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Chronic lymphocytic leukemia is characterized by impaired
immune functions largely due to profound T-cell defects. T-cell
functions also depend on co-signaling receptors, inhibitory or

stimulatory, known as immune checkpoints, including cytotoxic T-lym-
phocyte-associated antigen-4 (CTLA-4) and programmed death-1 (PD-1).
Here we analyzed the T-cell phenotype focusing on immune checkpoints
and activation markers in chronic lymphocytic leukemia patients (n=80)
with different clinical characteristics and compared them to healthy con-
trols. In general, patients had higher absolute numbers of CD3+ cells and
the CD8+ subset was particularly expanded in previously treated
patients. Progressive patients had higher numbers of CD4+ and CD8+ cells
expressing PD-1 compared to healthy controls, which was more pro-
nounced in previously treated patients (P=0.0003 and P=0.001, respec-
tively). A significant increase in antigen-experienced T cells was observed
in patients within both the CD4+ and CD8+ subsets, with a significantly
higher PD-1 expression. Higher numbers of CD4+ and CD8+ cells with
intracellular CTLA-4 were observed in patients, as well as high numbers
of proliferating (Ki67+) and activated (CD69+) CD4+ and CD8+ cells, more
pronounced in patients with active disease. The numbers of Th1, Th2,
Th17 and regulatory T cells were substantially increased in patients com-
pared to controls (P<0.05), albeit decreasing to low levels in pre-treated
patients. In conclusion, chronic lymphocytic leukemia T cells display
increased expression of immune checkpoints, abnormal subset distribu-
tion, and a higher proportion of proliferating cells compared to healthy T
cells. Disease activity and previous treatment shape the T-cell profile of
chronic lymphocytic leukemia patients in different ways. 
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ABSTRACT

Introduction

Chronic lymphocytic leukemia (CLL) patients have dysregulated immune func-
tions resulting in impaired antitumor immunity and increased risk for infections.
Profound defects in T-cell functions have been described as an imbalance of T-cell
subsets,1 defective immune synapse formation with antigen presenting cells,2

impaired cytotoxic effector function3 and high frequency of regulatory T cells
(Tregs).4-6 

A number of co-signaling receptors, known as immune checkpoints, participate in
the regulation of T-cell-driven immune responses. CD28 is constitutively expressed
on CD4+ and CD8+ T cells providing the primary co-stimulatory signal for T-cell acti-
vation.7 Upon T-cell stimulation, a number of cell surface molecules belonging to the
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tumor necrosis factor (TNF)-receptor family are up-regulat-
ed and deliver co-stimulatory signals. CD137 is such a mol-
ecule. It binds to its ligand (CD137L), a member of the TNF
family, expressed on macrophages, activated B cells and
dendritic cells (DCs) enhancing T-cell proliferation and
cytolytic effector functions.8  The CD28 homolog cytotoxic
T-lymphocyte-associated antigen-4 (CTLA-4) is expressed
on activated T cells and has an inhibitory role in regulating
T-cell activation.9
Another negative co-stimulatory molecule is pro-

grammed death-1 (PD-1), expressed on activated CD4+
and CD8+ T cells, natural killer (NK) T cells, B cells, acti-
vated monocytes and DCs. Upon binding to the ligands
PD-L1 and PD-L2, PD-1 inhibits T-cell functions reducing
T-cell receptor signaling and target cell lysis.10 Except for
cells of the macrophage lineage, PD-L1 has  low expres-
sion in normal tissues; on the other hand, it is highly
expressed on various tumors and can be further enhanced
by tumor environmental factors.11,12 The PD-1/PD-L1
pathway is considered a central regulator of T-cell
exhaustion, a condition characterized by deteriorated T-
cell effector function due to chronic antigen stimulation.13
Tumor cells as well as pathogens exploit these inhibitory
signals to hamper immune eradication. 
The aim of the present study was to evaluate the

expression of the immune checkpoints CD137, CTLA-4
and PD-1 in CLL patients at different phases of the dis-
ease as well as the distribution of various CD4+ and CD8+

T-cell subsets. We aimed to provide a comprehensive
analysis of T-cell phenotype in CLL and to discriminate
between alterations that are due to the disease itself and
disease activity and those related to treatment.
We show that diverse T-cell alterations are related to

distinct clinical situations, i.e. disease activity and previ-
ous treatment. The PD-1 receptor expression was
markedly increased in active disease, especially in heavily
treated patients.

Methods

Patients
Peripheral blood samples from 80 CLL patients were collected

at the Department of Hematology, Karolinska University Hospital,
Stockholm, Sweden, as well as from 9 age- and sex-matched con-
trols. Patients were grouped according to disease activity: non-pro-
gressive versus progressive (i.e. fulfilling criteria for active dis-
ease14). Characteristics of the patients and controls are shown in
Table 1. Ninety percent of the patients were cytomegalovirus
(CMV)-positive, in line with the prevalence in the Swedish popu-
lation aged over 60 years.15 The research project was approved by
the regional ethics committee (www.epn.se) and conducted in
accordance with the Declaration of Helsinki. Informed consent
was obtained from study participants.

Flow cytometric analysis of lymphocyte subsets on
whole blood
Cells were washed after lysis of red blood cell, resuspended in

Cell Staining Buffer (CSB) (BioLegend, San Diego, CA, USA) and
stained with CD19-AF488, CD16+56-PE, CD4-PerCp, CD3-PE-
Cy7, CD8-APC and CD45-AF700 (Bio-Legend). After incubation
and washing, cells were resuspended in CSB and analyzed by
FACSCanto II flow cytometer and the FACSDiva v.6.1.3 (BD
Biosciences, San Diego, CA, USA) or FlowJo v.8.8.2 (TreeStar,
Ashland, OR, USA) softwares. 

Isolation of peripheral blood mononuclear cells and
cell culture conditions
Peripheral blood mononuclear cells (PBMC) were isolated from

heparinized blood by density gradient centrifugation on a Ficoll-
Hypaque gradient (GE Healthcare, Uppsala, Sweden) and washed
twice with Dulbecco’s Phosphate-Buffered Saline 0.9% (DPBS)
(Gibco, Life Technologies, Carlsbad, CA, USA). Cells were freshly
used or stored in liquid nitrogen until use. After thawing, PBMC
were analyzed immediately unless used for stimulation experi-
ments.
3x106 PBMC were cultured for 72 hours in humidified air with

5% CO2 at 37°C in RPMI 1640 medium (GIBCO, Life
Technologies, Carlsbad, CA, USA) supplemented with heat-inac-
tivated autologous serum for fresh samples and pooled normal
human AB+ serum for frozen samples in the presence of phyto-
hemagglutinin (10 mg/mL) (PHA-M, Sigma Aldrig, St. Louis, MO,
USA). PBMC cultured in medium alone were used as controls.

Flow cytometric analysis of PBMC
Peripheral blood mononuclear cells were washed with CSB

(BioLegend). The following antibodies were used: CD19-AF488
and -PE-Cy7, CD16/CD56-PE, CD4-PerCp, -FITC and -AF700,
CD3-PE-Cy7, -AF700 and -PerCP, CD8-APC and -AF700, CD45-
AF700, CD5-PE and -PerCP, CD45RO-FITC, HLA-DR-PerCp,
CD25-APC, CD45RA-AF488, PD-1 (CD279)-PE, CD69-AF488,
CTLA-4 (CD152)-PE, Ki-67-AF647 (Bio-Legend), CCR6 (CD196)-
PE, CCR4 (CD194)-PE, CD127-PE-Cy7, CXCR3 (CD183)-APC,
CCR7 (CD197)-AF647, PD-L1 (CD274)-PE (BD-Biosciences) and
the appropriate isotype controls. Further details are provided in
the Online Supplementary Appendix.

Sequence analysis of IGHV–IGHD–IGHJ rearrangements
IGHV-IGHD-IGHJ rearrangements were determined through

PCR amplification, Sanger sequencing and subsequent sequence
interpretation following established international guidelines and
using the IMGT® databases and the IMGT/V-QUEST tool
(http://www.imgt.org), as previously reported.16 IGHV gene muta-
tional status was defined as either mutated or unmutated based on
the clinically relevant 98% cut-off value for identity to the closest
germline gene.17,18 Subset #2 cases (IGHV3-21/IGLV3-21 usage,
mixed IGHV mutation status) are listed together with IGHV-
unmutated cases since this entity is a recognised adverse-prognos-
tic group.19

Statistical analyses
Statistical analyses were performed using the GraphPad Prism

software 6.0 (GraphPad Software, La Jolla, CA, USA). All tests
were two-sided, and P<0.05 was considered statistically signifi-
cant. Further details are provided in the Online Supplementary
Appendix.

Results

CLL patients had higher absolute numbers of T cells
and the number of CD8+ T cells was related to 
treatment 
Chronic lymphocytic leukemia patients had higher num-

bers of CD3+ cells compared to controls (Online Supplementary
Table S1); the difference was statistically significant for all the
patient subgroups. No difference was observed for CD4+
cells, while CD8+ cells were higher in pre-treated progressive
patients compared to controls as well as non-progressive
(P=0.02 and P=0.001, respectively), irrespective of type of
treatment (alemtuzumab or not; fludarabine/cyclophos-
phamide or not) and IGHV mutational status (data not shown). 
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PD-1 expression was increased in T cells from 
pre-treated progressive CLL patients 
Compared to controls, CLL patients had higher num-

bers of PD-1-expressing CD4+ T cells, which related to dis-
ease activity and previous treatment. No difference was
observed between non-progressive patients and controls
(median 258 vs.169/mL; P=0.1), while progressive patients
had higher numbers compared to controls (median 315
and 521/mL for untreated and treated patients; P=0.01 and
P=0.0003, respectively). This was observed regardless of
IGHV mutational status. Pre-treated patients with pro-
gressive disease had higher numbers of PD-1+CD4+ cells as
compared to non-progressive (P=0.008) (Figure 1A). There
was a moderate positive correlation between PD-1+ CD4+
T cells and total lymphocyte count (r=0.36, P=0.001)
(Figure 1C). 
No difference was seen with regard to CD8+ T cells

comparing patients and controls, with the exception of
previously treated progressive patients, who had higher
numbers of PD-1+ CD8+ T cells compared to controls and
non-progressive patients (median 389 vs. 121 vs. 143/mL;
P=0.001 and P=0.007, respectively) (Figure 1B).
Subgrouping based on the IGHV mutational status
showed that this was only observed in the unmutated
group. A moderate positive correlation was also observed

between PD-1+CD8+ T cells and total lymphocyte count
(r=0.43, P<0.0001) (Figure 1D). No expression of PD-L1 on
CLL cells was noted (data not shown). 

Progressive CLL patients had an increase in PD-1+

antigen-experienced T cells
A subset of patients (n=33) was analyzed for the distri-

bution of CD4+ and CD8+ memory T cells. By CD45RA
and CCR7 staining, T-cell subpopulations were identified
as naïve (CD45RA+/CCR7+), central memory (CD45RA–

/CCR7+), effector memory (CD45RA–/CCR7–) and effector
(CD45RA+/CCR7–). CLL patients had higher absolute
numbers of CD4+ effector memory cells compared to con-
trols irrespective of disease activity and previous treat-
ment. The frequency of central memory T cells was also
higher in CLL patients compared to controls, but only in
those untreated. Naïve T cells were dramatically reduced
in pre-treated patients compared to controls and untreat-
ed. No difference was seen for effector T cells (Figure 2A).
Similarly, higher absolute numbers of CD8+ effector

memory and effector cells were found in progressive
patients compared to controls. This was observed in both
untreated and pre-treated patients, but in this latter group,
this held true only for patients who had received alem-
tuzumab, who had higher numbers of CD8+ effector
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Table 1. Characteristics of patients and controls at time of testing.
Controls (n=9)
Sex Male, n 6

Female, n 3
Age Years (median, range) 65 (45-79)
Patients (n=80)

Disease phasea Non-progressive Progressive Total
(n=39) (n=41) (n=80)

Sex Male, n 21 29 48
Female, n 18 12 30

Age Years, median (range) 67 (49-82) 69 (47-85) 69 (47-85)
Modified Rai stagea Low risk, n 28 2 29

Intermediate risk, n 11 11 21
High risk, n 0 28 28

IGHV status Mutated, n 22* 17** 43
Unmutated/subset #2, n 10 24 34

Undefined, n 3 0 3
Previous treatment No, n 39 22 60

17p deletion/TP53mutation 0/4 2/22
Yes, n 0 19 18

17p deletion/TP53 mutation 0/0 7/19
Previous therapy
Chlorambucil 5
FC or FCR 10

BR 2
Alemtuzumab 7

Other 3
≥ 2 previous treatment lines 10

Chemotherapy-refractory No, n 13/19
Yes, n 6/19

Chemotherapy-refractory 11/19
and/or 17p deletion/TP53 
mutation
aAs defined by Hallek et al.14 *Of which 3 borderline IGHV mutated (97%-98% identity). **Of which 2 borderline IGHV mutated. FC:  fludarabine + cyclophosphamide; FCR: flu-
darabine + cyclophosphamide + rituximab; BR: bendamustine + rituximab.



memory (P=0.001) and effector (P=0.007) cells compared
to controls. Untreated patients with progressive disease
had higher numbers compared to non-progressive. CLL
patients and controls had comparable numbers of naïve T
cells, which were significantly reduced in pre-treated com-
pared to untreated patients. No difference was noted with
regard to the numbers of central memory T cells (Figure
2B).
PD-1 expression within the CD4+ population was higher

among memory T-cell subsets in patients as compared to
controls, with the exception of previously treated patients
in which the numbers of PD-1+CD4+ naïve, central mem-
ory and effector cells were similar to controls (Figure 2C).
CLL patients irrespective of disease phase and previous
treatment had higher numbers of CD8+ effector memory
and effector cells expressing PD-1 compared to controls.
The numbers of PD-1+ CD8+ naïve cells were low in CLL
patients, but higher in untreated patients compared to
controls (P=0.03 and P=0.01 for non-progressive and pro-
gressive untreated, respectively) (Figure 2D).

CTLA-4 was only detected intracellularly in CLL T cells
No expression of surface CTLA-4 was seen in either

CD4+ or CD8+ cells from CLL patients and controls.
Intracellular CTLA-4 was, however, expressed in a higher
number of CD4+ T cells in CLL patients as compared to

controls (median 329/mL for non-progressive patients,
717/mL for progressive untreated and 317/mL for progres-
sive pre-treated vs. 136/mL for controls; P<0.005) (Figure
3A). Numbers of CD4+ cells with intracellular CTLA-4
expression were higher both in patients treated with alem-
tuzumab (P=0.001) and cyclophosphamide/fludarabine
(P=0.0007) compared to controls. A positive correlation
was observed between the numbers of CD4+ T cells with
intracellular CTLA-4 and total lymphocyte count (r=0.50,
P=0.003). CLL patients also had higher numbers of CD8+
cells with intracellular CTLA-4 compared to controls
(median 23/mL for non-progressive patients, 79/mL for pro-
gressive untreated and 59/mL for progressive pre-treated
vs. 7.5/mL for controls; P<0.0001). Both untreated and pre-
viously treated patients with progressive disease had high-
er numbers of CD8+ cells with intracellular CTLA-4 as
compared to non-progressive (P<0.05) (Figure 3B), which
correlated positively with the total lymphocyte count
(r=0.38, P=0.03).

T cells from progressive CLL patients displayed an 
activated phenotype but no expression of the 
co-stimulatory molecule CD137
Lower numbers of CD69+CD4+ cells were noted in non-

progressive compared to progressive CLL patients irre-
spective of previous treatment (median 30/mL in untreated
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Figure 1. PD-1 expression in T cells from chronic lymphocytic leukemia (CLL) patients and controls. Absolute numbers of (A) PD-1+CD4+ and (B) PD-1+CD8+ T cells
from progressive (P) and non-progressive (NP) CLL patients compared to controls. Box plots display cumulative data with line at median. *P<0.05, **P<0.005,
***P<0.0005. Correlation of (C) PD-1+CD4+ and (D) PD-1+CD8+ T cells with total lymphocyte count at the time of testing (n=80). 
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and 22/mL in pre-treated compared to 5/mL in non-progres-
sive; P=0.002) (Figure 4A). Non-progressive patients had
lower numbers of CD69+CD8+ cells compared to controls
(median 6/mL in non-progressive and 27/mL in controls;
P=0.008), untreated progressive (median 16.5/mL; P=0.009)
and previously treated progressive (median 40/m;
P=0.0003) patients (Figure 4B). A moderate positive corre-
lation was observed between the total lymphocyte count
and the numbers of CD69+CD4+ T cells (r=0.39, P=0.0004)
and CD69+CD8+ T cells (r=0.34, P=0.002). No expression
of CD137 was observed on T cells from CLL patients and
controls (data not shown).

Expression of immune checkpoints and activation
markers could be induced on CLL T cells
It is known that T-cell stimulation leads to upregulation

of immune checkpoints and activation markers on the cell
surface.8-10,20,21 We, therefore, stimulated T cells from CLL
patients and controls for 72 hours with PHA. This method
was chosen rather than others of unspecific T-cell stimula-
tion to more closely reflect physiological conditions and
avoid interference with the flow-cytometry staining. 
PD-1 expression increased markedly on both CD4+ and

CD8+ cells, and similarly in CLL patients and controls
(Online Supplementary Figure S1A). Surface CTLA-4, which
was virtually absent at baseline both in CLL patients and

controls, was induced on CD4+ cells both from CLL
patients and controls (median % CTLA-4+CD4+ cells after
PHA stimulation was 2.9 in non-progressive, 14.9 in pro-
gressive patients and 4.8 in controls) (Online Supplementary
Figure S1B). CD69 expression also increased in both CD4+
and CD8+ cells and to a similar degree in CLL patients and
controls (Online Supplementary Figure S1C), while CD137
expression increased to a higher extent in T cells from pro-
gressive patients compared to controls (P=0.03 and 0.01
for the CD4+ and CD8+ cells, respectively) (Online
Supplementary Figure S1D). We also studied expression of
CD103, a marker for alloantigen-induced CD8+ Tregs20
and found that the percentage of CD103+CD8+ T cells
increased more in controls than in CLL patients (median
increase 4.8% in controls vs. 0.7% in non-progressive and
0% in progressive patients; P=0.01 and P=0.004, respec-
tively) (Online Supplementary Figure S1E). 

Proliferating T cells were significantly higher in CLL
patients compared to controls and correlated 
with disease activity 
The percentage of proliferating (Ki67+) circulating tumor

cells (CD5+CD19+) in CLL patients was low (<1%) irre-
spective of disease activity and previous treatment (data
not shown). However, CLL patients had higher absolute
numbers of proliferating CD8+ T cells compared to con-
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Figure 2. Comparative analysis of T-cell memory subsets in chronic lymphocytic leukemia (CLL) patients compared to controls. Absolute numbers of (A) CD4+, (B)
CD8+, (C) CD4+PD-1+ and (D) CD8+PD-1+ naïve, central memory (CM), effector memory (EM) and effector (EMRA) cells in healthy controls (n=9) were compared to
non-progressive (n=13), untreated progressive (n=8) and pre-treated progressive (n=12) CLL patients. Box plots display cumulative data with line at median. Only
significant statistical values are reported. *P<0.05, **P<0.005, ***P<0.0005, ****P<0.0001. 
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trols irrespective of disease activity and previous treat-
ment (median 10/mL for non-progressive, 36/mL for pro-
gressive untreated, 33/mL for progressive treated vs. 5/mL
for controls; P=0.02, P=0.0002 and P<0.0001, respective-
ly). Higher numbers of proliferating CD4+ T cells were
observed also in progressive patients compared to con-
trols, irrespective of previous treatment (median 75/mL for
progressive untreated and 41/mL for progressive treated vs.
10/mL for controls; P=0.006 and P=0.001, respectively)
(Figure 4C and D).

Distribution of functional CD4+ T-helper 
subpopulations in relation to disease activity
T-helper subpopulations were defined by CCR6 and

CXCR3 expression as Th1 (CCR6–/CXCR3+), Th2
(CCR6–/CXCR3–) and Th17 (CCR6+/ CXCR3–) cells. Tregs
were defined by the expression of CD4, CD25 and CCR4
and CD127low.22,23
Both non-progressive and progressive untreated CLL

patients had higher numbers of Th1 cells compared to con-

trols (median 406 and 1064 vs. 139/mL; P<0.0001 and
P=0.001, respectively). However, progressive treated
patients had lower Th1 numbers (median 62/mL) compared
to both controls (P=0.009) and the other patient groups
(P<0.0001 and P=0.0001 compared to non-progressive and
progressive untreated, respectively). The number of Th1
cells was lower only in patients treated with cyclophos-
phamide/fludarabine compared to controls  (P=0.01).
Higher Th2 numbers were observed in non-progressive
patients compared to controls (median 833 and 599/mL;
P=0.03), but progressive pre-treated patients had lower
numbers of Th2 cells compared to untreated (P<0.005). The
numbers of Th17 cells were higher in progressive untreated
patients compared to controls (median 196 and 109/mL;
P=0.04) but progressive pre-treated patients had lower
Th17 numbers compared to controls (P=0.03) and untreated
patients (P=0.002 and P=0.003, for non-progressive and pro-
gressive untreated, respectively) (Figure 5A).
No difference was observed in the percentage of Tregs

comparing CLL patients and controls (median 4.8% for
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Table 2. Summary of the different T-cell subpopulations and T cells expressing immune checkpoints or activation / proliferation markers as com-
pared between the different studied subject groups. (A) CD4+ T cells. (B) CD8+ T cells.
A                                                                                                                         Effect of
                                                           Disease                                               disease phase                                                     Treatment
                                                 non-progressive CLL                               progressive untreated                                    progressive pre-treated 
                                                             vs.                                                            vs.                                                                    vs.

                                                    healthy controls                                       non-progressive                                          progressive untreated

CD4+                                                                   ↔                                                                        ↔                                                                                 ↔
PD1+                                                                   ↔                                                                        ↔                                                                                 ↔
Tnaive                                                                   ↔�                                                                       �↔                                                                           � ↓ (***)
TCM                                                                  ↑�(**)                                                                    ↔                                                                               ↓ (*)
TEM                                                                  �↑ (**)                                                                    ↔                                                                     ↔
TEMRA                                                                  ↔�                                                                       ↔                                                                     ↔
i.c. CTLA-4+                                                  � ↑(***)                                                                  ↔                                                                    ↔�
CD69+                                                                �↔                                                                   � ↑(**)                                                                            ↔�
Th1                                                                 � (****)                                                                  �↔                                                                           � ↓ (***)
Th2                                                                   ↑�(*)                                                                    �↔�                                                                            ↓ � (**)
Th17                                                                   �↔                                                                      �↔�                                                                            � ↓ (**)
Tregs                                                                ↑�(*)                                                                    �↔��                                                                               ↔
Ki67+                                                                  �↔�                                                                       ↔                                                                    �↔�

B                                                                                                                        Effect of
                                                           Disease                                               disease phase                                                     Treatment
                                                 non-progressive CLL                               progressive untreated                                    progressive pre-treated 
                                                              vs.                                                            vs.                                                                    vs.
                                                    healthy controls                                       non-progressive                                          progressive untreated

CD8+                                                                  ↔�                                                                       ↔�                                                                                ↔�
PD1+                                                                   ↔                                                                       ↔�                                                                                ↔�
Tnaive                                                                   ↔�                                                                       ↔�                                                                             �↓ (**)
TCM                                                                     ↔�                                                                       ↔�                                                                                �↔
TEM                                                                     ↔�                                                                   � ↑(**)                                                                            ↔�
TEMRA                                                                  ↔�                                                                    � ↑(*)                                                                              ↔�
i.c. CTLA-4+                                                 ↑�(****)                                                                ↑�(*)                                                                              ↔�
CD69+                                                            � ↓ (**)                                                               �↑ (**)                                                                            ↔�
Ki67+                                                                � ↑(*)                                                                  � ↑(*)                                                                              ↔�
Statistically significant differences are symbolized as follows: ↔ : no difference;   ↑ higher; ↓ : lower.  i.c.: intracellular. *P<0.05, **P<0.005, ***P<0.0005, ****P<0.0001.



non-progressive, 4.2% for progressive CLL patients and
4.2% for controls, respectively; P=0.5) (Online
Supplementary Table S2). However, the absolute number of
Tregs was higher in untreated CLL patients compared to
controls (median 72/mL for non-progressive and 78/mL
for progressive untreated vs. 37/mL for controls; P=0.04
and P=0.002, respectively), while no difference was seen
for progressive pre-treated patients (median 54/mL)
(Figure 5B). Nevertheless, Tregs were higher in patients
pre-treated with cyclophosphamide/fludarabine as well
compared to controls (P=0.04). Low numbers of CD8+
cells expressing CD103 were observed in CLL patients,
though higher in non-progressive (n=27) and progressive
untreated (n=14) patients compared to progressive previ-
ously treated patients (n=10) (median 3/mL vs. 0.2/mL;
P=0.006 and P=0.002, respectively).

Discussion

In the present study, we analyzed the T-cell phenotype
focusing on immune checkpoints and activation markers
in CLL patients with different clinical characteristics. Since
the total T-cell numbers may vary considerably between
CLL patients and healthy individuals, between patients in
different phases of the disease, and depending on previous
treatments, we chose to compare absolute cell numbers.
Percentage numbers are reported in Online Supplementary
Table S2.
Increased T-lymphocyte counts, as well as expansion of

CD8+ and CD4+ T cells, have been described in CLL,24-26
with a relatively higher increase in CD8+ cells resulting in
a low CD4/CD8 ratio compared to controls.27,28 We found
that CLL patients irrespective of disease phase and previ-
ous treatment had significantly higher numbers of CD3+
cells compared to controls. There was no significant differ-
ence in the distribution of the CD4+ and CD8+ subsets
within the CD3+ population between untreated patients
and controls. Nevertheless, pre-treated patients had signif-

icantly higher numbers of CD8+ cells. 
Several studies have investigated the expression of PD-

1 and CTLA-4 in CLL patients, but the results are contra-
dictory. An increase in PD-1+CD8+ T cells in CLL patients,
particularly within the effector memory subset, was noted
by Riches et al.,3 while Tonino et al.29 found that PD-1
expression was decreased. Brusa et al.30 found significantly
higher PD-1 expression in CD4+ and CD8+ T cells from
CLL patients, but could not identify any association of sig-
nificance between PD-1 expression and disease stage,
treatment requirements or unfavorable molecular or cyto-
genetic markers. Novak et al.31 recently reported higher
numbers of PD-1-expressing T cells within both the CD4+

and CD8+ subsets in CLL patients but no significant differ-
ence between patients in different phases of the disease.
Finally, an association between the PD-1/PD-L1 axis and
T-cell dysfunction in progressive disease has been report-
ed.32-34  
A comprehensive summary of the relative changes we

observed in absolute numbers of T-cell subpopulations
and T cells expressing immune checkpoints or
activation/proliferation markers in different subgroups of
CLL patients compared to healthy controls is provided in
Figure 6. In contrast to a previous report,31 we observed
that the absolute numbers of CD4+ cells expressing PD-1
were significantly increased only in CLL patients with
progressive disease compared to controls. The difference
was more marked for pre-treated patients. Within the
CD8+ subset, only pre-treated patients had significantly
higher numbers of PD-1+-expressing cells compared to
controls. This observation may indicate that T cells in pro-
gressive patients display features of exhaustion, which
seemed to be accentuated after treatment. Whether this
may relate to the treatment per se or to the fact that pre-
viously treated patients have more advanced disease can-
not be fully elucidated at present.
It is known that the distribution of memory T-cell sub-

sets is altered in CLL patients. The expression of PD-1 on
CD4+ effector memory cells is considered to be a marker
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Figure 3. Intracellular CTLA-4 expression in T cells from chronic lymphocytic leukemia (CLL) patients and controls. Absolute numbers of (A) CD4+ and (B) CD8+ T
cells with intracellular (i.c.) CTLA-4 expression in CLL patients and controls. Box plots display cumulative data with line at median. Only significant statistical values
are reported. NP: non-progressive; P: progressive. *P<0.05, **P<0.005, ***P<0.0005, ****P<0.0001.
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of chronic activation.35,36  We noted that CLL patients had
higher absolute numbers of CD4+ effector memory cells
expressing PD-1 compared to controls irrespective of dis-
ease phase and previous treatment. CD4+ central memory
cells also displayed high PD-1 expression. This subset was
expanded in CLL patients, but only in those untreated.
Moreover, naïve CD4+ cells expressing PD-1 were signifi-
cantly higher in untreated CLL patients compared to con-
trols. Effector CD4+ cells were not expanded but showed
a high PD-1 expression. Collectively, these data may indi-
cate a persistent (chronic) antigen exposure in CLL
patients inducing T-cell exhaustion in all the CD4+ subsets,
preferentially those antigen-experienced (CD45RO–), i.e.
central memory and effector memory cells.
High numbers of effector memory cells were observed

in the CD8+ subset in all the patients, and significantly
higher PD-1 expression was observed in progressive
patients. High numbers of PD-1+ effector cells were also
observed in all the patient subgroups.  T cells from CLL
patients display higher expression of inhibitory receptors,
including PD-1, irrespective of CMV status.3,32  Therefore,
it is unlikely that the observed T-cell subset distribution is
due to chronic stimulation by the CMV antigen, but is
most likely due to stimulation by tumor antigens. 
Contrary to previous reports,30,33,37 we found no expres-

sion of PD-L1 on CLL cells. The reason for this is unclear,

but might be due to the fact that we analyzed PD-L1
expression on freshly isolated cells, while other studies
have analyzed the expression on purified CD19+ cells.
One previous study reported that surface expression of

CTLA-4 was decreased in CLL patients compared to con-
trols,38  while another study noted no difference3 and three
other studies39-41 showed an increase. However, a signifi-
cantly higher intracellular CTLA-4 expression in CLL T
cells was found in all the previously published studies.38,40,41
Moreover, Motta et al.40 and Scrivener et al.38 could not see
any significant enhancement of CTLA-4 expression after
in vitro stimulation, while Frydecka et al.39 found that
CTLA-4 expression increased over time in T cells but with
a different kinetics to controls. 
We noted no expression of surface CTLA-4 in either

CLL patients or controls, but this could be induced in
CD4+ cells by in vitro stimulation, in particular in non-pro-
gressive patients. However, intracellular CTLA-4 expres-
sion was high in both CD4+ and CD8+ cells of CLL patients
compared to controls. A hallmark of CTLA-4 is the traf-
ficking to and from the plasma membrane following TCR
stimulation.9,42 CTLA-4 is engaged in the primary phase of
T-cell activation, which might explain why chronically
activated, exhausted T cells lack surface expression. 
CD137 is poorly expressed or not at all in the resting 

T-cell state but up-regulated upon activation.8 In line with
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Figure 4. CD69 and intracellular Ki67 expression in T cells from chronic lymphocytic leukemia (CLL) patients and controls. Absolute numbers of (A) CD69+CD4+, (B)
CD69+CD8+, (C) Ki67+CD4+, (D) Ki67+CD8+ T cells from progressive (P) and non-progressive (NP) CLL patients and healthy controls. Box plots display cumulative data
with line at median. Only significant statistical values are reported. *P<0.05, **P<0.005, ***P<0.0005, ****P<0.0001.
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this, we observed no expression of CD137 on freshly iso-
lated CLL T cells, but expression could be induced in both
CD4+ and CD8+ cells by in vitro stimulation, in particular in
progressive patients. 
Chronic lymphocytic leukemia patients had higher

numbers of Th1, Th2 and Th17 cells compared to con-
trols. No significant difference between non-progressive
and progressive patients was observed. This is in contrast
to previous data based on cytokine production, showing
increased secretion of IL-4 in CLL, suggested to be due to
a Th2 polarization during disease progression.25,43,44 We
observed that previously treated progressive patients had
significantly lower numbers of all three subsets.
Consistent with previous data,4,5 we found that absolute
numbers of Tregs were higher in untreated CLL patients
compared to controls, independent of disease phase, but
lower in previously treated patients. 
Finally, we confirmed that both CD4+ and CD8+ T cells

in progressive CLL patients display an activated pheno-

type (CD69+), as also shown previously.45 Moreover CLL
patients had significantly higher numbers of proliferating
CD4+ and CD8+ T cells, which was more evident at dis-
ease progression.
Taken together, our results suggest that disease activity

and previous treatment have a different impact on T-cell
profile in CLL. The disease per se implies a number of
changes in T cells (Table 2). At disease progression the
most remarkable alteration occurring in the CD4+ subset is
an increase in CD69+ cells, while in the CD8+ subset more
extensive changes take place. In addition to higher num-
bers of CD69+ cells, within the CD8+ subset, higher num-
bers of proliferating (Ki67+), effector memory and effector
cells were noted. However, PD-1 and CTLA-4 expression
in progressive disease were so high that it is reasonable to
assume that these cells have heavily impaired immune
functions, as also suggested by previously published
data.30,32 CLL treatment also seemed to dramatically affect
T cells, in particular the CD4+ subset, in which a decrease
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Figure 5. Comparative analysis of functional CD4+ T-helper subpopulations
(Th1/Th2/Th17) and regulatory T cells (Tregs) in chronic lymphocytic leukemia
(CLL) patients and controls. Absolute numbers of (A) Th1, Th2, Th17 and (B)
Tregs cells in non-progressive (NP) (n=13), untreated progressive (P) (n=8), and
pre-treated progressive (n=12) CLL patients compared with healthy controls
(n=9). Box plots display cumulative data with line at median. Only significant
statistical values are reported. *P<0.05, **P<0.005, ***P<0.0005,
****P<0.0001. 

Figure 6. Relative change in absolute numbers of different T-cell subpopula-
tions and T cells expressing immune checkpoints or activation / proliferation
markers in chronic lymphocytic leukemia (CLL) patients compared to healthy
controls. Relative change in the (A) CD4+ subset and (B) CD8+ subset calculated
as median value patients/median value controls in non-progressive (green
bars), untreated progressive (yellow bars) and pre-treated progressive (black
bars) CLL patients. 
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of all T-helper subsets (Th1, Th2, Th17) was observed. A
decrease in naïve T cells in both the CD4+ and the CD8+
subsets was also related to therapy. We tried to define
more specifically the impact of different treatment regi-
mens on T-cell phenotype by further subgrouping the
patients into those who had received alemtuzumab and
those who had received fludarabine/cyclophosphamide,
since these drugs have a known effect on T cells.46,47
The number of Th1 cells was significantly lower while

Tregs were higher in patients treated with cyclophos-
phamide/fludarabine compared to controls;  intracellular
CTLA-4 expression seemed to be affected by both pre-
treatment with both alemtuzumab and cyclophos-
phamide. 
Different treatments did not seem to have a different

impact on the expression of immune checkpoints and acti-
vation markers. Overall, the IGHV mutational status
seemed to have a minor impact. Unfortunately, we do not
have cytogenetic data for all the patients, since in Sweden
analysis by interphase fluorescence in situ hybridization is
routinely performed only in patients requiring therapy.
Therapeutic interference with T-cell exhaustion by tar-

geting co-stimulatory and inhibitory pathways may be
beneficial to increase anti-tumor T-cell responses in CLL
patients. In particular, immune checkpoint blockade with
anti-PD1 mAb might be successful also in heavily pre-
treated chemo-refractory patients. Even though PD-1
blockade alone might not be enough to reanimate
exhausted T cells in CLL,48 a combined approach either
with targeted drugs or immunotherapies directed against
different receptors might be a rewarding approach in this
patient subgroup. 

Acknowledgments
The authors thank the patients and donors who consented to

the use of their cell samples for this study. The authors thank Ms
Leila Relander for excellent secretarial help. 

Funding
This work was supported by grants from The Swedish Cancer

Society, the Swedish Research Council, The Cancer Society in
Stockholm, King Gustav V Jubilee Fund, The Cancer and
Allergy Foundation, The Karolinska Institutet Foundations, The
Stockholm County Council and AFA Insurance.

Immune checkpoints and activation markers in CLL

haematologica | 2017; 102(3) 571

References 
1. Mellstedt H, Choudhury A. T and B cells in

B-chronic lymphocytic leukaemia: Faust,
Mephistopheles and the pact with the
Devil. Cancer Immunol Immunother.
2006;55(2):210-220.

2. Ramsay AG, Johson AJ, Lee AM, et al.
Chronic lymphocytic leukemia T cells
show impaired immunological synapse for-
mation that can be reversed with an
immunomodulating drug. J Clin Invest.
2008;118(7):2427-2437.

3. Riches JC, Davies JK, McClanahan F, et al.
T cells from CLL patients exhibit features
of T-cell exhaustion but retain capacity for
cytokine production. Blood. 2013;
121(9):1612-1621.

4. D'Arena G, Laurenti L, Minervini MM, et
al. Regulatory T-cell number is increased in
chronic lymphocytic leukemia patients and
correlates with progressive disease. Leuk
Res. 2011;35(3):363-368.

5. Dasgupta, A, Mahapatra M, Saxena R. A
study for proposal of use of regulatory T
cells as a prognostic marker and establish-
ing an optimal threshold level for their
expression in chronic lymphocytic
leukemia. Leuk Lymphoma.
2015;56(6):1831-1838.

6. Giannopoulos K, Schmitt M, Kowal M, et
al. Characterization of regulatory T cells in
patients with B-cell chronic lymphocytic
leukemia. Oncol Rep. 2008;20(3):677-682.

7. Bocko D, Kosmaczewska A, Ciszak L, et al.
CD28 costimulatory molecule--expression,
structure and function. Arch Immunol Ther
Exp (Warsz). 2002;50(3):169-177.

8. Melero L, Hirschhorn-Cymerman D,
Morales-Kastresana A, et al. Agonist anti-
bodies to TNFR molecules that costimulate
T and NK cells. Clin Cancer Res.
2013;19(5):1044-1053.

9. Walker LS, Sansom DM. The emerging role
of CTLA4 as a cell-extrinsic regulator of T
cell responses. Nat Rev Immunol.
2011;11(12):852-863.

10. Keir ME, Butte MJ, Freeman GJ, et al. PD-1
and its ligands in tolerance and immunity.
Annu Rev Immunol. 2008;26:677-704.

11. Dong H, Strome SE, Salomao DR, et al.
Tumor-associated B7-H1 promotes T-cell
apoptosis: a potential mechanism of
immune evasion. Nat Med. 2002;8(8):793-
800.

12. Curiel TJ, Wei S, Dong H, et al. Blockade of
B7-H1 improves myeloid dendritic cell-
mediated antitumor immunity. Nat Med.
2003;9(5):562-567.

13. Wherry EJ. T cell exhaustion. Nat
Immunol. 2011;12(6):492-499.

14. Hallek M, Cheson BD, Catovsky D, et al.
Guidelines for the diagnosis and treatment
of chronic lymphocytic leukemia: a report
from the International Workshop on
Chronic Lymphocytic Leukemia updating
the National Cancer Institute-Working
Group 1996 guidelines. Blood. 2008;
111(12):5446-5456.

15. Strindhall J, Skog M, Ernerudh J, et al. The
inverted CD4/CD8 ratio and associated
parameters in 66-year-old individuals: the
Swedish HEXA immune study. Age.
2013;35(3):985-981.

16. Murray F, Darzentas N, Hadzidimitriou A,
et al. Stereotyped patterns of somatic
hypermutation in subsets of patients with
chronic lymphocytic leukemia: implica-
tions for the role of antigen selection in
leukemogenesis. Blood. 2008;111(3):1524-
1533.

17. Damle RN, Wasil T, Fais F, et al. Ig V gene
mutation status and CD38 expression as
novel prognostic indicators in chronic lym-
phocytic leukemia. Blood. 1999;94(6):1840-
1847.

18. Hamblin TJ, Davis Z, Gardiner A, et al.
Unmutated Ig V(H) genes are associated
with a more aggressive form of chronic
lymphocytic leukemia. Blood. 1999;
94(6):1848-1854.

19. Baliakas P, Agathangelidis A,
Hadzidimitriou A, et al. Not all IGHV3-21
chronic lymphocytic leukemias are equal:

prognostic considerations. Blood. 2015;
125(5):856-859.

20. Uss E, Rowshani AT, Hooibrink B, et al.
CD103 is a marker for alloantigen-induced
regulatory CD8+ T cells. J Immunol. 2006;
177(5):2775-2783.

21. Yamashita I, Nagata T, Tada T, et al. CD69
cell surface expression identifies developing
thymocytes which audition for T cell anti-
gen receptor-mediated positive selection.
Int Immunol. 1993;5(9):1139-1150.

22. Liu W, Putnam AL, Xu-Yu Z, et al. CD127
expression inversely correlates with FoxP3
and suppressive function of human CD4+
T reg cells. J Exp Med. 2006;203(7):1701-
1711.

23. Seddiki N, Santer-Nana B, Martinson J, et
al. Expression of interleukin (IL)-2 and IL-7
receptors discriminates between human
regulatory and activated T cells. J Exp Med.
2006;203(7):1693-1700.

24. Serrano D, Monteiro J, Allen SL, et al.
Clonal expansion within the CD4+CD57+
and CD8+CD57+ T cell subsets in chronic
lymphocytic leukemia. J Immunol. 1997;
158(3):1482-1489.

25. Porakishvili N, Roschupkina T, Kalber T, et
al. Expansion of CD4+ T cells with a cyto-
toxic phenotype in patients with B-chronic
lymphocytic leukaemia (B-CLL). Clin Exp
Immunol. 2001;126(1):29-36.

26. Goolsby CL, Kuchnio M, Finn WG, et al.
Expansions of clonal and oligoclonal T cells
in B-cell chronic lymphocytic leukemia are
primarily restricted to the CD3(+)CD8(+)
T-cell population. Cytometry. 2000;
42(3):188-195.

27. Christopoulos P, Pfeifer D, Bartholomé K,
et al. Definition and characterization of the
systemic T-cell dysregulation in untreated
indolent B-cell lymphoma and very early
CLL. Blood. 2011;117(14):3836-3846.

28. Kimby E, Mellstedt H, Nilsson B, et al. T
lymphocyte subpopulations in chronic
lymphocytic leukemia of B cell type in rela-
tion to immunoglobulin isotype(s) on the
leukemic clone and to clinical features. Eur



J Haematol. 1987;38(3):261-267.
29. Tonino SH, van de Berg PJ, Yong SL, et al.

Expansion of effector T cells associated
with decreased PD-1 expression in patients
with indolent B cell lymphomas and chron-
ic lymphocytic leukemia. Leuk Lymphoma.
2012;53(9):1785-1794.

30. Brusa D, Serra S, Coscia M, et al. The PD-
1/PD-L1 axis contributes to T-cell dysfunc-
tion in chronic lymphocytic leukemia.
Haematologica. 2013;98(6):953-963.

31. Novak M, Prochazka V, Turcsanyi P, et al.
Numbers of CD8+PD-1+ and CD4+PD-1+
Cells in Peripheral Blood of Patients with
Chronic Lymphocytic Leukemia Are
Independent of Binet Stage and Are
Significantly Higher Compared to Healthy
Volunteers. Acta Haematol. 2015;
134(4):208-214.

32. Gassner FJ, Zaborsky N, Neureiter D, et al.
Chemotherapy-induced augmentation of T
cells expressing inhibitory receptors is
reversed by treatment with lenalidomide in
chronic lymphocytic leukemia.
Haematologica. 2014;99(5):67-69.

33. Ramsay AG, Clear AJ, Fatah R, et al. Multiple
inhibitory ligands induce impaired T-cell
immunologic synapse function in chronic
lymphocytic leukemia that can be blocked
with lenalidomide: establishing a reversible
immune evasion mechanism in human can-
cer. Blood. 2012;120(7):1412-1421.

34. Nunes C, Wong R, Mason M, et al.
Expansion of a CD8(+)PD-1(+) replicative
senescence phenotype in early stage CLL
patients is associated with inverted
CD4:CD8 ratios and disease progression.
Clin Cancer Res. 2012;18(3):678-687.

35. Li M, Sun XH, Zhu XJ, et al. HBcAg induces
PD-1 upregulation on CD4+T cells through
activation of JNK, ERK and PI3K/AKT path-
ways in chronic hepatitis-B-infected
patients. Lab Invest. 2012;92(2):295-304.

36. Adekambi T, Ibegbu CC, Kalokhe AS, et al.
Distinct effector memory CD4+ T cell sig-
natures in latent Mycobacterium tuberculo-
sis infection, BCG vaccination and clinically
resolved tuberculosis. PLoS One. 2012;
7(4):e36046.

37. Jitschin R, Braun M, Büttner M, et al. CLL-
cells induce IDOhi CD14+HLA-DRlo
myeloid-derived suppressor cells that
inhibit T-cell responses and promote
TRegs. Blood. 2014;124(5):750-760.

38. Scrivener S, Kaminski ER, Demaine A, et al.
Analysis of the expression of critical activa-
tion/interaction markers on peripheral
blood T cells in B-cell chronic lymphocytic
leukaemia: evidence of immune dysregula-
tion. Br J Haematol. 2001;112(4):959-964.

39. Frydecka I, Kosmaczewska A, Bocko D, et
al. Alterations of the expression of T-cell-
related costimulatory CD28 and downreg-
ulatory CD152 (CTLA-4) molecules in
patients with B-cell chronic lymphocytic
leukaemia. Br J Cancer. 2004;90:2042- 2048. 

40. Motta M, rassenti L, Shelvin BJ, et al.
Increased expression of CD152 (CTLA-4)
by normal T lymphocytes in untreated
patients with B-cell chronic lymphocytic
leukemia. Leukemia. 2005;19(10):1788-
1793.

41. Rossmann ED, Jeddi-Tehrani M, Osterborg
A, et al. T-cell signaling and costimulatory
molecules in B-chronic lymphocytic
leukemia (B-CLL): an increased abnormal

expression by advancing stage. Leukemia.
2003;17(11):2252-2254.

42. Schneider H, Rudd CE. Rudd, Diverse
mechanisms regulate the surface expres-
sion of immunotherapeutic target ctla-4.
Front Immunol. 2014;5:619.

43. Podhorecka M, Dmoszynska A, Rolinski J,
et al. T type 1/type 2 subsets balance in B-
cell chronic lymphocytic leukemia--the
three-color flow cytometry analysis. Leuk
Res. 2002;26(7):657-660.

44. Horna P, Sotomayor EM. Cellular and
molecular mechanisms of tumor-induced
T-cell tolerance. Curr Cancer Drug Targets.
2007;7(1):41-53.

45. Del Poeta G, Del Principe MI, Zucchetto A,
et al. CD69 is independently prognostic in
chronic lymphocytic leukemia: a compre-
hensive clinical and biological profiling
study. Haematologica. 2012;97(2):279-287.

46. Gassner FJ, Weiss L, Geisberger R, et al.
Fludarabine modulates composition and
function of the T cell pool in patients with
chronic lymphocytic leukaemia. Cancer
Immunol Immunother. 2011;60(1):75-85.

47. Lundin J, Porwit-MacDonald A, Rossmann
ED, et al. Cellular immune reconstitution
after subcutaneous alemtuzumab (anti-
CD52 monoclonal antibody, CAMPATH-
1H) treatment as first-line therapy for B-cell
chronic lymphocytic leukaemia. Leukemia.
2004;18(3):484-490.

48. Ding W, Dong H, Call TG, et al. PD-1
Blockade with Pembrolizumab (MK-3475)
in Relapsed/Refractory CLL Including
Richter Transformation: An Early Efficacy
Report from a Phase 2 Trial (MC1485).
Blood. 2015;23:834. 

M. Palma et al.

572 haematologica | 2017; 102(3)


