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Abstract

The consequences of immune dysfunction in B-Chronic Lymphocytic Leukemia (CLL) likely
relate to the incidence of serious recurrent infections and second malignancies that plague CLL
patients. The well-described immune abnormalities are not able to consistently explain these
complications. Here, we report bone marrow (BM) hematopoietic dysfunction in early and late
stage untreated CLL patients. Numbers of CD34* BM hematopoietic progenitors responsive in
standard CFU assays, including CFU-GM/GEMM and CFU-E, were significantly reduced. Flow
cytometry revealed corresponding reductions in frequencies of all hematopoietic stem and
progenitor cell (HSPC) subsets assessed in CLL patient marrow. Consistent with the reduction in
HSPCs, BM resident monocytes and natural killer (NK) cells were reduced, a deficiency
recapitulated in blood. Finally, we report increases in protein levels of the transcriptional
regulators HIF-1a GATA-1, PU.1, and GATA-2 in CLL patient BM, providing molecular insight
into the basis of HSPC dysfunction. Importantly, PU.1 and GATA-2 were rapidly increased when
healthy HSPCs were exposed /n vitroto TNFa, a cytokine constitutively produced by CLL B
cells. Together, these findings reveal BM hematopoietic dysfunction in untreated CLL patients that
provides new insight into the etiology of the complex immunodeficiency state in CLL.

Introduction

Individuals with CLL are highly susceptible to infections and secondary cancers, owing to
diminished innate and adaptive immune repertoires and function®. Peripheral immune
suppression, either as a consequence of progressive disease or secondary to cytotoxic
therapy, could account for much of the immune incompetence, but changes in bone marrow
(BM)-derived hematopoietic cells that replenish them has not been sufficiently studied. This
is especially the case for the hematopoietic status of untreated CLL (herein referred to as
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“CLL") patients. One study reported no change in frequencies of CD34" cells among
nucleated BM cells between CLL patients and controls, but numbers of colony forming
progenitors (CFU) were reduced?. However, this study did not directly evaluate the
clonogenic potential of isolated CD34* BM progenitors or take into account leukemic
burden levels in the BM when assaying CFU-responding cells. Thus, the reduction in CFU
could reflect dilution of marrow by infiltrating CLL B cells. In contrast, another study
reported significant reductions in frequencies of BM CD34* cells in untreated CLL
patients3. Importantly, in that study, anemic CLL patients had reduced proportions of
phenotypically-defined BM erythroid progenitors, a deficiency suggested to be due to
increased levels of TNFa, and independent of the degree of BM leukemic B cell infiltration.
These conflicting results support additional studies to determine the status of BM
hematopoietic function and its contribution to the complex immune deficiency well
documented in CLL patients.

Numerous factors have been described to modulate normal hematopoiesis in the setting of
malignancies, but few have been discussed in the context of hematopoietic stem and
progenitor cells (HSPCs). Accumulating evidence suggests that key factors of hematopoietic
regulation may play a role in modulating hematopoiesis in CLL. Levels of the transcription
factor hypoxia-inducible factor 1-alpha (HIF-1a) are tightly regulated in hematopoietic stem
cells (HSCs), control cell division* ®, and play a key role in regulation of hematopoietic
differentiation® 7. HIF-1a is implicated in the biology of many malignancies®, including
CLL%1, Importantly, HIF-1a contributes to CLL B cell homing and survival by modulating
VEGF and CXCR4 production in CLL B cells!! and VEGF in BM mesenchymal stromal
cells®. A prominent HIF-1a target is GATA-1, a master erythroid lineage determinant®.
Importantly, dysregulated, sustained expression of GATA-1 can inhibit erythroid
differentiation12 13, BM infiltration of CLL cells, which constitutively produce TNFa14 15,
may further inhibit erythropoiesis by introducing TNFa to the hematopoietic niche and
altering the balance between transcription factors expressed in HSPCs, particularly PU.1 and
GATA-2. Cumulatively, based on these published findings and with the goal of better
understanding the etiology of immune dysfunction in CLL, we assessed BM HSPC
functional capacity and performed an in-depth characterization of hematopoietic progenitor
subsets in untreated CLL patients. We further set out to determine if the innate immune
repertoire in blood reflected BM hematopoietic dysfunction and elucidate contributing
molecular mechanism(s) for impaired myeloid and erythroid differentiation.

Aged-matched healthy control (HC) patients undergoing hip replacement (Mayo Clinic IRB
1062-00), healthy apheresis blood donors (IRB exempt), and CLL patients (Mayo Clinic
IRB 1827-00) (Table 1, Table S1) signed informed consent per the Declaration of Helsinki
and Mayo Clinic guidelines and provided BM and/or blood samples. The BM and blood
were provided as either freshly obtained samples or previously cryopreserved by the Mayo
Clinic CLL Tissue Bank. Freshly obtained HC and CLL marrow was subject to ACK lysis to
remove mature erythrocytes and utilized immediately for the described studies. All
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cryopreserved HC marrow was previously ACK-lysed, whereas cryopreserved CLL blood
and marrow was previously subject to ficoll separation. Healthy control cryopreserved blood
samples underwent ficoll separation before freezing. Table 1 identifies fresh and frozen
samples. All comparisons of cell population frequencies were made between samples that
were handled identically. We recognize that cryopreserved samples are exposed to high
levels of oxygen during thawing that may alter transcription factor expression. To minimize
these effects, cells were used immediately after thawing, kept on ice, and equivalent
numbers of frozen and fresh samples were analyzed in both the HC and CLL cohorts.

Flow cytometry

The erythrocyte-depleted BM and blood cells were stained with monoclonal antibodies
against surface and/or intranuclear proteins (Table S2). The fixable viability dye and surface
markers were stained in 1X PBS at 4°C whereas the intranuclear proteins were stained in
each respective fixation and permeabilization buffer at 4°C or room temperature, per
manufacturer’s instructions. After staining, all samples were fixed in 1% paraformaldehyde
(Electron Microscopy Sciences) for analysis. Flow cytometry data was collected on a
FACSCanto (Beckton Dickinson) that was standardized to allow direct mean fluorescence
intensity (MFI) comparisons across experiments using a modified protocol outlined by
Perfetto et al.16: 17, Analysis of cellular populations (defined in Table S3) was performed
with FlowJo 10.3 (Tree Star).

Colony forming unit (CFU) assays

Total CD34" cells were isolated from freshly obtained BM samples (Miltenyi Biotec).
Following isolation, 500 CD34" cells were plated in triplicate in semisolid Methocult H4435
(StemCell Technologies) media that allows enumeration of CFU-GM, CFU-GEMM, and
CFU-E based on morphology. The assays were incubated for 11-12 days at 37°C 5%CO..
Colonies were manually counted, scored, and averaged across triplicates.

TNFa culture assays

Statistics

Isolated CD34* cells from freshly obtained HC BM were incubated in serum-free media
(CellGenix) plus the human recombinant proteins stem cell factor (10ng/mL), IL-6 (10ng/
mL), erythropoietin (1ng/mL), and IL-3 (1ng/mL). Cells were further supplemented with
25ng/mL TNFa (Peprotech), a concentration within the experimental range of previous
reports known to modify hematopoietic cells'8: 19, or media alone for 12 or 24 hours,
followed by flow cytometry.

Statistical analysis was performed with GraphPad Prism 6. Mann-Whitney U-tests were
applied to all comparisons between HC and CLL cohorts. The TNFa experiments utilized a
paired t-test, and all correlations analyses were determined with a two-tailed Spearman
correlation. For all tests; */<0.05, **/<0.01, ***P<0.001, ****<0.0001, and no asterisk or
“N.S.” indicates non-statistical significance. Sample numbers were of limited availability, so
a sample size power calculation was not performed. Summary statistics of bar graphs
represent the mean + the standard error of the mean (SEM). Given that, the variance between
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groups compared are similar. The sample and experiment replicate number for each figure is
reported in each appropriate figure legend.

BM infiltration by CLL B cells and equalization of the BM cellular compartment by CD19

exclusion

Our analysis focused on 46 untreated CLL patients with no clinically detectable autoimmune
disease (Table 1, Table S1) that represent the clinical spectrum from early to late Rai stages
(0-1: 61%, I1: 11%, 111-1V: 28%), a relatively even distribution of relevant prognostic
indicators, and that reproduce the sex bias of males in CLL disease (34/46, 73.9%). To
evaluate BM hematopoiesis, we first used flow cytometry to characterize the frequency of
BM progenitor subsets in CLL patients and age-matched healthy controls (HCs). All CLL
patients, regardless of Rai stage, had varying BM infiltration of CD19*CD5™ B cells as
determined by both clinical pathology scores and flow cytometry (Figure 1A, Table 1,
representative flow cytometry plots in Figure 1B). Importantly, and in relation to analysis,
we recognized that the infiltration introduces a proportional calculation bias by the diluting
CLL cells when assessing cell frequency as a function of total BM cells. To assess the
infiltration bias, we evaluated the frequency of CD19- BM cells, which contain the
hematopoietic cell populations of interest. As expected, CLL patient BM had significantly
less CD19" cells compared to HCs (P<0.0001, HC mean £ SEM: 74.2 + 2.8, CLL mean +
SEM: 25.8 £ 3.9). This outcome prohibits comparative analysis of BM non-B/leukemic cell
populations to be assessed between HCs and CLL patients. To address this, we sought to
evaluate the BM cellular content between the CLL and HC cohorts before and after CD19
exclusion (Figure 1C, left and right columns). Interestingly, the frequency of the remaining,
CD19-excluded BM cells (our base comparator for all BM cell frequencies analyzed) was
comparable between the two cohorts, as exemplified by the equalization of
polymorphonuclear leukocyte (PMN) frequencies before and after CD19 exclusion (Figure
1D, before: £<0.0001, after: P=0.0537). Next, we compared the remaining cells in the BM
of HC and CLL patients after CD19-exclusion (Figure S1). We found the majority of
remaining BM populations were PMNs and T cells, the latter of which is expanded in CLL
BM compared to HCs. Thus, CD19 exclusion allows for comparisons of BM cell
frequencies between the two cohorts. Importantly, all BM progenitor populations were
evaluated as either a percentage of lineage (Lin) marker negative BM cells, which included
an antibody to CD19, or total CD19-excluded BM cells (Table S3).

Reductions in phenotypic BM hematopoietic progenitor subsets and functional CFU-
responding cells

Flow cytometry analysis revealed significantly decreased proportions of total CD34* HSPCs
among Lin"CD19" BM cells in CLL patients compared to HCs (Figure 2A, Figure S2,
P<0.0001). The CD34" fraction of BM encompasses progenitors that give rise to colonies in
standard CFU assays. We found significantly reduced total CFU-responding cells from CLL
patient-derived CD34* cells compared to HCs (Figure 2B, A=0.0034). We further conducted
an enumeration of CFU-GM/GEMM and CFU-E colonies within the total CFU responding
cells and found both significantly decreased in CLL patients (Figure 2C-D, £=0.0084 and
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P=0.0434, respectively). Importantly, the number of total CFU responding cells in CLL
patient BM did not correlate with the level of BM leukemic burden (r=—0.4636, P=0.0699),
and included CLL patients with low to high marrow involvement.

To determine if reductions in CFUs were reflected in decreased myeloid and erythroid
lineage progeny Jin vivo, we evaluated frequencies of CD33*CD14" monocyte and
CD33*CD71* myelo-erythroid progenitors by flow cytometry (Figure 3A-B, Figure S3).
Frequencies of monocyte (P=0.0089) and myelo-erythroid progenitors (A<0.0001) were
significantly reduced in CLL BM compared to HCs. Interestingly, frequencies of PMNs
(granulocytes, Figure 1D), a subset of differentiated progeny of CMPs, were not
significantly different between HCs and CLL patients (£=0.0537). However, we recognize
the variability within CLL patients is quite high and may reflect a subset of individuals
lacking robust granulocyte generation. To determine if the reductions in monocyte/erythroid
lineage cells was due to deficiencies in select HSPCs, we evaluated frequencies of HSCs,
MPPs, and CMPs and found significant reductions in CLL BM (Figure 3C-E, HSC and
MPP A<0.0001, CMP P=0.0019). The reduction in HSPCs was also reflected in frequencies
of CLPs (Figure 3F, A<0.0001). Accompanying the reduction in CLPs, natural killer (NK)
cell progenitors were reduced (Figure 3G, Figure S3, P=0.0023). These data suggest that
while HSPCs are present at low levels, they are functionally compromised given reduced
CFU numbers. The reduction in CFU-responding cells, even after removal from the tumor
microenvironment, suggests a cell intrinsic alteration in a subset of CD34* HSPCs.

of frequencies of innate subsets in BM and blood in CLL patients

Steady-state production of innate immune effector cells is required for immune surveillance
and eradication of infectious agents. The paucity of myeloid progenitors and monocytes in
CLL patient BM could significantly impair immune homeostasis, resulting in increased
propensity to serious life-threatening infections. To determine if the blood innate immune
repertoire reflected BM hematopoietic dysfunction, we performed association analyses
between BM and blood. Paired CLL patient BM and blood samples were selected as either
intermediate marrow cellularity (20-60% leukemic marrow involvement by pathology) or
high cellularity (greater than 90% leukemic marrow involvement by pathology) cohorts. T
cells, NK cells, and monocytes were evaluated by flow cytometry after CD19*CD5*
exclusion to remove the proportional calculation bias of the diluting CLL cells (Figure 4,
Figure S4). Additionally, HC blood and BM samples (unmatched and unpaired) were
analyzed in the same manner and averaged to obtain a control reference value for each tissue
and cellular subset. All HC and CLL samples were previously cryopreserved, eliminating
any freeze/thaw bias. We focused on NK cells and monocytes because sample processing of
cryopreserved samples utilized ficoll separation, which eliminate granulocytes. As an
internal control, we compared T cell frequencies in BM and blood (Figure 4A). We observed
no appreciable difference in frequencies of T cells between intermediate and high cellularity
patients, and the frequency of T cells correlated between BM and blood (Figure S5,
r=0.8810, P=0.0072). We next evaluated total NK cells and CD56P"19Ntand CD56%M NK cell
subsets (Figure 4B-D). We found that NK cells were significantly more diminished in the
high cellularity patients compared to those with intermediate cellularity, and that the
frequency of NK cells in the BM mirrored those in the blood (r=0.9286, P=0.0022),
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including CD56Prght (r=0.8095, £=0.0218) and CD56%M (r=0.8810, £=0.0072) subsets.
Finally, we evaluated classical (CD14*CD16°) and non-classical (CD14-CD16™) monocytes
(Figure 4E-F) and found that like NK cells, they were more diminished in CLL patients with
higher marrow involvement. However, while classical monocytes in the blood mirrored the
BM population (r=0.9048, P=0.0046), non-classical monocytes were discordant (r=0.6429,
P=0.0962). Overall, these data show that the reduced output of innate immune cells in BM is
associated with diminished, phenotypically identical innate immune progeny in blood.

Increased expression levels of select lineage-determining transcription factors in CLL
patient BM HSPCs

Blood cell genesis from HSCs is complex and dictated by temporal activation, repression,
and cross-antagonism among lineage-determining regulatory proteins20-22, The
hematopoietic progenitor reductions observed may be due to altered differentiation programs
and transcription factor expression patterns. We therefore sought to evaluate the levels of
four key HSPC transcription factors in BM progenitor cells. HIF-1a is a master regulator of
hematopoiesis®, is stably expressed at low levels in normal HSCs and early progenitors?3,
and is upregulated in CLL patient BM MSCs®. Importantly, elevated expression of HIF-1a
impairs HSC function® 5 and, to our knowledge, has not been evaluated in CLL patient
HSPCs. We therefore assessed levels of HIF-1a in HSC/MPP, lineage-biased, and myelo-
erythroid progenitors (Figure 5A-C, Figure S6, Table S3). There was a significant increase
in levels of HIF-1a protein in lineage-biased progenitors (£=0.0235), but not HSC/MPP or
myelo-erythroid progenitors in CLL patients compared to HCs. HIF-1a is a key molecular
regulator of the erythroid-lineage transcription factor GATA-15. Examination of the lineage-
biased and myelo-erythroid progenitor compartments revealed significant increases in levels
of GATA-1 protein between HCs and CLL patient BM cells in these BM progenitor
compartments (Figure 5E-F, £=0.0009, and ~P=0.0009 respectively). Similar to HIF-1a,
levels of GATA-1 in the HSC/MPP compartment remained largely unperturbed (Figure 5D,
P=0.0738).

We next evaluated expression levels of the transcription factor PU.1, a critical regulator of
HSC function and myelopoiesis?4 2° and direct antagonist of GATA factors and
erythropoiesis?4-28, Strikingly, PU.1 protein was significantly increased in HSC/MPP
(P<0.0001), lineage-biased (P<0.0001), and myelo-erythroid (£=0.0012) progenitors in CLL
patients versus HCs (Figure 5G-I). PU.1 levels were also significantly increased in
CD71*CD235a" pro-erythroblasts (£=0.0175) and CD71"CD235a* erythrocytes (P=0.0012),
but not the intermediate CD71*CD235a* erythroblasts (P=0.1352) (Figure 5J-L)2.

We also evaluated expression levels of GATA-2, a direct PU.1 antagonist?® whose mRNA
transcripts are elevated CLL HSCs?. GATA-2 is also a critical repressor of the GATA-2/
GATA-1 switch for erythropoiesis3? 31, We documented increased levels of GATA-2 protein
in CLL patient lineage-biased and myelo-erythroid progenitors (Figure 5N-O, A<0.0001 and
£<0.0001, respectively). Interestingly, similar to HIF-1a and GATA-1, GATA-2 protein is
not elevated in CLL patient HSC/MPPs (Figure 5M, P=0.0608), suggesting that specific
progenitor population susceptibility, timing of GATA-2 expression, and/or mMRNA stability
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may be relevant in CLL. Taken together, these experimental findings show dysregulated
expression of four key transcriptional regulators of HSPC biology in CLL patient BM.

TNFa selectively modulates transcription factor levels in BM HSPCs

Cytokines are known mediators of hematopoiesis, in part by influencing transcription factor
expression levels. To this point, CLL B cells constitutively secrete TNFal4 15 an
inflammatory mediator, well-known modulator of HSPC activity32 33, and inhibitor of
erythropoiesis. The erythroid inhibition has been attributed to increased PU.118, which is
upregulated in normal HSPCs after exposure to TNFa.18, Importantly, in CLL patients,
TNFa levels are higher in BM plasma than in blood34. To investigate if TNFa could
contribute to the transcription factor imbalance we documented in ex vivo BM HSPCs,
CD34* cells were isolated from fresh HC BM and incubated with media or TNFa18: 19 for
12 or 24 hours then evaluated by flow cytometry. We found minimal or no changes in levels
of the proliferation antigen Ki-67 or HIF-1a. (Figure S7, Figure S8). Thus, short-term
exposure to TNFa does not inhibit the proliferation of early progenitors, consistent with our
finding that Ki-67 levels in ex vivo hematopoietic progenitor subsets were comparable
between HCs and CLL patients (Figure S81-J).

However, we found a significant increase in PU.1 levels 12 and 24 hours post-TNFa
exposure in HSC/MPP (P<0.0001 and ~<0.0001) and lineage-biased progenitors (P=0.0012
and P=0.0049, Figure 6A-B, Figure S6). In addition, GATA-2 levels were significantly
increased in HSC/MPP (~=0.0008 and P=0.0005) and lineage-biased (~=0.0002 and
F£<0.0001) progenitors with TNFa exposure (Figure 6C-D). Together, these data suggest
that the increase in PU.1 and GATA-2 proteins documented in CLL patient HSPCs may be
partially modulated by CLL-derived TNFa.

Discussion

Here, we report hematopoietic dysfunction in untreated CLL patients as reflected by reduced
frequencies and function of BM HSPCs and their progeny. This deficiency is particularly
striking as it is evident across all progenitor populations, except granulocytes, and in early
and late stage disease patients. The reduced frequencies of hematopoietic progenitors was
similarly reflected in diminished CFU-responding progenitors. These deficiencies represent
a novel and previously undescribed mechanism for the impaired ability of CLL patients to
robustly contain infections and surveil for secondary malignancies. This is particularly noted
in our finding of the mirroring of BM and blood NK and classical monocyte populations and
represents a potential innate immune signature of BM deficiency.

Importantly, and in contrast to other reports? 3 29, we evaluated the frequency of all BM
progenitor populations in both CLL patients and HCs as a function of CD19-excluded BM
cells, equalizing both cohorts and allowing for a more accurate assessment of BM cellular
composition. The equalization of CD19- BM cells is critical as CLL patients have variable
leukemic cell infiltration in BM that proportionally dilutes the frequency of other cellular
populations, an important consideration for other marrow-infiltrative diseases.
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We pursued insight into the mechanism of impaired hematopoiesis in CLL BM. Infiltration
by CLL B cells into BM could result in direct or indirect tissue-site hypoxia, resulting in
increased HIF-1a expression in HSPCs. The role of hypoxia and HIF-1a in the BM is well
studied and widely regarded as a major maintenance and control factor of HSCs and early
progenitors®. Our finding that HIF-1a is overexpressed in CLL BM lineage-biased
progenitors provide important clues to the reduced hematopoietic output observed.
Overexpression of HIF-1a can inhibit HSPC differentiation® ° and drive aberrant GATA-1
expression®, potentially contributing to global decreases in progenitor frequency and
function we report. We also found elevated expression levels of PU.1, an additional regulator
of HSPC differentiation and direct antagonist of GATA factors.

The observation that GATA-2 is increased in lineage-biased and myelo-erythroid
progenitors, but not HSC/MPPs, as opposed to PU.1 which is overexpressed in each of these
progenitor compartments, provides a possible explanation for HSPC dysfunction. GATA-2 is
a critical regulator of HSPC maintenance, proliferation, and differentiation3®, and
downregulation of GATA-2 is required for expression of GATA-1 and progression of
erythroid development. The significant increase in levels of GATA-2 in CLL patient lineage-
biased progenitors (which contain erythroid progenitors) could contribute to CLL-induced
hematopoietic dysfunction by preventing the GATA-2/GATA-1 switch that is required for
normal erythropoiesis3® 31 in addition to directly antagonizing PU.1. Overexpression of
GATA-2 and HIF-1a has been shown to induce quiescence in human HSCs by directly
affecting HSC cell cycle and reducing colony formation®: 3. However, we found no
differences in the levels of the proliferation marker Ki-67 between HC and CLL patient
HSPCs. As Ki-67 expression only provides a snapshot of cell cycle status, additional
experiments are required to assess the proliferative status of HSPCs in CLL patient BM.
Together, overexpression of these key transcription factors may contribute to the inability of
HSPCs to successfully undergo lineage commitment, resulting in the global decrease of
HSPC populations reported here.

The immune-modulating cytokines secreted by CLL B cells could be implicated in
dysregulated expression of transcription factors that orchestrate hematopoietic
differentiation programs. We show that TNFa has rapid direct effects on Lin"CD34* HSPCs.
The selective and significant modulation of PU.1 and GATA-2 by TNFa indicate that CLL
B cell-derived factors are capable of influencing HSPCs directly. We note that the TNFa
exposure results cannot be directly compared to the HC and CLL ex vivo data due to
differences in experimental protocol including the supportive cytokines added for CD34*
survival (see Methods). In addition to TNFa.-mediated inhibition by upregulation of PU.118,
TNFa also inhibits formation of CD235a* (glycophorin A) erythroid progenitors as well as
limiting the proliferation of mature erythrocytes®. This mechanism has previously been
proposed to be a contributing factor to CLL-related anemia3. Neutralizing antibodies to
TNFa restored peripheral blood CFU-responding cell numbers from CLL patients!®,
suggesting that elevation in systemic (including BM34) levels of TNFa may be a major
contributor to hematopoietic dysfunction. Of related interest, increased TNFa levels in CLL
patient plasma has been correlated with CLL disease progression3’.

Leukemia. Author manuscript; available in PMC 2019 May 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Manso et al.

Page 9

Dysfunctional hematopoiesis in CLL is likely to have complex etiologies. There are other
secreted factors produced by CLL B cells that may contribute to dysfunctional
hematopoiesis. The chemokine CCL3 is produced by CLL B cells after BCR stimulation in
supportive environments, such as BM38: 39, and is known to inhibit erythropoiesis in acute
myeloid leukemia®. TGF-B and VEGF, additional cytokines constitutively secreted by CLL
B cells*1, may also contribute to hematopoietic dysfunction by inducing HSC

quiescence*? 43 and regulating HSC survival** and hematopoiesis*®, respectively.
Interestingly, TGF-B has been known to have a role in inducing and modulating
erythropoiesis?6—48 and high levels of GATA-2 negatively regulate this process*®. Exosomes
and microvesicles, two classes of extracellular vesicles (EVs) secreted by CLL B cells, are
capable of modulating the BM microenvironment, as we and others have shown®: 50-52 and
have defined roles in modulating normal and malignant hematopoiesis®-5, EVs represent
another potential mechanism of CLL-induced hematopoietic dysfunction. Future studies are
planned to address the role(s) of CCL3, TGF-B, VEGF, and EVs in BM hematopoietic
dysfunction in CLL patients.

The BM is a complex organ consisting of many cell lineages in different stages of
differentiation and a multifaceted microenvironment consisting of stromal cells, osteoblasts,
osteoclasts, and accessory cells®. It is possible that CLL BM infiltration and interaction
with elements of the microenvironment contributes to dysfunctional hematopoiesis. Indeed,
we and others have shown that CLL B cells are capable of directly and indirectly modulating
mesenchymal stromal cells that reside in the BM®: 57, These alterations in BM stromal cells,
and possibly other components of the microenvironment, such as protective nurse-like
cells®®, likely contribute to decreased hematopoietic capacity in CLL patients®®.

There is currently much interest in dissecting the presence of any genetic abnormalities in
CLL patient HSPCs as it has been hypothesized that genetic lesions found in the CLL clone
may arise in BM progenitors2% 6061 These genetic alterations, when present, may
contribute to hematopoietic dysfunction, but have yet to be investigated. Further, the
suspected genetic lesions are not mutually exclusive with intrinsic or extrinsic modulation of
HSPCs in CLL patient BM and will be of interest for future studies.

Finally, given the chronic nature of CLL, decreased BM hematopoietic output would be
predicted to be reflected in the appropriate cellular constituents in blood. Indeed, we show
severe reductions in NK cells and monocytes in CLL patients with higher BM leukemic
burden that is reflected in reduced phenotypically comparable blood cell frequencies.
Importantly, regardless of the level of leukemic BM infiltration, the frequency of NK and
classical monocytes in BM mirrored the blood. Future studies will need to build on this
preliminary observation and seek to relate it to clinically-relevant complications. This study
provides, for the first time, a novel consideration for marrow infiltration of CLL B cells that
limits the developmental capacity of hematopoietic progenitors. Importantly, these findings
challenge the current paradigm that the immune deficiency in CLL is solely the result of a
peripheral global immunodeficiency that has excluded investigation of the effect of CLL
infiltration into the marrow on steady-state hematopoiesis, particularly in early stage
patients. The advance in our knowledge of BM hematopoiesis and how it relates to immune
status in CLL will provide a new platform upon which to subsequently devise therapeutic
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strategies and interventions to enhance CLL patient immune status and hematopoietic
output.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HSPC hematopoietic stem/progenitor cell

Lin lineage marker flow cytometry antibody cocktail
HSC hematopoietic stem cell

MPP multipotent progenitor

CMP common myeloid progenitor

CLL untreated chronic lymphocytic leukemia

HC healthy control

CFU colony forming unit

PMN polymorphonuclear leukocyte

HIF-1la natural killer cell (NK), hypoxia-inducible factor 1 alpha
TNFa tumor necrosis factor alpha
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Key Points

Cell-intrinsic defects in BM hematopoietic stem and progenitor cells (HSPC)
in untreated CLL patients

Altered levels of specific nuclear factors regulating HSPC differentiation and
function in untreated CLL patients
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Figure 1. Equalization of CLL patient and HC BM cellular compartments by CD19-exclusion.
Freshly isolated ACK-lysed BM cells from CLL patients and HCs were evaluated by flow

cytometry for total cellular composition and frequencies of CD19*CD5* and CD19" cells.
(A) Frequencies of CD19*CD5™ cells in CLL patient BM samples compared to HCs. HC
n=34 and CLL n=29 (60 individual experiments). (B) Representative flow cytometry plots
exhibiting variable CLL B cell infiltration in BM compared to a representative HC example.
(C) Representative flow cytometry plots demonstrating BM cellular profiles before (left
column) and after (right column) CD19-exclusion (middle column). Exclusion of all CD19*
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cells, including the infiltrating CLL B cells, allows for equalization of the remaining
(CD19) BM cells. The post-CD19 exclusion HC flow cytometry plot (top right) illustrates
three key cellular populations that can be identified by distinct FSC-A and SSC-A
characteristics: 1) lymphocytes and HSPCs, 2) monocytes, and 3) polymorphonuclear
leukocytes and granulocytes. (D) Evaluation of polymorphonuclear leukocyte frequencies in
BM before and after CD19 exclusion. HC n=26 and CLL n=19 (40 individual experiments).
Data in (A) and (D) is represented as the mean and SEM with each point indicating an
individual BM sample. Numbers under each figure represent the range for each parameter
evaluated for HCs and CLL patients. N.S. = not significant and ****/£<0.0001 by Mann-
Whitney U-test.
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Figure 2. Reductions in BM HSPC frequency and functional clonogenic progenitors in CLL
patients.

(A) Freshly isolated ACK-lysed BM cells were stained with combinations of antibodies to
distinguish frequencies of Lin"CD19-CD34* HSPCs between HCs (n=37) and CLL patients
(n=26) (57 individual experiments). Data is represented as the mean and SEM with each
point indicating an individual BM sample. Numbers under the figure represent the range for
each cohort evaluated. (B-D) Numbers of (B) total CFU, (C) CFU-granulocyte, monocyte/
granulocyte, erythrocyte, monocyte, megakaryocyte (CFU-GM/GEMM), or (D) CFU-
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erythroid (CFU-E) colonies per 500 input CD34* cells. HC n=16 and CLL n=13 (24
individual experiments). Data is represented as the mean and SEM of triplicate platings with
each point indicating an individual subject. Numbers under each figure represent the range
for each colony evaluated for HCs and CLL patients */<0.05, **/<0.01, and ****/<0.0001
were obtained by Mann-Whitney U-test.

Leukemia. Author manuscript; available in PMC 2019 May 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Manso et al. Page 20

A Monocyte B Myelo-erythroid
progenitors progenitors
o 8 B @ 20+ _ hkkk
3 3
S 6 * S154 e
m (11] .
@ el B
0 41 %ely® . 0 10
(6] (&]
k] ..'.. ©
€ oy E 5-
8 . 8
ECE ;‘ : L gf_} 0
Healthy  Untreated
Controls CLL Controls CLL
0.279- 0.052- 3.469- 0.344-
Range: 4 o48%  6.391% 16.167%  8.632%
C HSC D MPP E CMP
21.5 >k é” 4 wwkk 9o 4. *x
8 8 8 .
s ® = ¢ =
o i m 3 @ 3
1.0 @ . o2
— ™ - . =
8 o:o 8 8 2] .
c = = o
- .
205] Sas = =
[=] - & =} o 14 5
E - g E E o.o' .'.
Y —— 8] 0 . - e s
Sool 1088 Rl 2 o o..._lv% e
Healthy  Untreated Healthy  Untreated
Controls CLL Controls CLL Controls CLL
Range: 0-039- 0.000- 0.084- 0.008- 0.001- 0.000-
g 1.120% 1.315% 3.540% 2.502% 1.603% 3.693%
F CLP G NK progenitors
9 5 _ wkkk w3 sk
8 3 .
= 4. . O
M =
E 3 -
0 2
O o)
£ (6]
= 5 1.
2 €
c ©
8 5
o o
o 0- ' '
Healthy  Untreated Healthy  Untreated
Controls CLL Controls CLL
Range: 0.023- 0.000- 0.033- 0.052-
ge: 4.086% 0.362% 2.809% 1.590%

Figure 3. BM hematopoietic progenitor frequencies are diminished in CLL patients.
(A-B) Freshly isolated ACK-lysed BM cells were stained with combinations of antibodies to

distinguish specific progenitor frequencies of lineage-biased BM progenitors as a function of
total CD19-excluded cells. (A) Monocyte and (B) Myelo-erythroid cell progenitors. HC
n=25 and CLL n=15 (38 individual experiments). (C-F) Frequencies of specific progenitor
frequencies were evaluated as a function of Lin"CD19" cells. (C) HSC, hematopoietic stem
cell (D) MPP, multipotent progenitor, (E) CMP, common myeloid progenitor, and (F) CLP,
common lymphocyte progenitor. HC n=37, CLL n=26 (57 individual experiments). (G) NK
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cell progenitors were assessed as a function of total CD19-excluded cells. HC n=28 and
CLL n=19 (44 individual experiments). See Table S3 for phenotypic definitions for each
population. Bars and error represents mean and SEM of each group whereas each point
indicates individual subjects. Numbers under each figure represent the range for each
parameter evaluated for HCs and CLL patients. **/<0.01, and ****/<0.0001 were obtained
by Mann-Whitney U-test.
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Figure 4. Comparative immune subset analysis of CLL patient blood and BM.
Previously cryopreserved paired BM and blood samples from CLL patients (total n=8,

intermediate cellularity n=3 and high cellularity n=>5, visit dates less than four weeks apart
between BM and blood collections) and previously cryopreserved HC BM (n=7) and blood
samples (n=6) (unmatched and unpaired) were evaluated by flow cytometry for frequencies
of (A) T cells, (B-D) NK cells and subsets, and (E-F) monocyte subsets. All populations
were gated after exclusion of infiltrating CD197CD5* cells. The HC BM and blood data
were each averaged together for a reference value and indicated by horizontal solid (blood)
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or dashed (BM) lines. Shaded areas represent the SEM of the reference values. Each
individual CLL patient is represented by a patient number that matches Tables 1 and S1. Cell
frequencies from the BM are represented by an open circle and those from blood by an open
square. See Table S3 for phenotypic definitions for each population. Correlation r and #
values between BM and blood cells were determined by a Spearmen two-tailed correlation
(see Figure S6). All data from one individual experiment.
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Figure 5. Alterations in transcription factor expression levels in BM HSPC subsets in CLL

patients.
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Fresh or frozen, thawed BM cells were analyzed for intranuclear expression of transcription

factors by flow cytometry. (A-C) HIF-1a. (A-B: HC n=20, CLL n=20, 10 individual

experiments, C: HC n=12, CLL n=9, 7 individual experiments), (D-F) GATA-1 (HC n=8§,
CLL n=10, 1 individual experiment), (G-L) PU.1 (G-H: HC n=18, CLL n=21, 9 individual
experiments, I: HC n=8, CLL n=7, 3 individual experiments and G-I: HC n=8, CLL n=8, 3

individual experiments), and (M-O) GATA-2 (M-N: HC n=14, CLL n=14, 4 individual
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experiments, O: HC n=8, CLL n=10, 1 individual experiment). Cellular populations defined
as: HSC/MPP (Lin"CD19-CD34*CD38"CD45RA"), lineage-biased (Lin"CD19"
CD34*CD38%), myelo-erythroid (CD19°CD33*CD71") progenitor, and erythroid
development (delineated by CD71 and CD235a) (see Table S3). MFI values for each
transcription factor were subtracted against the isotype control and presented as the mean
and SEM where each point indicates individual subjects. Freshly isolated samples are
designated as closed symbols and previously cryopreserved samples as open symbols to
allow for sample distinction. */<0.05, **P<0.01, ***F<0.001, and ****<0.0001 were
obtained by Mann-Whitney U-test.
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Figure 6. TNFa modulates transcription factor expression levels in BM HSPCs.
(A-D) CD347 cells from fresh, ACK-lysed HC BM were isolated and incubated in serum-

free media supplemented with HSPC-supportive cytokines (see Methods). Cultures were
additionally supplemented with TNFa (25ng/mL) or media only for 12 or 24 hours followed
by intranuclear staining for (A-B) PU.1 (n=12, 9 individual experiments) or (C-D) GATA-2
(n=7, 6 individual experiments) among the HSC/MPP (CD34*CD38 CD45RA") and lineage-
biased (CD34+*CD38%) compartments. All MFI values were subtracted against the isotype
control and presented such that each point and connecting line indicates a paired sample.
**p<0.01, ***£<0.001, and ****P<0.0001 were obtained by a paired t-test.

Leukemia. Author manuscript; available in PMC 2019 May 02.

GATA-2 MFI
(Isotype control subtracte

d)

[o)]

o

o

o

o
I

40000+

20000+

o
I

— T T
Media TNFq

24 hrs



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Manso et al.

CLL patient clinical and prognostic features.

Table 1.

Page 27

Untreated CLL Patients

Patient Rai ) Leukemic marrow | Leukemic marrow
Number Age | Sex Stage Cytogenetics | ZAP-70 | CD38 | CD49d | IGHV Lns/rggvt%ng;?; O(If;/g)); Igl\:)c\)/:/\/g;t%%(:?r)y_

1 70 M | 110- + - - UM 90 86.17%#

2 62 M 0 17p- - + + M 90 83.28%#

3 42 F 1 Trisomy 12 + - + UM 30 61.99%#
4 86 M 0 110- + + - UM 90 85.72%#

5 78 F 1l 13g- - - - N/A 30 30.85%#

6 82 M | Trisomy 12 + + + UM 80 66.05%#

7 78 M | 110- - - + UM 60 65.01%#

8 72 F [\ 13g- - - - M 80 47.62%#

9 72 M | 13g- - - + M 90 94.95%#
10 68 M [\ 13g- - - + M 95 59.72%#
11 56 M \Y% 13g- + + - UM 70 77.93%#
12 75 M | 13g- - - M 2 31.17%#
13 68 M 1 13g- - - UM 80 24.15%#
14 73 F [\ 13g- - - M 80 90.93%#
15 59 M 0 Trisomy 12 - + M 75 48.64%#
16 80 M [\ 13g- + - UM 75 69.36%#
17 69 M | Normal - + UM 80 62.49%#
18 68 M | Normal + - UM 80 92.00%#
19 75 M 0 13g- - + M 80 94.40%#
20 55 M [\ 13g- - - M 50 71.69%#
21 59 M 11 Trisomy 12 + + + UM 95 94.00%#
22 60 F 1 N/A + + + UM 80 27.46%#
23 47 M | 13g- + + - UM 80 80.16%#
24 38 M | Normal + - + M 20 45.72%#
25 72 M | 13g- - - + M 90 77.05%*
26 67 F 1 Normal - - + M 90 75.14%*
27 64 F \Y% 17p- + - - UM 100 82.14%*
28 68 M | Other + + - UM 30 87.62%*
29 59 M 1 17p- + + + UM 95 94.58%*
30 75 M 0 Normal - + + M 60 67.77%*
31 61 M | 110- - - UM 60 91.54%*
32 52 F | Other - - UM 60 86.56%*
33 66 M v Trisomy 12 + + UM >90 88.73%#
34 60 M | 110- + - UM 20 68.66% *
35 64 M 0 110- N/A - UM 20 60.88%*
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Untreated CLL Patients
Patient Rai ) Leukemic marrow | Leukemic marrow
Number Age | Sex Stage Cytogenetics | ZAP-70 | CD38 | CD49d | IGHV hne\/rz;%n[;;?g o(lz/g)); |g;g%vgr;§)r:;(gﬁ)y-
36 53 M | 13g- - M 20 47.11%*
37 86 M | 17p- - UM 60 93.58% *
38 73 M | Normal + - UM 90 86.22% *
39 58 F 11 130- - - M >90 91.36%*
40 60 M \Y% Normal - + M >90 72.09% *
41 52 F | Normal + - - UM 95 92.66% *
42 75 F \Y% 110- - - - UM 90 93.05% *
43 68 F | 13g- - - - M 10 13.68%#
44 80 M | Trisomy 12 + - + UM 90 86.29%#
45 68 M | 110- - - - UM 90 80.34%#
46 58 M | N/A + - - UM 90 73.12%#

Each CLL patient’s information is indicated as well as clinically relevant prognostic features including ZAP-70, CD38, and CD49d expression
where available, mutational status of the immunoglobulin heavy chain variable region (IGHV), and CLL marrow involvement. 11q deletion (11g-),
17p deletion (17p-), 13q deletion (13qg-), prognostic factor positive (+), prognostic factor negative (=), unmutated IGHV (UM), mutated IGHV (M),
and not available (N/A). Notation of (#) indicates that the sample was used fresh following ACK lysis whereas (*) designates use of a previously
ficolled and cryopreserved sample. Additional patient information can be found in Table S1.
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