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PD-1 and ICOS are coexpressed in T follicular helper
cells but define three stages of maturation of T follicular

regulatory cells

Filipa Ribeiro'?, Diogo Antunes’?, Ana R. Pires', José Rino', Beatriz Filipe', Katia Jesus’,
Ricardo Correia’, Valter R. Fonseca'?, Saumya Kumar'>1, Luis Graca'>*+

Humoral responses to infection or vaccination require T cell-B cell interactions. T follicular helper (Tgy) cells drive
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germinal center (GC) responses by providing help to B cells, whereas T follicular regulatory (Teg) cells regulate
them. Both mature GC-located Tgy and Tgg cells are widely characterized by the expression of ICOS and PD-1. How-
ever, although human Tgg cells share many phenotypic characteristics with Tgy cells, we found that ICOS and PD-1
are up-regulated differently in each. Although Tgy cells express these proteins synchronously during maturation,
they define three maturation stages in Tgg cells. Tgg cells in an intermediate maturation stage express ICOS, and it
is only at the last stage of differentiation that both molecules are expressed at high levels. Although most Tgg cells
within the B cell follicle are PD-17, the Tgg within the GC are ICOS*PD-1%. These results show that Try and Teg cells

within human lymphoid tissue follow distinct maturation stages.

INTRODUCTION

The findings of T follicular helper (Tpy) and T follicular regulatory
(Tgr) cells controlling germinal center (GC) reactions in mice
prompted the study of T follicular subsets in humans. Whereas Try
cells provide help to B cells (1), Tgg cells suppress the GC response
and limit the overall expansion of antigen-specific B cell clones (2-
4). The absence of Tgg cells is related to the emergence of autoim-
munity in mice (5, 6). Further studies to better understand the
definition and function of human Tgy cells are critical, which may
help in understanding how GC reactions affect dysregulated immune
responses, such as autoimmunity and open avenues for its modula-
tion in the future.

The definition of Tgg cells has been controversial, given the di-
versity of Trr populations with distinct origin (7-11), and the fact
that the Tg cell biology has not been described with the same detail
as Try cells. Because of the absence of lineage-defining markers ex-
clusive to Tpg cells, the phenotype and differentiation of Tpg cells
have been frequently studied by extrapolating Ty cell data. CXCR5
has been a key defining follicular marker for Tpy and Tgpg cells as its
expression correlates with the follicular location in both cases
(12, 13). Moreover, anatomical positioning of Try cells within GC is
also governed by the signaling of ICOS (14, 15), which supports
CXCR5" T cell migration toward the follicle and PD-1 by promot-
ing the retention of Tgy cells in the GC (16). Therefore, these two
receptors have been widely used, together with CXCR5, to define
GC Ty cells in both humans and mice. It has been assumed that
Tpr cells follow a differentiation process similar to that of Try cells,
and therefore, the same markers have been used to identify both cell
subsets (17). Besides the molecules associated with regulatory T (Trcg)
cells (such as FOXP3 and/or CD25), a combination of two proteins is
commonly used to identify lymphoid tissue Tpg cells: CXCR5 with
either ICOS or PD-1, which are often used interchangeably.
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Nevertheless, the follicle positioning of Tgg cells in human lymph
nodes was shown to be determined by CXCR5 expression but not by
PD-1 expression as for Tgy cells (13). Thus, we hypothesized that
PD-1 and ICOS expression does not follow the same profile in Tgy
and Ty cells, and consequently, they cannot be used interchange-
ably to define Tgp cells as they are for Tgy cells. This was success-
fully demonstrated in the current study.

A major constraint in the field of Ty cells is the difficulty in iso-
lating human Ty cells from lymphoid tissues with a high degree of
purity due to the lack of surface markers that discriminate this cell
population from others. One of the major challenges of studying
human Tgg cells is the absence of known cell surface markers that
can uniquely define them, without being also present in Tgy, CD25"
interleukin-10 (IL-10)-producing T follicular cells (IL-10 TF), or
Theg cells. A better understanding of ICOS and PD-1 expression dy-
namics in human lymphoid tissue Tgg cells allowed us to explore
innovative strategies to isolate this cell population for potential
downstream analysis.

RESULTS
ICOS and PD-1 are expressed differently in Ty and Teg cells
within human secondary lymphoid tissue
We analyzed 50 tonsil samples by flow cytometry and applied a per-
missive strategy, based only on the expression of FOXP3 and CXCRS5,
to define Tgyy (CD4"FOXP3~CXCR57CD257) and T cells (CD4-
FOXP3*CXCR5"). Using this strategy, the IL-10 TF cells (CD4*-
FOXP3~CXCR5YCD25%) were not included in the study (18, 19).
Within the cell subsets defined as Ty and Tgg, we explored the
presence of the activation markers ICOS and PD-1 known to be
characteristic of the most mature cells within the GC (17) (Fig. 1A).
Tonsil Tpy and Tpg cells have a clearly different PD-1/ICOS profile:
Whereas the expression of ICOS and PD-1 correlates almost per-
fectly in Try cells, appearing to be interchangeable, this is not the
case for Tpp cells (Fig. 1B). In the latter, the correlation between the
ICOS and PD-1 is weak, indicating that these proteins cannot be
used interchangeably to identify Tgg cells as they are for Tgy cells.
We therefore hypothesize that, although Tgy cells mature from
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Fig. 1.1COS and PD-1 are expressed differently in tissue Tgy and Tgg cells in humans. (A) Presence of ICOS and PD-1 on the surface of Tgy (CD4"FOXP3™CXCR5+CD257)
and Tgg cells (CD4TFOXP3*CXCR5™) in human tonsils. Density plot showing the gate used to define T cells (CXCR5TFOXP3™) and Teg cells (CXCR5*FOXP3™) and two rep-
resentative contour plots showing the distribution of PD-1 and ICOS among the Tgy and Tir gates. (B) Relationship of the percentage of ICOS* and PD-17 cells within T
(left) and Tg cells (right) in tonsil (n = 50; linear regression). (C) Diagram with a model for the trajectory of Tgy and Teg maturation defined by PD-1 and ICOS, where Try cells
transit from a double-negative to a double-positive stage (left), whereas T cells have three stages: double-negative, ICOS*PD-17, and lastly double-positive.

ICOS™PD-1~ toward an ICOS*PD-1* phenotype, acquiring the two
receptors simultaneously and at a similar rate, the maturation of Tgg
cells from an ICOS™PD-1" to the most mature ICOS*PD-1" stage
occurs in two stages. The first stage involves the up-regulation of ICOS,
followed by a subsequent increase in the production of PD-1 (Fig. 1C).

Human Ty and Tgp cells follow different maturation axes

To test our hypothesis, we analyzed the expression of the transcrip-
tion factor BCL6, known to be up-regulated by the mature GC cells
(20), and CD45RO, also known to be more expressed in mature T
cells (21). It is noteworthy that CD45RO is a marker of activated T
cells and, given that T follicular cells are already in an activated state,
it is reasonable to anticipate some production of this protein even in
less mature follicular cells.

In Tpy cells, two major populations were considered: ICOS™PD-1"
and ICOS™PD-17 cells (Fig. 2A and fig. S1). The ICOS "PD-1" population
represents the most mature Tpy cells, characterized by a predominant
coexpression of BCL6 and CD45R0, that are present at high concen-
trations (as inferred from the fluorescence intensity) (Fig. 2, B and C).
By extracting the fluorescence intensity of seven markers used in the
flow cytometry analysis and using principal components analysis
(PCA), we were able to explore the relationship between all markers
at the same time. The PCA of Ty cells shows that PC1 is the com-
ponent that contributes the most to the variance (69.70%) and is
therefore sufficient to explain the linear maturation of Tgy cells
(Fig. 2, D and E). PD-1 and ICOS are the proteins that contribute
the most to PC1 and with a similar influence (0.97 and 0.92, respec-
tively) (Fig. 2E). PC2 is not shown as it mainly segregates CD45RO™
and CD45RO™ Tpy populations (fig. S2).

Next, we analyzed the Tgr population using the same approach.
Trr cells can be subdivided into three populations according to the
PD-1/ICOS axis: ICOS™PD-17, ICOS*PD-17, and ICOS"PD-1*
cells (Fig. 3A and fig. S1). Similar to Ty cells, the ICOS*PD-1" Tpr
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population contains the most mature cells as BCL6 and CD45RO
are more abundant compared to the other subpopulations (Fig. 3, B
and C). Within this population, BCL6" cells exhibit the highest
CXCRS5 expression, further reinforcing their advanced maturation
within the GC (fig. S3). In addition, the expression of CD25 (IL-2
receptor o chain) was also assessed in the different compartments. It
is established that Tgg cells lose CD25 in the last stages of their dif-
ferentiation as they become mature GC Tgg cells (19, 22-24). The
ICOS*PD-1" Tgg population comprises a greater frequency of CD25~
cells, also supporting that this Tpr compartment contains the most
mature Tgg cells (Fig. 3, B and C). According to the production of
BCL6, CD45R0, and CD25, Ty cells seem to display ICOS on their
surface before up-regulating PD-1 and reaching a fully mature state.
However, we observed a substantial number of CD25™ cells within
the ICOS™PD-1" Tgr compartment that was not expected, given
their overall less mature phenotype (namely, regarding PD-1 and
ICOS expression) (Fig. 3, B and C, and fig. S4). This could be ex-
plained by the possible existence of some CD25™ T cells even out-
side the GC (25, 26).

Unlike what we observed for Tgy cells, the variance of the Trr
cell data is not explained by only one principal component, but with
both PC1 and PC2 having a similar impact on the variance (38.97
and 28.84%, respectively) (Fig. 3, D and E). The correlation matrix
of the expression of the different markers in Tgg cells shows that,
whereas PC-1 explains the up-regulation of PD-1 and BCL6 and the
down-regulation of CD25, PC2 describes the up-regulation of ICOS
and CD45RO (Fig. 3E). The up-regulation of CXCR5 is described by
both PC1 and PC2 (Fig. 3E). Therefore, whereas Try maturation is
linear and explained by only one axis, the T cell maturation is ex-
plained by two different axes, with one of the axes associated with
PD-1 and the other with ICOS. Consequently, ICOS and PD-1 can-
not be used interchangeably to identify Tgg cells as three popula-
tions are defined based on the expression of these receptors.
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Fig. 2. ICOS and PD-1 expression increase in a coordinated way throughout the maturation of human Tgy cells. (A) Identification of the ICOS™PD-1" (orange) and
ICOS*PD-1* (blue) subsets within tonsil CD4TFOXP3~CXCR5*CD25™ Try cells by flow cytometry. (B) Frequency of cells positive for BCL6 and CD45RO within the ICOS™PD-1~

and ICOS*PD-1" Tgy subsets. Representative plots (left) and pooled data (right) (n

= 22). Error bars represent means + SEM. Paired t test and Wilcoxon matched-pairs

signed-rank test were applied to the BCL6 and CD45RO graphs, respectively. (C) Histograms of the distribution of BCL6 and CD45R0O among ICOS™PD-1" Tgy cells (orange)
and ICOS*PD-1* Tgy cells (blue). (D) Visualization of the PCA from the fluorescence values of each flow cytometry marker from one tonsil. Cell subsets in the PCA are col-
ored as indicated. (E) Percentage of variance of the data explained by the first five principal components (left) and heatmap of the correlation values for each of the mark-

ers explained by PC1 (right).

ICOSTPD-1" Tgp cells are located specifically within the GC

To consolidate our previous findings, confocal images were acquired
from human tonsils. As expected, PD-1 was highly expressed in the
GC (Fig. 4A). In line with the hypothesis that PD-1 expression is re-
stricted to the most mature Tgg cells, we found few PD-17 cells among
the FOXP3" Tty cells, but those PD-1" Tgy cells also expressed ICOS
and were located within the GC (Fig. 4, B and C, and fig. S5). Con-
versely, FOXP3* cells found outside the GC, namely, in the follicle,
were either ICOS" or did not express either ICOS or PD-1 (Fig. 4, B
and C, and fig. S5). These findings align with our earlier observations
using flow cytometry indicating that ICOS*PD-1* Tgg cells are a mi-
nor population, which likely represent the most mature subset, and
are therefore primarily located within the GC (Fig. 4D). Whereas a
substantial proportion of FOXP3" cells in the GC are ICOS™PD-17,
the ICOS*PD-1" subset is enriched in the GC, supporting the notion
that their maturation is associated with this specific location.

The tonsil CD4*CD25*CXCR5™ICOS™ population contains a
high frequency of FOXP3* cells, representing an innovative
approach to isolating Tgg cells from human lymphoid tissue
Whereas human circulating Tgg cells can be readily isolated based
on the expression of CXCR5 and CD25 (27), the isolation of Tgg
cells from human lymphoid tissue has been challenging and an ob-
stacle in studying their suppressive function. No unique extracellular
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markers are known to define lymphoid tissue Tggr cells unequivo-
cally allowing the isolation of a pure Ty cell population (containing
a high frequency of FOXP3" cells). Our data on the expression of
ICOS and PD-1 described above prompted us to explore alternative
strategies to isolate Tgg cells from human tissue.

The most common way to isolate human Tgg cells from lym-
phoid tissue relies on the selection of CD4*CD25*CXCR5MICOS™
cells. Nevertheless, human tonsils contain a very low percentage of
CD25" cells among the CD4"CXCR5™ICOS" cells (Fig. 5A) and,
within those, only ~20% of the cells are positive for FOXP3 (Fig. 5B),
leading to very few “true” Tgg cells (i.e., FOXP3* cells) isolated using
this gating strategy. In addition, this strategy does not exclude the
CD25"FOXP3™ IL-10 TF cells, which also have suppressive func-
tion, and are numerically similar to the Tgg cells in this population
(11, 18). Furthermore, despite the abundance of ICOS, most Trr
cells do not express high levels of CXCRS5; instead, they express in-
termediate levels (fig. 7). Consequently, although selecting CXCR5™
cells allows capturing the most mature Tgg cells (albeit among many
“contaminant” Foxp3~ cells), this strategy would not yield a repre-
sentative proportion of the global Tgg cell population. Alternatively,
based on our previous observations, CD4*CXCR5™ICOS™ cells
contain a considerably higher percentage of CD25™ cells (Fig. 5A),
which, in turn, is reflected in a markedly higher proportion of selected
FOXP3* cells (Fig. 5B). Thus, we propose to select CD4*CD25"

30f10

GZ0Z ‘62 AINC Uo eLI01RY - BOGSIT 9p apepSloAIuN 12 B10'80us 105 MMM//:SANY WoJ) papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

A B

Gated on 1COS*PD1*
FOXP3*CXCR5*
Tegcells
1.71 -/ ]
i
A 2.76 1.90| § 225
"
2:155 =618
icos
. P < 0.0001 P < 0.0001
C i s P=0.0016 P=00311 =1CD25-
i i P= 00077 P=00007 ' g =CD25
{120 87.3 99.0 92| 00 2100 ﬁ? - 5100y 7
2 8 a
CD45R0O T 80 x 80 5 8
g = 3
L 3 — 60 & 604 8 c 6
& ® I =
7 40 8 g 40 Z 4
BCL6 - 8 o
© 20 T < 20 T 2
E i 1 © s) O
Sli1a.8 82.5| i7.48 90.9| 342 626/ & 9 %
. - — 0 S g O
X N N X °© LN
CD25 O o O PR L L
F&S EE&E &S
CD45RO ICOSPD1-
D ICOS*PD1- E PD1 0.36
®|COS*PD1+
5004 5 o, [@ely] 0.
R
a7 100 CXCR5
250/ |1 8
o y 80 BCL6
[
CD25 £ o S e
5 CD25 g0 .
z Correlation
-250| PD-1 $ Y FOXP3 10
s 05
BCL6 20 I o
CD25 -0
-500 ! o T [ CD45RO I_?g
—300 0 300 600 PC1 PC2 PC3 PC4 PC5 PC1 PC2 :

PC1

Fig.3.ThelICOS™PD-1" population represents T cells in an intermediate maturation stage. (A) Representative contour plot showing the identification of ICOS~PD-1~
(orange), ICOS*PD-1~ (light blue), and ICOS*PD-1* (blue) subsets of tonsil CD4"FOXP3*CXCR5* Teg cells by flow cytometry. (B) Frequency of cells expressing BCL6,
CD45R0, and CD25 within the ICOS™PD-17, ICOS*PD-17, and ICOS*PD-17 Tgg subsets. Representative plots (left) and pooled data (right) are shown (n = 22). Error bars
represent means + SEM. Friedman test with Dunn’s multiple comparisons test was applied to the BCL6 and CD45RO graphs. For CD25 analysis, ***P < 0.001 using two-
way ANOVA with Bonferroni’s multiple comparison test. (C) Histograms of BCL6, CD45R0, and CD25 distribution among ICOS™PD-1~ T cells (orange), ICOS*PD-1" T
cells (light blue), and ICOS*PD-1* Tgy cells (blue). (D) Visualization of the PCA from fluorescence values of each flow cytometry marker. The position of the Trg cells from
the three subsets within the PCA is indicated by color. (E) Percentage of variance of the data explained by the first five principal components (left) and heatmap of the

correlation values for each marker explained by PC1 and PC2 (right).

CXCR5™ICOS™ cells to isolate from human lymphoid tissue a pop-
ulation with a greater purity of Tgy cells (assessed by the frequency
of the FOXP3-expressing cells in the sorted population) and a better
yield of Ty cells (Fig. 5B).

The proposed strategy offers a significant improvement in isolat-
ing Tgg cells with intermediate levels of CXCR5 expression. This ap-
proach may result in the exclusion of cells with higher CXCR5
expression, which also exhibit elevated levels of ICOS, PD-1, and
BCL6. This excluded subset represents a minor yet critical popula-
tion, encompassing the most mature CD25™ Tty cells. The generally
used gating strategy, by selecting CD4"CD25"CXCR5™ICOS™ cells,
contains a substantial proportion of the recently described IL-10-
producing T follicular (IL-10 TF) cells (11, 18). Although IL-10 TF
cells lack FOXP3 expression, they differ from prototypic Try cells by
expressing CD25 (Fig. 5C). However, IL-10 TF cells closely resemble
FOXP3+*CXCR5" Tgg cells in terms of the presence of ICOS and

Ribeiro et al., Sci. Adv. 11, eadt8901 (2025) 11 July 2025

PD-1 (Fig. 5D), as well as their regulatory function of suppressing T
cell proliferation mediated by IL-10 (18). Therefore, given the in-
creased frequency of FOXP3™ cells (Fig. 5B), targeting the CD4*-
CD25*CXCR5™MICOS™ cell population appears to be a promising
strategy for isolating IL-10 TF cells.

The most mature FOXP3tCXCR5" Tgg cells show higher expres-
sion of BCL6 and less expression of CD25 compared to FOXP3™-
CXCR5™ Tgg cells (Fig. 5D). These observations are consistent with
previous studies suggesting that lymphoid tissue Tgg cells down-
regulate CD25 and increase CXCR5 expression as they mature, both
in mice and humans (23, 24). However, CD25 needs to be used in a
Tgg cell isolation strategy based on CXCR5 and ICOS markers to ex-
clude the Tgy cells (CD257) that are present in vast excess within the
CXCR5™MICOS™ gate. Consequently, the most mature CD25™ Tr cells
are also absent from a sorting strategy based on CXCR5MICOSM
cells. In conclusion, although an ideal approach for isolating mature

40f10

GZ0Z ‘62 AINC Uo eLI01RY - BOGSIT 9p apepSloAIuN 12 B10'80us 105 MMM//:SANY WoJ) papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

A

DAPI FOXP3 PD-1

FOXP3 _PD-1 FOXP3 _PD-1 100>

4N

IMMATURE INTERMEDIATE MATURE
ICOSPD-1-  ICOS*PD-1-  ICOS*PD-1*

GZ0Z ‘62 AINC Uo eLI01RY - BOGSIT 9p apepSloAIuN 12 B10'80us 105 MMM//:SANY WoJ) papeojumod

P =0.0059 P = 0.0020 P =0.0039 W S
T‘j FR Foxp3 S m ;‘ F\o%p}] —
& 40 ° Va4
T A
< L 40
©
3] 20
£ 10 » W
= Q TrH < \ o IS
R 0 522 T o
[ Inside GC ’( .L W
[ Outside GC
] cxcrs —C1cos
CD25 ==.PD-1

Fig. 4. ICOSTPD-1" Tgg cells localize specifically within the GC. (A) Representative image of the immunofluorescence microscopy of human tonsils stained for DAPI
(blue), FOXP3 (green), ICOS (yellow), and PD-1 (red). Individual image panels were stitched together to reconstruct the full sample area using tile imaging and z-stack ac-
quisition. Outlined area | is represented as an enlarged image on the right, in which ICOS*PD-1*FOXP3* cells are identified (white arrows). (B) Outlined areas | and Il indi-
cated in (A). Data are representative of tonsil sections from four healthy children (see fig. S6 for another example). (C) Quantification of ICOS™PD-17, ICOS*PD-1", and
ICOS*PD-1* Tgg cells within (white bars) and outside (gray bars) the GC. Data are pooled from two to three images per tonsil of four healthy children (n = 10). Error bars
represent means + SEM. Wilcoxon matched-pairs signed-rank test was applied. (D) Model of Ty and Teg cell maturation in human tissue, given by the expression of ICOS,
PD-1, CXCR5, BCL6, and CD25. Created in BioRender. I. Biorender (2025), https://BioRender.com/1¢jps16.
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Error bars represent means + SEM. Paired t test was applied. (C) Representative plots showing CD4*FOXP3~CXCR5*CD25" IL-10 TF cells. (D) Expression of BCL6, CD45R0,
ICOS, PD-1, and CD25 by CXCR5M Ter cells (gray), CXCR5™ Teg cells (red), and IL-10 TF cells from human tonsils (black line).

CD25™ Tgg cells remains to be defined, the proposed strategy based
on CD4*CD25*CXCR5™ICOS™ greatly increases the purity and
number of Ty cells isolated from human lymphoid tissue, although
with a bias toward capturing the intermediate maturation stages.

Lymphoid tissue Tgg cells have greater suppressive function
than circulating Tgg cells

To address the suppressive function of lymphoid tissue Trg cells, we
performed in vitro cocultures to measure their ability to suppress B
cell activation and Ty cell proliferation. We performed the same as-
says with circulating Tpr cells. We found that, in line with what was
previously reported both in mice and humans (27, 28), circulating Trg
cells (isolated as CD4"CD25*CXCR5") can suppress B cell activation,
as measured by CD38 up-regulation, and Tgy cell proliferation (Fig. 6A).
Tonsil Tr cells were sorted from the tissue using the strategy described
above, as CD4*CD25"CXCR5™ ICOS™. Therefore, we anticipate a
bias toward an intermediate maturation stage (and not including the
most mature CD25~ Tgg cells), but in the absence of the putative con-
taminating CD25" IL-10 TF cells. We found that the lymphoid tissue
Trg cells can suppress the activation of B cells and proliferation of Try
cells (Fig. 6B). Furthermore, the tonsil Ty cells, even devoid of the
most mature population, could suppress the proliferation of Ty cells
more efficiently than circulating Tgg cells (Fig. 6C).

DISCUSSION
There is limited knowledge regarding the differentiation and function
of human Ty cells within lymphoid tissue. Our results show that
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ICOS and PD-1 are useful surface markers to distinguish different
developmental states of Tgy cells. These regulatory cells up-regulate
ICOS and PD-1 in a sequential way as they mature: In an intermediate
maturation stage, Trg cells display ICOS in the absence of PD-1, where-
as only the most mature Tgg cells coexpress both ICOS and PD-1.
We examined a panel of 50 human tonsils with a comprehensive
flow cytometry approach to characterize the expression of ICOS and
PD-1 on the maturation of Ty and Tgg cells. We identified three main
subsets of Tpg cells—PD-1"ICOS™, PD-1"ICOS*, and PD-1"ICOS*—
with different characteristics regarding the expression of canonical
follicular and GC markers. This observation is markedly distinct
from what is observed in Tgy cells, where we found a strong linear
correlation between cells expressing PD-1 and those expressing
ICOS. The correlation is so precise that the two molecules can be
used interchangeably to define the maturation trajectory of Try cells.
The PCA further supports a linear maturation of Tgy cells: At their
most immature stage, Try cells are PD-1"ICOS™, and they acquire
PD-1, ICOS, and BCL6 in a coordinated throughout the maturation
process. Our previous work using a pseudo-time algorithm to infer
the developmental trajectory of human Tpy cells based on single-cell
transcriptomics datasets showed that the increase in gene expression
of ICOS and PDCD1 (PD-1) occurs almost simultaneously (19).
The maturation of human Ty cells seems to have another layer of
complexity. The distribution of the analyzed proteins along the Trg
maturation trajectory is not linear, as suggested by our PCA. The lack
of expression of the GC marker BCL6 suggests that PD-1"ICOS™ Trr
cells have an immature phenotype similar to that described for their coun-
terparts in blood (27). Conversely, the PD-1TICOS* subset of T
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Fig. 6. Suppressive function of circulating and tonsil Tgg cells. To assess the suppressive capacity of Teg populations, cocultures of Teg cells (from peripheral blood or
human tonsils) with naive B cells and Tey cells from the same donor were assessed after 5 days of stimulation with SEB. (A) In cultures with Teg cells isolated from the
peripheral blood (sorted as CD4*CD25"CXCR5%), up-regulation of CD38 and down-regulation of IgD by naive B cells (top) and proliferation of Ty cells measured by CTV
dilution (bottom) were analyzed. Representative plots (left) and pooled data (right) are shown (n = 6). (B) In cocultures of tonsil Teg cells (sorted as CD4TCD254I1COS™
CXCR5™), up-regulation of CD38 and down-regulation of IgD by naive B cells (top) and proliferation of Tg cells measured by CTV dilution (bottom) were analyzed. Repre-
sentative plots (left) and pooled data (right) are shown (n = 4). In (A) and (B), each donor is represented by a unique color and each dot represents the mean of technical
replicates within the same donor. Horizontal dashed lines represent controls (B cells + SEB; or Try + SEB). Statistical significance was assessed using the Wilcoxon
matched-pairs signed-rank test. (C) Comparison of the ability of Tg cells isolated from the peripheral blood and human tonsil to suppress B cell activation and Ty cell
proliferation, applying the ratio between cocultures with and without Teg cells described above [(B+Tgy+Ter):(B+Ten)] (n = 6 for blood and n = 4 for tonsil; unpaired
Mann-Whitney U test); n.s., not significant.

cells can be considered as the most mature, given the abundance of
BCL6 and CD45RO, but not CD25. CD25 is lost in the most mature
GC Trg cells (19, 23, 24). Nevertheless, numerically, very few cells
correspond to the most mature CD25~ Tgg population displaying
high levels of both ICOS and PD-1. This finding aligns with the
research conducted by Sayin and colleagues, who demonstrated that,
in contrast to Tpy cells, most Tgg cells in human mesenteric lymph
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nodes do not express PD-1 (13). Furthermore, they observed that
PD-1% Tpg cells exhibited higher levels of ICOS (13). Our previous
observations in tonsil, using single-cell RNA sequencing, also support
this pattern as the small proportion of Tgg cells found to express
PDCD1 (PD-1) likely represented the most mature Tgg cells (19).
Tgg cells in an intermediate maturation stage express ICOS but
little PD-1. A recent study in mice has demonstrated that ICOS is
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required for generation of Ty cells by indirectly promoting the ex-
pression of BCL6 and CXCR5, proving to be essential in the early
stages of Trg cell development (29). In addition, ICOS may also be
important in the later stages of Tgg cell function, as supported by re-
search demonstrating that blocking its signaling results in the expan-
sion of autoreactive B cells and increased autoantibody titers (29).
Conversely, PD-1 inhibits the activation and proliferation of Tgr
cells in mouse lymph nodes and blood, thereby suppressing the im-
mune response (30). In addition, PD-1 expression in the GC seems
of utmost importance because it regulates selection and survival,
affecting the quantity and quality of long-lived plasma cells (31).
Although these studies were conducted in mice, they suggest that
Tgr cells can regulate the immune response by limiting excessive
B cell responses and preventing autoimmunity through PD-1.
These observations highlight the potential functional significance
of the acquisition of PD-1 by fully mature Tgg cells.

The distinct location of Tgg cells at different maturation stages
within the follicle holds key importance. A previous study revealed
that PD-17 Tgy cells were particularly enriched in GCs, but the rela-
tionship between PD-1 surface expression and Ty cell location was
less evident (13). In addition, it was reported that PD-1" Tgg cells
display superior IL-10 production compared to PD-1" Tgg cells and
Treg cells (13). Here, we show that ICOS*PD-1" Tgy cells, as the
most mature population, preferentially locate within the GC whereas
T cells lacking PD-1 expression are mostly found outside the GC.

Part of the limited understanding of Tgg cell function in humans
can be attributed to the challenge of isolating these cells for in vitro
functional studies as there are no known surface proteins allowing
their precise sorting. Our findings on PD-1 and ICOS expression led
us to explore an alternative strategy for flow cytometry isolation of
Trr cells. By selecting CD4*CD25"CXCR5™ICOS™ Tyg cells, we
were able to obtain a significantly enriched population in FOXP3"
Tg cells and devoid of CD25% IL-10 TF cells to assess the suppressive
function of tissue Tgg cells in vitro. We found that tonsil Tgg cells have
greater suppressive function than circulating Tgg cells. These observa-
tions are consistent with a previous study showing that circulating Teg
cells, being immature, are not yet fully competent in their suppressive
ability (27). Recently, CD38 was shown to discriminate Try-derived
Teg cells from Tyeg-derived Tgg cells (10). Although the CD38" Tgy-
derived Tpg cells represent only about 30% of the overall Tgr popula-
tion, they comprise about 70% of the Tgg cells in the GC and only 7%
of the Tgy cells in the B cell follicle (10) while maintaining CD25 ex-
pression. Thus, it is possible to use CD38 to further improve the iden-
tification strategy of GC Tgg cells reported in this study as the vast
majority of the Tpy cells that our method targets do not contain GC-
resident cells. Nevertheless, a strategy for specifically capturing the
most mature GC-resident CD25~ Tgp cells has yet to be established.

Overall, our results show that the close resemblance in surface recep-
tors between Ty and Trg cells does not necessarily imply a parallel pat-
tern of maturation for both cell types. Notably, the acquisition of CXCR5,
ICOS, and PD-1 exhibits divergent trends along their maturation pro-
cesses. The distinct usage of ICOS and PD-1 may provide an opportu-
nity for selectively targeting Trg cells at different stages of maturation.

MATERIALS AND METHODS

Experimental design

We hypothesized that the maturation of Ty and Tgg cells follow dis-
tinct pathways. To investigate this, we studied these cell populations

Ribeiro et al., Sci. Adv. 11, eadt8901 (2025) 11 July 2025

in human tonsils with the aim of elucidating their maturation pro-
cesses through proteins previously known to be expressed by Ty
and Trg cells. We used flow cytometry combined with a bioinfor-
matics approach, specifically PCA, to analyze the dynamics of the
proteins included in our staining panel simultaneously. Our initial
observations indicated that the maturation of Try and Tgg cells, as
assessed by the expression of PD-1 and ICOS, occurs in different
patterns. To further validate these findings, we performed confocal
imaging to confirm the spatial localization of distinct Tgg cell sub-
sets: ICOS™PD-17, ICOS™PD-17, and ICOS"PD-1". Because of the
challenge of isolating Trr cells from human tissues—largely owing
to the lack of specific extracellular markers—and in light of our
findings on the distinct maturation trajectories of Ty and Tpg cells
(based on PD-1 and ICOS expression), we developed an alternative
sorting strategy. This method enables the isolation of a purer and
more abundant population of Trg cells from human lymphoid tissues.

Human samples

Tonsils were collected from children submitted to tonsillectomy due
to tonsil hypertrophy (n = 50, 3.8 + 1.9 years old, 24 females and 26
males). Children with additional clinical conditions, or under any
drug treatment, were excluded. The studies were approved by the
Lisbon Academic Medical Center Ethics Committee (reference no.
548/14). Informed consent was obtained from all adult volunteers,
parents, or legal guardians.

Cellisolation

Lymphocytes from tonsils were isolated using Ficoll gradient medium
(Histopaque-1077; Sigma-Aldrich) after mechanical disruption.
Peripheral blood mononuclear cells (PBMCs) were isolated from
buffy coats by Ficoll gradient medium using SepMate tubes (Stem-
Cell Technologies). Samples for cell sorting were previously treated
with the MojoSort Human CD4 T Cell Isolation Kit (BioLegend) to
separate CD4 T cell fractions: The CD4+ fraction was used to isolate
CD4+4 T cell subsets, whereas the CD4™ fraction was used to isolate
naive B cells (see fig. S8 for sorting strategy).

Cell sorting and flow cytometry analysis

PBMCs and lymphocytes from tonsils were stained with the following
antibodies for cell sorting and/or flow cytometry analysis: anti-
CD4 (OKT4, BioLegend), anti-CD45RO (UCHLL, BioLegend), anti-
CD185/CXCR5 (J252D4, BioLegend), anti-CD279/PD-1 (EH12.2H7,
BioLegend), anti-CD278/ICOS (C398.4A, BioLegend), anti-CD27
(M-T271, BioLegend), anti-IgD (IA6-2, BioLegend), anti-CD38 (HB-
7, BioLegend), anti-CD25 (BC96, Thermo Fisher Scientific), anti-
CD127 (eBioRDR5, eBioscience), anti-CD19 (HIB19, eBioscience),
anti-FOXP3 (PCH101, Thermo Fisher Scientific), and anti-BCL6
(K112-91, BD Biosciences). The Live/Dead Fixable Aqua Dead Stain
Kit (Life Technologies) was used for exclusion of dead cells. Intra-
cellular FOXP3 and BCL6 staining was performed using the FOXP3
Fix/Perm Kit (Thermo Fisher Scientific) according to the manufac-
turer’s instructions. Samples were acquired on a BD LSRFortessa
cytometer (BD Biosciences) and further analyzed on the FlowJo
software v.10.5.3 (TreeStar). Cell sorting was performed in a BD
FACSAria Fusion instrument (BD Biosciences).

Functional assays
For the in vitro functional assays, 30 X 10° naive B cells
(CD19*"IgD*CD277) were cultured with 25 x 10° Tgy cells (sorted
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as CD4"CD127CD25 CXCR5" in the blood and CD4*CD25~CX-
CR5TICOS" in the tonsil) and 25 X 10° Tgy cells (sorted as CD4f-
CD127-CD25*CXCR5" in blood and CD4*CD25"CXCR5™ICOS™
in tonsil). Cells were cultured with SEB (1 pg/ml) (Sigma-Aldrich).
Cells were plated in U-bottom 96-well plates in RPMI 1640 (Life
Technologies) supplemented with 10% heat-inactivated fetal bovine
serum (Life Technologies), 1% Hepes (Sigma-Aldrich), 1% sodium
pyruvate (Life Technologies), 1% penicillin-streptomycin (Life Tech-
nologies), and 0.05% gentamicin (Life Technologies) under 37°C
and 5% CO, incubator conditions. After 5 days, proliferation of Try
cells was analyzed by using the CellTrace Violet (CTV) Proliferation
Kit (Invitrogen) and differentiation of B cells was assessed through
the up-regulation of CD38 by flow cytometry. For these functional
assays, six biological replicates were used for the buffy coat experi-
ments and four biological replicates for the tonsil experiments. Trip-
licates were performed for each biological replicate whenever cell
numbers allowed. When cell numbers were limited, fewer technical
replicates were conducted.

Bioinformatics analysis

Fluorescence values were extracted for each marker (ICOS, PD-1,
CD25, CXCR5, CD45R0O, BCL6, and FOXP3) from flow cytometry
data from tonsils by using the FlowJo software v.10.5.3 (TreeStar).
For each tonsil, these values were extracted separately from dif-
ferent populations of Try and Tgg cells, as follows: PD-17"ICOS™,
PD-171ICOS*, PD-1*ICOS™, and PD-1*ICOS™ subsets. Further
analysis was performed individually for each tonsil using the software
RStudio (see fig. S9 for PCA in different tonsils). Principal compo-
nents were calculated using the prcomp() function. Correlation ma-
trices were calculated using the cor() function. Visualization of PCA
and correlations was done by using the ggplot2 package. The analysis of
Try cells combined PD-1"ICOS™ and PD-1TICOS™ subsets, whereas
for Tpg cells, the analysis included PD-1"ICOS™, PD-1"ICOSY, and
PD-1"ICOS" subsets (refer to fig. S10 for the combined analysis of
Try and T cells, irrespective of PD-1/ICOS subsets). This analysis
was performed using R v.4.1.1.

Immunofluorescence

Three-micrometer sections of formalin-fixed paraffin-embedded
human tonsil were deparaffinized and submitted to antigen retrieval
by heat (PT link pretreatment module for tissue specimens, Thermo
Fisher Scientific at pH 9, Leica Biosystems). Background reduction
was applied by incubation with 3% H,0O, (Sigma-Aldrich) in metha-
nol. Total protein block was also applied (Dako). Then, sections were
stained with anti-human FOXP3 (PCH101, Thermo Fisher Scientif-
ic), anti-human ICOS (D1K2T, Cell Signaling), and anti-human PD-1
(NAT105, BioLegend) primary antibodies. Anti-rat AF488 (Thermo
Fisher Scientific), anti-rabbit AF546 (Thermo Fisher Scientific),
and anti-mouse AF647 (Thermo Fisher Scientific) were used as sec-
ondary antibodies, respectively. Cell nuclei were visualized with
4’,6-diamidino-2-phenylindole (DAPI). Images were acquired on
a Zeiss LSM 980 point-scanning confocal microscope with Airyscan
2, using a Plan-Apochromat 20x/0.8 objective (pixel size: 124 nm).
Tile imaging and z-stack acquisition were used to cover the entire
volume of interest. The tiled images were stitched together to recon-
struct the full sample area, and subsequently, a maximum intensity
projection was applied to generate a two-dimensional representation
of the three-dimensional data. Cell counting was performed using
software developed in-house, written in MATLAB (MathWorks,
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Natick, MA). Briefly, single cells were segmented and labeled with a
pretrained Cellpose deep learning model (32) using the DAPI chan-
nel, and subsequent combinatorial filters for cell counting were de-
fined on the basis of staining (e.g., positive staining in FOXP3 and
ICOS channels but not in the PD-1 channel or positive staining in
FOXP3, ICOS, and PD-1 channels), where a staining was consid-
ered positive if a minimum number of pixels were above a given
threshold. Individual report images with segmentation and filtering
results were also generated by the software for cell counting verifica-
tion. GC boundaries were defined based on cell density as visualized
by DAPI nuclear staining (fig. S11).

Statistical analysis

The Shapiro-Wilk normality test was applied to assess the normality
of the data distribution. For comparisons between two groups, the
paired t test was used if data passed the normality test. If the data did not
meet the normality assumption, the Wilcoxon matched-pairs signed-
rank test was applied. For pairwise multiple comparisons, either the
Friedman test with Dunn’s multiple comparisons test or the two-way
analysis of variance (ANOVA) with Bonferroni’s multiple compari-
son test were applied. For the functional assays, the Wilcoxon
matched-pairs signed-rank test was used to assess statistical signifi-
cance within the blood and tonsil, whereas the unpaired Mann-Whitney
U test was applied to assess differences between compartments. P val-
ues less than 0.05 were considered significant. Graphs were prepared
using GraphPad Prism v.8.4.3 software, and statistical analysis was
performed using GraphPad Prism v.8.4.3 and R studio v.4.3.0.
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