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ABSTRACT

As checkpoint inhibitor immunotherapies gain traction among cancer researchers and clinicians, the need grows for
assays that can definitively phenotype patient immune cells. Herein, we present an 8-color flow cytometry panel for
lineage and immune checkpoint markers and validate it using healthy human donor peripheral blood mononuclear cells
(PBMCs). Flow cytometry data was generated on a BD LSR Fortessa and supported by Luminex multiplex soluble
immunoassay. Our data showed significant variation between donors at both baseline and different stages of activa-
tion, as well as a trend in increasing expression of checkpoint markers on stimulated CD4* and CD8* T-cells with time.
Soluble immune checkpoint quantification assays revealed that LAG-3, TIM-3, CTLA-4, and PD-1 soluble isoforms are
upregulated after stimulation. This 8-color flow cytometry panel, supported here by soluble immunoassay, can be used
to identify and evaluate immune checkpoints on T-lymphocytes in cryopreserved human PBMC samples. This panel is
ideal for characterizing checkpoint expression in clinical samples for which cryopreservation is necessary.
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INTRODUCTION

Checkpoint inhibitor therapies are a class of drugs that inhibit im-
mune regulatory proteins to induce an endogenous immune response
against tumor cells.

Several currently approved checkpoint inhibitors target programmed
cell death protein 1 (PD-1) [1], an inhibitory protein expressed on
exhausted T-lymphocytes [2,3]. Other checkpoint immunotherapies
block cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) [4,5] a
CD28 homolog that competitively binds CD80 and CD86 to inhibit the
immune effector function of T-cells [6]. Clinical interest in checkpoint
inhibitor therapies continue to grow as new indications and mechanisms
are discovered.

Since the first checkpoint inhibitor ipilimumab (an anti-CTLA-4
monoclonal antibody), was approved in 2011 [7], five additional check-
point-blocking antibody drugs have been approved to treat a variety of
solid tumors [8-11].

Next-generation therapies target other immune checkpoints such

as inducible T-cell costimulatory (ICOS) [12], T-cell immunoglobulin
and mucin domain 3 (TIM-3) [13], and lymphocyte activation gene 3
(LAG-3) [14,15]. These have attracted interest in recent years due to
successes in animal models [16,17] and clinical trials [18].

As these therapies emerge as valuable new tools in cancer treatment,
it becomes necessary to develop reliable methods of predicting and
monitoring immune responses to these drugs. While some previously
validated flow cytometry panels endeavor to characterize immune cell
subsets [ 19], or define the immune status of cell subsets [20], this panel
is specialized to measure the expression of several clinically relevant
immune checkpoints expressed on T-cells.

By ascertaining that flow panels reveal the expected immunophe-
notypes in healthy human donor cells without excessive artifacts from
fluorescent spillover and compensation [21], the panel validation per-
formed here enables the informed analysis of clinical samples using
the panel in question [22,23].

This paper validates an 8-color flow cytometry panel that allows
for the detection of several clinically relevant checkpoint biomarkers
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including CTLA-4, PD-1, LAG-3, TIM-3, and ICOS in human T-lym-
phocytes. The panel is optimized for cryopreserved PBMCs and is
therefore applicable for immunotherapy clinical samples.

MATERIALS AND METHODS

Isolation of donor PBMCs

Whole blood samples were collected from six healthy human donors
in accordance with the protocol approved by the Institutional Review
Board of Brigham and Women’s Hospital. PBMCs were isolated from
whole blood within 6 h of collection and processed according to the
methods described by Holland et al. [24].

Cell culture & stimulation

Cells were removed from liquid nitrogen storage and thawed in a
37°C water bath. Upon thawing, cells were pipetted out of the cryovial
into 12 ml of warmed RPMI (ThermoFisher Scientific, Waltham, MA,
USA) supplemented with 10% FBS and 1% antimycotic-antifungal
(ThermoFisher Scientific).

Cell suspension aliquots were filled to 15 ml with supplemented
RPMI, counted, and then centrifuged at 272RCFs for 5 min. All sub-
sequent centrifugations were done at 4°C with acceleration set to 7 and
deceleration set to 7, with the centrifuge brake off.

Supernatant was discarded and cells were resuspended in RPMI
to 5 million cells/ml. 2 ml of cell suspension was aliquoted into one
well of each of three 6-well plates. This volume was brought up to 5
ml with RPML

For the 48 h stimulation condition, CD3/CD28 Dynabeads (Ther-
moFisher Scientific) were added in a ratio of 1 million beads per 10 mil-
lion cells. Plates were placed in an incubator at 37°C 5% CO, overnight.

Twenty-four hours after plating, one plate was removed for the 24 h
stimulation condition and supplemented with Dynabeads at 1 million
beads per 10 million cells. The remaining plate was allowed to incu-
bate without stimulation for the whole 48 h incubation, as described
by Patel et al. [21].

After 48 h from initial plating, 500 ul of media was removed from
each well and placed in 1.7 ml Eppendorf tubes. These tubes were cen-

Table 1. Antibodies used for immune checkpoint panel development.

trifuged at 9615RCFs for 5 min and 450 pl of the resulting supernatant
was pipetted into a deep well 96-well plate (ThermoFisher Scientific)
to be stored at —80°C for later use in the soluble immunoassay.

The remaining cell suspensions were moved from plates to 15 ml
conical tubes, and Dynabeads were removed via magnet.

Flow cytometry staining

Cells were placed on ice, then counted and centrifuged for 5 min at
272RCFs. Pellets were resuspended at 10 million cells/ml, and aliquoted
into a 96 well v-bottom plate at 1.5 million cells per well.

After washing with 150 ul PBS per well, cells were stained with 150
pl Zombie Near IR fixable viability cell dye (Biolegend, San Diego,
CA, USA) at a dilution of 1:2500 in PBS, and left on ice to incubate
for 18 min in the dark.

The plate was then centrifuged at 757RCFs for 3 min, and cells
washed again with PBS. Cells were then incubated with FcR blocking
reagent (Miltenyi Biotec, Bergisch Gladbach, Germany) diluted 1:625
in FACS buffer (PBS, 2.5% FBS) for 18 min on ice in the dark. Fol-
lowing FcR block, cells were stained in 100 pl total stain volume with
predetermined antibody volumes (Table 1).

Cells were then washed twice with FACS buffer and fixed in 2%
paraformaldehyde (EK Industries, Joliet, IL, USA) before being stored
at 4°C overnight and acquired the next day on a BD LSR Fortessa
analyzer (BD Biosciences, San Jose, CA, USA).

Antibody staining concentrations were pre-determined in titration
experiments to show the best separation between positive and negative
populations [21]. The emission spectrum of APC-Cy7 overlaps almost
completely with that of Zombie NIR, and so can be used to tag cells to
be gated out—in this case, CD56" cells. Averaged voltages for FSC-A
and SSC-A were 280.00 and 181.67 respectively.

Flow cytometry

Cells were diluted with 50 pl PBS before acquisition. 1-peak Rainbow
Beads (Biolegend) were used to inform voltage settings. Compensation
controls were established based on auto-compensation using single
color control ultra-comp beads (ThermoFisher Scientific). Voltages
were set on each parameter (Table 1) to ensure minimal spillover
between fluorophores.

Antibody Fluorophore Clone Vendor Catalogue # Volume Anti- Voltage (averaged) Marker function
body in well (pl)
CD3 PE/Cy7 UCHT1 eBioscience (San  25-0038-42 1.50 359.00 Lineage
Diego, CA, USA)
CD4 FITC OKT4 eBioScience 11-0048-42 0.30 386.67 Lineage
CD8 APC BW135/80 Miltenyi Biotec 130-091-076  1.25 525.00 Lineage
PD-1 BV510 EH12.2H7 Biolegend 329932 5.00 395.00 Checkpoint
CTLA-4 PE L3D10 Biolegend 349906 2.50 353.33 Checkpoint
ICOS BV650 DX29 BD Biosciences 563832 3.00 461.67 Checkpoint
TIM-3 BV421 F382E2 Biolegend 345008 7.50 325.00 Checkpoint
LAG-3 PerCP-Cy5.5 11c3c65 Biolegend 369312 5.00 496.67 Checkpoint
CD56 APC-Cy7 HCD56 Biolegend 318332 7.50 - Lineage (NK cell
exclusion)
Viability Zombie NIR -- Biolegend 423105 0.06 456.67 Dead cell exclusion
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The resulting FCS files were analyzed using FlowJo (FlowJo LLC,
Ashland, OR, USA). All gating was based on unstained and fluorescence
minus one (FMO) controls. Two FMO controls were used; one missing
anti-PD-1-BV510 and anti-CTLA-4-PE (FMOL1), and one missing anti-
ICOS-BV650, anti-TIM-3-BV421, and anti-LAG-3-PerCP-Cy5.5 (FMO2).
FMO cell populations were comprised of non-stimulated, 24 h stimulated,
and 48 h stimulated cells combined in equal measure. Gating was
performed on contour plots and pseudocolor dot plots in FlowJo (Fig.
S1). CD56" cells such as natural killer and natural killer T-cells were
excluded from further analysis via the live cell gating.

Graphs were created with GraphPad Prism version 8.0 (GraphPad
Software, La Jolla, CA, USA).

Soluble checkpoint detection assay

Reserved cell culture supernatant was stored at —80°C. After thaw-
ing, 2-fold diluted supernatant was analyzed for all non-stimulated and
48 h stimulated samples across all replicates. Diluted supernatant was
processed according to the protocol provided with the ProcartaPlex™
Multiplex Immunoassay for Human Immuno-Oncology Checkpoint
Marker Panel (ThermoFisher Scientific). Prepared samples were read
on a Luminex FLEXMAP 3D System (Luminex Corporation, Austin,
TX, USA). Supernatant was used to quantify soluble LAG-3, TIM-3,
CTLA-4, and PD-1.

RESULTS

Voltages were set such that the negative population was on scale
and the positive population fell at or above 10* median fluorescence
intensities (MFIs). The compensation matrix was adjusted in FlowJo
to better represent the compensated data (Table S1).

Gating for immune checkpoints was performed on populations already
gated on Lymphocytes/singlets/live cells/CD3*/CD4" or CD8" (Fig. 1).

Gating for checkpoints was controlled by FMOs and unstained con-
trols. All gates were conserved across samples for each individual donor.

Both CD4" and CD8" populations were evaluated for immune
checkpoints (Fig. 2). Checkpoint proteins showed a general increase
in expression correlated with length of T-cell stimulation in culture.
Average fold changes of checkpoint expression in both 24 h and 48 h
stimulated cells showed a marked increase over non-stimulated cells
(Fig. 3). Fold changes ranged from 1.08-fold average decreases in
PD-1 expression (Donor B, 24 h stimulated CD8" cells) to 57.2-fold
average increases in LAG-3 expression (Donor E, 24 h stimulated CD8"*
cells). There was a great deal of differential expression between donors
(Table 2), with some donors showing much higher baseline levels of
certain checkpoint markers such as PD-1 in Donor A for both CD4*
and CD8" cells. Further, each donor showed different rates and levels
of activation that were not necessarily conserved across all checkpoint
markers. Generally, CD4" populations demonstrated more predictable
linear increases in checkpoint expression, while CD8* populations were
slightly less likely to follow this pattern.
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Figure 1. Example lineage gating strategy using pseudocolor dot plots. Shown are example hierarchies from the non-stimulated sample (A), the

24 h stimulated sample (B) and the 48 h stimulated sample from donor C (C). Figure generated using FlowJo.
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Figure 2. Example functional marker gating strategy for CD4* and CD8* T-lymphocytes. Dot plots show Lymphocyte/singlet/live/CD3*/CD4* or CD8*
populations of cells from the non-stimulated sample, 24 h stimulated, and 48 h stimulated sample from donor C. Figure was generated using FlowJo.

Soluble checkpoint multiplex assay revealed that all donors upreg-
ulated expression of TIM-3, CTLA-4, LAG-3, and PD-1 after 48 h
stimulation (Fig. 4). Since the soluble forms of TIM-3, PD-1, and LAG-3
are formed by proteolytic cleavage from the membrane [25,26], this
confirms the flow cytometry finding that all three were upregulated with
T-cell stimulation. Soluble CTLA-4 is secreted rather than shed from
the membrane, but upregulation of soluble CTLA-4 is associated with
CD4" T-cell activation [27], indicating that the cells were successfully
stimulated. Results from the Luminex assay therefore confirm those of
the flow cytometric analysis.

=

DISCUSSION

This panel enables the detection of five extracellular immune check-
point markers on T-lymphocytes. The six healthy donors assayed in
this experiment demonstrate checkpoint expression consistent with
expectation—that is, upregulation of both membrane-bound and soluble
immune checkpoints with prolonged T-cell stimulation.

Though the protocol shown here demonstrates a valid and reproducible
procedure for stimulating healthy donor PBMCs for detection of T-cell
markers, our data also highlight the non-trivial inter-donor variation
in response to CD3/CD28 stimulation. For clinical samples, careful
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statistical analysis should be planned to control for such variation, as
was recently described by Rodig ef al. [28].

The presence and upregulation of checkpoint markers was determined
by flow cytometry and Luminex immunoassay. The panel developed
here therefore provides a means of detecting varying levels of mem-
brane-bound checkpoint proteins, as might occur in clinical samples.

A 5m

%4-
=

E 34
(&S]

T 2
©

L. 14

04

+ ? (] Q < <
Donor
B
24

Fold Change

Donor
CH
©
K=
O 4
ke
e
04
* ? o Q < <
Donor
D20
[
2715
©
S
ke
u? 5
0
Aot L4 (] Q < <
Donor
EB
(]
o &
c
[
S
ke
u?z

* ? (4] Q < <
Donor

Our data validate an 8-color antibody panel that is capable of iden-
tifying clinically relevant immune checkpoint markers in CD4" and
CD8" T-lymphocytes isolated from cryopreserved human PBMCs.
This is highly applicable to the field of immuno-oncology, where the
detection of immune checkpoints is critical to both identifying potential
biomarkers and predicting patient response potential.
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Figure 3. Comparative changes in checkpoint expression in CD4* and CD8* T-lymphocytes represented as fold change in percent of parent
population. All cells were gated on Lymphocytes/singlets/live/CD3*/CD4* or CD8*. Graphs represent checkpoint gating on CD4* cells for PD-1 (A),
CTLA-4 (B), ICOS (C), TIM-3 (D), and LAG-3 (E), and on CD8" cells for PD-1 (F), CTLA-4 (G), ICOS (H), TIM-3 (), and LAG-3 (J). Error bars represent
standard error of the mean. No statistical analysis was performed on this data, and conclusions were based on general trends. Figures were generated

using GraphPad Prism.
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Figure 4. Average fold change in soluble checkpoint supernatant concentration between non-stimulated and 48 h stimulated cells as measured
by Luminex assay. TIM-3, CTLA-4, LAG-3, and PD-1 soluble isoforms showed upregulation following 48 h stimulation for all donors. Error bars repre-
sent standard error of the mean. No statistical analysis was performed on this data, and conclusions were based on general trends Figure generated

using GraphPad Prism.

Table 2. Averaged percent of parent populations positive for selected checkpoint markers in non-stimulated, 24 h, and 48 h stimulated popula-

tions in CD4* and CD8" cells.

CD4*

PD-1* CTLA-4* ICOS* TIM-3* LAG-3*

Nostim 24 h 48 h No stim 24h 48h Nostim 24 h 48 h Nostim 24h 48h Nostm 24h 48h
A 37.37 40.10 41.03 0.67 1.69 207 13.21 22.00 30.60 0.58 051 248 0.54 0.91 1.65
B 10.57 1225 13.90 0.24 0.65 0.63 3.55 1550 22.07 0.16 0.60 0.94 0.34 214 242
C 16.73 19.60 19.60 0.37 1.08 112 943 17.53 2240 0.69 113 146 041 149  1.19
D 11.27 1243 14.00 0.28 0.56 0.53 10.44 2247 27.80 0.20 048 0.78 0.21 0.67  0.69
E 4.49 5.96 6.51 0.24 0.61 057 4.25 1410 17.73 0.22 071 110 0.22 3.18 222
F 12.17 1243 1162 0.29 0.61 0.77 6.38 14.64 18.90 0.20 032 044 035 132 1.83
CD8*

PD-1* CTLA-4* ICOS* TIM-3* LAG-3*

Nostm 24 h 48 h No stim 24h 48h Nostim 24 h 48 h Nostim 24h 48h Nostim 24h 48h
A 52.77 55.73 5290 0.26 042 054 1.02 1.17 2.60 1.32 273 995 042 249 345
B 15.07 14.03 1567 0.18 021 022 0.15 1.00 1.46 0.38 155 284 0.09 440 4.39
C 11.60 13.00 12.10 0.24 035 0.39 0.77 1.63 2.41 0.97 220 291 0.36 237 154
D 18.10 19.27 2117 0.19 0.36 029 0.56 2.03 2.37 0.51 219 436 0.23 1.89 240
E 6.86 7.77 9.20 0.18 0.27 022 0.26 1.35 2.19 0.50 282 533 0.18 10.89 8.94
F 11.60 1157 1069 0.23 0.28 0.30 0.19 0.60 0.81 0.30 112 257 021 257 349
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Supplementary information

Figure S1. Example gating strategy of cells using pseudocolor dot

plot and contour plots.
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Figure S2. Dot plots of unstained, FMO1, and FMO?2 lineage gating.
Figure S3. Dot plots of FMO1, and FMO2 checkpoint expression.
Table S1. Averaged compensation matrix for panel.
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