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Supplementary figure 1: TIM-3, TIGIT, LAG-3 and PD-1 surface expression in human 
circulating CD4+ T cell subsets

Exemplary dot plots of co-inhibitory/exhaustion receptors within (A) CD45RA/CCR7-based or (B)
KLR/GPR56-based classification of human CD4+ T cell subsets from blood of healthy donors.
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Supplementary figure 2: Association of killer-like receptors (KLR) and GPR56 expression
with IL-4 & IL-17A production upon PMA/Ionomycin stimulation

(A) Exemplary dot plots and summarising box plots revealing association of surface marker expression 
with IL-4 & IL-17A expression potential of CD4+ T cells from peripheral blood of healthy individuals upon 
PMA/Ionomycin stimulation (n = 5). Whiskers extend to minimum and maximum. P values were 
determined by non-parametric matched-pairs Friedman test with post-hoc Dunn’s multiple comparison 
test. *p < 0.05.
(B) Representative t-SNE plots showing surface marker and cytokine expression pattern of pre-gated 
CD4+T cells (excluding CD25highCD127low Treg cells) upon short-term PMA/Ionomycin stimulation. The 
highlighted area marks CD4+ TEM and TEMRA cells identified by the absence of CCR7 and the expression 
pattern of CD45RA. The pink error identifies high IL-17A producers residing outside of the TEM + TEMRA 
area but showing expression of KLRB1 only. 

IL
-4

IL
-1

7A

0.3% 0.2%

23.4%

0.4% 0.1%

23.0%

0.4% 0.1%

17.1%

0.5% 0.0%

6.1%

0.1% 0.2%

23.6%

0.3% 0.0%

23.1%

0.3% 0.0%

17.1%

0.3% 0.0%

6.1%

total KLRB1+ KLRG1+ GPR56+ KLRF1+
0

1

2

3

4

5

%
 IL

-4
+ 

ce
lls

total KLRB1+ KLRG1+ GPR56+ KLRF1+
0

1

2

3

4

5

%
 IL

-1
7A

+ 
ce

lls * *

KLRB1 KLRG1 KLRF1GPR56

KLRB1 KLRG1 KLRF1GPR56

B

A

CCR7 CD45RA

KLRB1 KLRG1 KLRF1GPR56IL-17A

Intensity of marker expression

no high TEM + TEMRA



Supplementary figure 3: Comparative analysis of IFN-g & TNF co-production in KLR / 
GPR56 expressing subsets upon stimulation with PMA / Ionomycin, staphylococcus
enterotoxin B (SEB), tetanus toxoid (TT) or cytomegalovirus peptide (CMV)

Interleaved scatter plots with medians revealing association of surface marker expression with cytokine expression
of CD4+ T cells from peripheral blood of healthy individuals upon stimulation with PMA / Ionomycin (n = 5) for six
hours, SEB (n = 5), TT (n = 5) and CMV peptide (IE+pp65, n = 4) for 24 hours. *p<0.05, ***p<0.001, ****p<0.0001
(non-parametric matched-pairs Friedman test with post-hoc Dunn’s correction for multiple comparison)

KLRB1 KLRG1 GPR56 KLRF1

- - - -

+ - - -

+ + - -

+ + + -

+ + + +



Supplementary figure 4: Decreased proportions of KLRF1 transcribing TEM cells in liver of 
patients with inflammatory biliary and hepatic diseases

Frequency of TEM and TEMRA cells (scatter plots with median) transcribing KLRB1, KLRG1, ADGRG1
(GPR56) and KLRF1 from blood of healthy individuals (HC-B, n = 4) as well as blood (LD-B, n = 4) and
liver samples (LD-L, n = 4) of patients with inflammatory biliary and hepatic diseases. Gene expression
was determined by single cell qRT-PCR. Data are shown with mean.
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Supplementry figure 5: Pre-gating strategy for flow cytometry investigations

Exemplary hierarchical gating strategy to identify CD4+ T cells.
All samples were pre-gated on (A) lymphocytes followed by (B) FSC-H/FSC-A-based doublet exclusion. (C)
Living cells were discriminated from dead cells by viability staining. (D) T cells within living cells were
identified by expression of CD3 and CD4. Original dot plots for the identification of subsequent populations
are shown in the specific figures.
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Supplementary table 1: List of genes and their log2 fold expression up-regulation identified by 
intersection analysis (e.g. TEMRA/TEM vs. TN/TCM) of RNA microarray results from sorted human 
peripheral blood CD4+ TN, TCM, TEM and TEMRA cells. Rows filled in grey mark genes with 
specifically increased expression in TEM cells compared to TN cells. 
 

  

  

Gene symbol
TEMRA/TEM vs 
TN/TCM [log2]

TEM vs TN 

[log2]
TEMRA vs TN 

[log2] Gene name
S1PR5 6.306 4.003 7.107 Sphingosine-1-Phosphate Receptor 5
GPR56 6.74 4.157 7.852 G protein-coupled receptor 56
CXCR1 6.263 3.176 7.814 C-X-C motif chemokine receptor 1
NKG7 6.295 4.589 7.779 natural killer cell granule protein 7
CMKLR1 5.682 3.709 6.92 Chemokine like receptor 1
SLAMF7 5.059 3.989 6.952 SLAM Family Member 7
FASLG 4.719 4.307 7.173 Fas ligand
KLRF1 3.805 1.689 4.646 killer cell lectin like receptor F1
OR10H2 3.855 2.211 4.739 olfactory receptor family 10 subfamily H member 2
ENPP5 3.58 1.884 4.826 ectonucleotide pyrophosphatase/phosphodiesterase 5
PCDHGA7 3.085 1.873 3.906 protocadherin gamma subfamily A, 7 
CD300A 2.728 1.777 4.105 Cluster of Differentiation 300A
HRH3 2.325 1.442 2.994 Histamine H3 receptor
SLC4A4 2.585 1.235 3.412 Solute carrier family 4 
FZD2 2.281 0.901 3.56 frizzled class receptor 2
HLA-DRB4 2.268 2.114 3.804 Major histocompatibility complex, class II, DR beta 4
PTCH1 2.295 0.842 2.773 patched 1
CD300C 2.404 1.59 3.795 Cluster of Differentiation 300C
KLRG1 2.515 2.618 3.924 killer cell lectin like receptor G1
LAG3 2.433 2.362 3.94 Lymphocyte-activation protein 3
HLA-DRB5 2.282 2.554 3.738 major histocompatibility complex, class II, DR beta 5
HLA-DRB1 2.137 2.156 3.197 major histocompatibility complex, class II, DR beta 1
SLC27A3 2.066 1.68 2.834 solute carrier family 27 member 3 
MCTP2 1.708 0.828 2.399 multiple C2 and transmembrane domain containing 2 
HLA-DRB5 2.025 2.25 3.532 major histocompatibility complex, class II, DR beta 5
FCRL3 1.466 2.173 3.557 Fc receptor like 3
HCST 1.505 0.888 2.034 hematopoietic cell signal transducer 
LPCAT1 1.557 0.768 1.955 lysophosphatidylcholine acyltransferase 1 
SPN 1.517 0.905 2.107 sialophorin 
TLR3 1.682 2.621 3.778 toll like receptor 3 
SIGLEC9 1.265 0.564 1.899 sialic acid binding Ig like lectin 9
SLC8A1 1.044 0.835 2.436 solute carrier family 8 member A1 
CD99 1.509 1.435 2.598 Cluster of differentiation 99
LILRB3 1.177 0.7 1.912 leukocyte immunoglobulin like receptor B3 
FCGR2A 1.041 0.349 2.059 Fc fragment of IgG receptor IIa
ITGAX 0.677 -0.013 1.335 integrin subunit alpha X
ERBB2 0.543 -0.783 1.032 erb-b2 receptor tyrosine kinase 2
TLR4 1.049 0.411 1.43 toll like receptor 4
SLC2A6 0.788 -0.12 1.108 solute carrier family 2 (facilitated glucose transporter), member 6

KIT 0.876 1.791 0.059 KIT proto-oncogene receptor tyrosine kinase

ASB2 0.619 1.78 1.39 ankyrin Repeat And SOCS Box Containing 2 

PPARG 0.617 0.992 0.082 peroxisome proliferator activated receptor gamma

HLF 0.4 1.214 0.668 hepatic leukemia factor

NMU 0.661 1.997 1.026 Neuromedin U

KLRB1 0.287 0.704 0.518 killer cell lectin like receptor B1

Fold change
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Supplementary table 2: List of TaqMan Gene Expression Assays used within single cell qRT-PCR 

  

No.	 Gene	Symbol	 Transcript	(Refseq)	 Assay	ID	 Exon	
Boundary	

Assay	Location	
(bp)	

Amplicon	
Length	(bp)	

Gene	Length	
(bp)	

1	 AQP9	 NM_020980	 Hs01035888_m1	 5-6	 1065	 98	 3033	

2	 RETN	 NM_020415	 Hs00220767_m1	 3-4	 242	 130	 478	

3	 RNASE2	 NM_002934	 Hs00795553_s1	 2-2	 379	 91	 735	

4	 RNASE3	 NM_002935	 Hs03046240_s1	 2-2	 479	 140	 712	

5	 LTF	 NM_002343	 Hs00914330_m1	 16-17	 2340	 92	 2627	

6	 CA1	 NM_001738	 Hs01100176_m1	 8-9	 836	 86	 1278	

7	 LCN2	 NM_005564	 Hs01008571_m1	 5-6	 642	 61	 840	

8	 S100A9	 NM_002965	 Hs00610058_m1	 2-3	 188	 83	 586	

9	 C19orf59	 NM_174918	 Hs00545332_m1	 1-2	 121	 109	 1326	

10	 FPR1	 NM_002029	 Hs00181830_m1	 1-2	 88	 132	 1334	

11	 S100A8	 NM_002964	 Hs00374263_m1	 1-2	 148	 70	 532	

12	 FCGR1B	 NM_001017986	 Hs02341825_m1	 4-5	 615	 86	 1917	

13	 S100A12	 NM_005621	 Hs00194525_m1	 1-2	 46	 63	 466	

14	 MS4A4A	 NM_024021	 Hs00254770_m1	 3-4	 480	 80	 1814	

15	 GPER	 NM_001039966	 Hs01116133_m1	 2-3	 563	 60	 2981	

16	 APOBEC3H	 NM_181773	 Hs03989381_m1	 4-5	 670	 107	 1070	

17	 S1PR5	 NM_030760	 Hs00928195_s1	 2-2	 1977	 86	 2351	

18	 GPR56	 NM_201525	 Hs00938469_m1	 13	-	14	 2266	 68	 4133	

19	 NKG7	 NM_005601	 Hs01120688_g1	 3-4	 616	 65	 826	

20	 ADRB2	 NM_000024	 Hs00240532_s1	 1-1	 778	 65	 2058	

21	 CMKLR1	 NM_004072	 Hs03063327_m1	 1-2	 287	 54	 5420	

22	 PTGDR	 NM_000953	 Hs00235003_m1	 1-2	 950	 72	 2966	

23	 NMUR1	 NM_006056	 Hs00173804_m1	 2-3	 1014	 60	 3274	

24	 GPR114	 NM_153837	 Hs00542389_m1	 10-11	 1728	 74	 3848	

25	 LAIR2	 NM_002288	 Hs00357971_m1	 4-5	 536	 71	 702	

26	 CADM1	 NM_014333	 Hs00942509_m1	 3-4	 549	 77	 4324	

27	 KLRF1	 NM_016523	 Hs00212979_m1	 3-4	 398	 70	 1242	

28	 CD300A	 NM_007261	 Hs00381974_m1	 3-4	 856	 88	 1893	

29	 KLRG1	 NM_005810	 Hs00929964_m1	 3-4	 370	 83	 1815	

30	 CD300C	 NM_006678	 Hs01088618_m1	 1-2	 451	 100	 1602	

31	 TLR3	 NM_003265	 Hs01551078_m1	 3-4	 738	 132	 3057	

32	 KIT	 NM_000222	 Hs00922198_m1	 16	-	17	 2442	 75	 5190	

33	 ASB2	 NM_016150	 Hs00387867_m1	 4-5	 1225	 55	 2756	

34	 KLRB1	 NM_002258	 Hs00935894_m1	 2-3	 249	 90	 740	

35	 CDO1	 NM_001801	 Hs00156447_m1	 1-2	 482	 66	 1627	

36	 GPR44	 NM_004778	 Hs00173717_m1	 1-2	 105	 71	 2910	

37	 KRT1	 NM_006121	 Hs00196158_m1	 6-7	 1316	 86	 2451	

38	 CA6	 NM_001215	 Hs00154196_m1	 2-3	 316	 77	 1378	

39	 SELL	 NM_000655	 Hs01053460_m1	 7-8	 1288	 79	 2206	

49	 PTPRC(CD45RA?)	 NM_001267798	 Hs04189704_m1	 2-3	 280	 57	 1477	

40	 spike	1	 	 AI0IX5E	 	 	 	 	

41	 HPRT1	 	 Hs02800695_m1	 2-3	 297	 82	 1435	

42	 B2M	 	 Hs00984230_m1	 3-4	 431	 81	 987	

43	 FOXP3	 	 Hs00203958_m1	 9-10	 1132	 64	 2292	

44	 EOMES	 NM_005442	 Hs00172872_m1	 2-3	 1458	 81	 3617	

45	 GATA3	 NM_001002295	 Hs00922328_m1	 4-5	 1485	 86	 3070	
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Supplementary table 3: Frequency of transcript expressing T cell populations upon single cell 
gene expression profiling 
 

 

 

 

Gene
mean SEM mean SEM mean SEM mean SEM mean SEM

RNASE2 27.34 6.38 8.33 2.63 16.60 7.00 11.36 3.70 18.23 5.66
RNASE3 22.44 6.74 7.15 2.15 19.64 6.56 15.41 3.94 19.27 5.60
LTF 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 10.16 5.08
S1PR5 1.67 0.83 0.00 0.00 2.86 0.84 6.46 1.24 0.00 0.00
NKG7 3.45 1.00 2.53 1.02 66.70 6.07 92.51 1.62 1.82 0.54
ADRB2 5.16 1.63 2.89 0.96 24.48 6.64 35.99 3.81 6.77 1.79
CMKLR1 3.45 1.00 0.00 0.00 20.38 1.54 30.32 4.15 1.65 0.31
PTGDR 5.24 1.70 8.43 0.60 23.65 0.42 28.32 1.93 0.39 0.20
NMUR1 0.00 0.00 0.36 0.18 4.77 0.46 5.18 1.50 0.39 0.20
GPR114 3.35 0.74 1.43 0.71 24.85 1.89 43.46 3.18 2.73 1.12
LAIR2 4.25 1.70 5.49 1.38 16.08 2.41 15.31 1.09 12.66 2.05
CADM1 0.00 0.00 3.71 0.72 9.74 2.19 15.47 2.32 3.99 0.91
KLRF1 1.67 0.83 0.00 0.00 12.98 3.65 27.61 6.41 0.39 0.20
CD300A 6.03 1.56 30.60 4.20 57.69 6.53 80.04 3.20 3.47 1.03
KLRG1 10.62 1.29 16.96 0.95 67.08 3.64 84.43 2.87 2.34 1.17
TLR3 0.00 0.00 2.90 0.60 6.57 1.12 5.60 0.68 0.00 0.00
ASB2 0.00 0.00 4.35 1.23 3.64 0.81 1.73 0.36 0.78 0.39
KLRB1 0.89 0.45 36.85 4.34 32.06 4.07 15.93 0.79 12.27 1.06
GPR44 0.00 0.00 3.96 1.73 1.09 0.54 0.00 0.00 1.56 0.78
KRT1 4.23 1.58 2.50 1.03 0.00 0.00 0.00 0.00 1.82 0.54
SELL 93.10 2.00 63.29 1.13 18.49 4.12 36.00 6.75 81.75 2.55
CD45RA 89.72 4.29 12.09 4.05 11.91 3.16 75.29 4.43 18.96 5.03
HPRT 23.05 1.98 30.70 2.58 26.76 2.13 26.07 2.09 38.86 3.04
ß2M 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00
FOP3 0.68 0.34 4.44 1.27 2.66 0.51 0.50 0.25 87.03 2.64
EOMES 5.02 0.55 2.92 0.58 42.99 2.77 55.04 3.32 1.17 0.59
GATA3 40.11 2.90 70.91 0.83 63.30 2.78 59.45 3.49 66.97 3.13
RORC 0.00 0.00 6.89 1.51 6.20 1.05 1.27 0.40 4.60 1.00
CX3CR1 3.45 1.00 1.43 0.71 59.46 4.77 73.76 3.66 2.69 0.67
APOBEC3H 0.00 0.00 6.10 1.94 13.23 0.56 12.66 2.21 2.82 0.65
KIT 0.00 0.00 0.00 0.00 1.00 0.50 0.00 0.00 0.00 0.00
GPR56 4.35 0.83 2.14 1.07 51.18 3.89 82.04 1.88 0.39 0.20

Populations
TregTEMRATEMTCMTN



Supplementary table 4:  
 
Overview on reported expression profiles of known checkpoint molecules & killer-like receptors as well as GPR56 in human and murine T cells. The values low, 
medium and high indicate the relative distribution of a given marker within CD4+ and CD8+ T cell subsets regardless of the absolute frequency of positive cells. 
NDA = no data available 

marker activated memory dysfunctional / exhausted References 
human murine human murine human murine 

overall TCM TEM TEMRA overall TCM TEM TEMRA 
PD1 CD4 medium high high low/medium medium/high medium/high medium medium/low high NDA variable high [1-11] 

CD8 NDA NDA NDA medium medium/high high NDA NDA NDA NDA high/variable high [11-15] 

TIGIT CD4 low/medium medium medium/high medium/high medium/low low high NDA NDA NDA high high [1, 6, 8, 11, 
16-20] 

CD8 high high medium low high medium medium low high NDA high/variable high [11, 14, 21, 
22] 

TIM3 CD4 medium medium/high medium low high medium NDA NDA NDA NDA high high [6, 7, 9, 11, 
23-27] 

CD8 medium medium low low low NDA medium low/medium high NDA high high [11, 15, 28-
30] 

LAG3 CD4 low/medium high medium medium medium/high medium low/medium low medium NDA high high [3, 6, 8-11, 
31-33] 

CD8 medium/high medium medium low/medium medium high low NDA NDA NDA high high [6, 10, 11, 
13, 15, 28] 

2B4 CD4 low low low low low NDA low NDA NDA NDA low/medium medium/high [8, 9, 34-
36] 

CD8 NDA high medium low medium high NDA NDA high NDA NDA high [12, 13, 15, 
37-39] 

CD160 CD4 low NDA low NDA high NDA NDA NDA NDA NDA low NDA [8, 40-44] 

CD8 high high NDA low low/medium medium/high NDA medium medium NDA medium/high NDA [12, 13, 15, 
39] 

KLRB1 CD4 NDA NDA high medium high NDA NDA NDA NDA NDA low NDA [45-48] 

CD8 low NDA NDA medium high high NDA NDA NDA NDA NDA NDA [49] 

KLRG1 CD4 NDA low NDA low medium/high high NDA NDA NDA high low low [50-56] 

CD8 low medium/high high low/medium medium/high high NDA low medium medium NDA variable [12, 13, 15, 
57-60] 

GPR56 CD4 NDA NDA NDA low variable high NDA NDA NDA NDA NDA NDA [5] 

CD8 NDA NDA NDA NDA NDA NDA NDA NDA NDA NDA medium NDA [61] 

KLRF1 CD4 NDA NDA NDA NDA NDA NDA NDA NDA NDA NDA NDA NDA  

CD8 high NDA NDA NDA NDA NDA NDA NDA NDA NDA NDA NDA [62] 
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