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Tissue-resident Treg cells in nonlymphoid sites are cells that exert
critical functions in situ, including maintaining local tolerance,
promoting tissue repair [1], regulating insulin sensitivity [2],
and preserving stem cell niches [3]. Nonetheless, these cells
remain lesswell characterized due to technical challenges in their
isolation and analysis, particularly within the liver compartment.

To study these populations effectively, isolation protocols that
preserve both their viability and native phenotypic characteristics
are required. Although standardized flow cytometry guidelines
exist for isolating Treg cells from various tissues [4], we are
providing an update to existing protocols that preserve both
their viability and native phenotypic characteristics addressing
underappreciated variables: (1) the inflammatory status of the
tissue, and (2) the specific Treg subset of interest, whether
activated effector-like (eTreg) or less activated (CD44midTreg).

Treg cells, along with other liver-resident lymphocytes such
as natural killer T (NKT) and tissue-resident memory (Trm)
cells, express the purinergic receptor P2RX7 [5, 6], which can
be activated in an NAD+-dependent ARTC2-catalyzed manner
during tissue digestion, leading to cell death and reduced cell
yield [7]. The anti-ARTC2 nanobody (S+16a), also known as
the Treg protect reagent, blocks this pathway by preventing
ARTC2-mediated ADP-ribosylation of P2RX7 [8]. However, the
precise benefits of S+16a for different hepatic Treg subsets,
particularly under homeostatic versus inflammatory conditions,
remain incompletely defined.

To assess the impact of ARTC2 inhibition on hepatic Treg
subsets at steady state, mice were treated intravenously with the
anti-ARTC2 nanobody (S+16a), and intrahepatic Treg anlaysed
[9]; effector Tregs (eTreg) cells were defined as CD44hi, and
less activated Treg (CD44midTreg) (Figure S1). The frequency
of the CD44midTreg subset among CD4+ T cells was similar
in treated and untreated mice, while their total number per
gram of liver was significantly increased upon S+16a adminis-
tration (Figure 1A,B). S+16a treatment reduced the frequency
of eTreg cells as a proportion of activated CD4+ T cells in the
liver; in contrast, the absolute number remained unchanged
(Figure 1A,C). This discrepancy between percentage and cell
number in the eTreg subset can be explained by the increased
recovery of activated hepatic CD4+ T cells with S+16a treatment
(Figure S2A,D).

To determine whether S+16a also influenced Treg phenotype,
we quantified the expression of key markers associated with
Treg cell activation, proliferation, and function, including CD25,
ICOS, Ki-67, PD-1, Nrp1, RORγt, ST2, and T-bet, by flow cytom-
etry (Figure 1D–G; Figures S3 and S4). Phenotypically, the
CD44midTreg cells from S+16a-treated mice displayed a signif-
icant increase in the proportion of CD25+ cells as well as an
increased level of CD25 expression (Figure 1D,E). Conversely, for
eTreg cells, S+16a had minimal impact: a modest decrease in Ki-
67+ cells was observed by percentage, and no consistent changes
were detected in other markers (Figure 1F,G; Figures S3 and
S4).

Abbreviations: ARTC2, ADP-ribosyltransferase; eTreg, effector-like Treg; ICOS, inducible T cell co-stimulator; NAD, nicotinamide adenine dinucleotide; NKT cells, natural killer T; Nrp1, neuropilin 1;
P2RX7, purinergic receptor 7; PD-1, programmed cell death protein 1; RORγt, retinoic acid-related orphan receptor gamma; ST2, IL-33 receptor; Tbet, Tbox transcription factor Tbx21; Treg, T regulatory;
Trm, tissue-resident memory.
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FIGURE 1 S+16a nanobody increases total Treg yield and specifically preserves liver CD44midTreg phenotypes in the absence of inflammation.
Mice were not treated (NT) or injected with S+16a. (A) Representative flow cytometry showing intrahepatic lymphocytes pregated on CD3+CD4+T cells
to identify CD44hi(eTreg) and less-activated CD44midTreg cells with S+16a or NT. (B) The percentage of liver CD44midTreg of CD4+T cells (left) and the
number of CD44midTreg /g of liver (right). (C) The percentage of eTreg of CD4+ T cells (left), and the number of eTreg/g of liver (right). Representative
flow cytometry displaying D) CD25 and F) Ki-67 expression by CD44midTreg (top) and eTreg (bottom) with NT or S+16a. (E) The frequency of CD25
and Ki-67 expression by liver CD44midTreg (left) and mean fluorescence intensity (MFI) of CD25 on CD44midTreg (right). (G) The frequency of CD25
and Ki-67 expression by eTreg (left) and MFI of CD25 on eTreg (right) with NT or S+16a. Data shown as violin plots with each point representing an
individual biological replicate with NT (n = 7), and S+16a (n = 7) pooled from two independent experiments. Statistics analyzed using an unpaired
Student’s t-test (B, C, E, G), or two-way ANOVA with Šidák correction (E, G). Significant p-values are indicated above (p < 0.05).
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FIGURE 2 During liver inflammation, S+16a has a greater impact on total hepatic Treg recovery and is particularly critical for recovery of
CD44midTreg. Mice were treated with LPS i.p and after 24 h were either NT or injected with S+16a. (A) Representative flow cytometry showing
CD44midTreg or CD44hieTreg cells with NT or S+16a. (B) The percentage of liver CD44midTreg of CD4+T cells (left) and the number of CD44midTreg/g
of liver (right). (C) The percentage of liver eTreg of CD4+T cells (left) and the number of eTreg/g of liver (right). Representative flow cytometry of (D)
CD25 expression and (F) PD-1 expression by CD44midTreg and eTreg with NT or S+16a. (E) The frequency of CD25, PD-1, and Ki-67 expression by liver
CD44midTreg (left) and MFI of CD25 for liver CD44midTreg (right) with NT or S+16a. (G) The frequency of CD25, PD-1, and Ki-67 expression by eTreg
(left) and MFI of CD25 for eTreg (right) with NT or S+16a. Data shown as violin plots with each point representing an individual biological replicate
with NT (n = 7), and S+16a (n = 9), pooled from two independent experiments. Statistics analyzed using an unpaired Student’s t-test (B, C), two-way
ANOVA with Šidák correction (E, G). Significant p-values are indicated above (p < 0.05).
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To determine whether the effects of ARTC2 inhibition extend
to inflammatory conditions, mice were treated intraperitoneally
with lipopolysaccharide to induce systemic inflammation with
hepatic involvement [10]. Under inflammatory conditions,
CD44midTreg cells increased both in frequency and absolute
number following S+16a treatment (Figure 2A,B), indicating
enhanced recovery of this subset. In contrast, the frequency of
eTreg cells among CD4+ T cells was significantly decreased in
S+16a-treated mice (Figure 2A,C), despite a marked increase
in their absolute number per gram of liver (Figure 2C). This
apparent discrepancy reflected an overall expansion of the CD4+
T cell pool, including activated cells, upon S+16a treatment,
which lowered the relative frequency of the eTreg subset within
the CD4+ T cell compartment (Figure S2A,C,D).

We next examinedwhether S+16a influenced the phenotypic pro-
file of Treg cells under inflammatory conditions. In CD44midTreg
cells, S+16a treatment resulted in a notable increase in the
proportion of CD25+ and a decrease in the frequency of both PD-
1+ and Ki-67+ cells (Figure 2D–F; Figure S4). Moreover, the level
of CD25 expression was significantly increased in CD44midTreg
cells (Figure 2D,E).

In eTreg cells, no significant differences in marker expression
were observed by percentage (Figure 2D,F,G; Figures S5 and
S6), although absolute numbers of total eTreg cells increased,
in line with overall higher CD4+ T cell recovery. This suggests
that ARTC2 blockade boosts eTreg cell yield without significantly
skewing their phenotype. However, unlike the eTreg subset,
CD44midTreg cells undergo a phenotypic shift in the absence of
ARTC2 blockade, characterized by reduced CD25 expression and
increased Ki-67 and PD-1 expression.

Together, these results demonstrate that S+16a treatment signifi-
cantly enhances the yield of both eTreg and CD44midTreg subsets
from the inflamed liver. While eTreg cell phenotype remains
largely unaffected, CD44midTreg cell recovery and phenotypic
integrity, particularly the representation of less activated subsets,
are substantially improved. Thus, ARTC2 blockade is especially
valuable for applications requiring high-fidelity recovery of
CD44midTreg cells, such as transcriptomic or epigenetic profiling,
and for maximizing overall Treg cell yield in inflammatory
settings.
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