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PURPOSE AND APPROPRIATE SAMPLE TYPES

THIS panel was optimized to quantify inhibitory receptor expression on CD4 and

CD8 T cells from differentiation and activation subsets. Six inhibitory (i.e., immune

checkpoint) receptors (PD-1, TIM-3, LAG-3, CD160, BTLA, CTLA-4) were chosen

based upon previously published observations suggesting their role in modulating

CD4 and CD8 T cell activation in response to persistent antigen exposure (1–3). Fur-

thermore, given the important observations that inhibitory receptor expression

varies by differentiation and prior antigen experience, markers of T cell differentia-

tion status and prior antigen experience (CCR7, CD45RA, CD28, CD127, KLRG1)

were also included (4–6). This panel was developed and optimized for use in cryo-

preserved human peripheral blood mononuclear cells (PBMCs), although it has also

been applied in fresh PBMCs as well as other bodily fluids (e.g., malignant ascites)

(Table 1).

INTRODUCTION

Following initial antigen exposure, the generation of highly functional antigen-

specific T cells is dependent on the ability of the immune system to clear antigen in a

timely manner. In situations where antigen cannot be effectively cleared (e.g., malig-

nancy, HIV, HCV), chronic antigenic stimulation leads to T cell exhaustion, a dys-

functional state marked by poor effector function, cytokine production, proliferative

ability, and the sustained expression of inhibitory co-receptors (e.g., PD-1, CTLA-4)

(1,3,7). This state of T cell exhaustion appears to have a molecular signature distinct

from T cell anergy and senescence, representing a potentially reversible process regu-

lated by the balance between co-stimulatory and co-inhibitory receptor activation

(2,8). The expression of these inhibitory receptors has become a major focus in can-

cer immunotherapy, with several novel chemotherapeutics introduced in the last sev-

eral years (9). However, work from several laboratories has demonstrated that

inhibitory receptor expression does not necessarily identify an exhausted phenotype,

with expression dependent on differentiation, activation, prior antigen experience,

and the molecular microenvironment (5,10).

BACKGROUND

Adequate T cell activation requires engagement of both the T cell receptor

(TCR) as well as co-stimulatory receptors (e.g., CD28) during antigen presentation;
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additionally, T cell activation may be attenuated through the

binding and activation of co-inhibitory receptors, providing

an important feedback control over the degree of stimulation

in response to antigen (8,11). The majority of T cell co-

inhibitory receptors are members of the immunoglobulin (Ig)

superfamily, which when engaged by the corresponding ligand

expressed on antigen-presenting cells or tumors cells, attenu-

ates cell activation via protein tyrosine phosphatases

Table 1. Summary table for application of OMIP-036

Purpose Co-inhibitory Receptor Expression

on CD41 and CD81 T cell

maturation subsets

Species Human

Cell Types PBMC

Cross References None

Figure 1. Proposed gating strategy of adult human PBMC in the quiescent state. (A) Identification of CD4+ and CD8+ T cell subsets. Follow-

ing identification of singlets, viable cells are differentiated from nonviable cells (Zombie Aqua) as well as monocytes (CD14+ BV510) and B-

cells (CD19+ BV510). Aggregate gates (*) are used to exclude cell and/or dye aggregates prior to identification of lymphocytes (please refer to

Supplemental Figure 11, available online). Afterward, CD3+ followed by CD4+ and CD8+ T cell subsets are identified and further differentiated

by CD28 expression, as the loss of CD28 expression has been associated with chronic viral persistence in HIV and CMV. (B) Determination of

T cell differentiation and co-inhibitory receptor expression within CD4+ and CD8+ subsets. For previously identified T cell subset (CD4+/

CD28+, CD4+/CD28-, CD8+/CD28+, CD8+/CD28-), differentiation and activation status (CCR7 vs CD45RA, KLRG1 vs CD127) as well as co-inhibi-

tory receptor expression may then be quantified. Overall, there is minimal expression of TIM-3 and LAG-3 in the resting state. Alternatively,

the basal expressions of CD160, CTLA-4, PD-1, and BTLA vary considerably between subsets and donors. Additionally, co-inhibitory receptor

expression may also be analyzed within multiple subsets including na€ıve (CCR7+/CD45RA+), central memory (CCR7+/CD45RA-), effector

memory (CCR7-/CD45RA-), EMRA (CCR7-/CD45RA+) as well as in the short-lived effector cell (SLECs, KLRG1+/CD127-) and memory precursor

effector cell (MPEC, KLRG1-/CD127+) populations during acute infections. An antigen specific tetramer may also be used on the PE channel

for added analysis. Boolean gating may be implemented to determine co-expression of differentiation markers and co-inhibitory receptors

for further characterization. For an example of panel performance in an activated state, please refer to Supplemental Figure 1 (available

online). Note: the donor displayed in this figure was selected for their CD160 expression, and this donor has an abnormal CD4+ memory sub-

set distribution with only na€ıve and EMRA cells present. Please note that this is a physiologic finding and not an effect of inappropriate CCR7-

CD45RA staining. Please see Supplemental Figure 4 (available online) for a representation of CCR7- CD45RA staining across several donors.

The donor represented in Figure 1 and Supplemental Figure 1 is shown as donor 1 in Supplemental Figure 4.
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(e.g., SHIP-1, SHP-2), ultimately leading to reduced effector

function and the expression of inhibitory genes (1,12). Addi-

tionally, co-inhibitory receptors may also interfere with co-

stimulatory receptor function by competing for ligands as well

as by disrupting the formation of lipid rafts and microclusters

necessary for appropriate antigen response (8,11).

T cell co-inhibitory receptors, as well as their correspond-

ing ligands, may be expressed on a number of other cell types,

most notably natural killer (NK) cells, B cells, antigen present-

ing cells (APCs), as well as on certain somatic tumors (e.g.,

melanoma; non-small cell lung cancer, NSCLC; renal cell car-

cinoma, RCC) (11). Most recently, the introduction of immu-

notherapy aimed at the reversal of T cell exhaustion in the

setting of cancer has generated significant interest in this field

(9). The process of antigen-specific T cell exhaustion is

thought to involve dysfunctional effector cell contraction and

memory differentiation in the face of persistent antigenic

exposure, ultimately leading to accumulated expression of sev-

eral co-inhibitory receptors coinciding with reductions in

effector function and proliferative ability (3,9,12–15). Impor-

tantly, the expression of a co-inhibitory receptor in isolation

does not adequately define an exhausted state, as many factors

may influence co-inhibitory receptor expression without lead-

ing to reductions in functionality and proliferative ability. For

example, ex vivo studies have demonstrated that T cell differ-

entiation status dictates basal co-inhibitory receptor expres-

sion levels (1,3,12,16); studies in healthy human subjects have

demonstrated significant variations in basal co-inhibitory

receptor expression between na€ıve, memory, and effector sub-

sets, particularly with respect to PD-1 and CTLA-4. Further-

more, studies have also shown co-inhibitory receptor

expression is also transiently modified during T cell activa-

tion. Several ex-vivo studies have shown that prolonged stim-

ulation (aCD3/aCD28, 16–72 h) of PBMCs from healthy

donors leads to the transient expression of several co-

inhibitory receptors, which may represent an important feed-

back loop for control over inflammation. Therefore, inclusion

of markers for differentiation (CCR7, CD45RA) and antigen

experience (CD28, CD127, KLRG1) provides critical informa-

tion when interpreting changes in co-inhibitory receptor

expression (Figure 1).

To this end, we developed a comprehensive polychromat-

ic flow cytometry panel for the characterization and quantifi-

cation of inhibitory receptor expression (PD-1, TIM-3, LAG-

3, CTLA-4, BTLA, CD160) on CD4 and CD8 T cells, including

markers for prior antigen exposure (CD127, CD28, KLRG1)

and differentiation status (CCR7, CD45RA) to allow for addi-

tional subset analysis with the potential to improve our

molecular understanding of this important immune mecha-

nism (Table 2). The channel for PE remains open for use of an

antigen-specific marker or other high priority markers of

interest. Please refer to supplemental material available online

for technical information and additional figures.

HUMAN SUBJECTS RESEARCH

Human PBMCs were obtained from healthy donors using

protocols approved by the Duke institutional review board

(IRB).

SIMILARITY TO PUBLISHED OMIPS

This panel is related to that recently published by Nem-

oto et al. (OMIP-031), with the important exception that this

panel has been developed for use in human PBMCs rather

than in murine cells (17). Prior panels have also examined T

cell memory subsets in human cells as well, although none

have examined co-inhibitory receptor expression in these

subsets.

ACKNOWLEDGMENT

The content is solely the responsibility of the authors and

does not necessarily represent the official views of the National

Institutes of Health.

LITERATURE CITED

1. Kahan SM, Wherry EJ, Zajac AJ. T cell exhaustion during persistent viral infections.
Virology 2015;479–480:180–193.

2. Wherry EJ, Ha S-J, Kaech SM, Haining WN, Sarkar S, Kalia V, Subramaniam S,
Blattman JN, Barber DL, Ahmed R. Molecular signature of CD81 T cell exhaustion
during chronic viral infection. Immunity 2007;27:670–684.

3. Yi JS, Cox MA, Zajac AJ. T-cell exhaustion: Characteristics, causes and conversion.
Immunology 2010;129:474–481.

4. Larbi A, Fulop T. From “truly na€ıve” to “exhausted senescent” T cells: When markers
predict functionality. Cytometry Part A 2013;85:25–35.

5. Legat A, Speiser DE, Pircher H, Zehn D, Fuertes Marraco SA. Inhibitory receptor
expression depends more dominantly on differentiation and activation than
“exhaustion” of human CD8 T cells. Front Immunol 2013;4:1–14.

6. Mahnke YD, Brodie TM, Sallusto F, Roederer M, Lugli E. The who’s who of T-cell
differentiation: Human memory T-cell subsets. Eur J Immunol 2013;43:2797–2809.

7. Jiang Y, Li Y, Zhu B. T-cell exhaustion in the tumor microenvironment. Cell Death
and Disease 2015;6:e1792–e1799.

8. Chen L, Flies DB. Molecular mechanisms of T cell co-stimulation and co-inhibition.
Nat Publishing Group 2013;13:227–242.

9. Pauken KE, Wherry EJ. Overcoming T cell exhaustion in infection and cancer.
Trends Immunol 2015;36:265–276.

10. Fuertes Marraco SA, Neubert NJ, Verdeil G, Speiser DE. Inhibitory receptors beyond
T cell exhaustion. Front Immunol 2015;6:310.

11. Thaventhiran T. T cell co-inhibitory receptors-functions and signalling mechanisms.
J Clin Cell Immunol 2013;1(S12):1–12.

Table 2. Reagents used for OMIP-036

SPECIFICITY CLONE FLUOROCHROME PURPOSE

Viability Dye – Zombie Aqua Dump

CD14 M5E2 BV510

CD19 HIB19 BV510

CD3 SK7 BUV395 Phenotype

CD4 SK3 BUV496

CD8 SK1 BUV805

CCR7 G043H7 BV785 Differentiation

CD45RA HI100 BB515

CD28 CD28.2 APC-H7

CD127 A019D5 BV650

KLRG1 SA231A2 AF647

PD-1 EH12.2H7 BV711 Co-inhibitory

Receptors

TIM-3 F38-2E2 BV605

LAG-3 3DS223H PE-Cy7

CD160 BY55 PerCP-Cy5.5

BTLA MIH26 BV421

CTLA-4 BNI3 PE-CF594

OMIP

Cytometry Part A � 89A: 889�892, 2016 891



12. Wherry EJ, Kurachi M. Molecular and cellular insights into T cell exhaustion. Nat
Publishing Group 2015;15:486–499.

13. Gupta PK, Godec J, Wolski D, Adland E, Yates K, Pauken KE, Cosgrove C, Ledderose C,
Junger WG, Robson SC, et al. CD39 Expression Identifies Terminally Exhausted CD81 T
Cells. PLoS Pathog 2015;11:e1005177–e1005121.

14. Blackburn SD, Shin H, Haining WN, Zou T, Workman CJ, Polley A, Betts MR,
Freeman GJ, Vignali DA, Wherry EJ. Coregulation of CD81 T cell exhaustion by multi-
ple inhibitory receptors during chronic viral infection. Nat Immunol 2009;10:29–37.

15. Angelosanto JM, Blackburn SD, Crawford A, Wherry EJ. Progressive loss of memory
T cell potential and commitment to exhaustion during chronic viral infection.
J Virol 2012;86:8161–8170.

16. Schietinger A, Greenberg PD. Tolerance and exhaustion: Defining mechanisms of T
cell dysfunction. Trends Immunol 2014;35:51–60.

17. Nemoto S, Mailloux AW, Kroeger J, Mule JJ. OMIP-031: Immunologic checkpoint
expression on murine effector and memory T-cell subsets. Cytometry A 2016;89A:
427–429.

892 Inhibitory Receptor Expression in Human T Cell Subsets

OMIP


