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Key Points

• PD-L1/PD-1–mediated CD8
T-cell dysfunction develops
with CLL in different organs,
and similarities to aging-
related immune defects exist.

• PD-11 normal T cells have
markedly different effector
functions than PD-11 CLL
T cells.

T-cell defects, immune suppression, and poor antitumor immune responses are hall-

marks of chronic lymphocytic leukemia (CLL), and PD-1/PD-L1 inhibitory signaling has

emerged as a major immunosuppressive mechanism. However, the effect of different

microenvironments and the confounding influence of aging are poorly understood. The

current study uses the Em-TCL1 mouse model, which replicates human T-cell defects,

as a preclinical platform to longitudinally examine patterns of T-cell dysfunction along-

side developing CLL and in different microenvironments, with a focus on PD-1/PD-L1

interactions. The development of CLLwas significantly associatedwith changes in T-cell

phenotype across all organs and function. Although partly mirrored in aging wild-type

mice, CLL-specific T-cell changes were identified. Murine CLL cells highly expressed

PD-L1 and PD-L2 in all organs, with high PD-L1 expression in the spleen. CD31CD81

T cells from leukemic and aging healthy mice highly expressed PD-1, identifying aging

as a confounder, but adoptive transfer experiments demonstrated CLL-specific PD-1

induction. Direct comparisons of PD-1 expression and function between aging CLLmice and controls identified PD-11 T cells in CLL

as a heterogeneous population with variable effector function. This is highly relevant for therapeutic targeting of CD81 T cells,

showing the potential of reprogramming and selective subset expansion to restore antitumor immunity. (Blood. 2015;126(2):212-221)

Introduction

Chronic lymphocytic leukemia (CLL) is characterized by profound
immune defects, leading to severe infectious complications and lack
of adequate antitumor immune responses. These deficiencies are
caused by complex, bidirectional interactions betweenmalignant cells
and components of the tumormicroenvironment.1 In particular, T cells
are numerically, phenotypically, and functionally highly abnormal,
with only limited abilities to exert antitumor immune responses.2 Our
previous work demonstrated that T cells from CLL patients show
highly impaired immune synapse formation, cytotoxic function, and
T-cell adhesion/migration resulting from ineffective regulation of
actin-cytoskeleton remodeling.3-6 This is mediated by aberrant ex-
pression of several inhibitory receptors on CLL cells, prominently
PD-L1 (CD274).7 The corresponding binding partner of PD-L1, PD-1
(CD279), is a major inhibitory receptor associated with T-cell ex-
haustion, a state of functional hyporesponsiveness caused by chronic
infections.8-11 Binding of PD-1 to PD-L1 and PD-L2 results in
repressed T-cell receptor signaling, proliferation, and motility.12-15

However, recent evidence suggests that this is neither an irreversible,
terminal differentiation state nor an unresponsive T-cell state; instead,

T cells with an exhaustion phenotype represent a heterogeneous pop-
ulation, inwhich subsets are, despite PD-1 expression, able tomaintain
and exert certain effector functions.16,17

CD81 T cells from CLL patients exhibit some features of ex-
haustion such as increased PD-1 expression, but conflicting data exist
on its functional impact: although we have described impaired T-cell
proliferation and cytotoxicitywithmaintained interferon-g (IFN-g)/tumor
necrosis factor-a production,4 increased PD-1 expression on proliferat-
ing compared with nonproliferating T cells along with impaired
IFN-g/interleukin-4 (IL-4) production has been reported by others.18

Interestingly, this was also observed after stimulation of T cells
from healthy controls, albeit at a lower degree, suggesting a somewhat
constrained physiological reaction inCLLTcells. PD-11Tcells inCLL
therefore appear to be a highly heterogeneous population, in which
certain effector functionsmight bemaintained despite PD-1 expression.
However, the functional characteristics of these populations and how
distinct states of dysfunction develop in the context of advancing CLL
remain poorly understood. This is further complicated by the finding
that PD-1 expression plays an important role in T-cell homeostasis in
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Figure 1. Longitudinal changes of T-cell subsets in PB and CLL-affected organs in aging Em-TCL1 and WT mice and after AT. At least 2 cohorts of 3-, 6, and

12-month (mo)-old Em-TCL1, WT, and AT mice containing$5 mice each were euthanized and PB, and single-cell suspensions of CLL-affected organs were stained for CD3,

4, 8, 62L, 44, and CCR7 (spleen only) and assessed in relation to CLL load (supplemental Figure 1). Dead cells were excluded by 4,6 diamidino-2-phenylindole. Groups were

compared with 3-month-old mice. Mann-Whitney test was used for nonnormally distributed data and unpaired t test for normally distributed data, as determined by Shapiro-

Wilk normality test. (A) Longitudinal changes of percentages of CD31, CD31CD41, and CD31CD81 cells in spleens, leading to (B) changes in CD41/CD81 ratios in spleen,

which were recapitulated in (C) PB, LNs, and BM. (D) Longitudinal changes of percentages of spleen CD44-CD62L1 naive, CD441CD62L1 memory, CD441CD62L2 effector,

and (E) CD62L1CCR71 central memory (CM) and CD62L2CCR72 EM CD31CD81 cells. Longitudinal changes of percentages of naive, memory, and effector CD31CD81

cells in (F) PB, (G) LNs, and (H) BM (EM and CM cells were not assessed in these compartments/organs). All graphs depict median 6 interquartile range and combine

data from at all cohorts of mice at each age group. (I) Heat map summary of P values describing statistical differences in T-cell subsets in spleen identifying CLL-specific

T-cell subset phenotype vs aging-related patterns. Groups were compared with 3-month-old mice. Blue, expansion; red, loss of cell subsets; ns 5 nonsignificant. *P, .05,

**P , .001, ***P , .0001.

BLOOD, 9 JULY 2015 x VOLUME 126, NUMBER 2 PD-L1/PD-1–MEDIATED T-CELL DEFECTS IN Em-TCL1 MICE 213

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/126/2/212/1390425/212.pdf by guest on 30 M

ay 2024



healthy older humans.19 This needs to be taken into account when
interpreting PD-1 and immune function in CLL because it is predom-
inantly a disease of the elderly. Moreover, the majority of studies on
PD-L1/PD-1 in CLL have been conducted in peripheral blood (PB).
For CLL cells, characteristic tissue- and compartment-specific gene
signatures,20,21 CD38 expression patterns,22,23 proliferation,24 and
apoptotic regulation mechanisms25,26 are now well-recognized. The
importance of different microenvironments on T-cell defects, their
association with PD-1 expression, and their contribution to the inter-
actions between PD-L1 expressing CLL and PD-1 expressing T cells
are in contrast still poorly understood.

The majority of these questions can only be partly addressed in
human CLL. Because development of CLL in transgenic Em-TCL1
mice27 is associated with global T-cell defects very similar to those
observed in human patients,28,29 this mouse model offers a powerful
preclinical platform to investigate T-cell–directed questions in the con-
text of aggressive CLL. The aims of the current study were therefore
to use the Em-TCL1 model to examine the longitudinal development
of T-cell dysfunction in the context of advancing CLL; to identify the
impact of different microenvironments on T-cell defects and PD-L1,
PD-L2, and PD-1 expression; and to elaborate the functional impact of
PD-1 expression on T-cell effector function.

Methods and materials

Mice and in vivo procedures

All animal work was carried out following local ethical regulations. Disease
status was monitored by physical examination and hematology testing. Aging
Em-TCL1 mice were euthanized at 3, 6, and 12 months of age or when fully
leukemic (for initial characterization of PD-L1, see Figure 3A-C). Age-matched
wild-type (WT) littermates and WT mice from commercial suppliers served as
controls. In adoptive transfer (AT) experiments, young CLL-free mice received
4 3 107 frozen splenocytes from leukemic Em-TCL1 donors (%CD191CD51

CLL cells routinely confirmed .95%) or an equal dose of WT spleen B cells
by IV injection. AT and leukemic Em-TCL1 mice were euthanized once they
exhibited white blood cell counts.100 white blood cells/hpf (340 objective),
.90% lymphocytes CD191CD51 CLL cells, and/or spleen size .3 cm com-
pressing other organs.

Tissue preparation

PBwas collected in EDTA-coated Eppendorf tubes by cardiac puncture. Spleen
single-cell suspensions were prepared using an automated tissue dissociator
(Miltenyi, UK) per manufacturer’s recommendations. Lymph nodes (LNs) were
dissociatedmanually. Femurs were flushed with fluorescence-activated cell
sorter buffer.Although the peritoneal cavity is an area of interest inmice, thiswas
not examined here because we focused on compartments of particular relevance
in human disease.

Immunophenotyping by multicolor flow cytometry

Surface stainingwas performed in phosphate-buffered saline/2% fetal calf serum
for 30 minutes at 4°C following standard procedures using anti-CD5, CD19,
CD3, CD4, CD8, CD44, CD62L, PD-L1/2, PD-1, KLRG-1, LAG-3, and 2B4
antibodies (all from eBioscience or Biolegend, UK). CCR7 staining was per-
formed at 37°C for 20 minutes. Fluorescence-minus-one (FMO), internal neg-
ative, and/or isotype controls were always included. Gating strategies and
definition of populations are summarized in supplemental Figure 1A-B on the
BloodWeb site. Samples were acquired on a BD LSRII Fortessa (BD, UK).
Flow cytometry standard files were analyzed by FlowJo software, version 7.
Absolute numbers (ANs) in PB, LN, and bone marrow (BM) cell suspensions
were enumerated using CountBright counting beads (Molecular Probes,
UK). ANs in the spleen were enumerated by multiplying the percentages of
populations of interest with total cell numbers of whole-organ, single-cell

suspensions counted by a ViCell hemocytometer (Beckman-Coulter, UK),
as reported by others.30

Functional flow cytometry assays

Flowcytometry–basedfunctionalassayswereperformedonfreshTcells6phorbol-
12-myristrate-13-acetate (40.5 mM)/ionomycin (670 mM) mitogenic stimu-
lation for 6 hours in the presence of brefeldin A (5.3 mM)/monensin (1 mM,
eBioscience, UK) for the last 5 hours. Effector-cell activity was assessed
by CD107a surface expression31 and intracellular Granzyme B (GrB), IL-2,
IL-4, and IFN-g levels in stimulated CD41 and CD81 cells (supplemental
Figure 1C). Intranuclear ki-67was determined on unstimulated CD81 cells.
To account for differences and dynamic changes of percentages of CD441

cells between WT/Em-TCL1 mice and age groups, effector-cell function
was described as a ratio of CD441CD107a1/GrB1/cytokine1/ki-671 cells
over CD441CD107a2/GrB2/cytokine2/ki-672 cells among CD31CD81

cells (supplemental Figure 1D). Increased ratios were interpreted as enrichment
and decreased ratio as loss of those effector cells among CD441 populations,
which is a more biologically accurate estimation of effector function than mere
comparisons of %positive cells within overall different CD441 subsets.

In vivo proliferation

Mice were injected intraperitoneally with 100 mg/g body weight 5-ethynyl-29-
deoxyuridine (EdU, Life Technologies, UK) 20 hours before euthanasia.
Splenocytes were prepared for EdU detection by AlexaFluor488 dye following
the manufacturer’s instructions and stained for CD5, CD19, CD8, and PD-1.
Analysis was performed on single mononuclear cells, and proliferating cells
were identified as AlexaFluor4881 populations based on negative internal
controls without AlexaFluor488 in the EdU reaction cocktail.

Immune synapse formation assays

CLL and B cells were obtained from frozen splenocytes by magnetic isolation
using murine CD19 microbeads (Miltenyi). The column effluent representing
the CD192 fraction was purified by negative selection (murine pan-T-cell
isolation kit, Miltenyi). CD31CD81PD-1high and PD-1low populations were
isolated by flow sorting on a BD Aria II. Synapse assays and confocal mi-
croscopy were performed as previously described.3 The AxioVision outline
tool (Zeiss) was used to mark each synapse between T and B cells, and all
available interactions were scored in each condition. The synapse area was
reported as the area of T-cell F-actin immune synapses (mm2) value.

Statistical considerations

To account for batch/litter effects, phenotyping experiments were conducted at
least twice with a minimum of 5 matched mice/group. Functional experiments
and ANswere determined once in$6mice/group (agingmice) and twice in AT
mice ($4 mice/group). Because mice showed no evidence for unexpected litter
effects (P . .05 for each), experimental groups were analyzed and depicted
together. Data sets were subjected to normality testing using the Shapiro-Wilk
normality test. Differences between data sets modeled by Gaussian distribution
were analyzed by unpaired t test; otherwise, the 2-sidedMannWhitneyU test was
used. Statistical dependence between 2 quantitative variables was assessed by
Spearman’s rank correlation coefficient modeling. P values , .05 were consid-
ered statistically significant. Analyses were conducted using Prism Version 5
software (GraphPad). P values were visualized with the help of heat map
summaries in selected experiments, with shades of blue/red applied to express
different significance levels (ie,P, .05,P, .001,P, .0001).Values infigures
are reported as median and interquartile range, unless indicated otherwise.

Results

Developing CLL is associated with specific T-cell subsets

changes in spleen, PB, BM, and LNs

To determine CLL load/development, PB and single-cell suspensions
fromBM, LNs, and spleens of 3-, 6-, and 12-month-old Em-TCL1,
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Figure 2. Longitudinal changes of T-cell functions in spleen as a representative organ in aging Em-TCL1 and WT mice and after AT. Fresh splenocytes from 3-, 6-,

and 12-month-old WT and Em-TCL1 mice and from mice with full CLL after AT were stimulated for 6 hours with phorbol 12-myristate 13-acetate/ionomycin6CD107a antibody in the

presence of brefeldin/monensin for the last 5 hours of culture. Cells were then harvested, surface stained, fixed, permeabilized, and stained with antibodies against IL-2, IL-4, IFN-g,

and GrB. Unstimulated cells were used as controls and also stained with anti-ki-67 to assess proliferation. (A) Heat map summary of P values describing statistical differences in

functional T-cell subsets. Groups were compared with the relative percentage of functional subsets in 3-month-old mice. Mann-Whitney test was used for nonnormally distributed data

and unpaired t test for normally distributed data, as determined by Shapiro-Wilk normality test. Blue, relative expansion; red, relative loss of cell subsets; nd, no data; ns, nonsignificant.

*P , .05, **P , .001, ***P , .0001. Percentages of (B) CD31CD41 and (C) CD31CD81 viable cells positive for IL-2, IL-4, and IFN-g after mitogenic stimulation. Cells were gated

based on unstimulated cell populations (supplemental Figure 1C). (D) Effector cell cytotoxicity was assessed by CD107a localization to the cell surface upon mitogenic stimulation.

Naive/Ag-experienced viable CD31CD81 cytotoxic effector T-cell subsets were discriminated by expression of CD44. Unstimulated cells were used as controls. T-cell function was

compared by calculating ratios of CD441CD107a1 vs CD441CD107a2 cells out of all CD31CD81 T cells to describe enrichment (increased ratio) or loss (decreased ratio) of effector

cells within the CD441 population (supplemental Figure 1D). Longitudinal changes of intracellular (E) GrB and (F) IFN-g were described in a similar fashion. (G) To assess changes in

the ability to form immune synapse, splenic T cells were mixed with 7-amino-4-chloromethylcoumarin–labeled, super Ag-pulsed healthy B cells at a 1:1 ratio, centrifuged onto

polylysine-coated microscope slides, and F-actin was stained with rhodamine-phalloidin. Synapse formation between T and B cells was quantified by confocal laser-scanning

microscopy using AxioVision image analysis software. The synapse area is depicted as median area of T-cell F-actin immune synapses (mm2) value. (H) Ex vivo proliferation of

unstimulated CD31CD81 T cells was assessed by intranuclear ki-67 based on FMO controls and is given as a ratio among CD441 cells as described in panel D. (I) In vivo proliferation

of CD81 and CD41 T cells was assessed after injection with 100 mg/g body weight EdU 20 hours before euthanasia as percentage of EdU1 cells after gating on CD51 CD192 cells (ie,

T cells). All graphs depict median 6 interquartile range and combine data from all cohorts of mice at each age group.
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aged-matched WT and AT mice were stained for CD19/CD5. In-
creasing numbers of CD191CD51 CLL cells were detected in
spleen, PB, andBM, but not yet in LNs, from 6-month-old Em-TCL1
mice, whereas 3-month-old Em-TCL1 and all WT mice were CLL-
free (supplemental Figure 2A-C). AT of CLL cells into young mice
consistently led to CLL development (meeting previously defined
criteria) after a median of 7 weeks (range 3.71-20), with a very
homogeneous disease load among individual mice. CLL develop-
ment was significantly correlated (all P value Spearman correlation
#.0005) with reduction in percentages of CD31 and CD31CD41

and expansion of CD31CD81 cells in spleen (Figure 1A), leading
to the decrease of CD41/CD81 ratios (Figure 1B). This was
recapitulated in PB, LNs, and (although not significantly) in BM
(Figure 1C). Within CD31CD81 cells, CD442CD62L1 naive cells
were lost with CLL development and the population shifted toward
CD441 antigen (Ag)-experienced cells in spleen (Figure 1D) and all
examined organs (Figure 1F-H). In PB and LNs from aging Em-TCL1
mice, CD441CD62L1memory cells were significantly more frequent
than CD441CD62L2 effector cells (both P, .0001), whereas effector
cells were more frequent (although not significant) in spleen (P 5
.1884) and BM (P5 .0682; supplemental Tables 1 and 2). The spleen
memory pool was further characterized by a shift toward CCR72

CD62L2 effector memory (EM) and a loss of CCR71CD62L1 central
memory cells (Figure 1E). Changes in ATmice were generally similar
and showed less variance (Figure 1A-H; supplemental Table 1) and
therefore demonstrated the suitability of this strategy to mirror
phenotypic T-cell changes of aging CLL. However, exceptions were
noted for LNs and BM CD41/CD81 ratios (Figure 1C) and EM
differentiation (supplemental Tables 1 and 2). Some similarities in T-cell
subset changes were also noted in aging WT mice (Figure 1A-H;
supplementalTable 1).ANsof virtually all cell subsets increased in aging
Em-TCL1 and after AT, but were largely stable in aging WT mice
(supplemental Figure 3A). ANs of cells in other organs followed similar
patterns (supplemental Figure 3B-D). Altogether, both longitudinal
and direct comparison of aging Em-TCL1, WT, and AT mice led to
characterization of CLL- and aging-specific T-cell phenotypes and
highlighted differences between CLL-affected compartments and
aging Em-TCL1 and AT mice (visualized in Figure 1I).

Developing CLL leads to characteristic functional changes in

T-cell intracellular cytokines and effector function

We next investigated functional T-cell changes using splenocytes
from 3-, 6-, and 12-month-old Em-TCL1, WT, and AT mice. Typical
functional T-cell changes are summarized in Figure 2A. The develop-
ment of CLL led to a loss of mitogen-stimulated IL-21CD41 cells and
an impaired ability to increase the percentages of IFN-g1CD41 cells
(Figure 2B). This was even more pronounced in AT mice. Among
CD81 cells, the percentages of IL-21CD81 cells increased in aging
Em-TCL1 and AT mice, whereas IFN-g1CD81 cells increased sig-
nificantly in aging Em-TCL1 (Figure 2C). There were no differences
in percentages of IL-41CD41 and IL-41CD81 cells between aging
Em-TCL1 and WT mice (Figure 2B-C, right). AT mice were highly
enriched for IL-41CD41 and IL-41CD81 cells, while lacking a sig-
nificant increase in IFN-g1CD41 and IFN-g1CD81 cells, indicating
a Th-2 skew probably from synchronized antigenic stimulation by
the large disease burden.

AmongAg-experiencedCD441CD81cells, theCD107a1:CD107a2

ratio decreased in aging Em-TCL1 mice, signifying reduced percentages
of cytotoxic cells,whereas agingWTmiceonly exhibited anonsignificant
trend (Figure 2D). GrB ratios decreased nonsignificantly inWTmice but
were stable in aging Em-TCL1 mice (Figure 2E). Developing CLL in

aging Em-TCL1 mice led to increased IFN-g ratios that were not sig-
nificant in AT mice (Figure 2F). Immune synapse formation was sig-
nificantly impaired in12-month-oldEm-TCL1and inATmice,butnotyet
in 6-month-old TCL1mice (Figure 2G). Of note, T-cell proliferation was
increased with developing CLL and after AT, as evidenced by increased
ki-67 ratios amongCD81CD441cells (Figure2H); thiswasconfirmedby
in vivo EdU incorporation in CD81 and CD41 cells (Figure 2I). Because
CD4 proliferation was increased, but the CD41/CD81 ratio fell, there
must be increased CD4 cell death, although cell-survival studies were
not performed.

High PD-L1/PD-L2 expression develop in the context of

advancing disease and PD-L1 shows tissue-specific

distribution

Because PD-L1/PD-1 are important mediators of T-cell dysfunc-
tion in human CLL, we next assessed PD-L1 expression on spleen
CLL cells from fully leukemic Em-TCL1 (n 5 8; median age 47
weeks; range 39.4-57.1) and AT mice (n 5 12), and on CD191

B cells from age-matched WT mice (n 5 12 total). Although the
percentages of PD-L11 CLL/B cells were higher in leukemic than
in WT mice (Figure 3A), but high in both groups, we observed
more pronounced changes in corrected median fluorescence in-
tensities (MFIs) (Figure 3B) and ANs (Figure 3C). Increased PD-L1
developed alongside advancing CLL, and could also be detected
on CLL cells from other organs (Figure 3D, left). However, in
12-month-old Em-TCL1 mice, PD-L1 expression was higher
in spleen (corrected MFI 4037 6 428.3 standard deviation),
LNs (26326736.5), andBM (25496864) than in PB (18866425.5),
suggesting tissue-specific expression. A similar pattern was de-
tected for PD-L2 expression (Figure 3D, right), but organ-specific
expression was less apparent. This was again recapitulated in
AT mice.

Aberrant PD-1 expression on CD31CD81 T cells develops as

a result of CLL but is confounded by aging

With developing CLL, CD31CD81 cells upregulated expression of
PD-1, the binding partner of PD-L1/PD-L2, which was also observed
in aging WT mice (Figure 3F-G; supplemental Figure 4A, %PD11

CD441CD31CD81 cells at 12 months P value 5 .7513). This con-
founding effect of aging could be unmasked using AT into young
recipients.ANsofCD31CD81PD-11cellswere significantly higher in
Em-TCL1 and AT mice than in matched WT mice (Figure 3H). PD-1
induction by AT was confirmed by another experiment, in which re-
cipient mice were randomized to ATwith CLL or normal B cells (n5 9
each). This led to significantly higher expression of PD-1 in CLL-cell vs
healthy B-cell recipients (supplemental Figure 4B), both onCD441 (sup-
plemental Figure 4C) and on CD442CD31CD81 cells (supplemental
Figure 4D). Similar patterns were observed for other inhibitory T-cell re-
ceptors includingKLRG-1, 2B4, and LAG-3 (supplemental Figure 5A-D).

PD-11 normal T cells have markedly different effector functions

than PD-11 CLL T cells

To investigate differences in T-cell function between CD31CD81

CD441PD-11 T cells from those aging Em-TCL1 and WT mice, we
also investigated ratios for CD107a, intracellular GrB/IFN-g, and EdU
in PD-1high and PD-1low spleen cells. In agingWTmice, CD107a ratios
were comparable between PD-1high and PD-1low cells, indicating both
subsets contain comparable proportions of cytotoxic cells (Figure 4A,
left). With the onset of CLL at 6 months in Em-TCL1 mice, CD107a
ratios were also similar in PD-1 subsets (P5 .5887), but 2-fold higher
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than in age-matched WT mice, suggesting enrichment for cytotoxic
T cells (Figure 4A, right). With progressive CLL, both subsets lost
cytotoxic cells, leading to a significant decrease in ratios, with ratios
lower in PD-1high than in PD-1low cells (P5 .0222).

Effector ratios for GrB were 2-3 times higher in PD-1high than in
PD-1low cells in aging WT mice (6 months: P 5 .0087; 12 months:
P5 .0931), suggesting that PD-1high cells are enriched for GrB1 cells
(Figure 4B, left). In aging Em-TCL1 mice, there was no longer
a difference inGrBexpression in PD-1high comparedwithPD-1low cells

(6 months: P 5 .8726; 12 months: P 5 .2948; Figure 4B, right).
Similarly, IFN-g ratios were higher in PD-1high than in PD-1low cells
(6 months: P 5 .026; 12 months: P 5 .0043) in aging WT mice. In
6-month-old Em-TCL1 mice, PD-1 subset ratios were not different
from each other (P 5 .3095, Figure 4C, right). Moreover, the sig-
nificantly increased IFN-g production associated with advanced CLL
could be attributed to both PD-1 subsets (P5 1.0, Figure 4C, left).

EdU ratios were comparable between PD-1high and PD-1low cells in
aging WT mice (Figure 4D, left). CLL-induced increased T-cell

Figure 3. Longitudinal development of expression of PD-L1 and PD-L2 on CLL/normal B cells and PD-1 on CD31CD81 T cells. (A) Spleen cells from fully leukemic

aged Em-TCL1 and AT mice meeting predefined end point criteria for CLL and age-matched WT mice were stained for CD19, CD5, and PD-L1; PD-L1 expression was

compared between viable CD191CD51 CLL and CD191 B cells (a representative overlaid flow plot is depicted on the left, cells were gated based on FMO and isotype

controls). (B) Representative histogram and differences of MFI corrected for the MFI of the FMO/isotype control of PD-L1 between fully leukemic Em-TCL1 and age-matched

WT mice. (C) ANs were determined by normalizing percentages of cells to overall cell counts for spleen. (D) Longitudinal development of PD-L1 and PD-L2 expression across

organs on healthy B cells (hBC) from 3-, 6-, 12-month-old WT and 3- and 6-month-old Em-TCL1 mice and on CLL cells from 6- and 12-month-old Em-TCL1 and AT mice (in

6-month-old Em-TCL1 mice, both CD191 normal and CD191CD51 malignant B cells exist next to each other and PD-L1/PD-L2 was gated on either population). (E) Heat map

summary of P values describing statistical differences in MFI of PD-L1 and PD-L2 across organs. Groups were compared with corrected MFIs in 3-month-old mice. Blue,

increase; red, decrease of MFI; ns, nonsignificant. *P, .05, **P, .001, ***P, .0001. (F) At least 2 cohorts of 3-, 6-, and 12-month-old Em-TCL1, WT, and AT mice containing

$5 mice each were euthanized; splenocytes were stained for CD3, 4, 8, 62L, 44, and PD-1 and assessed in relation to CLL load (supplemental Figure 1). Quantification of

PD-1 expression in the context of T-cell CD31CD81CD441 subset changes. Stacked bar charts are used to visualize the loss of naive (light gray) and shift to Ag-experienced

cells (dark gray). Longitudinal changes of (G) percentages and (H) ANs of PD-11CD31CD81CD441 cells. All graphs depict median 6 interquartile range, and combine data

from at all cohorts of mice at each age group.
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proliferation was attributed to both PD-1 subsets, with the PD-1high

ratio being significantly higher than the PD-1low ratio (6 months:
P 5 .0087; 12 months: P 5 .0317; Figure 4D, right), suggesting
that increased T-cell proliferation is predominantly accounted for
by PD-1high cells.

The effect of PD-1 expression on immune synapse was further
examined inATmice. Comparedwith normalCD81T cells, the ability
of CLL CD81 T cells to form synapses with healthy B cells as
Ag-presenting cellswas significantly impaired (P, .0001). However,
PD-1lowCD81 T cells formed larger synapses than PD-1highCD81

T cells (P , .0001), indicating that the impaired ability of CD81

T cells seems to be promoted by the PD-1high subset (Figure 5A-B).

Discussion

We used the Em-TCL1mouse model and aged-matchedWTmice as
a preclinical platform to examine patterns of T-cell dysfunction in
the context of developing CLL in different microenvironments and

in direct comparison with aging-related T-cell defects, with a focus
on PD-1/PD-L1/PD-L2, which are a major immunosuppressive
mechanism in CLL.4,7,18 Previous studies in Em-TCL1 mice demon-
strated that molecular T-cell defects and subset changes can bemodeled
in leukemic mice,28,29,32 but have failed to take full advantage of the
availability of different microenvironments. In CLL patients, T-cell
defects and associations with aggressive disease/poor outcome have
been extensively characterized,3,4,6,18,33-37 but have focused largely on
PB. However, different organs provide distinct and unique micro-
environments for CLL cells,20,21 and it is not known if the same holds
true for T cells. Moreover, fundamental T-cell defects are also present
in aging healthy individuals,38 which needs to be taken into account
becauseCLL is predominantly a disease of the elderly.ATofCLL into
young mice allows elimination of the confounding variable of aging
and is a widely accepted strategy to shorten disease latency39 and
decrease variability. To understand the full potential of this approach,
especially in the context of immunotherapy, and its suitability tomirror
T-cell dysfunction in aging Em-TCL1 mice, AT requires thorough
characterization.

Wefirst examinedT-cell phenotype as a surrogatemarker for T-cell
defectswith similarities between humans4,33-37 andmice29withCLL in
different organs, with a focus on CD31CD81 cells. We demonstrate
that developing CLL leads to T-cell subset changes across all organs,
but that these are partly mirrored in aging leukemia-free mice, con-
firming aging as an important confounder. The direct comparison
between aged leukemic Em-TCL1 and WT mice confirmed that the
CLL-induced reduction of CD4/CD8 ratios and the shift between
naive/Ag-experienced cells is observed across CLL-affected compart-
ments. However, specific organs influenced effector/memory subset dif-
ferentiation, suggesting themicroenvironmentmight skewdetermination
of T-cell effector/memory fate,40 with immune-cell subsets reciprocally
providing pro-survival stimuli toCLLcells.41Although the underlying
mechanisms remain under investigation, our data deliver valuable
first evidence that organs affectT-cell properties,whichwill inform fu-
ture studies on immune-evasionmechanisms. TheATmodel was very
reproducible and, while recapitulating changes in aging Em-TCL1
mice, was more skewed toward EM cells. This is very similar to our
observations in human patients4 and might reflect the increased ag-
gressiveness of this approach resulting from synchronized onset of
antigenic stimulation and large disease burden. Exceptions were also
noted for LNs. We injected higher CLL doses than others,29 which
shortened disease latency butmight have favored homing of CLLcells
to other organs. As a result, induction of LN involvement by AT did
not fully mirror LN involvement in aging mice.

The development of CLL also led to characteristic changes in
T-cell cytokines and effector function, which were distinct from
aging WT mice. This was even more pronounced after AT, most
likely because of the increased immunosuppressive effect exerted by
synchronized onset of antigenic stimulation. Interestingly, in aging
Em-TCL1 mice, significant functional changes were not apparent
until later stages of CLL. Immune synapse formation was actually
improved in 6-month-old Em-TCL1 mice, indicating that cytotoxic
functions might be maintained as a result of compensation by
“overfunctioning” immune synapses in early stages of Ag encounter
with CLL. Surprisingly, CD81 T-cell proliferation increased with
developing CLL and after AT, in contrast to our human work, which
found a proliferative defect in PB CLL T cells.4 These discrepancies
can potentially be attributed to a compartment-specific effect, as
described for CLL cells,41 or by different dynamics in humans in
which patients may have had the disease for a long period before
they are diagnosed and studied. Further studies will be needed to
address the effect of the microenvironment on T-cell proliferation

Figure 4. Associations between PD-1 expression and effector functions in

T cells from aging healthy WT mice and Em-TCL1 mice. Fresh splenocytes from 3-,

6, and 12-month-old WT and Em-TCL1 mice were processed and stained as described in

Figure 2. Ratios for (A) CD107a degranulation, (B) intracellular GrB, (C) IFN-g, and (D)

EdU proliferation were compared between PD-1high and PD-1low CD31CD81CD441 cells

in WT and Em-TCL1 mice. Three-month-old mice had no detectable PD-1 expression;

effector function was therefore determined on PD-1low cells only. All graphs show median

with interquartile range. ns, nonsignificant, *P , .05, **P , .001, ***P , .0001.
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in vivo and include subsets of CD41T cells to further understand their
importance for CLL cell migration, survival, and proliferation.22,42,43

Inhibition of the PD-1/PD-L1 axis is emerging as a very attractive
therapeutic target in cancer.44-46 To understand fully the potential of
such approaches in CLL, we characterized mechanisms of PD-1/PD-
L1–mediatedT-cell dysfunction in theEm-TCL1model.We found that
highly increased PD-L1—as in humanCLL7 is characteristic ofmurine
CLL cells—can be detected in all organs, but is highest in spleen,
suggesting a modulating effect of the microenvironment. This is
an important finding because tissue-specific differences selectively
support the persistence of PD-L1–mediated defects in infection
models47 and might explain the tumor-protecting effects of microen-
vironmental niches. Similar patterns but less tissue specificity were
found for PD-L2, verifying its relevance as another inhibitory mole-
cule in CLL.48,49 In solid malignancies, PD-L1 appears to be the dom-
inant negative molecule, with PD-L2 expressed in only a minority of
patients.50-52

As found in human cancers, CD31CD81 T cells from leuke-
mic mice expressed PD-1, with other inhibitory ligands including
KLRG-1, 2B4, and LAG-3, highlighting potential synergisms between
coinhibitory receptors described in other murine cancer models.32,53

Although aging healthymice also showed increased PD-1 expression,
we detected marked differences on the functional impact of PD-1
expression. Contrasting with the notion that increased PD-1 expres-
sionwould directly impact T-cell function inCLL,we foundmaintained
cytotoxicity in PD-1high T cells, but their ability to form immune
synapses was significantly impaired compared with PD-1low cells,
potentially from a direct effect on forming microclusters54 or an
inhibition of Lck/integrin signaling.3,55 However, compared with
age-matchedWTmice, defects in IFN-g andGrB expression became
apparent in PD-1high compared with PD-1low T cells from ageing
Em-TCL1 mice. However, this did not render them nonfunctional.
Interestingly, CLL-induced increased T-cell proliferation was mainly
driven by PD-1high cells. Altogether, these findings indicate that
despite similar PD-1 expression patterns, PD-11T cells in the absence
of CLL havemarkedly different effector functions than PD-11 T cells
in the presence of disease. Moreover, they identify PD-11 T cells

in CLL as a functionally heterogeneous population in which key
immunological nodes (ie, recognition, generation of effector cells,
effector potential) are affected in different ways. The paradigm that
there is global inhibition of T-cell function inCLLhas been previously
challenged by the observation that cytomegalovirus-specific CD81

T cells were functionally intact, whereas CLL-induced global T-cell
defects were still present.56Our findings add to this theory and suggest
that global PD-1 expression is not a definite marker of T-cell
dysfunction, but that the functional inhibition of T cells by CLL
might also be determined by antigenic identity, the differentiation
state of T cells, and/or the microenvironmental compartment. This
indicates that interactions ofCLLcellswith the adaptive immune system
may be quite specific, with tumor cells suppressing certain subpopu-
lations of T cells. Parallel to exhaustion models, in which exhausted
CD81 T cells continued their differentiation process upon transfer
into healthy mice,16 and function could be rescued in specific PD-11

populations by antibody blockade,17 similar therapeutic approaches
might be attractive in CLL. Although the contribution of other humoral
and cellular immune regulators (eg, CD41 subsets, regulatory T cells,
natural killer/myeloid cells) within different microenvironments
still needs to be established, this study has provided insight into
compartment-specific mechanisms of PD-L1/PD-1–mediated CD81

T-cell dysfunction in the context of aging-related immune defects.
Our findings indicate that reinvigorated antitumor immune function
might be achieved by both reprogramming and selective expansion
of T-cell subsets, but that specific tumor microenvironments might
continue to provide tumor-protective niches, favoring therapeutic
blockade of PD-L1.
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Figure 5. Immune synapse formation between B

and T cells according to PD-1 expression. Spleen

cells from mice with CLL after AT (n 5 5) and age-

matched WT mice (n 5 3) were debulked of CLL/

B cells using magnetic beads; stained for CD3, 8, and

PD-1; and flow-sorted into CD31CD81, CD31CD81

PD-1high, and CD31CD81PD-1low cells. Cells from WT

mice were sorted on CD31CD81 only. (A) Comparison

of median areas of immune synapses (mm2) between

normal B and CD81 T cells (hBC-hTC), normal B cells

and CLL T cells (hBC-CLL TC), normal B cells and

PD-1lowCD81 T cells (hBC-PD-1low), and normal B cells

and PD-1highCD81 T cells (hBC-PD-1high). ns, non-

significant. *P , .05, **P , .001, ***P , .0001. (B) Rep-

resentative confocal images of synapses taken with

a 363 objective between hBC-hTC, hBC- PD-1high, and

hBC-PD-1low cells. Blue, amino-4-chloromethylcoumarin–

labeled B cells; red, rhodamine phalloidin staining actin

cytoskeleton.

BLOOD, 9 JULY 2015 x VOLUME 126, NUMBER 2 PD-L1/PD-1–MEDIATED T-CELL DEFECTS IN Em-TCL1 MICE 219

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/126/2/212/1390425/212.pdf by guest on 30 M

ay 2024



Authorship

Contribution: F.M. designed, performed, and analyzed the experi-
ments; collected the samples, and wrote the manuscript; J.C.R.
designed and analyzed experiments; S.M. cared for animals,
collected samples, and performed experiments; W.P.D. and E.K.
performed, analyzed, and interpreted experiments; D.N. designed
and analyzed experiments and data and provided statistical
support; C.M.C. provided Em-TCL1 breeding pairs, interpreted

data, and edited the manuscript; M.C. designed and analyzed
experiments and edited the manuscript; and J.G.G. designed the
experiments and interpreted the data, wrote and edited the manuscript,
and supervised the study.

Conflict-of-interest disclosure: The authors declare no competing
financial interests.

Correspondence: John G. Gribben, Barts Cancer Institute, Queen
Mary University of London, 3rd Floor John Vane Science Centre,
Charterhouse Square, London, EC1M 6BQ, United Kingdom;
e-mail: j.gribben@qmul.ac.uk.

References

1. Burger JA, Gribben JG. The microenvironment in
chronic lymphocytic leukemia (CLL) and other
B cell malignancies: insight into disease biology
and new targeted therapies. Semin Cancer Biol.
2014;24:71-81.

2. Riches JC, Gribben JG. Understanding the
immunodeficiency in chronic lymphocytic
leukemia: potential clinical implications. Hematol
Oncol Clin North Am. 2013;27(2):207-235.

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

4. 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.

5. Ramsay AG, Evans R, Kiaii S, Svensson L, Hogg
N, Gribben JG. Chronic lymphocytic leukemia
cells induce defective LFA-1-directed T-cell
motility by altering Rho GTPase signaling that is
reversible with lenalidomide. Blood. 2013;121(14):
2704-2714.

6. Görgün G, Holderried TAW, Zahrieh D, Neuberg
D, Gribben JG. Chronic lymphocytic leukemia
cells induce changes in gene expression of CD4
and CD8 T cells. J Clin Invest. 2005;115(7):
1797-1805.

7. Ramsay AG, Clear AJ, Fatah R, Gribben JG.
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 cancer. Blood.
2012;120(7):1412-1421.

8. Day CL, Kaufmann DE, Kiepiela P, et al. PD-1
expression on HIV-specific T cells is associated
with T-cell exhaustion and disease progression.
Nature. 2006;443(7109):350-354.

9. Petrovas C, Casazza JP, Brenchley JM, et al.
PD-1 is a regulator of virus-specific CD81 T cell
survival in HIV infection. J Exp Med. 2006;
203(10):2281-2292.

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

11. Blackburn SD, Shin H, Haining WN, et al.
Coregulation of CD81 T cell exhaustion by
multiple inhibitory receptors during chronic viral
infection. Nat Immunol. 2009;10(1):29-37.

12. Freeman GJ, Long AJ, Iwai Y, et al. Engagement
of the PD-1 immunoinhibitory receptor by a novel
B7 family member leads to negative regulation
of lymphocyte activation. J Exp Med. 2000;192(7):
1027-1034.

13. Latchman Y, Wood CR, Chernova T, et al. PD-L2
is a second ligand for PD-1 and inhibits T cell
activation. Nat Immunol. 2001;2(3):261-268.

14. Nishimura H, Nose M, Hiai H, Minato N, Honjo T.
Development of lupus-like autoimmune diseases
by disruption of the PD-1 gene encoding an ITIM

motif-carrying immunoreceptor. Immunity. 1999;
11(2):141-151.

15. Zinselmeyer BH, Heydari S, Sacristán C, et al.
PD-1 promotes immune exhaustion by inducing
antiviral T cell motility paralysis. J Exp Med. 2013;
210(4):757-774.

16. Utzschneider DT, Legat A, Fuertes Marraco SA,
et al. T cells maintain an exhausted phenotype
after antigen withdrawal and population

reexpansion. Nat Immunol. 2013;14(6):603-610.

17. Blackburn SD, Shin H, Freeman GJ, Wherry EJ.
Selective expansion of a subset of exhausted
CD8 T cells by alphaPD-L1 blockade. Proc Natl
Acad Sci USA. 2008;105(39):15016-15021.

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

19. Duraiswamy J, Ibegbu CC, Masopust D, et al.
Phenotype, function, and gene expression profiles
of programmed death-1(hi) CD8 T cells in healthy
human adults. J Immunol. 2011;186(7):
4200-4212.

20. Mittal AK, Chaturvedi NK, Rai KJ, et al. Chronic
lymphocytic leukemia cells in a lymph node
microenvironment depict molecular signature
associated with an aggressive disease. Mol Med.
2014;20(1):290-301.
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38. Nikolich-Žugich J. Aging of the T cell
compartment in mice and humans: from no naive
expectations to foggy memories. J Immunol.
2014;193(6):2622-2629.

39. Simonetti G, Bertilaccio MTS, Ghia P, Klein U.
Mouse models in the study of chronic lymphocytic
leukemia pathogenesis and therapy. Blood. 2014;
124(7):1010-1019.

40. Chang JT, Wherry EJ, Goldrath AW. Molecular
regulation of effector and memory T cell
differentiation. Nat Immunol. 2014;15(12):
1104-1115.

220 MCCLANAHAN et al BLOOD, 9 JULY 2015 x VOLUME 126, NUMBER 2

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/126/2/212/1390425/212.pdf by guest on 30 M

ay 2024

mailto:j.gribben@qmul.ac.uk


41. Heinig K, Gätjen M, Grau M, et al. Access to
follicular dendritic cells is a pivotal step in murine
chronic lymphocytic leukemia B-cell activation
and proliferation. Cancer Discov. 2014;4(12):
1448-1465.

42. Os A, Bürgler S, Ribes AP, et al. Chronic
lymphocytic leukemia cells are activated and
proliferate in response to specific T helper cells.
Cell Reports. 2013;4(3):566-577.

43. Bagnara D, Kaufman MS, Calissano C, et al.
A novel adoptive transfer model of chronic
lymphocytic leukemia suggests a key role for
T lymphocytes in the disease. Blood. 2011;
117(20):5463-5472.

44. Ansell SM, Lesokhin AM, Borrello I, et al. PD-1
blockade with nivolumab in relapsed or refractory
Hodgkin’s lymphoma. N Engl J Med. 2015;372(4):
311-319.

45. Brahmer JR, Tykodi SS, Chow LQM, et al. Safety
and activity of anti-PD-L1 antibody in patients with
advanced cancer. N Engl J Med. 2012;366(26):
2455-2465.

46. Topalian SL, Hodi FS, Brahmer JR, et al. Safety,
activity, and immune correlates of anti-PD-1
antibody in cancer. N Engl J Med. 2012;366(26):
2443-2454.

47. Blackburn SD, Crawford A, Shin H, Polley A,
Freeman GJ, Wherry EJ. Tissue-specific
differences in PD-1 and PD-L1 expression during
chronic viral infection: implications for CD8 T-cell
exhaustion. J Virol. 2010;84(4):2078-2089.

48. Steidl C, Shah SP, Woolcock BW, et al. MHC
class II transactivator CIITA is a recurrent gene
fusion partner in lymphoid cancers. Nature. 2011;
471(7338):377-381.

49. Taube JM, Klein A, Brahmer JR, et al. Association
of PD-1, PD-1 ligands, and other features of the
tumor immune microenvironment with response to
anti-PD-1 therapy. Clin Cancer Res. 2014;20(19):
5064-5074.

50. Ohigashi Y, Sho M, Yamada Y, et al. Clinical
significance of programmed death-1 ligand-1 and
programmed death-1 ligand-2 expression in
human esophageal cancer. Clin Cancer Res.
2005;11(8):2947-2953.

51. Nomi T, Sho M, Akahori T, et al. Clinical
significance and therapeutic potential of the
programmed death-1 ligand/programmed death-1
pathway in human pancreatic cancer. Clin Cancer
Res. 2007;13(7):2151-2157.

52. Hamanishi J, Mandai M, Iwasaki M, et al.
Programmed cell death 1 ligand 1 and tumor-

infiltrating CD81 T lymphocytes are prognostic
factors of human ovarian cancer. Proc Natl Acad
Sci USA. 2007;104(9):3360-3365.

53. Woo SR, Turnis ME, Goldberg MV, et al. Immune
inhibitory molecules LAG-3 and PD-1
synergistically regulate T-cell function to promote
tumoral immune escape. Cancer Res. 2012;72(4):
917-927.

54. Yokosuka T, Takamatsu M, Kobayashi-Imanishi
W, Hashimoto-Tane A, Azuma M, Saito T.
Programmed cell death 1 forms negative
costimulatory microclusters that directly inhibit
T cell receptor signaling by recruiting
phosphatase SHP2. J Exp Med. 2012;209(6):
1201-1217.

55. Morgan MM, Labno CM, Van Seventer GA,
Denny MF, Straus DB, Burkhardt JK.
Superantigen-induced T cell:B cell conjugation is
mediated by LFA-1 and requires signaling through
Lck, but not ZAP-70. J Immunol. 2001;167(10):
5708-5718.

56. te Raa GD, Pascutti MF, Garcı́a-Vallejo JJ, et al.
CMV-specific CD81 T-cell function is not
impaired in chronic lymphocytic leukemia. Blood.
2014;123(5):717-724.

BLOOD, 9 JULY 2015 x VOLUME 126, NUMBER 2 PD-L1/PD-1–MEDIATED T-CELL DEFECTS IN Em-TCL1 MICE 221

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/126/2/212/1390425/212.pdf by guest on 30 M

ay 2024


