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Abstract Altered numbers and functions of T cells
have previously been demonstrated in chronic lympho-
cytic leukemia (CLL) patients. However, dynamics and
specific T-cell subset alterations have not been studied in
great detail. Therefore, we studied CLL blood lympho-
cyte subsets of individual patients in a longitudinal man-
ner. Dynamic expansions of blood CD4* and CD8* T-cell
numbers were consistently associated with a progressively
increasing CLL leukemic compartment. Interestingly, the
T-cell subset expansion over time was more pronounced
in CD38* CLL. Additionally, we performed gene expres-
sion profiling of CD3* T cells of CLL patients and normal
donors. Using gene set enrichment analysis, we found sig-
nificant enrichment of genes with higher expression in CLL
T cells within CD8™ effector memory and terminal effec-
tor T-cell gene signatures. In agreement with these data, we
observed a marked expansion of phenotypic CD8* effec-
tor memory T cells in CLL by flow cytometry. Moreover,
we observed that increments of CD8% effector memory
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T cells in human CLL and also mouse CLL (Ew-TCLI
model) were due to an expansion of the inhibitory killer
cell lectin-like receptor G1 (KLRG1) expressing cellular
subset. Furthermore, higher plasma levels of the natural
KLRGI ligand E-cadherin were detected in CLL patients
compared to normal donor controls. The predominance of
KLRGI1" expression within CD8" T cells in conjunction
with increased systemic soluble E-cadherin might signifi-
cantly contribute to CLL immune dysfunction and might
additionally represent an important component of the CLL
microenvironment.
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Introduction

B-cell chronic lymphocytic leukemia (CLL) is the most
prevalent leukemia in Europe and the USA and is charac-
terized by the accumulation of CD5TCD237CD19" clonal
B cells [1]. The leukemic cells undergo spontaneous apop-
tosis in vitro, which implies that the interaction with the
microenvironment is indispensable for leukemogenesis and
disease maintenance.

Evidence suggests that abnormal T cells are part of the
supporting microenvironment sustaining the malignant
clone in vivo [2, 3]. In contrast to other malignancies, T-cell
dysfunction coupled with T-cell expansion is a hallmark of
CLL [4]. CLL T cells are characterized by molecular and
functional abnormalities at the cellular level. A study by
Gribben and colleagues detected defective pathways such
as cytoskeleton formation and cell differentiation in CLL
CD4" and CD8™ T cells by expression profiling [5]. These
investigations were complemented by functional studies,
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demonstrating defective immunological synapse forma-
tion in CLL [6]. Interestingly, these T-cell defects could be
imposed on normal donor T cells by direct CLL co-culture.
This finding was recapitulated in vivo with the Epn-TCL1
murine CLL model [5-8].

We were able to show a dramatic decrease in T-cell tel-
omere length especially in ZAP707/CD38*" CLL patients.
These data were indicative for extensive proliferation
within the T-cell compartment of CLL patients [9]. How-
ever, due to the technical constraints of flow FISH analysis,
this study was not able to discriminate between CD45RA™
naive and CD45RA™ terminally differentiated effector T
cells.

At least in early CLL stage of disease, T cells appear not
to be solely compliant to CLL cells: clonal T-cell expan-
sion identified by preferential usage of a restricted TCR-
BV gene usage was identified in CLL [10]. In vitro T-cell
stimulation experiments with autologous B cells argued for
the presence of leukemia-specific CD41 and CD8" T cells.
However, not all expanded clones were able to recognize
leukemic cells via their TCR [11].

In order to gain further insight into the emergence of
T-cell abnormalities in CLL, we studied accessory lym-
phoid subsets of individual patients in a longitudinal fash-
ion and correlated these with known prognostic factors.
Moreover, we undertook gene expression profiling (GEP)
analysis of CLL T cells compared to normal donor T cells
and discovered a gene expression signature, which sug-
gested the expansion of CD8* effector memory T cells in
CLL patients. This in silico observation was subsequently
confirmed by flow cytometric analysis in CLL patients.
Strikingly, we were able to observe in human as well as
murine CLL that the expanded CD8 effector memory
T-cell subset was characterized by increased expression of
the senescence mediating receptor KLRG1.

Materials and methods
Patients

Peripheral blood (PB) samples of 42 normal donors and 105
patients with CLL were analyzed after obtaining informed
consent according to institutional guidelines, approved by
the Ethics Commission of the University of Essen—Duis-
burg. The diagnosis of CLL required a persistent lympho-
cytosis of more than 5.0 x 10%1 and a typical CD19™,
CD20", CD5*, CD23™, Ig light chain (k or \ light chain)
restricted immunophenotype as revealed by flow cytometry
of PB. Furthermore, PB mononuclear cells (PBMC) were
isolated using Lymphoprep (Invitrogen, Karlsruhe; Ger-
many) density gradient centrifugation and were cryopre-
served until further analysis. Longitudinal analysis of the
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accessory T-cell compartment (Fig. 1) was performed in 46
patients (median number of measurement time points per
patient: 4 [range 2—10] over a median period of 16 months
[range 3—80 months]). None of the patients included in the
longitudinal analysis (Fig. 1) received therapy during the
observation period.

Mice

TCL1 transgenic mice (C3H/B6 background) were pro-
vided by Dr. G. Fingerle-Rowson (Internal Medicine,
Cologne, Germany) with kind permission of Dr. Carlo
M. Croce (Ohio State University, Columbus, OH, USA).
Mouse experiments were approved by the local institu-
tional committee and were performed according to German
animal legislation.

Gene expression profiling

CD3" T cells were immunomagnetically isolated (Midi-
Macs, Miltenyi Biotec, Bergisch Gladbach, Germany) from
the PB of normal donors (n = 8) and previously untreated
patients with CLL (n = 25) resulting in a purity of >90 %
as determined by flow cytometry. GEP was performed on
total RNA extracted from 1 x 107 to 5 x 107 CD3™ cells
(RNeasy Midi Kit, Qiagen, Hilden; Germany) using the
Affymetrix U133A GeneChip platform (Affymetrix, Santa
Clara, CA, USA) as described [12]. The raw experimental
data are accessible through the Internet (http://www.ncbi.nl
m.nih.gov/geo/; accession number GSE19147).

The analysis of gene expression data was performed
with R Statistical Software version 2.8.1 (http://www.r-
project.org) and extension packages of the Bioconductor
platform (http://www.bioconductor.org). Affymetrix MAS
5.0 expression values and detection calls were computed
using the affy package. Differentially expressed genes
(DEG) between CLL and normal-donor-derived T-cell
samples were identified with the significance analysis of
microarrays (SAM) method [13] as implemented in the
samr package. Only genes with “present” detection calls in
at least 30 % across all arrays were considered for SAM
analysis. The resulting list of DEG was further analyzed
for associations with biological processes as defined in the
Gene Ontology (GO) data base using the GOstats pack-
age. A hypergeometric probability was computed to assess
whether the number of genes associated with a particular
GO term was larger than expected. Gene set enrichment
analysis (GSEA) to test for enrichment of our list of DEG
in publicly available expression array data of human CD8"
T-cell subset signatures [14] was performed with a freely
accessible online tool (Broad Institute, Cambridge, MA,
USA). The normalized enrichment score (NES) was calcu-
lated for the highly expressed CLL T-cell gene set based on
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Fig. 1 Longitudinal kinetics of
the accessory T-cell compart-
ment in relation to disease
progression and CD38 status.

a Levels of total CD3+, CD8*
and CD4™" T cells, NK cells
(defined as CD56TCD16"
cells), absolute lymphocytes
and CD19" B cells of individual
CLL patients (n = 46) were
determined over time. The slope
of the regression line was deter-
mined for each lymphocyte sub-
set of every patient. An incre-
ment of >500 lymphocytes/1
per month was arbitrarily
defined as progressive disease
(n = 23 patients). An increment
<500 lymphocytes/jl per month
was regarded as stable disease
(n = 23 patients). Representa-
tive graphs of a patient with
stable (left) and a patient with
progressive disease (right) are
shown. b Comparison of lym-
phocyte subset increments of
stable and progressive disease
patients. ¢ Lymphocyte subset
increments per month of CD38*
are significantly higher than
increments of CD38™ progres-
sive CLL patients. d Absolute
numbers of peripheral blood
accessory lymphocyte subsets
including CD3" total T cells,
CD4* T cells, CD8* T cells

and NK cells were analyzed
according to Binet stage

and CD38 expression status.
Subgroups: Binet A, CD387,

n = 46; CD38", n = 14; Binet
B, CD387,n = 14, CD38",

n = 12; Binet C, CD38",
n=>5;CD38", n=11.nd.,

not determined; PB, periph-

eral blood; NK, natural killer
cells. *P < 0.05; **P < 0.01;
4P < 0.001

1699
—e— cCD3+
e Qe CDBE
——w—— CD4s
——— lymphocytes
— & —- NK
—— - D19+
A regression line
patient #13 (linear fit) patient #42
10°% 108
m Leen A L& A @ 10
e o i i
= - \:{ ~ =
] B 10
3 3
10° At =ty
- ~a 3
102 Ol g - .Y P — 10
101 T 102 v
12 24 48 72 96 0 12 24 48 72
months months
I stabie CLL (n=23)
B :I progressive CLL (n=23) C i |:| progressive CLL
el CD38- (n=13); CD38+ (n=10)
g |5
*
- - -
G = 2004 Kk 5=
EE — £ E *
- O fudaled = O —
2E 3 g 2001 *
o= o= —
a X 100 iy
o & o 2
%3 53
oo o 01004
2 2~
=% 4
g £
2 =
50
CD3+ c|34+ cns-n- CD38 - +
CD3+ CD4+ CD8+ NK
I cp3s-cLL
CD38+ CLL
D CD3+ T-cells — NK-cells
] )
4 11
m
o
5 24 0.51
i
[+}]
j= 3
o ) n.d.
2 Binet A Binet A B c
=
= Fx CD4+ T-cells CD8+ T-cells
L0
£ i
=
= *
S 2 —
@ 3
o 2
11 "
Binet Binet A B Cc

@ Springer



1700

Cancer Immunol Immunother (2013) 62:1697-1709

Table 1 Absolute numbers of peripheral blood lymphocyte subpopulations (per 1) of normal donors and CLL prognostic subgroups

CD3 CDS8 CD4 CD4/CD8 NK CD19
Mean STD Mean STD Mean STD Mean STD Mean STD Mean STD
Normal donors (n =31) 1,548 459 552 278 990 307 2.18 1.16 337 138 267 109
All patients (n = 105) 2,559 1,802 1,012 882 1,501 1,056 2.15 3.0 580 412 47,534 47,221
Binet (n = 102)
A 2,146 1,363 793 535 1,325 959 2.07 1.49 501 390 33,466 26,521
B 3,119 2,099 1,391 1,186 1,627 998 1.43 0.79 708 313 55,763 42,558
C 3,224 2,344 1,237 1,117 1,963 1,368 3.61 6.84 715 629 93,644 82,769
P value 0.0026 0.0017 0.028 0.15 <0.01 0.023
CD38 (n =93)
negative (n = 65) 2,219 1,628 895 878 1,271 830 1.90 1.43 485 284 44,444 48,659
positive (n = 38) 3,163 1,968 1,223 872 1,905 1,284 2.58 4.53 753 539 55,609 45,892
P value <0.01 0.011 0.0053 0.76 0.037 0.18
FISH (n = 94)
dell3 (n =51) 2,200 1,304 892 608 1,223 809 1.86 1.56 542 396 42,433 32,701
No (n =21) 2,419 1,268 882 464 1,576 1,050 2.02 1.06 608 378 58,331 72,750
delll (n = 8) 2,659 1,445 1,166 679 1,397 829 1.43 0.71 695 408 49,640 48,759
Trisomy 12 (n = 11) 4,580 3,680 1,904 2,011 2,587 1,609 2.1 1.4 645 230 61,596 66,416
dell7p (n = 3) 3,406 342 691 497 2,682 669 11.17  15.1965 955 1,024 57,711 15,284
P value 0.014 0.35 0.0014 0.13 0.57 0.89

Statistical comparison between Binet and FISH subgroups was made with the Kruskal-Wallis test, between CD38 subgroups with the Mann—

Whitney test
STD standard deviation

the relative position of the respective genes in the ranked
list.

Flow cytometry

Absolute levels of CD4% cells, CD8" T cells, CD567/16™
natural killer (NK) cells and CD19* B cells in fresh EDTA
whole PB samples were determined by four-color flow
cytometry with the BD MultiTest CD3/CD4/CD8/CD45
and CD3/CD16 + CD56/CD45/CD19 Reagent kits (Bec-
ton—-Dickinson, Heidelberg, Germany) and analyzed on
a BD FACSCanto or FACSCalibur (Becton Dickonson;
Table 1). In some cases, human and murine lymphocyte
subpopulations were quantified using a two-platform assay
by first staining samples with the respective antibodies and
subsequently calculating absolute cell numbers on the basis
of absolute lymphocyte counts (Coulter Counter FTKS or
Z2 cell counter, Beckman Coulter, Krefeld, Germany). In
primary plots, percentages of cells in a lymphocyte gate
are displayed. CD8" T-cell subsets of normal donor con-
trols (n = 11; mean age 52 £ 15 years [£STD]) and CLL
patients (n = 25; mean age 67 + 11 years [STD]) were
analyzed with fluorescently labeled antibodies against
CD8 (RPA-T8, BD Bioscience), CD45RA (HI100, BD
Bioscience), CCR7 (150503, R&D Systems) and KLRG1
(clone 13A2 [15]). Murine lymphocyte subset analysis was
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performed with antibodies from BD Bioscience against
CD3 (clone 145-2C11), CD5 (clone 53-7.3), CD8 (clone
53-6.7), CD19 (clone 1D3), CD44 (clone IM7) and CD62L
(MEL-14). The antibody against KLRGI1 (clone 2F1) and
the corresponding Golden Syrian Hamster IgG isotype
control were purchased from eBioscience (San Diego, CA,
USA). Dead cells were excluded by forward and side scat-
ter in addition to propidium iodide (PI) or 4/,6-diamidino-
2-phenylindol (DAPI) positivity. Flow cytometric data were
acquired on a FACSCalibur, FACSCanto or LSRII (Bec-
ton-Dickinson, Heidelberg, Germany), and analysis was
performed with CellQuest, DiVa (Becton-Dickinson, San
Jose, CA, USA) or FlowJo software (Treestar, San Carlos,
CA, USA). Murine CD8" T-cell subsets were defined by
CD62L and CD44 expression [16—19].

Soluble human epithelial cadherin enzyme-linked
immunosorbent assay (ELISA)

Plasma was prepared from freshly collected heparinized
peripheral blood samples and stored at —80 °C until analy-
sis. Quantitative determination of soluble human epithelial
cadherin (sE-cadherin) plasma levels was performed using
a commercially available ELISA kit (R&D Systems, Wies-
baden-Nordenstadt, Germany) according to the manufac-
turer’s instructions.
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Statistical analysis

Unless otherwise indicated, comparison of parameters
between subgroups was made using the nonparametric
Mann—Whitney U test or Kruskal-Wallis test for continu-
ous variables. All mouse data were analyzed by Student’s
t test. A P value <0.05 was regarded significant. All bar
graphs represent mean =+ standard deviation (STD).

Results

Expansion of accessory T cells is dependent on CLL
progression and CD38 expression status

Absolute numbers of CD19", CD3", CD4", CD8" and
CD167CD56™ lymphocytes were assessed via flow cytom-
etry in the PB of 105 patients with CLL (Table 1; clinical
characteristics, Table S1). Consistent with previous work,
clinical disease stages were characterized by significantly
different numbers of PB T cells and NK cells. Patients with
advanced disease generally exhibited higher cell numbers
than Binet stage A patients. Furthermore, a significantly
higher absolute number of T and NK cells was observed in
patients expressing the CD38 surface antigen (>20 %) on
their leukemic cells (Table 1). Unexpectedly, CLL patients
with trisomy 12 exhibited particularly increased numbers
of PB CD4" T cells as compared to all other patients lack-
ing this cytogenetic abnormality. Trisomy 12 patients also
exhibited the greatest T-cell number variance, especially
within the CD8' T-cell compartment. Even though the
number of cases analyzed with 17p deletion was limited, it
is interesting to note that the CD8" T-cell numbers within
this group were comparatively low (Table 1).

Our finding that the absolute numbers of PB T- and NK-
cell subsets are increased in Binet stage C patients as com-
pared to early-stage CLL cases suggested that the expan-
sion of accessory cells is related to disease progression
(Table 1). To our knowledge, longitudinal data on acces-
sory lymphocyte subsets within individual CLL patients
have never been collected so far. Therefore, we sequentially
quantified the numbers of PB T and NK cells in a subset of
46 patients. We calculated the slope (cellular increment/jLl
per month) of the regression line (linear fit) including
all lymphocyte subset data of every individual patient
(Fig. 1a). We found that the increment of CLL lymphocytes
over time significantly correlated with the increment of
CD3, CD4, CDS8 and NK subsets (Table S2). Interestingly,
T-cell increments did not correlate with NK-cell increments
(Table S2), implying that NK-cell dynamics occur indepen-
dently of T-cell dynamics in CLL.

During a mean observation period of 22 months, 23
of 46 patients showed evidence of disease progression

[progressive disease (PD); arbitrarily defined as lympho-
cyte count increment >500 cells/il per month; stable dis-
ease (SD) patients as lymphocyte count increment <500
cells/pl per month]. As expected, PD CLL was accompa-
nied by increasing numbers of CD3%, CD4", CD8* and
CD16TCD56™ cells. In contrast, this was not the case for
SD CLL patients (Fig. 1b). The mean increment of acces-
sory CD3% T cells over time in PD patients was 111.3
cells/pl per month compared to —0.5 cells/pnl per month
in SD patients. This dramatic difference was also appar-
ent in the CD8" subset of T cells: the mean CD8" T-cell
increment over time in PD patients was more than 30-fold
higher than in SD patients (Fig. 1b). Furthermore, the
CD3", CD4" and CDS8" cellular increments in the PD
patient cohort were significantly higher in CD38" than in
CD38~ CLL (Fig. 1c). In light of the fact that lymphocyte
increments between CD38%" (mean + STD, 3,970 + 2,811
cells/pl per month) and CD38™ (3,135 &+ 3,262 cells/pl per
month) PD patients did not differ significantly (P = 0.31),
the finding of differing accessory lymphocyte increments
per time in CD38~ and CD38" disease is even more strik-
ing. This observation prompted us to reevaluate the abso-
lute numbers of accessory lymphocytes in relation to both
Binet stage and CD38 expression. This analysis revealed
that the accelerated dynamics of CD38% CLL T cells are
restricted to Binet stage A patients (Fig. 1d). In summary,
we demonstrated on the level of individual patients that an
increasing leukemic burden is associated with the expan-
sion of non-malignant lymphocyte populations.

Gene expression profiling and subsequent gene set
enrichment analysis reveal an expanded CD8" effector
memory T-cell subset in CLL

In order to gain mechanistic insight into the altered biol-
ogy of CLL T cells, we compared the gene expression pro-
files of CLL T cells (n = 25 patients) with normal T cells
(n = 8 normal donors). The SAM algorithm controlling
the false discovery rate (FDR) at 1 % and using +2.0 as
fold change cut-off identified a list of 135 genes (defined
by 150 probes) that had significantly higher expression
and 11 genes (defined by 13 probes) that had significantly
decreased expression in CLL T cells (Table S3). Notably,
the genes with higher expression in CLL T cells included
killer cell lectin-like receptor family members KLRAI,
KLRC2, KLRDI1 (CD9%4), KLRK1 and KLRF1 as well as
the inhibitory receptors CD244 (NK-cell receptor 2B4),
CD160 (NK-cell receptor BYS5), CCL4, PRF1 (perforin
1) and CRTAM (class-I MHC-restricted T-cell-associated
molecule). Because these receptors and genes are com-
monly expressed by CD8" T cells exhibiting an effector
memory phenotype [20-25], we hypothesized expansion
of this subset in CLL. In agreement with this assumption,
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lished gene signatures of sorted normal donor CD8™ effector memory
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heat map of the top ranking leading edge genes (left) are shown. In
the GSEA plot, the x-axis represents the ranked list of genes from

the list of genes with higher expression in CLL T cells was
associated with biological processes implicated in immune
response and antigen processing and presenting (Table
S4). In order to verify our hypothesis of expanded CLL
effector memory CD8™ T cells, we used gene set enrich-
ment analysis (GSEA) to test for enrichment of our highly
expressed CLL T-cell genes in a publicly available gene
signatures derived from CD8™" effector and effector mem-
ory T cells [14]. To perform GSEA, the available data sets
were grouped into effector memory (7)) and effector (7 )
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versus naive (7,,,,.) and central memory (7,,,) CD8" phe-
notype. Strikingly, the genes with higher expression in CLL
T cells were enriched in the combined T.,/T.; CD8" T-cell
gene signature (Fig. 2). The receptors KLRF1 (Nkp80),
CD160, CD244, KLRD1 and KLRA1 were among the top
ranking leading edge genes, suggesting an important role
of these receptors in regulating CLL CD8" T-cell func-
tion (Fig. 2). In conclusion, GEP analysis of CLL in com-
parison with normal donor T cells suggested expansion of
CD8™ T,,/T.g cells in CLL.
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The CLL T-cell compartment is characterized by an
expanded CD8™ effector memory subset

The CD8" T-cell compartment can be subdivided into
Tive (CCRTTCD45RAY), T., (CCR7tCD45RA), T.,
(CCR7-CD45RA™) and T.; (CCR7-CD45RAY) cells by
flow cytometric analysis [26]. In contrast to the CD8™ T,
and T, subsets, CD8" T, and T,y cells do not express
lymph node homing molecules such as CD62L and CCR7.
CD8" T,, and T.q cells directly populate inflammatory
sites [27-30]. To confirm our GEP and GSEA data, we
analyzed CLL and normal donor CD8' T-cell subsets.
Flow cytometric analysis revealed a relative shift of sub-
sets within the CD8* T-cell compartment. We observed a
decreased proportion of CD8% T, ... cells and an increased
proportion of CD8 T, cells in the CLL cohort as com-
pared to normal donor controls (Fig. 3a, b). However, when
absolute cell numbers were calculated, it became evident
that the increased number of overall CD8" T cells in CLL
was primarily attributable to the expansion of CD8" T,
cells (Fig. 3c). However, no significant difference of circu-
lating CD8% T, cells between CLL and normal donors
was noted (Fig. 3c). Taken together, these results confirmed
our GEP-driven hypothesis of an expanded CD8* 7, com-
partment in CLL.

The expansion of a senescent KLRG17 cellular subset is
responsible for increased numbers of CD8™ T cells in CLL

Genes found to be higher expressed in CLL T cells versus
normal-donor-derived T cells included inhibitory recep-
tors such as CD160 [20] and CD244 [21] (Fig. 2; Table
S3). Importantly, the regulation of CD8" T-cell exhaus-
tion by various inhibitory receptors was shown to be non-
redundant [31]. Another critical inhibitory receptor is
killer cell lectin-like receptor G1 (KLRGI1). This receptor
was shown to mark CD8* T cells, which have undergone
extensive proliferation and lack replicative potential [15,
32-34]. Therefore, we examined KLRGI1 surface expres-
sion on CD8" T-cell subsets in CLL patients and in nor-
mal individuals (Fig. 4a). The proportion of cells express-
ing KLRG1 was found to be significantly higher in CLL
CD8* T cells compared to normal donor CD8™ T cells
(Fig. 4b). When absolute cell numbers were calculated, it
became evident that the elevation in the absolute number of
overall CD8* T cells in CLL was mainly attributed to the
expansion of KLRG1TCD8™ T cells, while the number of
KLRG1™CDS8™ T cells did not differ significantly between
the two groups (Fig. 4b). When analyzing CD8™ T-cell sub-
sets for KLRGI1 expression (Fig. 4a), we detected increased
proportions of KLRG17 cells in CD87 T, ,ves Topy and Ty
subsets (Fig. 4c). However, only absolute KLRG1TCD8*
T., and T., cell numbers were significantly increased
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patients is expanded. a Peripheral blood mononuclear cells were
stained with antibodies against CD8, CD45RA, CCR7 and with pro-
pidium iodide (PI). Subsets of CD8' T cells were defined as naive
(Tpaive; CD45RAT, CCR7Y), central memory (7,,; CD45RA™,
CCR7"), effector memory (T, CD45RA™, CCR77) and terminal
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mal donor (ND) and CLL samples are shown. b Quantification of the
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CD8* T, cells is increased. ¢ Absolute cell numbers of CLL CD8"
T, and T, cells were increased. FSC forward scatter; SSC side scat-
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ter; PB peripheral blood. *P < 0.05; **P < 0.01

in CLL patients (Fig. 4d). Comparable to our findings in
CLL, Streeck et al. reported elevated KLRG1 expression
of CD8" T cells in patients with chronic progressive HIV
infection. Additionally, the data of Streeck et al. [35] sug-
gested that elevated plasma levels of the KLRGI ligand,
soluble E-cadherin (sE-cadherin), were responsible for
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Fig. 4 The high numbers of A
CD8™ T cells in CLL are due
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inhibited effector functions of KLRG1TCD8" T cells. We
therefore also determined plasma sE-cadherin levels in our
cohort of CLL patients. Strikingly, we detected signifi-
cantly higher sE-cadherin levels in CLL patients compared
to normal donor controls (Fig. 4e). In summary, the CLL
T-cell compartment is characterized by elevated numbers of
CD8* T,,, cells expressing the inhibitory receptor KLRG1.
Moreover, elevated CLL plasma sE-cadherin levels imply
increased CD8" T, functional inhibition via KLRGI in
CLL patients.
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Murine CLL is characterized by expanded KLRG11tCD8*
effector memory T cells

In mice, the role of KLRGI as a regulator as well as a
marker of CD8" T-cell senescence is well established
[34, 36]. Therefore, we used a CLL murine model (Ej-
TCL1 [37]) to investigate whether the expansion of
KLRG1TCD8™ T cells is also a hallmark of CLL in another
mammalian system. Previous studies emphasized par-
allels between the TCL1 transgenic CLL mouse model
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and human CLL, which also included the non-malignant
T-cell compartment [7, 8, 37]. TCL1 mice develop CLL at
8—12 months of age with preleukemic hyperplasia of CD5%
B cells developing as early as 2 and 4 months, respec-
tively [37]. Since we observed CD8" T-cell expansions
already at early human CLL stages, we decided to analyze
7-month-old TCL1 mice. First, we confirmed CD5TCD19*
cell expansion in the peritoneal cavity and spleen of TCL1
transgenic mice (Figure S1A, B and C). Using a PCR for
Ig heavy chain rearrangement, we were able to detect an
emerging dominant clone in two of four TCL1 mice (Fig-
ure S1D). In parallel to the CD8' T-cell subpopulations
described for the human system, the murine CD8" T-cell
compartment can be subdivided into T, T, and T,
subsets (Fig. 5a). In concordance with our observations in
human CLL PB, we detected a distinctly increased propor-
tion of peritoneal CD8" T, cells in TCL1 mice mainly
at the expense of CD8" T, cells (Fig. 5a, b). Remark-
ably, the relative expansion of peritoneal CD8™ T cells
in TCL1 mice was also associated with an increased pro-
portion of KLRGI1-expressing cells (Fig. 5c). In contrast
to the peritoneal cavity, no obvious shift within the CD8*
T-cell subpopulation was detectable in the spleen at this
early disease stage (Fig. 5d). However, we observed a more
than 2.5-fold increase in absolute splenic CD8" T-cell
numbers in TCL1 compared to wild-type mice (Fig. Se).
Again, in parallel to our observations in humans, numbers
of KLRG17CD8* T, cells in the spleen were significantly
increased in emerging mouse CLL (Fig. 5e). In synopsis,
our human and murine data imply that expanded CLL
CD8™ T cells are driven into a non-replication-competent
KLRG1™ T,,, phenotype.

Discussion

In this study, we initially combined clinical multicolor
flow cytometry with microarray-based GEP analyses to
investigate abnormalities in the T-cell compartment of
CLL patients. Consistent with previous work, enumera-
tion of PB lymphocyte subsets by flow cytometry revealed
elevated numbers of circulating CD3%, CD4%, CD8* and
CD16TCD56" lymphocytes depending on the disease
stage: samples derived from patients with advanced dis-
ease contained higher numbers of these cells as compared
to Binet A patients. This observation suggested that the
expansion of non-malignant lymphocytes may be causally
related to disease progression. In a previously unreported
fashion, we further addressed this concept by sequentially
characterizing the T-cell subsets and NK cells in a cohort
of 46 patients over a mean time span of 22 months, show-
ing that CLL progression was associated with an increase
in accessory T cells. Remarkably, the mean increment of

T cells over time in progressive CLL patients was more
than 100-fold higher than in stable disease patients. Taken
together, these results support the hypothesis that disease
progression triggers an expansion of the CLL T-cell com-
partment in individual patients.

As another novel finding, we report that the absolute
numbers of T and NK cells also correlated with the risk
factor profile in that patients expressing the CD38 (>20 %)
surface antigen showed higher circulating numbers of
CD3", CD4", CD8* T cells. In addition, the kinetics of T
cell expansion appeared to differ in CD38~ versus CD38*
patients in that the latter group responded more quickly
showing significantly higher numbers of accessory T cells
even in early Binet stage A. Strikingly, we found that in
progressive CD38" CLL patients, the mean increment of
T cells over time was threefold higher than in progressive
CD38~ CLL patients. These data imply that expanding
CD38™" leukemic cells are able to provoke a more dramatic
accessory lymphocyte response than expanding CD38~
leukemic cells.

Microarray-based GEP was used in a subset of 25
patients to further investigate the molecular mechanisms
underlying the deregulation of the CLL T-cell compart-
ment. Different from the study published by Gorgun et al.
[5] who compared the transcriptomes of CD4% and CD8™
T cells isolated from CLL patients and healthy blood
donors, we employed immunomagnetically purified CD3™"
T cells that were not further separated according to CD4
and CD8 expression. Comparative supervised analysis of
normal donor- versus CLL-derived CD3™ T cells revealed
a panel of 146 differentially expressed genes, the majority
of which were found to be overexpressed in CLL T cells.
A very recently published study used a similar approach
comparing the gene expression profiles of PB CD3" T
cells of CLL, multiple myloma and normal donors [38].
As expected, numerous genes with high expression in CLL
T cells including CX3CR1, CRTAM, KLRDI1, KLRAI,
TNFRSF9, CCL4 and GZMA identified by our GEP study
were also found to be highly expressed in CLL T cells by
Kiaii et al. [38]. In addition to the killer cell lectin-like
receptors identified in our GEP analysis (KLRA1, KLRDI,
KLRC2, KLRFI and KLRK1), Kiaii et al. found KLRG1,
KLRC3 and KLRC4 to be highly expressed by CLL T
cells. The high CLL T-cell expression of killer cell lectin-
like receptors might be part of the previously recognized
broad upregulation of NK receptors by CLL T cells [39].
However, it remains unclear why the high expression of
killer cell lectin-like receptors was not described by other
CLL T-cell GEP studies [5].

We used GSEA to demonstrate that a previously pub-
lished CD8" T, /T, T-cell signature [14] was signifi-
cantly enriched within our differentially expressed CLL
T-cell genes. The top leading edge gene of this analysis was
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Fig. 5 Peritoneal cavity and
spleen CD8™" T cells of TCL1
transgenic mice are shifted
toward a KLRG1™ effector
memory phenotype. a Rep-
resentative flow cytometric
analysis of wild-type versus
TCL1 peritoneal CD8" T-cell
subsets is displayed. Defini-
tion of murine CD8" T-cell
subsets: naive (T,,;,.: CD62LY,
CD44'%), central memory

(T.,: CD62L*, CD44") and
effector memory (7, ,: CD62L-
low CD441). Within the CD8*
T,,, compartment, KLRG1
expression was analyzed. b
Compared to wild-type mice,
the peritoneal CD8™ T-cell com-
partment of TCL1 transgenic
mice was characterized by a
decreased fraction of naive cells
and an increased fraction of
effector memory cells. ¢ Within
peritoneal TCL1 CD8* T,
compartment, the proportion of
KLRGI1™ cells was significantly
increased. d Representative flow
cytometric analysis of splenic
CD8* T-cell subsets. e TCL1
transgenic mice displayed a
significant increase in CD8"
T-cell numbers (left). Signifi-
cantly elevated KLRG1TCD8™
T, cell numbers were present
in the spleens of TCL1 trans-
genic mice (right). *P < 0.05;
**P <0.01; ***P < 0.001. WT
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KLRF1 (Fig. 2). Strikingly, we and others demonstrated
that the KLRF1 ligand, CLEC2B (AICL), represents one of
the top genes highly expressed in poor compared to good
prognosis CLL [40, 41]. As it was shown that the KLRF1-
CLEC?2B interaction is capable of mediating mutual cellu-
lar activation [42], this molecular interface might represent
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impact on CLL leukemic cells.

On the basis of these microarray data, we hypothesized
that CLL cells not only cause an expansion of the accessory
T cells but also induce a shift in their cellular composi-
tion toward a CD8™ T, phenotype. To test this hypothesis
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and to further validate our microarray data at the cellular
level, we proceeded to perform a detailed flow cytometric
analysis of the CLL CD8* T-cell compartment. In line with
the microarray data, this analysis revealed a significantly
higher relative number of CD8" T, cells and a lower
relative number of CD8" T, .. cells in the CLL cohort
as compared to healthy controls. In order to test whether
our observations in human CLL can be recapitulated in a
murine transgenic CLL model, we studied the CD8" T-cell
compartment of 7-month-old TCL1 transgenic mice. We
specifically studied how CD8' T-cell subsets respond to
arising CLL in the peritoneal cavity of TCLI1 transgenic
mice. Strikingly, we found that our observation of T,
shifted CD8* T cells in human CLL was phenocopied in
the peritoneal cavity of TCL1 transgenic mice. Using a
slightly different marker combination than our study, Hof-
bauer et al. [7] also described pronounced skewing toward
aCD8* T, phenotype in TCL1 transgenic mice.

The expansion of CD8' T, cells in CLL supports a
model in which the production of these cells is driven by
the chronic stimulation provided by the leukemic cells.
This cellular pathway parallels the increased production of
CD8* T, cells during chronic viral infection or repetitive
vaccination [43, 44]. The relative expansion of the CLL
CD8™ T, subset was previously noted in the context of
a study by Davis and colleagues, which investigated the
expression of Fc receptor-like 6 (FCRL6) protein on CLL
cells and accessory lymphocyte subsets [45]. Our data cor-
roborate the finding of a relative CD8" T, cells expan-
sion in CLL and extend this observation by demonstrat-
ing an absolute increase in these cells in the PB of CLL
patients compared to normal donors. Greil and colleagues
reported complementary data to our work for CD4" T-cell
subsets. Analogous to our study involving CD8" T cells, a
relative increase in CD4" T, cells and a relative decrease
in CD4" T, cells were reported comparing unmutated
and mutated CLL. However, in contrast to our study, CLL
CD4% subsets were not compared with normal donor
controls [46]. Assuming that absolute CD4" T-cell num-
bers of CLL patients were increased compared to normal
donor controls in the study by Greil and colleagues, one
could conclude that CLL CD4" and CD8" T-cell subsets
are skewed in a uniform direction toward a 7., pheno-
type. This concordant behavior of CLL CD4%1 and CD8" T
cells is further supported by our notion that an incremental
CD4" compartment correlates with an incremental CD8"
T-cell compartment in a significant manner (Table S2).

KLRGT1 has been reported previously to be selectively
expressed in murine and human CD8" T, and T, cells
that have undergone extensive proliferation and lack rep-
licative potential in the CD8 compartment [15, 33, 34].
Recent studies have shown that murine KLRGI1 exerts a
significantly weaker inhibitory signal than human KLRG1

[47, 48]. However, in CLL, our murine data recapitulate our
human data of an expanded CLL CD8* T, compartment
with an increased proportion of KLRG17 cells. The known
ligands for KLRGI are E-, N- and R-cadherin [49]. Com-
parable to our findings in CLL, Streeck et al. [35] demon-
strated increased KLRG1TCD8" T cells in chronic pro-
gressive HIV-1 patients. In parallel, these authors detected
elevated levels of sE-cadherin plasma levels in these
patients most likely caused by disrupted intestinal epithe-
lium associated with HIV-1 infection. Strikingly, exposure
to sE-cadherin in vitro impaired cytokine secretion and
anti-viral response of KLRG1TCD8" T cells. This study
prompted us to study plasma sE-cadherin levels in our
cohort of CLL patients, and indeed, we were able to detect
significantly elevated sE-cadherin levels in CLL patients
compared to normal donor controls. Therefore, we propose
that systemically elevated sE-cadherin levels could contrib-
ute to increased functional inhibition of KLRG1TCD8* T
cells in CLL.

The expansion of CLL CD8" T cells was previously
attributed to chronic antigenic stimulation from viral path-
ogens such as CMV [50]. Furthermore, the CMV sero-
prevalence was shown to be higher in CLL patients than
in healthy controls [51]. Therefore, we cannot rule out that
CMV contributed the human CLL CD8" T-cell alterations
observed in our study. However, the validation of our find-
ings in the CMV-free murine TCL1 system argues against
this notion.

A number of previous studies support the concept of a
particular role of CD8™ T cells for CLL biology. In particu-
lar, CLL CD8% T cells were superior to CD4" T cells in
promoting survival of CLL cells in vitro [38]. Furthermore,
when early-stage CLL CD8" T-cell numbers were exceed-
ing CD47 T-cell numbers, this was associated with an infe-
rior clinical course [52].

In summary, we show here that in CLL, an expansion of
the peripheral leukemic cells is associated with a concomi-
tant expansion of non-malignant peripheral T and NK lym-
phocytes. This implies that accessory lymphoid cells are
expanding in response to leukemia progression and pos-
sibly contribute to the survival of CLL cells. Furthermore,
we show that in human and rodent, CLL-expanding CD8™
T cells are driven into a senescent KLRG17 T, phenotype.
Additionally, inhibitory KLRGI signaling in CD8" T,
cells might be potentiated by elevated CLL sE-cadherin
levels. We argue for a model where expanded senescent
CD8* T, cells are an important component of the CLL
supporting microenvironment.
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