion to birch-pollen and HDM was confirmed by measuring spe-
cific IgE levels in plasma against Dermatophagoides pteronyssinus
extract and against Betula verrucosa extract, respectively, using
the immunoCAP assay (Thermo Fisher Scientific) according to the
manufacturer’s instructions.

Antibodies and reagents for MC

Antibodies (Supporting Information Table S1) were obtained pre-
conjugated to metal isotopes (Fluidigm) or in purified form from
Biolegend, Miltenyi Biotec, BD Biosciences, Thermo Fisher Scien-
tific, R&D Systems, Sanquin, or were produced in-house (DRFZ),
and conjugated in-house using the MaxPar X8 kit (Fluidigm) fol-
lowing the manufacturer’s instructions. Metal isotopes/elements
not available from Fluidigm were purchased from Trace Sciences
or Sigma-Aldrich. Isotopically enriched cisplatin was purchased
from or kindly provided by Fluidigm. Palladium and cisplatin
antibody conjugations were performed in-house as described
before [9,35]. Fluorochrome-conjugated antibodies were pur-
chased from Miltenyi Biotec and Cell Signaling Technologies. Fc
blocking reagent was purchased from Miltenyi Biotec. All anti-
body mastermixes were cryopreserved at −80°C as described

before [36]. Prior to use, thawed antibody mastermixes were cen-
trifuged (4°C, 15 000 x g, 10 min) to remove potential aggre-
gates. mDOTA-103Rh, used for discrimination of dead cells, was
prepared from DOTA-maleimide (Macrocyclics, Dallas, TX) and
rhodium chloride (Sigma-Aldrich) as previously described [37]
and stored at 4°C.

Cell staining and MC acquisition

On the day of the experiment, cryopreserved PMBCs from 27 sam-
ples (∼4×106 cells/sample) (plus one anchor control for confirm-
ing staining stability of our antibody cocktail) were thawed in pre-
warmed (37°C) complete RPMI (Sigma-Aldrich; RPMI 1640, 10%
FCS, glutamine, penicillin, and streptomycin) supplemented with
2.5 U/mL Benzonase HC (Millipore), and centrifuged (4°C, 500
x g, 5 min). Afterwards, each cell pellet was re-suspended in 3
mL CyTOF staining medium (1x PBS (prepared from 10x PBS
(Rockland Immunochemicals), 0.5% (w/v) BSA (PAN-Biotech),
and 0.02% sodium azide (Sigma-Aldrich)) containing 0.5 U/mL
Benzonase HC (CSM+B). Cells were filtered through a 30 μm cell
strainer and 2 × 106 cells per sample were used in the subsequent
barcode staining [9,10]. Cryopreserved barcode antibody mixes
containing combinations of metal-conjugated 89Y-, 104Pd-, 106Pd-,
108Pd-, 110Pd-, 195Pt-, 196Pt-, and 198Pd-labeled β-2-microglobulin
(B2M) antibodies [9] were generated using an 8-choose-2 bar-
coding scheme. Barcode staining mixes were supplemented with
1 μL Fc blocking solution (Miltenyi Biotec), and CD19-, CD20-,
CD36-, and CD123-PE conjugates. On the day of the experiment,
barcode mastermixes were thawed and used to stain individual
cell samples in 50 μL for 30 min at 4°C in 250 μL PCR tubes.
Subsequently, barcoded cells were transferred to a 2 mL V-bottom
deep well plate (Corning), and washed four times with 1.2 mL
CSM+B. Then, all samples were pooled into a 15-mL centrifuge
tube (Sarstedt), washed twice in CSM+B, and transferred to a
5 mL Falcon® tube (Corning), where cells were re-suspended in
400 μL previously cryopreserved antibody cocktail [36] to stain
cell-surface markers (Supporting Information Table 1). Cells were
incubated for 30 min at 4°C and washed once in 3 mL 1 x PBS,
and then incubated at room temperature (RT) for 5 min in 1 mL
PBS containing 2 μL 103Rh-mDOTA to label dead cells, and then
washed once in 3 mL CSM. Then, cells were resuspended in 1
mL fixation/permeabilization solution prepared from the FoxP3
Staining Buffer Set (Miltenyi Biotec) according to manufacturer’s
instructions and incubated for 45 min at 4°C, washed once with
3 mL CSM (700 x g, 5 min, 4°C), re-suspended in 1 mL 1 x per-
meabilization buffer prepared from the FoxP3 Staining Buffer Set
(Miltenyi Biotec), incubated for 10 min at RT, and centrifuged
(700 x g, 5 min, 4°C). Next, cells were stained with a cocktail
of antibodies directed against intracellular markers (Supporting
Information Table S1) in 400 μL 1 x permeabilization buffer, and
incubated for 30 min at RT. Cells were then washed twice with
2 mL 1 x permeabilization buffer, re-suspended in 400 μL per-
meabilization buffer containing 4 μL 172Yb-labeled anti-Cy5 anti-
body, and incubated for 30 min at RT. Subsequently, cells were
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washed twice with 2 mL 1 x permeabilization buffer and incu-
bated at 4°C for overnight in 2 % paraformaldehyde solution
(diluted from 16% stock solution, Electron Microscopy Sciences
in 1 x PBS). On the next day, cells were washed once in 1 mL CSM
(700 x g, 5 min, 4°C) and then incubated 25 min, RT in 1 mL 1
x PBS supplemented with 1/ 500 v/ v 0.125 mM iridium-based
DNA intercalator (Fluidigm). Cells were then washed once with 3
mL CSM and with 3 mL 1 x PBS and counted on a MACSQuant
flow cytometer (Miltenyi Biotec). The sample pool was washed
twice with 3 mL Millipore water and pelleted by centrifugation at
800 x g, 5 min, 4°C. Finally, cells were resuspended in an appropri-
ate volume of water to a maximum of 7.5 × 105 cells/mL, filtered
through a 35 μm cell strainer, supplemented with EQ Four Ele-
ment beads (1/10, v/v) (Fluidigm), and acquired at an injection
rate of 30 μL/min on a Helios mass cytometer (Fluidigm) that was
prepared for acquisition by tuning and cleaning according to the
manufacturer’s advice, using tuning and cleaning solutions (Flu-
idigm) on the day of the measurement. The mass cytometer was
run in dual calibration mode, with noise reduction turned on and
event length thresholds set to 10 and 75.

MC data analysis

Raw MC data were converted to Flow Cytometry Standard (FCS)
3.0 files during acquisition. Data were normalized based on EQ
Calibration Bead signals using CyTOF 6.7 software (Fluidigm).
Next, data were compensated using the Catalyst algorithm [38]
based on a spill-over matrix generated before [39]. Data were
manually debarcoded using FlowJo (version 10.6.1) (FlowJo LLC,
Ashland, OR) as described before [9]. From each of the result-
ing individual samples, single, live, CD45+ PBMCs were gated
in FlowJo according to 103Rh-mDOTA for dead cell exclusion,
DNA and event length parameters, and CD45 expression (Sup-
porting Information Fig. S1), and finally imported into and ana-
lyzed using OMIQ.ai (Santa Clara, CA) and Cytobank Premium
(www.cytobank.org) data analysis platforms. FlowSOM [13] clus-
tering and subsequent meta-clustering were performed in OMIQ
(www.omiq.ai). Data visualizations, t-SNE plots [40], significance
analysis of microarrays analysis, and heat-maps were generated in
Cytobank [41], OMIQ [42], R studio, and Prism software. t-SNE
coordinates were calculated using opt-SNE [42]. Pearson corre-
lation test and Spearman’s rank correlation analysis (two-tailed,
95% confidence interval) were employed. Data plotting and statis-
tical analysis were performed using GraphPad Prism version 8.1.1.
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