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CD4+ T cells, but not non-classical monocytes, are dispensable
for the development of chronic lymphocytic leukemia in the

TCLI1-tg murine model

Leukemia (2016) 30, 1409-1413; doi:10.1038/leu.2015.307

In the adaptive immune system, crosstalk between B cells and T cells
is pivotal to the expansion, differentiation, survival and effector
functions of normal B cells in response to antigen. Chronic
lymphocytic leukemia (CLL) is characterized by the accumulation of
CD5*CD19" B cells in the peripheral blood, secondary lymphoid
organs and bone marrow of patients. Although the cellular origin of
CLL cells is still a subject of debate, molecular profiling demonstrates
that CLL cells share similar signatures with antigen-experienced
memory B cells. In this regard, it is believed that T-cell-dependent
mechanisms similar to those required during the normal maturation
of B cells may also operate in CLL and contribute to disease
progression. We recently demonstrated that the accumulation of
clonal CD4+ T cells in CLL is associated with B-cell receptor (BCR)
characteristics (mutation status and stereotypy), implicating specific
T-cell crosstalk with CLL cells during tumor outgrowth." This notion is
further supported by the observation that so-called lymphoid
proliferation centers, which are structural hallmarks in CLL, are
composed of different antigen-presenting cells and numerous CD4*
T cells that are clustered together with activated CLL cells? CLL
activation in turn leads to enhanced viability, chemoresistance, and
proliferation. Indeed, both in vitro and in vivo data demonstrate that
activated CD4™ T cells provide stimuli, for example, CD40L, that drive
CLL cells into proliferation.>* In addition, CD4" T cells can protect CLL
cells from spontaneous apoptosis in vitro.> As such, reversing the
nature of CLL-T-cell interactions with immunomodulatory drugs is a
therapeutic goal in CLL%”

To clarify the exact nature of CD4* T cell help in the
pathogenesis of CLL, we made use of GK5 mice (C57BL/6
background, hereafter referred to as GK mice),® which exhibit a
complete loss of CD4™ T cells in the periphery (Supplementary
Figure 1A) due to the expression of a CD4-targeting antibody, in
conjunction with the TCL1-tg mouse (C57BL/6 background), which
currently represents the best validated mouse model for human
CLL, and has been shown to recapitulate some of the T-cell
abnormalities associated with the disease.”'® Established tumors
derived from spleens of leukemic TCL1-tg mice were adoptively
transferred intraperitoneally into GK recipients or their wild-type
(WT) littermate controls to assess the impact of the loss of CD4+
cells on the outgrowth of established malignant clones. Surpris-
ingly, CLL tumors developed faster in GK mice compared with WT

recipients (median latency 71 vs 177 days, P=0.0294; Figure 1a,
left), suggesting that at least a subset of CD4+ T cells may serve to
hinder tumor growth. We next studied the role of CD4™ T cells in
the establishment of primary disease, as it is expected that CD4+
T cells have a role in the initial selection and expansion of the
malignant clone. We therefore crossed GK mice with TCL1-tg mice
and monitored the development of CLL in all genotypes
generated by this breeding (WT, GK, TCL1-tg and GK/TCL1-tg).
Neither WT nor GK mice developed CLL. However, we again
observed that tumors developed with significantly faster kinetics
in the absence of CD4" cells (GK/TCL1-tg mice) compared with
TCL1-tg littermates (median latency 417 days vs 443 days,
P=0.0276; Figure 1a, right). The extent of splenomegaly
(Figure 1b) and degree of tumor cell infiltration into different
organs at the end point of the disease (Figure 1c) was similar in
the absence or presence of CD4+ cells. In addition, to verify that a
mono- or oligoclonal disease had established in GK/TCL1-tg mice,
or to determine whether the lack of CD4" cells fostered the
outgrowth of a polyclonal tumor, we assessed the clonality of the
BCR in tumor cells that developed in GK/TCL1-tg mice and TCL1-tg
littermate controls. BCR spectratyping analyses (Supplementary
Methods) confirmed that mono- and oligoclonal tumors devel-
oped in the absence of CD4™ cells to the same degree as in TCL1-
tg mice (Figure 1d and Supplementary Figure 1B). Thus, the data
demonstrate that CD4™ T cell help is not absolutely essential to the
establishment and progression of CLL in mice. This challenges the
current view of CLL pathogenesis and indicates that other
immune subsets, such as those derived from the myeloid lineage,
may substitute in supporting CLL development in this model.
Flow cytometric analyses of peripheral blood leukocytes in GK
mice (Supplementary Figure 2) revealed that absolute numbers of
circulating monocytes were increased in GK mice compared with
controls, an observation not previously published with the
characterization of these mice® These data are relevant given
that monocytes represent an important supportive immune
subset within the CLL micromillieu that significantly impacts
disease prognosis. CLL patients have a higher absolute number of
circulating monocytes and a significant increase in non-classical
monocytes (CD14"CD16'*) compared with healthy controls."
Moreover, Seiffert et al.'? established monocyte-derived soluble
CD14 levels (sCD14) as a survival factor in CLL, and recently
reported a skewing of splenic monocytes in TCL1-tg mice.” We
therefore analyzed peripheral blood cells of leukemic mice in
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Figure 1. CD4+ T cells are not required for the establishment of CLL in the TCL1-tg murine model of the disease. For adoptive transfer
experiments, splenocytes derived from spleens of leukemic TCL1-tg mice (10-20 x 10° cells) were injected intraperitoneally into 6-8-week-
old GK mice (n=18) and their wild-type (WT) littermate controls (n=15). To study the establishment of CLL in a primary disease model,
TCL1-tg mice were crossed with GK mice to yield double-transgenic GK/TCL1-tg mice. Development of CLL was monitored in the blood at
regular intervals in all cohorts (WT, n=13; GK, n=11; TCL1-tg, n=13; GK/TCL1-tg, n=20). In both adoptive transfer and primary disease
models, death was scored as a CLL event based on the presence of >5000 CD5+CD19+ cells per pl blood or when these cells represented
the most prominent lymphocyte fraction in at least three out of five lymphoid compartments examined. Loss of CD4+ T cells leads to
decreased survival (Kaplan-Meier) in both adoptive transfer (left, median latency 71 days in GK vs 177 days in WT recipients, P=0.0294) and
primary disease models (right, median latency 417 days in GK/TCL1-tg vs 443 days in TCL1-tg mice, P=0.0276). (b) The extent of
splenomegaly in leukemic mice with or without CD4+ T cells was similar in both adoptive transfer (left panel: leukemic WT recipients, n=6;
leukemic GK recipients, n=7) and primary disease (right panel: TCL1-tg, n=5; GK/TCL1-tg, n=7) models. (c) Single-cell suspensions of
various organs collected upon killing of leukemic mice were analyzed by flow cytometry for the presence of CD5+CD19+ cells. The extent
of tumor cell infiltration in the indicated organs is reported as the percentage of CD5+CD19+ cells of the total cell population. No
significant differences could be observed between TCL1-tg (n =5) and GK/TCL1-tg mice (n=7) at the end stage of disease. (d) The clonality
of the tumors in TCL1-tg (n=5) and GK/TCL1-tg (n=5) mice were assessed by BCR spectratyping analysis on CD5+ MACS-sorted (Miltenyi
Biotec, Bergisch Gladbach, Germany) splenic cells and compared with CD19+ splenic B cells derived from WT mice (n = 3). *P < 0.05; n.s., not
significant.

order to characterize the various monocyte subsets in murine CLL. with controls (primary disease: TCL-tg vs WT, P < 0.0001; GK/TCL1-
We defined murine classical monocytes as Gr1(Ly6C)**CD43" and tg vs WT, P<0.0001; adoptive transfer: WT leukemic vs
non-classical monocytes as Gr1(Ly6C)*CD43™" (Supplementary pre-engraftment, P=0.001; GK leukemic vs pre-engraftment,
Figure 3A) as proposed by Ziegler-Heitbrock et al.’® Absolute P=0.0002), but were not significantly different between the
monocyte numbers were increased in leukemic mice compared leukemic cohorts (Figure 2a). In line with observations in human
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Figure 2. Impact of circulating monocytes on murine CLL development. (a) The absolute number of classical and non-classical monocytes
were measured according to their surface expression of CD14, Gr1 and CD43 in the peripheral blood of leukemic mice at the end stage of
disease in both primary disease (right panel) and adoptive transfer (left panel) models. For each cohort, the median tumor load (% CD5+CD19+
of total lymphocytes) is given. In the primary disease model, circulating total monocyte numbers are increased in TCL1-tg (n=5) and GK/TCL1-tg
(n=9) mice compared with age-matched littermate controls (WT, n=13; GK, n=7) (left panel; TCL-tg vs WT, P < 0.0001; GK/TCL1-tg vs WT,
P < 0.0001). Similarly, in the adoptive transfer model, total monocyte numbers are increased at the end stage of disease in both GK mice (n=7) and
WT littermates (n=5), compared with pre-engraftment levels (n=8 and 7, respectively) (right panel; WT pre-adoptive transfer vs leukemic
P=0.001; GK pre-adoptive transfer vs leukemic, P=0.0002). (b) Treatment of both GK mice and their WT littermate controls with clodronate-loaded
liposomes (Clodrosome) resulted in the selective depletion of non-classical monocytes compared with treatment with control liposomes
(Encapsome). WT mice treated with Encapsome (n =5) vs Clodrosome (n=5), P < 0.0001; GK treated with Encapsome (n=5) vs Clodrosome (n=5),
P=0.0002. The depletion of the non-classical monocyte fraction resulted in a reduction in total circulating monocyte numbers (WT Encapsome vs
Clodrosome, P=0.0095; GK Encapsome vs Clodrosome, P=0.0067). (c) Concomittant with the depletion of non-classical monocytes, tumor
development was significantly delayed in engrafted WT or GK mice that had been treated with Clodrosome (top panel; GK Encapsome vs
Clodrosome at week 7, P < 0.0001) and the onset of tumor development paralleled the recovery of the circulating non-classical monocytes subset
(bottom panel; GK Encapsome vs Clodrosome at week 7, P=0.0011). *P < 0.05, **P < 0.01 and ***P < 0.001; n.s., not significant.
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CLL, TCL1-tg and GK/TCL1-tg leukemic mice showed significantly
enhanced numbers of non-classical monocytes compared with
age-matched littermate controls (Figure 2a, left panel: TCL1-tg vs
WT, P=0.0031; GK/TCL1-tg vs WT, P=0.0011; TCL1-tg vs GK,
P=0.0025; GK/TCL1-tg vs GK, P=0.0115). Similarly, in the adoptive
transfer model, circulating non-classical monocytes were
increased at the end stage of disease compared with their levels
before tumor engraftment (Figure 2a, right panel: WT leukemic vs
pre-engraftment, P=0.001; GK leukemic vs pre-engraftment,
P=0.0001). These results demonstrate the striking parallels
between human CLL and the TCL1-tg mouse model with regard
to the monocyte population. Moreover, the data underscore the
potential significance of tumor-supportive signals derived from
monocytes in the establishment and progression of CLL, which
may be especially important in the absence of CD4+ T cells. To
confirm this, we exploited a method developed for specific
macrophage/monocyte depletion using clodronate liposomes.'
Liposomal clodronate (1 mg Clodrosome, Encapsula Nanosciences
LLC, Brentwood, TN, USA) or control liposomes (Encapsome,
Encapsula Nanosciences LLC) were administered intraperitoneally
into GK mice or WT littermates 1 day before adoptive transfer of
tumor cells, and treatment continued for 2 weeks (every 3-4 days,
4 injections total; Supplementary Methods). Circulating monocyte
numbers and subset distribution, as well as tumor load, were
assessed by flow cytometry of peripheral blood samples drawn
regularly over a period of 7 weeks. Clodrosome treatment resulted in
the partial but significant depletion of circulating blood monocytes
compared with treatment with control liposomes (WT Encapsome vs
Clodrosome, P=0.0095; GK Encapsome vs Clodrosome, P=0.0067;
Figure 2b). Interestingly, when analyzing monocyte subset distribu-
tion, it became clear that Clodrosome treatment led to the selective
and significant reduction of the non-classical monocyte subset
(WT Encapsome vs Clodrosome, P < 0.0001; GK Encapsome vs
Clodrosome, P=0.0002; Figure 2b and Supplementary Figure 3B).
Importantly, Clodrosome treatment effectively delayed tumor
development in engrafted mice (Figure 2c, top), which was
particularly striking in GK recipients (GK Clodrosome vs Encap-
some at week 7, P < 0.0001), presumably owing to the loss of the
supportive non-classical monocytic subset. Consistent with this
theory, tumor development after the end of Clodrosome
treatment was accompanied by the recovery and/or outgrowth
of the non-classical monocyte subset in Clodrosome- and
Encapsome-treated mice (GK Clodrosome vs Encapsome at week
7, P=0.0011; Figure 2c and Supplementary Figure 3C). Indeed, we
could demonstrate that the absolute numbers of circulating non-
classical monocytes strongly correlated with tumor burden
(P <0.0001, Spearman r=0.8137; Supplementary Figure 3D).
Notably, the depletion of (non-classical) monocytes in WT
recipients significantly delayed tumor development even in the
presence of CD4™ T cells. This suggests that in the TCL1-tg mouse,
main tumor support may not be derived from CD4" T cells, but
from the monocytic population. Alternatively, it can signify that
the loss of monocytes can negatively impact the quality of CD4* T
cell support to CLL cells,”® highlighting the important interplay
between monocytes and T cells in CLL.

It is striking that the loss of CD4+ T cells in this murine model
promotes tumor progression. Several scenarios could contribute
to this observation, including the loss of CD4+ Th1 help necessary
for effective anti-tumor CTL responses, or the loss of a CD4+ T-cell
subset that can negatively modulate monocyte function or has
direct anti-tumor activity, such as natural killer T cells. Experiments
are underway in order to discriminate between these possibilities.

Taken together, our data demonstrate that CD4+ T cells are
dispensable for the establishment and progression of CLL in the
TCL1-tg mouse model. Similar to human CLL, monocytes—and in
particular the non-classical subset—serve as an important tumor-
supportive cell population in the development of TCL1-induced
murine CLL.
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Efficacy of ruxolitinib on hepatomegaly in patients with

myelofibrosis

Leukemia (2016) 30, 1413-1415; doi:10.1038/leu.2015.310

The Janus kinase 1/2 inhibitor ruxolitinib has been shown in a
pivotal placebo-controlled phase Ill study (Controlled Myelofibro-
sis Study with Oral JAK Inhibitor Treatment | (COMFORT-I)) to
significantly reduce splenomegaly and symptoms in patients with
intermediate-2 or high-risk myelofibrosis (MF). Although spleno-
megaly is the most common manifestation of MF-associated
extramedullary hematopoiesis, up to 65% of patients may also
have hepatomegaly,’? which is often highly symptomatic and can
lead to serious complications.® Here, we present the results from a
COMFORT-l post hoc analysis that assessed changes in liver
volume and their relationship with concomitant changes in
splenomegaly and measures of metabolic status.

As previously reported,* COMFORT-l was a randomized,
double-blind, placebo-controlled phase Il study in patients with
intermediate-2 or high-risk MF and a baseline spleen length
>5cm below the left costal margin. Patients randomized to
placebo were allowed to cross over to ruxolitinib if they met
prespecified criteria for disease progression. The primary end
point was the proportion of patients who achieved a >35%
reduction in spleen volume at week 24.% Liver and spleen volumes
were determined by magnetic resonance imaging or computed
tomography per protocol; palpable liver length was not assessed.
Percentage changes of spleen and liver volumes from baseline to
week 144 were calculated for observed cases. For patients who
crossed over from placebo to ruxolitinib, liver volume values
obtained after crossover were excluded from the analysis for
placebo and analyzed separately. In these individuals, baseline
was defined as the last observation before crossover. Percentage
changes in liver volume at week 24 were compared between
treatment arms by analysis of covariance, with baseline liver
volume as the covariate. Correlations of clinical parameters were
assessed by Pearson’s correlation coefficient with associated test
for zero correlation and the R? statistic calculated by simple linear
regression. A 5% significance level was applied to all statistical
tests, without adjustment for multiple testing.

A total of 139 of 155 patients randomized to ruxolitinib and 105
of 154 patients randomized to placebo had evaluable liver volume
data at baseline and week 24. Median (range) liver volume

at baseline was 2452cm® (1268-4833 cm?) in the ruxolitinib
arm, and 2485cm® (1298-5230cm®) in the placebo arm
(see Supplementary Table S1 for additional baseline character-
istics). At week 24, patients treated with ruxolitinib had a mean
percentage change (decrease) in liver volume of —7.9% (median
change, —8.7%; range, — 26.0% to +17.5%) compared with a mean
increase of 3.5% (median change, 4.1%; range, 36.0% to +41.7%)
in the placebo arm (P < 0.0001; Figures 1a and b). The extent of
liver volume reductions tended to be greater among patients who
achieved average doses of 20 or 25 mg twice daily during weeks
21-24 (mean changes at week 24: —9.7% and — 9.8%, respectively)
than among patients with lower average doses during weeks
21-24 (mean changes: —5.1% with < 10 mg twice daily, —6.0%
with 10 mg twice daily and —6.5% with 15 mg twice daily).

In the ruxolitinib arm, liver volumes decreased rapidly during
the first 12 weeks and continued to decrease until approximately
week 48, with a mean percentage change of —10.6% at week 48
(range, —35.9 to +23.0). Improvement was maintained through
week 144 (Figure 1c). In contrast, in the placebo group, liver
volume increased over time, resulting in a mean percentage
change of 6.0% at week 48 (range, —21.6% to +43.0%) when most
patients in the placebo group had discontinued or crossed over to
ruxolitinib. Patients who crossed over from placebo to ruxolitinib
experienced decreases in liver volume from the point of crossover,
with an overall time course similar to that observed in patients
randomized to ruxolitinib (Figure 1c).

We sought to determine whether the percentage changes in
liver volume in the ruxolitinib arm were affected by baseline
liver volume. Patients in the first (n=37), second (n=35),
third (n=36) and fourth (n=31) quartile had median (range)
baseline liver volumes of 1929cm® (1268-2115cm?®), 2323 cm®
(2131-2483 cm®), 2661 cm® (2488-3014cm’) and 3417 cm?
(3028-4833 cm?), respectively. Patients experienced similar
reductions in hepatomegaly at week 24 regardless of baseline
liver volume, with mean + s.d. percentage changes in liver volume
of —8.3% +7.9%, —6.4%+7.5%, —7.8%+8.6% and —9.1% + 8.8%
in the first, second, third and fourth quartile, respectively. Changes
in liver volume over time observed for the entire study population
were reflected in each quartile (Figure 1d). Although the mean
values for each quartile showed some differences after week 60,
the interpatient variability in each quartile (represented by the
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