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JIA juvenile idiopathic arthritis

MMO metal minus one

PBMC Hﬂpheral blood mononuclear cell

PFA piformaldehyde

RT = mmmmiQM temperature

SEB whylococcal enterotoxin B

Tconv < co,ventional T cell

Treg ulatory T cell

High—dimewhenotyping with mass cytometry has revealed new cell populations and functions
as well as i@gical networks [1] but its use to measure transcription factors, which are difficult
to detect due to intranuclear localization and DNA association, has been limited. High and stable
expression Of the transcription factor FOXP3 defines regulatory T cells (Tregs) [2] so robust
methodolo ct FOXP3 is essential for mass cytometry-based analysis of Tregs in health,

disease an i¥€sponse to therapy.

Several studies 5 analyzed human Tregs using mass cytometry. Mason et al analyzed pre-sorted
CD4'C Tregs but without FOXP3 staining in their mass cytometry panel [3]. In
unfractionid peripheral blood, changes in FOXP3 expression following low-dose IL-2 therapy for

graft-versus- disease [4], in aplastic anemia [5], or with cytotoxic protein co-expression patterns

[6] have b pabted. In tissue, mass cytometry was used to phenotype circulating versus tumor-
inﬁltram Tregs in glioblastoma multiforme [7] or hepatocellular carcinoma [8]. However,
none of these studics reported validation of the FOXP3 staining protocol or compared results to "gold-
standard" etry data. Using flow cytometry as a benchmark, we sought to optimize mass
cytometry aining for detection of polyclonal and antigen-specific human Tregs from
peripheral nd other tissues.
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To develop an optimal protocol to detect FOXP3 by mass cytometry, we aimed for clear resolution of
FOXP3" Tregs, minimal staining of conventional T cells (Tconvs), and uncompromised detection of
cell surMs necessary to identify Tregs/or and other cell types. We tested three buffer sets:
the FOXP @ ytometry staining kit from Fluidigm; the commonly-used eBioscience FOXP3
fix/perrm humffenmset developed for flow cytometry [9], and a custom buffer system using
paraformathFA)—based fixation and saponin-based membrane permeabilization (termed
PFA/sapO\@Jpporting Information). For all samples and buffers, FOXP3 gates were set on the
basis of stajgi live CD4™¢ cells (Supporting Figure 1A). We found that all three buffer systems
resulted inmproportions of FOXP3" cells within the CD4'CD25'CD127 gate, which is the
widely accepted i)mbination of Treg-defining cell surface molecules in humans (Figure 1A,
SupportingClA) [2, 10, 11]. These data were confirmed by determining the proportion of

CD25°CD within the CD4 " FOXP3" gate (Supporting Figure 1B). In the majority of samples,
a proporti onvs (CD4'CD25CD127") displayed background FOXP3 staining using the

eBioscience, but not Fluidigm or PFA/saponin, protocol (Figure 1A).

Since ﬁEods can destroy or alter epitopes [12, 13], we determined the effect of each

FOXP3 staining protocol on detection of a range of T cell surface markers. The Fluidigm buffers had
the greatesSegative effect on several Treg-defining cell surface markers including CD3, CD4, and
CD25, res oor resolution of CD3°CD4" cells (Supporting Figure 1A) as well as

CD25'CD1 s (Figure 1B). In contrast, PFA/saponin and eBioscience buffers showed equivalent
and optimwiﬂ)n of CD3, CD4, and CD25, supporting their use for detection of
CD4+CDZiCD12i Tregs. Evaluation of other Treg-associated cell surface markers revealed that no
single fixa od was optimal for detection of all markers tested. Although each method had its
respective s (Supporting Figure 2A&B), the PFA/saponin protocol was optimal for detection
of Treg@ometw because it neither caused background staining of FOXP3 in Tconvs nor
diminished dete of Treg-defining cell surface molecules. These data highlight the importance of
determining the impact of fixation methods used to measure nuclear proteins on detection of other

cytoplasmic or cell surface markers of interest.
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Having identified an optimal method for staining FOXP3 via mass cytometry, we next compared mass
cytometry data obtained using the PFA/saponin protocol to fluorescence flow cytometry. Since human
immune cels are o!ten analyzed after cryopreservation, we compared ex vivo or cryopreserved cells

on both pla @ e found that cell surface marker detection was similar on both platforms for most

P

antigensatestedn@umpporting Figure 3A-E), with the notable exception of significantly lower
proportionhél—expressing CD3'CD4" T cells in mass cytometry. This difference was likely due

to differenfial CCR# clone sensitivity (Supporting Figure 3F), highlighting the need for careful

C

antibody clgme tion to achieve optimal resolution in mass (and flow) cytometry.

S

For both exgji cryopreserved samples, the proportion of FOXP3-expressing cells (PCH101

u

clone) dete; i@mass cytometry was significantly lower than via flow cytometry (Figure 1C,

Supporting¥Figure 4). However, within each platform, there were no significant differences in the

n

proportion of FOXP3" cells detected in ex vivo versus cryopreserved samples (Figure 1D). To

determine e detection of FOXP3 in mass cytometry was a limitation of the PCH101 clone,

a

the exp repeated with the FOXP3 clone 236A/E7, with similar results (Figure 1E). This

reduced se may be due to chemical properties of fluorophores versus metals, possibly

M

resulting in a differential ability of metal- versus fluorochrome-conjugated antibodies to pass through

the nuclearinembrane. Additionally, even the most sensitive metals (eg. 162Dy) are less sensitive

[

than the bri uorophores (eg. PE) [14, 15].

O

It is often desi to detect antigen-specific Tregs, so we assessed the ability of the PFA/saponin

n

protoco te FOXP3" Tregs within a population of antigen-specific CD4" T cells. Blood was

[

stimulat indicated antigen for 44 hours and antigen-specific CD4" T cells were detected by

induced co-expres$ion of CD25 and OX40 [16] by flow or mass cytometry using optimal methods

U

(see Supportin rmation and Supporting Figure 5). The proportion of antigen-specific CD4"

respon etected by mass cytometry was similar to flow cytometry and, since Tregs comprise

A

a substantial proportion of recall responses [17], both mass cytometry and flow cytometry detected a
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clear population of antigen-specific FOXP3" cells. Notably, in contrast to ex vivo cells, the proportion

of FOXP3" cells detected by mass cytometry was similar to that detected with flow cytometry.

T

We next te pplicability of PFA/saponin-based FOXP3 staining to detect CD4 CD25'CD127"

Tregs in sal han peripheral blood via mass cytometry. Mononuclear cells from umbilical
- _ . . . . . . . .o, .

cord bloods ;D8-depleted thymocytes, or synovial fluid from juvenile idiopathic arthritis (JIA)

patients WG@Z with a panel of T cell and Treg-related markers, including FOXP3. Data were

analyzed w NSE [18], which compares cells on a two-dimensional plot while maintaining

single cell w\ and complexity, and then further identifies statistically significant
subpopulatjre 2A). The relative expression of each marker within the 25 ACCENSE-defined
as their relative abundance within each tissue, was determined (Figure 2B).

population:

Strikingly, @regs preferentially clustered into ACCENSE populations by tissue source. For example,
in JIA syn
enriche -1. Despite strong tissue-specific segregation, a few populations were shared
between ti r instance, a subset of CD45RA" Tregs (population 4) was found in peripheral

blood and cord blood, and populations 3 (CD127") and 15 (low for all markers) were present in cord

Treg populations in cord blood were uniquely identified by high CD45RA, whereas Treg populations
mx were defined by high expression of multiple activation/effector molecules and

blood and &mus. Overall, these results support a growing body of evidence indicating that Tregs
acquire uni e-specific phenotypes and that phenotypes in peripheral blood may not reflect

those of tis ent cells [19, 20].

In conc&veloped an optimal protocol to detect FOXP3 expression by mass cytometry,

tested itw for ex vivo and cryopreserved samples, and showed its utility across a broad range
of immuneEces. We have further shown that antigen-specific FOXP3" Tregs can be detected
by mass cytom n whole blood. An important consideration is that, at least in ex vivo peripheral
blood s ass cytometry is significantly less sensitive than fluorescence flow cytometry at
detecting FOXP3 expression. Overall, our optimized PFA/saponin protocol is the best-validated

method described to date to detect FOXP3 expression by mass cytometry without compromising
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detection of cell surface markers. This method will enhance high-dimensional studies of Treg

phenotype and function in the context of complex cellular networks.
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Figure Legends

Figure 1. Fevelgment of a FOXP3 staining protocol for mass cytometry and comparison

to flow cym Fresh or thawed PBMCs (n=7) were stained using the Fluidigm or
eBioscien taining Kit or fixed in PFA and stained in saponin. Cisplatin bead™

N
DNA1+DIE2+CD3+CD4+ single cells were gated as CD25°CD127 or CD25 CD127"
cells and giialyzed for FOXP3 (gating in Figure S1A). (B) Cell surface molecules important
for Treg imﬁon were analyzed by mass cytometry; shown are mean counts within
cisplatin b A1'DNA2'CD3"CD4" single cells for each method (n=7). (C&D) PBMCs

(n=4-8) were an;rzed by flow or mass cytometry (PFA/saponin fixation) before/after

cryopreseg he PCH101 anti-FOXP3 gate was set on cisplatin bead "
DNA1'D 3"CD4 single cells. (E) Cryopreserved PBMCs (n=4) were stained as in

(C&D) us /ET anti-FOXP3 or a fluorescence/metal minus one (FMO/MMO) control.
Each i om one individual with data collected in (A-D) at least three or (E) one
indepen eriment. Statistical significance was determined for (A-B) with a one-way

ANOVA with a Tukey multiple comparisons post-test or (C-E) with two-tailed paired t tests.

*p< 0.05&0.01, Fak% p < (0.0001

Autho
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Figure 2. ACCENSE analysis of Tregs in peripheral blood, cord blood, thymus, and JIA synovial
Sfluid. (A) Cryopreserved mononuclear cells from the indicated tissues were stained with the
PFA/saponMd and analyzed by mass cytometry (n=3-4 per tissue). Data from cisplatin bead
DNA1+D4+CD25+CD127 single cells from each tissue were pooled and analyzed
using A@CENSEmw.5.0-beta (Barnes-Hut-SNE dimension reduction and k-means significance of 10
%). (B) Heahlysis of mean count expression of each protein included in the ACCENSE

analysis; p@pulatiofis were clustered by tissue frequency. Average marker expression and population

C

frequenciesgwe rmalized using Z-score analysis to highlight the range of markers expressed in
different pop#lati®hs and emphasize which tissues were enriched for each ACCENSE population.

Data represent twofindependent experiments.
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Graphic Abstract

We optimized a method to detect FOXP3 by mass cytometry and compared the resulting data to

conventMytometry. We also demonstrated the utility of the protocol to profile antigen-

specific Tr @ whole blood, or Tregs from tissues such as cord blood, thymus and synovial fluid.

N
A-

optimize FOXP3
staining method
for mass cytometry

-

« comparison of several
FOXP3 staining methods

- deep Treg phenotyping
in multiple tissues

Auth

>
m
D_ o
>
o T Lk § il T T
L
CD4
compare with
flow cytometry
"
D_ B
<
O T 1 T T T
L

CD4

12

This article is protected by copyright. All rights reserved.



