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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

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

e PD-1" normal T cells have
markedly different effector
functions than PD-1" CLL
T cells.

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 Epn-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 CLL was significantly associated with 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. CD3*CD8*
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 CLL mice and controls identified PD-1* T cells in CLL
as a heterogeneous population with variable effector function. This is highly relevant for therapeutic targeting of CD8"* 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 between malignant cells
and components of the tumor microenvironment." In particular, T cells
are numerically, phenotypically, and functionally highly abnormal,
with only limited abilities to exert antitumor immune responses.” 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.*® This is mediated by aberrant ex-
pression of several inhibitory receptors on CLL cells, prominently
PD-L1 (CD274).” 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.®*'! Binding of PD-1 to PD-L1 and PD-L2 results in
repressed T-cell receptor signaling, proliferation, and motility.'*"'
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, in which subsets are, despite PD-1 expression, able to maintain
and exert certain effector functions.'®"”

CD8" 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 cytotoxicity with maintained interferon-y (IFN-y)/tumor
necrosis factor-o production,* increased PD-1 expression on proliferat-
ing compared with nonproliferating T cells along with impaired
IFN-v/interleukin-4 (IL-4) production has been reported by others.'®
Interestingly, this was also observed after stimulation of T cells
from healthy controls, albeit at a lower degree, suggesting a somewhat
constrained physiological reaction in CLL T cells. PD-1" T cells in CLL
therefore appear to be a highly heterogeneous population, in which
certain effector functions might be maintained 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 Epn-TCL1 and WT mice and after AT. At least 2 cohorts of 3-, 6, and
12-month (mo)-old Ep-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 ¢ test for normally distributed data, as determined by Shapiro-
Wilk normality test. (A) Longitudinal changes of percentages of CD3", CD3*CD4*, and CD3"CD8" cells in spleens, leading to (B) changes in CD4*/CD8™ ratios in spleen,
which were recapitulated in (C) PB, LNs, and BM. (D) Longitudinal changes of percentages of spleen CD44 CD62L " naive, CD44"CD62L" memory, CD44"CD62L " effector,
and (E) CD62L"CCR7" central memory (CM) and CD62L CCR7~ EM CD3"CD8" cells. Longitudinal changes of percentages of naive, memory, and effector CD3"CD8"
cells in (F) PB, (G) LNs, and (H) BM (EM and CM cells were not assessed in these compartments/organs). All graphs depict median =+ 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 = nonsignificant. *P < .05,
**P < .001, ***P < .0001.
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healthy older humans.'® 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,?*>! CD38 expression patterns,?> proliferation,?* and
apoptotic regulation mechanisms>>?® 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 Epn-TCL1
mice®’ is associated with global T-cell defects very similar to those
observed in human patients,?*° 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 En-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
Ep-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 X 10 frozen splenocytes from leukemic Ep-TCL1 donors (%CD19"CD5™*
CLL cells routinely confirmed >95%) or an equal dose of WT spleen B cells
by IV injection. AT and leukemic Epn-TCL1 mice were euthanized once they
exhibited white blood cell counts >100 white blood cells/hpf (X40 objective),
>90% lymphocytes CD19"CD5 " CLL cells, and/or spleen size >3 cm com-
pressing other organs.

Tissue preparation

PB was 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
dissociated manually. Femurs were flushed with fluorescence-activated cell
sorter buffer. Although the peritoneal cavity is an area of interest in mice, this was
not examined here because we focused on compartments of particular relevance
in human disease.

Immunophenotyping by multicolor flow cytometry

Surface staining was 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 1 A-B on the
Blood Web 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
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suspensions counted by a ViCell hemocytometer (Beckman-Coulter, UK),
as reported by others.*°

Functional flow cytometry assays

Flow cytometry—based functional assays were performed on fresh T cells = phorbol-
12-myristrate-13-acetate (40.5 pM)/ionomycin (670 wM) 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 expression’' and intracellular Granzyme B (GrB), IL-2,
IL-4, and IFN-y levels in stimulated CD4 " and CD8 ™ cells (supplemental
Figure 1C). Intranuclear ki-67 was determined on unstimulated CD8 ™ cells.
To account for differences and dynamic changes of percentages of CD44 ™
cells between WT/E-TCL1 mice and age groups, effector-cell function
was described as a ratio of CD44*CD107a™/GrB ™ /cytokine * /ki-67 cells
over CD44"CD107a” /GrB ~/cytokine /ki-67  cells among CD3*CD8"
cells (supplemental Figure 1D). Increased ratios were interpreted as enrichment
and decreased ratio as loss of those effector cells among CD44 " populations,
which is a more biologically accurate estimation of effector function than mere
comparisons of %positive cells within overall different CD44 " subsets.

In vivo proliferation

Mice were injected intraperitoneally with 100 pg/g body weight 5-ethynyl-2'-
deoxyuridine (EdU, Life Technologies, UK) 20 hours before euthanasia.
Splenocytes were prepared for EAU 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 AlexaFluor488* 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 CD19 " fraction was purified by negative selection (murine pan-T-cell
isolation kit, Miltenyi). CD3 " CD8" PD-1"€" and PD-1'°" populations were
isolated by flow sorting on a BD Aria II. Synapse assays and confocal mi-
croscopy were performed as previously described.® 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 (wm?) 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 ANs were determined once in =6 mice/group (aging mice) 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  test; otherwise, the 2-sided Mann Whitney U 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 in figures
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
from BM, LN, and spleens of 3-, 6-, and 12-month-old En-TCL1,
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Figure 2. Longitudinal changes of T-cell functions in spleen as a representative organ in aging En-TCL1 and WT mice and after AT. Fresh splenocytes from 3-, 6-,
and 12-month-old WT and Ep-TCL1 mice and from mice with full CLL after AT were stimulated for 6 hours with phorbol 12-myristate 13-acetate/ionomycin = CD107a 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-y,
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 ttest 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) CD3"CD4" and (C) CD3*CD8" viable cells positive for IL-2, IL-4, and IFN-y 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 CD3*CD8" 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 CD44"CD107a* vs CD44"CD107a" cells out of all CD3"CD8™ T cells to describe enrichment (increased ratio) or loss (decreased ratio) of effector
cells within the CD44 ™" population (supplemental Figure 1D). Longitudinal changes of intracellular (E) GrB and (F) IFN-y 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 (wm?) value. (H) Ex vivo proliferation of
unstimulated CD3"CD8" T cells was assessed by intranuclear ki-67 based on FMO controls and is given as a ratio among CD44 ™" cells as described in panel D. (1) In vivo proliferation
of CD8" and CD4* T cells was assessed after injection with 100 wg/g body weight EU 20 hours before euthanasia as percentage of EAU™ cells after gating on CD5" CD19™ cells (ie,
T cells). All graphs depict median =+ 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 CD197CD5" CLL cells were detected in
spleen, PB, and BM, but not yet in LNs, from 6-month-old En.-TCL1
mice, whereas 3-month-old Ew-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 CD3" and CD3*CD4*
and expansion of CD3"CD8™ cells in spleen (Figure 1A), leading
to the decrease of CD4"/CD8" ratios (Figure 1B). This was
recapitulated in PB, LNs, and (although not significantly) in BM
(Figure 1C). Within CD3"CD8 " cells, CD44 CD62L " naive cells
were lost with CLL development and the population shifted toward
CD44" antigen (Ag)-experienced cells in spleen (Figure 1D) and all
examined organs (Figure 1F-H). In PB and LNs from aging Ep-TCL1
mice, CD44 " CD62L" memory cells were significantly more frequent
than CD44"CD62L~ effector cells (both P < .0001), whereas effector
cells were more frequent (although not significant) in spleen (P =
.1884) and BM (P = .0682; supplemental Tables 1 and 2). The spleen
memory pool was further characterized by a shift toward CCR7
CD62L " effector memory (EM) and a loss of CCR7 "CD62L" central
memory cells (Figure 1E). Changes in AT mice 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 CD4*/CD8" 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;
supplemental Table 1). ANs of virtually all cell subsets increased in aging
Ep-TCLI 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 En-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 En-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 Ep-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-2"CD4 ™ cells and
an impaired ability to increase the percentages of IFN-y*CD4 ™" cells
(Figure 2B). This was even more pronounced in AT mice. Among
CD8™ cells, the percentages of IL-2¥CD8™ cells increased in aging
Ew-TCLI and AT mice, whereas IFN-y*CD8™ cells increased sig-
nificantly in aging En-TCL1 (Figure 2C). There were no differences
in percentages of IL-4"CD4™ and IL-4"CD8" cells between aging
Ew-TCL1 and WT mice (Figure 2B-C, right). AT mice were highly
enriched for IL-4"CD4" and IL-4"CD8" cells, while lacking a sig-
nificant increase in IFN-y"CD4" and IFN-y“CD8* cells, indicating
a Th-2 skew probably from synchronized antigenic stimulation by
the large disease burden.

Among Ag-experienced CD44CD8 ™ cells, the CD107a*:CD107a™
ratio decreased in aging Ep-TCL1 mice, signifying reduced percentages
of cytotoxic cells, whereas aging WT mice only exhibited a nonsignificant
trend (Figure 2D). GrB ratios decreased nonsignificantly in WT mice but
were stable in aging Ep-TCL1 mice (Figure 2E). Developing CLL in
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aging Ep-TCL1 mice led to increased IFN-y ratios that were not sig-
nificant in AT mice (Figure 2F). Immune synapse formation was sig-
nificantly impaired in 12-month-old En-TCL1 and in AT mice, but not yet
in 6-month-old TCL1 mice (Figure 2G). Of note, T-cell proliferation was
increased with developing CLL and after AT, as evidenced by increased
ki-67 ratios among CD8 "CD44 " cells (Figure 2H); this was confirmed by
in vivo EdU incorporation in CD8" and CD4 ™" cells (Figure 2I). Because
CD4 proliferation was increased, but the CD4"/CD8™ 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 En-TCL1 (n = 8; median age 47
weeks; range 39.4-57.1) and AT mice (n = 12), and on CD19™"
B cells from age-matched WT mice (n = 12 total). Although the
percentages of PD-L1" 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 En-TCL1 mice, PD-L1 expression was higher
in spleen (corrected MFI 4037 = 428.3 standard deviation),
LNs (2632 *+ 736.5), and BM (2549 = 864) than in PB (1886 * 425.5),
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 CD3*CD8* T cells develops as
a result of CLL but is confounded by aging

With developing CLL, CD3"CDS8™ 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, %PD1™
CD44"CD3*CD8™ cells at 12 months P value = .7513). This con-
founding effect of aging could be unmasked using AT into young
recipients. ANs of CD3*CD8 "PD-1" cells were significantly higher in
Ep-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 AT with CLL or normal B cells (n = 9
each). This led to significantly higher expression of PD-1 in CLL-cell vs
healthy B-cell recipients (supplemental Figure 4B), both on CD44 ™ (sup-
plemental Figure 4C) and on CD44 " CD3"CDS8" cells (supplemental
Figure 4D). Similar patterns were observed for other inhibitory T-cell re-
ceptors including KI.RG-1, 2B4, and LAG-3 (supplemental Figure SA-D).

PD-1* normal T cells have markedly different effector functions
than PD-1* CLL T cells

To investigate differences in T-cell function between CD3"CD8*
CD44"PD-1" T cells from those aging Ew-TCL1 and WT mice, we
also investigated ratios for CD107a, intracellular GrB/IFN-y, and EdU
in PD-1"" and PD-1"" spleen cells. In aging WT mice, CD107a ratios
were comparable between PD-1"" and PD-1"" cells, indicating both
subsets contain comparable proportions of cytotoxic cells (Figure 4A,
left). With the onset of CLL at 6 months in Ep-TCLI1 mice, CD107a
ratios were also similar in PD-1 subsets (P = .5887), but 2-fold higher
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Figure 3. Longitudinal development of expression of PD-L1 and PD-L2 on CLL/normal B cells and PD-1 on CD3"CD8" T cells. (A) Spleen cells from fully leukemic
aged Ep-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 CD197CD5" CLL and CD19" 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 En-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 Ex-TCL1 mice and on CLL cells from 6- and 12-month-old Ep.-TCL1 and AT mice (in
6-month-old Ep-TCL1 mice, both CD19" normal and CD19"CD5" 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 Ep.-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 CD3"CD8"CD44 " 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-1*CD3*CD8"CD44" cells. All graphs depict median =+ interquartile range, and combine data
from at all cohorts of mice at each age group.

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-1"¢" than in PD-1"" cells (P = .0222).

Effector ratios for GrB were 2-3 times higher in PD-1"" than in
PD-1"" cells in aging WT mice (6 months: P = .0087; 12 months:
P = 0931), suggesting that PD-1"¢" cells are enriched for GrB™ cells
(Figure 4B, left). In aging Epn-TCL1 mice, there was no longer
adifference in GrB expression in PD-1"€" compared with PD-1' cells

(6 months: P = .8726; 12 months: P = .2948; Figure 4B, right).
Similarly, IFN-y ratios were higher in PD-1"€" than in PD-1"" cells
(6 months: P = .026; 12 months: P = .0043) in aging WT mice. In
6-month-old Ep-TCL1 mice, PD-1 subset ratios were not different
from each other (P = .3095, Figure 4C, right). Moreover, the sig-
nificantly increased IFN-y production associated with advanced CLL
could be attributed to both PD-1 subsets (P = 1.0, Figure 4C, left).
EdU ratios were comparable between PD-1"€" and PD-1" cells in
aging WT mice (Figure 4D, left). CLL-induced increased T-cell
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Figure 4. Associations between PD-1 expression and effector functions in
T cells from aging healthy WT mice and Ep-TCL1 mice. Fresh splenocytes from 3-,
6, and 12-month-old WT and Ep.-TCL1 mice were processed and stained as described in
Figure 2. Ratios for (A) CD107a degranulation, (B) intracellular GrB, (C) IFN-y, and (D)
EdU proliferation were compared between PD-1"9" and PD-1°" CD3*CD8'CD44 " cells
in WT and Ep-TCL1 mice. Three-month-old mice had no detectable PD-1 expression;
effector function was therefore determined on PD-1° cells only. All graphs show median
with interquartile range. ns, nonsignificant, *P < .05, **P < .001, ***P < .0001.

proliferation was attributed to both PD-1 subsets, with the PD-1high
ratio being significantly higher than the PD-1Y ratio (6 months:
P = .0087; 12 months: P = .0317; Figure 4D, right), suggesting
that increased T-cell proliferation is predominantly accounted for
by PD-1"" cells.

The effect of PD-1 expression on immune synapse was further
examined in AT mice. Compared with normal CD8™ T cells, the ability
of CLL CD8™ T cells to form synapses with healthy B cells as
Ag-presenting cells was significantly impaired (P < .0001). However,
PD-1""CD8* T cells formed larger synapses than PD-1"#"CDg*
T cells (P < .0001), indicating that the impaired ability of CD8*
T cells seems to be promoted by the PD-1"2" subset (Figure 5A-B).

Discussion

We used the Ep-TCL1 mouse model and aged-matched WT mice as
a preclinical platform to examine patterns of T-cell dysfunction in
the context of developing CLL in different microenvironments and
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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.*”'® Previous studies in E.-TCL1 mice demon-
strated that molecular T-cell defects and subset changes can be modeled
in leukemic mice,?>**3? 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,>*®1833-37 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,*® which needs to be taken into account
because CLL is predominantly a disease of the elderly. AT of CLL into
young mice allows elimination of the confounding variable of aging
and is a widely accepted strategy to shorten disease latency>® and
decrease variability. To understand the full potential of this approach,
especially in the context of immunotherapy, and its suitability to mirror
T-cell dysfunction in aging Epn-TCL1 mice, AT requires thorough
characterization.

We first examined T-cell phenotype as a surrogate marker for T-cell
defects with similarities between humans*>*~7 and mice®® with CLL in
different organs, with a focus on CD3*CD8™ 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 Epn-TCL1 and WT mice confirmed that the
CLL-induced reduction of CD4/CDS 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 the microenvironment might skew determination
of T-cell effector/memory fate,*® with immune-cell subsets reciprocally
providing pro-survival stimuli to CLL cells.*' Although the underlying
mechanisms remain under investigation, our data deliver valuable
firstevidence that organs affect T-cell properties, which will inform fu-
ture studies on immune-evasion mechanisms. The AT model was very
reproducible and, while recapitulating changes in aging En-TCL1
mice, was more skewed toward EM cells. This is very similar to our
observations in human patients* 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,”® which
shortened disease latency but might have favored homing of CLL cells
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
Ep-TCL1 mice, significant functional changes were not apparent
until later stages of CLL. Immune synapse formation was actually
improved in 6-month-old Ep-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, CD8" 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.* These discrepancies
can potentially be attributed to a compartment-specific effect, as
described for CLL cells,*" 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
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Figure 5. Immune synapse formation between B A
and T cells according to PD-1 expression. Spleen
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in vivo and include subsets of CD4 ™ T cells to further understand their
importance for CLL cell migration, survival, and proliferation.?>***

Inhibition of the PD-1/PD-L1 axis is emerging as a very attractive
therapeutic target in cancer.***® To understand fully the potential of
such approaches in CLL, we characterized mechanisms of PD-1/PD-
L1-mediated T-cell dysfunction in the En-TCL1 model. We found that
highly increased PD-L1—as in human CLL’ is characteristic of murine
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
models*’” 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.*** In solid malignancies, PD-L1 appears to be the dom-
inant negative molecule, with PD-L2 expressed in only a minority of
patients. 2

As found in human cancers, CD3"CD8" 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.**>
Although aging healthy mice 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-
sion would directly impact T-cell function in CLL, we found maintained
cytotoxicity in PD-1"€" T cells, but their ability to form immune
synapses was significantly impaired compared with PD-1" cells,
potentially from a direct effect on forming microclusters™ or an
inhibition of Lck/integrin signaling.®> However, compared with
age-matched WT mice, defects in IFN-y and GrB expression became
apparent in PD-1"¢" compared with PD-1'% T cells from ageing
Ep-TCL1 mice. However, this did not render them nonfunctional.
Interestingly, CLL-induced increased T-cell proliferation was mainly
driven by PD-1"2" cells. Altogether, these findings indicate that
despite similar PD-1 expression patterns, PD-1" T cells in the absence
of CLL have markedly different effector functions than PD-1" T cells
in the presence of disease. Moreover, they identify PD-1* T cells

' 8
3.26 ym?

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 in CLL has been previously
challenged by the observation that cytomegalovirus-specific CD8*
T cells were functionally intact, whereas CLL-induced global T-cell
defects were still present.”® Our 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 of CLL cells with 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
CD8™ T cells continued their differentiation process upon transfer
into healthy mice,'® and function could be rescued in specific PD-1*
populations by antibody blockade,'” similar therapeutic approaches
might be attractive in CLL. Although the contribution of other humoral
and cellular immune regulators (eg, CD4 " 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 CD8*
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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