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The Ig superfamily protein glycoprotein A33 (GPA33) has been implicated in immune dys-
regulation, but little is known about its expression in the immune compartment. Here,
we comprehensively determined GPA33 expression patterns on human blood leukocyte
subsets, using mass and flow cytometry. We found that GPA33 was expressed on frac-
tions of B, dendritic, natural killer and innate lymphoid cells. Most prominent expression
was found in the CD4+ T cell compartment. Naïve and CXCR5+ regulatory T cells were
GPA33high, and naïve conventional CD4+ T cells expressed intermediate GPA33 levels. The
expression pattern of GPA33 identified functional heterogeneity within the CD4+ central
memory T cell (Tcm) population. GPA33+ CD4+ Tcm cells were fully undifferentiated, bona
fide Tcm cells that lack immediate effector function, whereas GPA33– Tcm cells exhibited
rapid effector functions and may represent an early stage of differentiation into effec-
tor/effector memory T cells before loss of CD62L. Expression of GPA33 in conventional
CD4+ T cells suggests a role in localization and/or preservation of an undifferentiated
state. These results form a basis to study the function of GPA33 and show it to be a useful
marker to discriminate between different cellular subsets, especially in the CD4+ T cell
lineage.
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Introduction

Transmembrane proteins of the Ig superfamily are characterized
by the presence of one or more extracellular Ig domains and
have a diversity of functions in cellular communication and adhe-
sion. In addition to the antigen receptors on B cells and T cells,
various Ig domain proteins control cellular adhesion, activation,
and differentiation [1]. The glycoprotein A33 (GPA33) was first
described as an Ig super family member of the cortical thymo-
cyte marker for Xenopus (CTX) group of type I transmembrane
proteins [2]. GPA33 has high homology with CD2 and contains
a V-type Ig-like domain at the N terminus [3]. It is also related
to proteins that have inhibitory roles in T cell activation, such
as CD276 (B7-H3) [4] and VSIG4 [5] and several cell adhe-
sion molecules, such as CEACAM, ICAM, and NCAM (3D-Protein
BLAST, NCBI). Although its molecular function is not known,
GPA33 has been associated with immune dysregulation. Genetic
linkage has been found between polymorphisms in the gene
encoding GPA33 and the autoimmune disorder eosinophilic gran-
ulomatosis with polyangiitis [6]. Furthermore, the GPA33 gene
is located in a susceptibility locus for Sjögren’s Syndrome [7].
A mouse KO model of GPA33 exhibited hypersensitivity to food
allergens [8] and excessive inflammatory responses to artificially
induced colitis [9]. Establishing the complete expression pattern
of this molecule will be a useful stepping stone for further studies
into the function of this molecule, both in normal physiology and
in disease. Furthermore, information on the expression pattern
of GPA33 may help assess the risks of targeting this molecule for
therapeutic purposes, for instance using bispecific antibodies [10]
directed against GPA33 and CD3, which aim to target activated T
cells to colorectal carcinomas [11,12].

For these reasons, we here performed a comprehensive anal-
ysis of the GPA33 expression pattern among white blood cells
in human blood. We show that GPA33 is prominently expressed
on several conventional and regulatory CD4+ T cell types, and
that minor subsets of CD8+ T cells, B cells, dendritic cells (DCs),
innate lymphoid cells (ILCs), and natural killer (NK) T cells are
also GPA33+. Most strikingly, we report that the GPA33 expres-
sion pattern reveals functional heterogeneity among CD4+ cen-
tral memory T cells (Tcm). This population of memory T cells
with high proliferative capacity is thought to preserve the abil-
ity to differentiate into various effector cell lineages and to serve
as a reservoir for the generation of new effector T cells during
recall infections [13]. We show that GPA33 is a marker that can
be used to separate bona fide Tcm cells without effector function
from Tcm cells that appear already committed to developing effec-
tor function and may recently have been activated. These results
set the stage for further studies into the function of this protein in

these cell types and are important for therapies that intend to tar-
get this molecule for clinical purposes. Finally, they reveal GPA33
as a useful marker to identify Tcm cells that have not committed
to effector differentiation.

Results

CyTOF reveals GPA33 expression in several immune
cell types in human blood

In order to comprehensively characterize expression of GPA33 on
leukocyte subsets, we measured surface expression of 39 mark-
ers on total PBMCs from a healthy donor using CyTOF technology
(see Table S3). An initial Hierarchical Stochastic Neighbor Embed-
ding (HSNE) analysis of the CyTOF data identified five main lin-
eages of cells, namely CD4+ T cells (CD3+ CD4+), CD8+ T cells
(CD3+CD8+), Monocytes (CD3–HLA-DR+CD4dim), B cells (CD3–

HLA-DR+CD4–), and NK cells (CD3–HLA-DR–CD57+) (Fig. 1A).
TCRγδ T cells were also visible as a (small) separate cluster within
the CD8+ T cell cluster. Plotting the intensity of GPA33 staining
on these populations showed that this receptor (Fig. 1A; lower
right panel) was most prominently expressed among CD4+ T cells.
However, zooming in on each lineage (Fig. 1B), demonstrated
some GPA33 expression in subsets of CD8+ T cells, Monocytes,
B cells and NK cells, albeit to a much lesser extent, both in inten-
sity and frequency.

GPA33 is expressed on B cell subsets

To further characterize the expression pattern of GPA33 on leuko-
cyte subsets, we made use of specially designed panels of antibod-
ies that allow analysis by regular flow cytometry (A. Kroeze, A. W.
Turksma, N. Weterings, D. Stalder, C. Homburg, A. ten Brinke, C.E.
van der Schoot, S.S. Zeerleder, C. Voermans, Cellular subsets in
acute Graft-versus-Host disease, manuscript in preparation). We
used CD19, CD27, IgD and CD38 to identify naïve, non-switched
B cells, switched B cells and plasma blasts (see Figure S3 and
Table S1 for details on gating strategy) [14]. Figure 2A shows
that fractions of all B cell subsets expressed GPA33, with the
smallest fractions found among switched and non-switched mem-
ory B cells (for validation of anti-GPA33 antibody staining speci-
ficity in this population and other populations examined in this
manuscript, see Figure S1A and B). The intensity of GPA33 stain-
ing found in naïve B cells was somewhat lower than that among
switched memory B cells and plasma blasts. High expression of

© 2021 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

www.eji-journal.eu



Eur. J. Immunol. 2021. 51: 1377–1389 Adaptive immunity 1379

Figure 1. Investigating GPA33 expression on human PBMCs with CyTOF. (A) Hierarchical Stochastic Neighbor Embedding (HSNE) analysis of the
CyTOF data from total PBMCs. Shown are the signal intensities for the markers listed in the top left corner of each panel (scale below figure). This
clustering distinguishes 5 major lineages of cells: CD4+ T cells (defined as CD3+ CD4+), CD8+ T cells (defined as CD3+ CD8+), Monocytes (defined
as CD3– HLA-DR+ CD4+), B cells (defined as CD3– HLA-DR+ CD4–) and NK cells (defined as CD3– CD57+). Cell types are labeled in the CD45 intensity
plot. The TCRγδ T cell subset is found within the larger CD8+ T cell cluster. (B) GPA33 expression projected on HSNE plots at the single-cell data
level for each lineage. Data show one experiment from one technical replicate with one donor. For antibodies used, see Table S3.

GPA33 was only observed among CD27high memory B cells. CD27–

B cells exhibited lower intensity staining (Fig. 2B), while hardly
any GPA33 expression was seen among cells expressing inter-
mediate levels of CD27. Strikingly, the CD19+CD27highGPA33high

cells largely lack expression of IgM, IgD, IgA, and IgG when com-
pared to the total memory population. These GPA33+ memory B
cells may therefore produce IgE, but this possibility remains to be
tested.

GPA33 is expressed on minor fractions of mDC2, NKT,
ILC1, CD4+CD8+, and CD4–CD8– T cells

Dendritic cells (DCs) were gated from the CD56–HLA-DR+

population and further subdivided into (CD123+) plasma-

cytoid(p)DCs, (Slan-MD8+) Slan DCs, and (CD1c+) myeloid
(m)DC1 and (CD141+) mDC2 (Figure S3 and Table S1). Only
the mDC2 subset contained a sizeable population expressing
GPA33, albeit not with very high intensity (Figure 3A and S1).
Monocytes were identified as HLA-DR+CD11c+M-DC8–, and then
further divided based on expression of CD14 and CD16 (Fig-
ure S3 and Table S1). We found the classical (CD14+CD16–),
intermediate (CD14+CD16+), as well as the non-classical
(CD14–CD16+) monocytes to be largely negative for GPA33
(Fig. 3B).

The CD3–CD14– NK cell population was divided into three
subsets based on the expression of CD56 and CD16 (Figure S3
and Table S1). Low intensity GPA33 staining was found among
the more mature CD56dim NK cell subset (CD56+/–), but was
absent from the CD56bright (CD56+/+) NK cells (Figure 4A and
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Figure 2. GPA33+ subsets inmajor human B cell lineages. (A) CD19+ B cells, delineated from PBMCs,were divided into naïve, non-switchedmemory
and switched memory B cells based on the expression of CD27 and IgD (see Figure S3A for gating strategy). Plasma blasts were identified as IgD–,
CD27high, and CD38high. A concatenated dot plot from a representative donor with GPA33 on the y-axis of all B cell populations is shown. GPA33
expression of total lymphoid cells is shown as positive control (lymph gate). Numbers above the gates indicate the percentage of GPA33+ cells in
that particular subset. (B) Dot plot of CD27 against GPA33 of the total CD19+ population (grey) reveals a CD27+ population that expresses GPA33
(black). Overlaid histograms of CD27+ B cells (grey) and CD27+GPA33+ B cells (black) for different antibody isotypes are shown on the right. The
upper numbers in graphs (dark grey) refer to the percentage of cells in the total CD27+ memory population that are positive for each Ig. The lower
numbers (black) give the same percentage for the CD27+GPA33+ population. A representative donor of n = 4 from one technical replicate of four
independent experiments is shown. All experiments were measured by flow cytometry and for antibodies used, see Table S2.

Figure S1). A third, less well known and mostly anergic subset of
NK cells [15], marked by a CD56–CD16+ NK phenotype, also con-
tained a small fraction of cells weakly expressing GPA33, similar
to the CD56bright NK cells. Finally, about 15% of the CD56+CD3+

NKT cells were positive for GPA33. Innate lymphoid cells (ILC)
were gated as CD45+Lineage–CD3–CD127+ and then further

subdivided on the basis of CD294, CD161, CD117 and Nkp44
[16,17] (Figure S3 and Table S1). As shown in Figure 4B, the only
subpopulation among ILCs that convincingly contained GPA33
positive cells was the ILC1 population (∼20%). NKp44+ ILC3
cells were only found in one donor, and are therefore described in
Table S4.

Figure 3. Little GPA33 is expressed on human DC’s and monocytes. (A) Concatenated dot plots from a representative donor of GPA33 expression in
DC subsets.DC’swere gated from total PBMCs asHLA-DR+CD56–,mDC1’s as CD1c+CD141– andmDC2’s as CD1c–CD141+. pDC’swere gated as CD123+

and slanDC’s were Slan MD-8+. GPA33 expression of total lymphoid cells is shown as positive control (lymph gate – also in (B). Numbers above the
gates indicate the percentage of GPA33+ cells in that particular subset. B) Concatenated dot plots from a representative donor of GPA33 expression
in monocytes. Monocytes were defined from total PBMCs as CD11c+HLA-DR+Slan MD-8– and were further subdivided based on the expression of
CD14 and CD16 (see Figure S3A for gating strategy). Numbers above the gates indicate the percentage of GPA33+ cells in that particular subset.
A representative donor of n = 4 from one technical replicate of 4 independent experiments is shown. All experiments were measured by flow
cytometry and for antibodies used, see Table S2.
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Figure 4. GPA33 expression is most pronounced on human NKT cells and ILC1’s and is restricted to T cells with an αβTCR. (A) Concatenated
dot plots from a representative donor of GPA33 expression in NK(T) subsets. NK cells were delineated from total PBMCs as CD3–CD14–, except
for NKT cells, which are CD3+CD56+. Subsets were gated based on expression of CD56 and CD16 as indicated in the figure. GPA33 expression of
total lymphoid cells is shown as positive control (lymph gate-also in B). Numbers above the gates indicate the percentage of GPA33+ cells in that
particular subset. (B) Concatenated dot plots from a representative donor of GPA33 expression in ILC subsets. ILCs were gated from total PBMCs as
CD45+Lin–CD3–CD127+CD161+ and then gated as CD294+ ILC2’s, CD117+ LTi’s and CD117– ILC1s. Numbers above the gates indicate the percentage
of GPA33+ cells in that particular subset. NKp44+ ILC3 cells were only found in one donor, and are therefore described in the supplementary data
(Table S4c). A representative donor of n = 4 is shown. (C) Histograms of GPA33 expression on CD4–CD8– and CD4+CD8+ of two representative donors
(D1 & D2).D) Histograms of two representative donors (D1 and D2) showing GPA33 expression on TCRγδ cells and TCRαβ cells within the CD4–CD8–

subset. One or two representative donors of n = 4 from one technical replicate of four independent experiments are shown. All experiments were
measured by flow cytometry and for antibodies used, see Table S2.

Fractions of GPA33+ cells among the populations
examined thus far were often small. To corroborate the
presence of GPA33 in these populations, we examined expres-
sion of GPA33 mRNA in the Human Cell Atlas database
(https://www.humancellatlas.org/; Figure S2). In all cell
populations where GPA33 expression was detected by FACS,
expression was indeed documented by measurement of mRNA,
reinforcing the validity of our results.

Besides the conventional CD4+ and CD8+ T cells, there are two
other, less well understood populations of CD3+ cells. CD4+CD8+

T cells have been found in many different species, and (in
humans) in various peripheral tissues [18]. The function of these
cells remains elusive, and seemingly contradictory functions have
been attributed to these cells, ranging from suppressive capacity
to strong effector function [18]. Figure 4C shows that a small frac-
tion of these cells was weakly positive for GPA33. A low number
of GPA33+ cells is also found among CD4–CD8– T cells, but was

restricted to cells expressing an αβTCR and absent from TCRγδ T
cell (Fig. 4D). Similar expression patterns were observed with the
CyTOF analysis (Figure S5).

GPA33 is associated with differentiation status in
CD4+ T cells

As already indicated by the CyTOF analysis on leukocyte subsets
(Fig. 1), expression of GPA33 was most pronounced on T cells,
especially on those expressing CD4, compared to other periph-
eral leukocytes. GPA33 expression among CD8+ T cells was lim-
ited (Figure S5). A HSNE map of all subpopulations within the
CD4+ T cells (Fig. 5) demonstrated that clusters 4, 12 - 18
and 20 - 25 express GPA33 (Fig. 5; a heatmap of these clus-
ters is shown in Figure S4). Among these, the highest expres-
sion of GPA33 was found in cluster 22, which together with
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Figure 5. HSNE analysis of total PBMCs reveals differential GPA33
expression on human CD4+ T cell populations. Shown are the relative
signal intensities for the markers listed in the top left corner of each
panel (scale below figure). Cell types are labelled in the GPA33 intensity
plot at the bottom left. All cluster numbers are shown in the plot on
the bottom right and also respond to the heatmap shown in Figure S4.
Data show one experiment with one techical replicate of one donor. For
antibodies used, see Table S3.

cluster 13 shows high CD25 expression and low/intermediate lev-
els of CD127 (presumably containing Treg cells). Cluster 22 con-
tains CD127lowCD25+CD45RA+ (naïve) Treg cells, and their high
GPA33 expression found by CyTOF is in line with our previous
results that reported high GPA33 expression with flow cytometry
[19]. Cells in cluster 13 showed intermediate to high expression of
GPA33. This cluster consists of CD127lowCD25+CD45RA– (effec-
tor Treg cells) and cells expressing intermediate CD25 and low
CD127 (termed Fraction III [20]). These results were confirmed
by flow cytometry (Fig. 6A).

Three CD4+ T cell clusters (14, 15, and 17) exhibited co-
expression of GPA33 with CXCR5. This chemokine receptor is
necessary for the function of T follicular helper cells (Tfh),
which regulate Ig isotype class switching and somatic hyper-
mutation by activated B cells in germinal centers [21]. Indeed,
flow cytometry analysis confirmed that a large proportion of
CD4+CXCR5+PD1+ T cells (but not CD8+CXCR5+PD1+ T cells
[22]) in blood expresses GPA33 (Fig. 6B). Interestingly, GPA33
was also found on CD4+CD25+CXCR5+PD1+ T cells (Fig. 6B),
which resemble T follicular regulatory cells (Tfr), a subset of spe-
cialized Treg cells that help shape the GC response through inter-
actions with Tfh [21].

In clusters 23–25 (Fig. 5), GPA33 was strongly co-expressed
with CD45RA, CD27, and CCR7 and exhibited an inverse expres-
sion pattern with activation markers, such as CD39 and TIGIT.

This suggests that GPA33 is expressed by naïve T cells, but not
by populations with an effector phenotype. The GPA33+ clusters
16, 20, and 21 were also CCR7+ and CD27+, but CD45RA–, indi-
cating that the CD4+ central memory (Tcm) population expresses
GPA33. We verified these results by conventional flow cytometry.
Figure 7A shows GPA33 FACS plots for CD4+ and CD8+ T cell sub-
sets (for gating, see Figure S3 and Table S1) ranging from least
differentiated at the top (true CD27+CD28+ naïve) to most differ-
entiated (effector) at the bottom. CD8+ T cells show low expres-
sion of GPA33 when measured by flow cytometry, comparable to
the signal detected with CyTOF (Fig. 7A and Fig. S5), and expres-
sion of GPA33 did not seem to be restricted to specific subsets
(Fig. 7A). In contrast, marked expression of GPA33 was detected
in specific subsets of CD4+ T cells. As anticipated from the CyTOF
data, the entire naïve CD4+ population expressed GPA33, and this
marker was also expressed in the Tcm CD4+ T cell population
(quantified in Fig. 7B). In agreement with the apparent inverse
association of GPA33 with effector differentiation in CD4+ T cells,
expression of GPA33 correlated inversely with the capacity to pro-
duce effector cytokines, such as IFNγ and IL17, after stimulation
with PMA+Ionomycin (Fig. 7C). Such an inverse relationship is
not observed, however, with production of IL-2, which can also
abundantly be produced by naïve CD4+ T cells [23].

Tcm cells are a population of memory T cells with high prolif-
erative capacity and limited ability to exhibit immediate effector
function (production of cytokines such as IFNγ and IL-17), in con-
trast to effector memory T (Tem) cells, which exhibit the opposite
characteristics [13]. As such, Tcm cells have been compared to
stem cells [24], by virtue of their capacity to self-renew and to
generate new populations of effector T cells and Tem cells during
recall infections. Our results revealed that this population is het-
erogeneous with regard to expression of GPA33 (Fig. 7A). Given
the correlation between GPA33 expression and lack of effector
function in the CD4+ T cell population (naïve Tregs, naïve conven-
tional T cells, Tcm cells), we hypothesized that GPA33 might mark
the bona fide resting Tcm cells, whereas GPA33– Tcm cells might be
underway to differentiate into Tem cells. In agreement with this
idea, GPA33– cells in the CD4+ Tcm population exhibited lower
expression of the chemokine receptor CCR7 than GPA33+ CD4+

Tcm, and contained a greater proportion of cells expressing the T
helper 1 associated chemokine receptor CXCR3 [25] (Fig. 8A,B).
When mimicking TCR stimulation in CD4+ Tconv cells via CD3
and CD28, a downregulation of GPA33 was observed (Fig. 8C).
Therefore, Tcm cells were FACSorted into GPA33+ and GPA33–

cells before assessing the effects of TCR stimulation on markers
associated with effector differentiation, like the transcription fac-
tor T-bet [26], and the T helper 2 associated chemokine receptor
CCR4 (Fig. 8D). Both were induced much more readily in GPA33–

than in GPA33+ CD4+ Tcm (Fig. 8D). Finally, GPA33– CD4+ Tcm
produced the effector cytokines IL-17 and IFNγ during short
term stimulation with PMA and ionomycin, whereas GPA33+ Tcm
cells largely lacked this ability (Fig. 8E; please note that GPA33
expression was not affected by these short term activation con-
ditions, allowing analysis of Tcm cells without prior isolation of
GPA33+ and GPA33– cells). In contrast, no significant difference
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Figure 6. GPA33 is expressed on human regulatory T cells and on CD4+ Tfh and Tfr, but not on CD8+ Tfh.A) Gating strategy for CD4+CD25+CD127–

Treg cells from total PBMCs, starting from the lymphocyte single cell live CD4+ gate (left). Histograms of GPA33 expression in CD25+CD127–CD45RA+

nTreg cells, CD25hiCD127–CD45RA– eTreg and CD25+CD127–CD45RA– Fr. III cells for two representative donors (D1 & D2; right). (B) Gating strategy
for defining Tfh and Tfr, starting from the lymphocyte single cell live CD14–CD45+CD3+ T cell population (left). Histograms of GPA33 expression in
CD4+ and CD8+ Tfh and CD4+ Tfr, defined as CXCR5+PD-1+ cells within the appropriate gate, for two representative donors (D1 & D2; right). Two
representative donors of n = 4 from one technical replicate of four independent experiments are shown. All experiments were measured by flow
cytometry and for antibodies used, see Table S2.

was found between these CD4+ Tcm subsets in the ability to
produce IL-2 (Fig. 8E), which is produced by Tcm and Tem cells
alike [27].

GPA33– CD4+ T cells in the Tcm gate were not fully differ-
entiated Tem: while their CCR7 expression intensity was clearly
lower than that on the GPA33+ cells in the Tcm gate, it was still
markedly higher than on the Tem population (Fig. 8B). Further-
more, expression of the lymphoid tissue homing receptor CD62L
was clearly more prominent on GPA33– Tcm cells than on gen-
uine Tem cells and actually resembled that on GPA33+ Tcm cells
(Fig. 8B). Finally, GPA33+ and GPA33– Tcm cells possessed simi-
lar proliferative capacity after stimulation via the TCR and CD28
(results not shown). These results are consistent with the hypoth-
esis that loss of GPA33, an event that can be triggered by TCR
stimulation (Fig. 8C), marks Tcm cells that have been stimulated
to develop into Tem cells.

Thus, within the CD4+ CD45RA–CCR7+ population, those cells
that express GPA33 correspond best to the classical definition of
Tcm cells, while loss of this marker may be an early sign of differ-
entiation into cells with effector functions.

Discussion

In this study, we determined the expression of GPA33 in human
mononuclear blood leukocytes using CyTOF and flow cytome-
try. Various populations of cells (several types of B cells, DC,
monocytes and NK cells) exhibited either weak expression of
this molecule or contained only small proportions of GPA33+

cells. Staining on these populations was higher than obtained
with the appropriate isotype controls, but more detailed stud-
ies will be required to document whether this staining repre-
sents true expression by these cells. The fact that GPA33 mRNA
could be detected in these populations is at least consistent with
endogenous expression of this marker. However, other possibili-
ties include protein acquisition through trogocytosis or from exo-
somes [28,29]. Somewhat larger fractions of GPA33+ cells (in the
range of 10 to 20%) were found among mDC2, NKT cells, and
ILC1. Most prominent expression was found, however, on T cells,
and CD4+ T cells in particular. Although some CD4–CD8– and
CD8+ αβT cells expressed GPA33, the largest GPA33+ fractions
were found among naïve and follicular Tregs as well as among
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Figure 7. GPA33 is associatedwith an undifferentiated phenotype in humanCD4+ cells. (A) Histograms froma representative donor of one technical
replicate from one experiment (n = 5 donors) showing expression of GPA33 in live, single CD3+CD4+ (left) and CD3+CD8+ (right) T cell subsets
(defined in Figure S3E).The experiment was performed using flow cytometry and for antibodies used, see Table S2. (B) Quantification of GPA33+

(black) and GPA33– (white) cells in the CD4+ (top) and CD8+ (bottom) T cells subsets from (A) in all five donors. (C) Intracellular staining for IL-
17, IFN-γ, and IL-2 plotted against GPA33 after 4h PMA+IO stimulation of CD4+ cells for the FACSorted CD45RA+CD25lo and the CD45RA–CD25lo

fractions. The graphs on the right of the flow cytometry plots depict the average production of each effector cytokine per GPA33 intensity (high to
low, left to right on graphs) for four donors for one technical replicate from one experiment. Error bars representmean ± SD. Statistical comparisons
were performed by one-way ANOVA, followed by Tukey’s HSD. #p < 0.1, *p < 0.05, **p < 0.01. (for IL-17 in CD45RA+CD25lo: GPA33hi vs GPA33low p =
0.0609; GPA33int vs GPA33low p = 0.0373; for IL-17 in CD45RA–CD25lo: GPA33hi vs GPA33low p = 0.0028; GPA33int vs GPA33low p = 0.0477; for IFN-γ in
CD45RA–CD25lo: GPA33hi vs GPA33int p = 0,0470; GPA33hi vs GPA33low p = 0,0077; for IL-2 in CD45RA–CD25lo: GPA33hi vs GPA33low p = 0.0361).
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conventional CD4+ naïve, central memory, and follicular helper T
cells.

This expression pattern yields several leads regarding the
putative function of this receptor. First, the prominent expression
in subsets of Treg cells suggests that this molecule may have a
role in proper immune regulation, which could explain the asso-
ciation between genetic polymorphisms and various autoimmune
conditions [6,7]. The ineffective induction of immunological
tolerance in GPA33 deficient mice is consistent with this idea
[6–9]. It should be noted, however, that we currently do not
know whether the expression pattern of GPA33 is similar between
mice and humans.

Suggestive is especially the subdivision of GPA33+ naïve-like
central memory CD4+ T cells, and GPA33– Tcm that exhibit early
signs of differentiating into effector memory T cells. Both naïve
CD4+ T cells and GPA33+ Tcm lack immediate ability to produce
effector cytokines [30,31]. Shared expression of GPA33 on these
cells might point to a function for GPA33 in the maintenance
of quiescence and/or prevention of differentiation, as has been
reported for the Ig superfamily protein VISTA [32]. Moreover,
naïve and central memory T cells share a preference for homing
to T cell areas in lymphoid organs, due to expression of CD62L
and CCR7 [30,33] and it is conceivable that GPA33 contributes
to the homing of these cells to specific niches. Such a role for
GPA33 would fit also with its expression on naïve Treg cells, which
prevent spurious activation of autoreactive naïve Tconv [34] and
should therefore presumably reside in the vicinity of the latter
cells. Likewise, the shared GPA33 expression on both subsets of
CXCR5+PD1+ CD4+ T cells, those resembling Tfh cells and those
resembling Tfr cells, might help position these cells in the same
areas in follicular lymphoid tissue. GPA33 expression is also found
on all B cell subsets, regardless of differentiation status. Since B
cells also home to lymphoid follicles, GPA33 expression may give
B cells the same homing potential as it does to T cells.

The expression of GPA33 on naïve and CD4+ Tcm cells is
lost upon stimulation via TCR and CD28. This suggests that the
GPA33– Tcm population may derive from GPA33+ Tcm precursors
that have recently been activated. If this interpretation is correct,
it is interesting that loss of GPA33 occurs before loss of CD62L.
Expression of this receptor would in principle allow these cells
(which, as our analysis shows, are present in peripheral blood)
to re-enter lymphoid tissues via high endothelial venules [35].
The loss of CCR7 (and perhaps GPA33) would, however, tar-
get these cells to different regions in such tissues than genuine
GPA33+CCR7high Tcm cells, such that GPA33– Tcm cells might be
destined to contribute to the lymphoid Tem population. Regard-
less of the function of GPA33, our data show that this surface
molecule can be used as a marker to distinguish Tcm cells with
different properties and are likely at different stages of effector
differentiation.

In conclusion, GPA33 is expressed on many leukocyte subsets
throughout the human immune system, and caution is therefore
warranted when using antibody-therapy directed against this pro-
tein. The function of GPA33 still needs to be elucidated, but from

our data, we speculate that it may have a role in localization of
undifferentiated T cells and/or in helping maintain their undiffer-
entiated state.

Materials and methods

Antibodies

All antibodies used for CYTOF and flow cytometry are listed in
Tables S1–S3. The FACS panels were designed in house for a dif-
ferent study (A. Kroeze, A. W. Turksma, N. Weterings, D. Stalder,
C. Homburg, A. ten Brinke, C.E. van der Schoot, S.S. Zeerleder,
C. Voermans, Cellular subsets in acute Graft-versus-Host disease,
manuscript in preparation; and [16,17]) and slightly altered
for the purpose of our experiments. Anti-GPA33 was obtained
from the Olivia Newton-John Cancer Research Institute, Heidel-
berg, AU [36] and was labeled with Alexa Fluor® 647 Succin-
imidyl Ester (ThermoFisher Scientific). The commercially avail-
able GPA33 antibodies were validated with an isotype control (Rat
IgG2A AF488 & Rat IgG2A PE, R&D systems) to identify the posi-
tive population, and binding to the target protein GPA33 was val-
idated through transfection of HEK293T cells with a GPA33 con-
struct (Figure S1). Anti-granzyme B was labeled with AF700 by
Exbio (Prague, Czech Republic).

Sample preparation

Human material was obtained in accordance with the Declara-
tion of Helsinki and Dutch regulation with respect to the use
of human materials from volunteer donors. Buffy coats from
healthy anonymized donors were obtained after their written
informed consent, as approved by Sanquin’s institutional ethi-
cal board. Peripheral blood mononuclear cells (PBMCs) were iso-
lated using a Ficoll-Paque Plus (GE Healthcare) gradient. For
long-term storage in liquid nitrogen, samples were frozen in 10%
DMSO.

Flow cytometry

After careful thawing in 20% FCS/80% IMDM, cells were incu-
bated with FcR Blocking Reagent (Miltenyi Biotec) for 10 min
at room temperature. Surface staining of cells was done in PBS
containing 0.5% FCS for 15 min at room temperature, except for
CCR7, which was stained for 15 min at 37°C. To exclude dead
cells from the analysis, Near IR (Life Technologies) was used as
a Live/Dead marker. For intracellular staining of transcription
factors, ki67 and Granzyme B, cells were fixed and permeabi-
lized after surface staining with the Transcription factor buffer set
(BD Pharmingen) following manufacturer’s instructions. To mea-
sure cytokine production, cells were washed with culture medium
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Figure 8. GPA33 identifies CD4+ Tcm cells lack effector capacity. (A) Gating strategy used to select naïve (N), effector memory (EM) and GPA33+

and GPA33– central memory (CM) T cells from CD4+ MACSed cells. Selection of CD3+CD4+ T cells was done from the lymphocyte/single cell/live
gate (not shown). Naïve, EM and GPA33+ and GPA33– CM T cells were analysed for expression of CCR7, CD62L, and CXCR3 (B). All populations from
a representative donor, including an unstained control, are shown at the top. The cumulative results from five donors, tested in two independent
experiments are shown on the bottom. Expression of surface markers is either represented as GeoMFI of the total population (CCR7; bottom left)
or as % positive (CD62L and CXCR3; bottom right). (C) Expression of GPA33 after overnight stimulation with 0,1 μg/ml aCD3 and 0,1 μg/ml aCD28 in
4 donors in one experiment. (D). Expression of T-bet and CCR4 on pre-sorted GPA33+ (black) and GPA33– (grey) CM T cells are shown in histograms
for a representative donor after being rested (left) or stimulated O/N with aCD3/aCD28 as in (C; right). Below the histograms, the cumulative results
of all donors are shown. A total of 6 donors were tested in two independent experiments. Statistical comparisons were performed by one-way
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and stimulated with 20 ng/ml Phorbol 12-myristate 13-acetate
(PMA; Sigma) and 1 μM Ionomycin (IM; Sigma) in the presence
of Brefeldin A Solution (eBioscience) for 4h at 37°C. Anti-CD3
mAb (Pelicluster; 0.1 μg/ml) and anti-CD28 mAb (eBioscience;
0.1 μg/ml) were used to mimic antigen-specific T cell stimulation
and co-stimulation, respectively. Cells were stimulated with these
antibodies in IMDM overnight at 37°C. Data were acquired on
an LSR Fortessa cytometer (BD Biosciences), and analyzed using
the FlowJo software (version 10; Tree Star). Data were analyzed
and reported according to chapter VII “Data handling, evaluation,
storage & repositories” of the EJI Guidelines for the use of flow
cytometry [37].

Cell sorting

CD4 microbeads (Miltenyi Biotec) were used for magnetic sorting
according to the manufacturer’s instructions in order to extract
CD4+ cells after isolation of PBMCs. Viable CD4+ T cell subsets
were FACSorted on a FACS Aria III (BD Biosciences) after mag-
netic isolation of CD4+ cells, based on surface expression of a
Live/Dead marker, CD25, CD127, CCR7, CD45RA, and/or GPA33.

CyTOF

PBMCs were thawed in 50% fetal calf serum and 50% IMDM.
Thereafter, cells were spun for 7 min at 1500 RPM and recovered
in IMDM with 10% human serum. The CyTOF antibody staining
panel consisted of 39 surface markers including lineage, differ-
entiation and activation markers (Table S3). Metal-conjugated
antibodies were either purchased or conjugated. Per sample,
2×106 cells were stained for CyTOF acquisition as described
previously [38]. Stained samples were stored pelleted in cell
staining buffer for maximally 2 days before acquisition on the
Helios. Live and single cells were distinguished using DNA stains
and Gaussian discrimination parameters (residual and width)
using the FlowJo software (version 10; Tree Star). Beads were
excluded and cells were gated to be CD45+ for further analy-
sis. Dimensionality reduction technique HSNE implemented in
Cytosplore [39] was used for analysis of the dataset. Values were
arcsine transformed before HSNE analysis based on 39 markers.
Clusters were generated using the Gaussian-mean-shift method
and further explored in-depth at different hierarchical levels in
the HSNE analysis. HSNE maps and heatmaps were generated
from the CD4+ and CD8+ T cell populations at level 3 and level
2 of the HSNE hierarchy, respectively.

Transfection of HEK293T cells

HEK293T cells were transfected with pMX-sv40-puro containing
a GPA33 construct or an empty vector. Cells were maintained
in DMEM+10% FCS and plated as 8 × 104 cells per well in a
24-wells plate in a total volume of 500 μl for transfection. The
next day, 103 μl of 0.020 μg/μl plasmid solution in OptiMEM
was diluted 1:1 with 2.2 μg of construct DNA per transfection.
FuGENE (6.6 μl) was added to each transfection. This mixture
was incubated for 10 min at room temperature. Next, 25 μl of the
mixture was added per well. On day 4, all cells were trypsinated
and analyzed by flow cytometry for expression of GPA33 using
anti-GPA33 antibodies labeled with AF647, FITC, or PE and their
respective isotype controls.
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�
ANOVA, followed by Sidak correction. ***p < 0.001. (E) Total CD4+ cells were stimulated with PMA+IO for 4 hours, followed by intracellular staining
for IL-17, IFNγ and IL-2. Cytokines are plotted against GPA33 in the CM gate. Note that GPA33 expression does not change during this time frame.
The graphs next to the flow cytometry plots depict the average production of each effector cytokine per GPA33 intensity (high to low, left to right on
graphs) for four donors of one technical replicate from one experiment. Error bars represent mean ± SD. Statistical comparisons were performed
by one-way ANOVA, followed by Tukey’s HSD. *p < 0.05, **p < 0.01. (for IL-17: GPA33hi vs GPA33low p = 0.0078; GPA33int vs GPA33low p = 0.0152; for
IFN-γ: GPA33hi vs GPA33low p = 0.0019; GPA33int vs GPA33low p = 0.0227). All experiments were measured by flow cytometry.
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