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Fibrosis and Subsequent Cytopenias Are Associated with
Basic Fibroblast Growth Factor-Deficient Pluripotent
Mesenchymal Stromal Cells in Large Granular Lymphocyte
Leukemia

Adam W. Mailloux,* Ling Zhang,’u Lynn Moscinski,Jr John M. Bennett,1E Lili Yang,""§
Sean J. Yoder," Gregory Bloom,' Cody Wei,* Sheng Wei,* Lubomir Sokol,”
Thomas P. Loughran, Jr.,** and Pearlie K. Epling-Burnette® '’

Cytopenias occur frequently in systemic lupus erythematosus, rheumatoid arthritis, Felty’s syndrome, and large granular lymphocyte
(LGL) leukemia, but the bone marrow microenvironment has not been systematically studied. In LGL leukemia (n = 24), retrospec-
tive analysis of bone marrow (BM) histopathology revealed severe fibrosis in 15 of 24 patients (63% ) in association with the presence
of cytopenias, occurrence of autoimmune diseases, and splenomegaly, but was undetectable in control cases with B cell malignancies
(n = 11). Fibrosis severity correlated with T cell LGL cell numbers in the BM, but not in the periphery, suggesting deregulation is
limited to the BM microenvironment. To identify fibrosis-initiating populations, primary mesenchymal stromal cultures (MSCs) from
patients were characterized and found to display proliferation Kkinetics and overabundant collagen deposition, but displayed normal
telomere lengths and osteoblastogenic, chondrogenic, and adipogenic differentiation potentials. To determine the effect of fibrosis on
healthy hematopoietic progenitor cells (HPCs), bioartificial matrixes from rat tail or purified human collagen were found to suppress
HPC differentiation and proliferation. The ability of patient MSCs to support healthy HSC proliferation was significantly impaired,
but could be rescued with collagenase pretreatment. Clustering analysis confirmed the undifferentiated state of patient MSCs, and
pathway analysis revealed an inverse relationship between cell division and profibrotic ontologies associated with reduced basic
fibroblast growth factor production, which was confirmed by ELISA. Reconstitution with exogenous basic fibroblast growth factor
normalized patient MSC proliferation, collagen deposition, and HPC supportive function, suggesting LGL BM infiltration and
secondary accumulation of MSC-derived collagen is responsible for hematopoietic failure in autoimmune-associated cytopenias in

LGL leukemia. The Journal of Immunology, 2013, 191: 3578-3593.

mmune-related pathology can result in a number of bone

marrow (BM) failure diseases, including systemic lupus ery-

thematosis (SLE) (1-3), rheumatoid arthritis or Felty’s syn-
drome (4), and large granular lymphocyte (LGL) leukemia (5).
LGL leukemia is a chronic lymphoproliferative disease associated
with anemia, neutropenia, and splenomegaly (6) that represents
a disease spectrum overlapping genetically with Felty’s syndrome
and rheumatoid arthritis (7). Phenotypic and functional data sug-
gest that LGL leukemia is caused by the expansion of mature
cytotoxic lymphocytes with either a clonal CD8* T cell LGL (T-
LGL) or NK cell LGL (NK-LGL) phenotype (8), with T-LGL leu-
kemia accounting for 85% of cases (5). This oligoclonal/clonal ex-

pansion of lymphocytes (9) occurs with variable infiltration into the
liver, spleen, and BM (6, 10). Whereas some patients remain
asymptomatic, neutropenia with an absolute neutrophil count <500
cells/pl has been reported in up to 85% of cases and approximately
half have clinically significant anemia, or mild-to-moderate throm-
bocytopenia (20%). The number of circulating LGL cells in the
peripheral blood is often elevated, and, consistent with an autoim-
mune origin, many patients have serological abnormalities that are
similar to other autoimmune disorders (11, 12). The occurrence of
autoimmune diseases and B cell abnormalities normally precedes the
onset of LGL leukemia expansion, suggesting that this may be
a disease continuum with similar underlying mechanisms (13). Some
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T-LGL leukemia patients have been reported to have concomitant
B cell malignancies, including chronic lymphocytic leukemia, fol-
licular lymphoma, mantle cell lymphoma (MCL), diffuse large B cell
lymphoma (DLBCL), and monoclonal gammopathy of unknown
significance, although the prevalence of anemia and thrombocyto-
penia in LGL leukemia patients is similar with and without B cell
deregulation (13).

Autoimmune cytopenias can occur due to accelerated destruc-
tion of hematopoietic cells through autoantibody formation (2, 14)
or through cell-mediated cytotoxic mechanisms (15, 16). In LGL
leukemia, the expansion of clonal (6) T and NK cells expressing
cytotoxic proteins, such as perforin and granzyme B (17-19), and
the presence of an effector memory CD8* phenotype (8) suggest
that the LGL leukemia cells may suppress hematopoietic cells
through direct lysis. Both T and NK LGL lymphocytes express
NK receptors capable of non-MHC class [-mediated lytic activity
(19, 20). Erythroid precursors, in particular, are susceptible to
spontaneous lysis by LGL leukemia cells in vitro due to lower
expression of HLA class I molecules. CD34" precursors are
likewise susceptible to lysis by LGL cells, but only following
HLA blockade, indicating that they are protected by inhibitory NK
receptor—-HLA class I interactions (16). Additional mechanisms
have been proposed to explain neutropenia, including the exces-
sive production of FAS ligand by LGL cells, which has been
implicated in the apoptosis of mature neutrophils in circulation (8,
21). In general, however, the BM progenitors and BM microen-
vironment of LGL leukemia patients have been implicated, but not
systematically investigated in the context of cytopenias.

Clonal large granular lymphocytes are known to reside in the
BM, where they accumulate primarily in interstitial spaces or
within microvascular structures (18, 22, 23). In an initial screening
of BM biopsies from five patients, it was noted that heavy reticulin
staining, indicative of fibrosis, occurred in all five of the patients
examined. Reticulin fibers in the BM represent a meshwork
composed of collagen type III. This result was consistent with the
previous description of fibrosis in the BM of several patients with
LGL leukemia by Osuji et al. (24) and in case reports or small
case series of patients with SLE (25). In this study, we analyzed
the relationship between fibrosis due to excessive collagen depo-
sition, BM pathology, and the presence or absence of cytopenias,
autoimmune diseases, splenomegaly, and other disease charac-
teristics in a cohort of 24 patients with LGL leukemia and 11
patients with B cell malignancies. Severe BM fibrosis occurred in
the majority of LGL leukemia patients and was independent of
prior treatment. To understand the mechanism by which increased
collagen production contributes to cytopenias, primary mesen-
chymal stromal cultures (MSCs) were derived from primary BM
aspirates. LGL patient MSCs demonstrated aberrant fibrillar type
I, III, and V collagen matrix deposition that directly interfered
with normal hematopoietic progenitor proliferation and colony
formation. To our knowledge, this is the first report to show a key
role for the BM microenvironment, specifically excessive collagen
deposition, in the cytopenias associated with LGL leukemia.
These results suggest that histopathologic analysis of BM archi-
tecture, including the assessment of BM fibrosis, may have impli-
cations in the diagnosis, treatment decisions, and therapeutic
response evaluation in LGL leukemia patients, and similar mecha-
nisms should be explored in other autoimmune diseases.

Materials and Methods

Patients and healthy controls

Thirty-five patients were studied retrospectively using core biopsies and BM
cells diagnosed with either LGL leukemia (n = 24) or B cell malignancies
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(n = 11) from 1998 to 2010 at the H. Lee Moffitt Cancer Center & Re-
search Institute (Tampa, FL). Study material was deposited into the Tissue
Core Repository after signing an institutionally approved informed con-
sent. Diagnoses were made by accepted procedures, including TCR CDR-3
gene rearrangement studies (12, 26) at the time of sample acquisition and
then reanalyzed retrospectively by three independent hematopathologists.
Flow cytometry from the peripheral blood was used to confirm the pres-
ence of more LGL cells occurring within the appropriate clinical context
for diagnosis of this disease. LGLs were identified by morphologic ex-
amination and phenotype consistent with the disease subtype: T cell LGL
leukemia CD3*, TCRa*, CD4~, CD5%™, CD8*, CD57", or NK-LGL
leukemia CD3™, TCRaf ™, CD4~, CD8*, CD56", and CD57*. BM core
biopsies were used to grade BM fibrosis based on trichrome and reticulin
staining, examine morphology, and exclude other diagnoses. Peripheral
blood smears were examined for cellular morphology. Because expansions
of LGL cells have also been reported in some patients with aplastic anemia
and myelodysplastic syndrome (MDS), close examination of cytogenetics
and BM dysplasia was conducted to rule out overlapping syndromes. For
specificity, BM biopsies from patients with B cell malignancies were also
examined (n = 11). Cryopreserved BM mononuclear cells (BM-MNCs)
from aspirates of 11 LGL leukemia patients (either 1 or 2 aliquots) were
available from the tissue core repository at H. Lee Moffitt Cancer Center.
Of these, samples from three patients had insufficient viability for subse-
quent analyses. Primary MSC cell lines were established by microculture
in 7 patients (3 patients with European consensus score [ECS]1/ECS2 and
4 with ECS3), whereas the remaining 5 displayed no proliferation. Using
freshly thawed samples, flow cytometry was performed on five samples to
quantify the percentage of hematopoietic cells in distinct myeloid and
lymphoid lineages, as detailed in Supplemental Table 1. Primary MSC cell
lines were established from BM aspirates of healthy controls that were
obtained commercially (Lonza, Walkersville, MD).

BM fibrosis interpretation

BM aspirates were harvested from the posterior iliac crest following routine
procedure and stained with Wright-Giemsa for evaluation. BM core biopsies
were fixed in B plus Fix decalcified in nitrical (5% nitric acid), and embedded
in paraffin. Sections (2—4 pwm) were mounted for H&E, periodic acid-Schiff,
Gomori’s silver impregnation (reticulin), and Masson-Medical Chemical
Corporation trichrome staining. BM fibrosis was scored, as previously de-
scribed (27). LGL BM infiltration was calculated using LGL percentages
reported in flow cytometry analysis multiplied by overall BM cellularity.

Immunohistochemical staining

Anti-CD3, anti-CDS8, and anti-CD57 (Ventana Medical System, Tucson,
AZ) were used, according to the manufacturer’s instruction, with slight
modification, for the VENTANA BenchMark ULTRA automated stainer.

Flow cytometry

Immunofluorescent staining was performed using the following Abs:
PerCP-Cy5.5 CD3, allophycocyanin-Cy7 CD45, PE-Cy7 CD19, PE-CD34,
FITC-CD14, and allophycocyanin-CD33 (BD Pharmingen, San Diego,
CA). Viability was assessed using DAPI (Invitrogen, Carlsbad, CA). Ac-
quisition was performed on a LSRII cytometer (BD Biosciences, San
Diego, CA) harboring a custom configuration for the H. Lee Moffitt Cancer
Center and Research Institute. Aggregate gating was achieved using the
height and width of forward scatter and side scatter parameters. Cells were
gated according to DAPI exclusion (viability) and on side scatter versus
forward scatter characteristics. Analysis was achieved using FlowJo soft-
ware version 7.6.1 (Tree Star, Ashland, OR).

Establishment of MSCs

Primary MSCs were established from BM aspirates, as previously described
(28), under reduced oxygen in «MEM (Life Technologies Invitrogen, San
Diego, CA) supplemented with 10% FBS (Life Technologies Invitrogen),
penicillin (100 U/ml), and streptomycin (100 U/ml).

Bioartificial collagen matrix

Mixed collagen matrix was established from a sterile solution of purified, rat
tail collagen in 0.075 M acetic acid, or from recombinant human collagen type
I or type III (Invitrogen, San Diego, CA) in 0.075 M acetic acid. Serial
dilutions at 200X final concentrations were prepared in 0.075 M acetic acid
and transferred at a dilution of 1:200 into BM-MNC—containing methy-
cellulose colony assays. Collagen polymerization occurs spontaneously at
physiologic pH at 37°C (29). Control assays received the same 1:200 volume
of 0.075 M acetic acid to account for any minute changes to culture pH.
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Microarray and clustering analysis

Total RNA was isolated from MSCs using RNeasy mini kits (Qiagen,
Valencia, CA) and was converted to cDNA, amplified, and labeled with biotin
using the Ambion Message Amp Premier RNA Amplification Kit (Life
Technologies, Grand Island, NY) (30). Hybridization, staining, and scanning
of Human Genome U133 Plus 2.0 Arrays (Affymetrix, Santa Clara, CA)
was conducted, as described previously (31). Scanned output files were
visually inspected for hybridization artifacts and then analyzed using
Affymetrix GeneChip Operating Software utilizing the MAS 5.0 algorithm.
Signal intensity was scaled to an average of 500 prior to comparison. Under
default settings, increased and decreased genes between samples were al-
gorithmically identified, assessing 11 distinct oligonucleotides/gene (32).
Probe sets yielding p values <0.002 were identified as changed, and those
yielding a p value between 0.002 and 0.002667 were identified as mar-
ginally changed. Only changes consistently observed between all replicates
were considered. Individual samples corresponding to differentiated he-
matopoietic or mesenchymal lineages, or undifferentiated MSCs, were
obtained using the Gene Expression Omnibus database. These platform-
compatible samples were processed using the MAS 5.0 algorithm (Ex-
pression Console; Affymetrix) to create expression data (scaled to a trim-
med mean value of 500) and quality control metrics. Poor quality data were
removed based on overall signal intensity, hybridization quality, RNA
quality, and percent genes present (%P) call rate. Remaining samples were
used to select genes for clustering, and a subset of four representative
samples was selected for clustering analysis and heatmaps.

Probe sets were selected based on the following criteria: must average
>500 across all sample groups, and variability in highest group <5-fold,
and greatest group difference >4-fold. This screening process resulted in
a list of 8048 probesets, which were log transformed and mean centered
across arrays. Hierarchical clustering was achieved using uncentered cor-
relation and complete linkage clustering in Eisen’s cluster. The original list
was manually reduced to remove poorly defined transcripts, excessively
large gene lists contributing to cell type separation, and undefining pro-
besets, and to reduce the number of probesets to single representatives.

Probes were then visually selected for representative genes that were
highly differentially expressed in each cell type, and genes identifying
hematopoietic lineages were removed, so as to focus on mesenchymal
plasticity. There was no consideration for genes that might be differentially
expressed between the MSCs isolated in this study and those obtained from
Gene Expression Omnibus, but some probes differentiating normal MSCs in
early and late passage were selected for clustering.

Pathway analysis

The GeneGo analysis platform from MetaCore was used for pathway
analysis of genes statistically differentially expressed in three different
comparisons. Each list of genes was individually grouped and evaluated for
membership on the set of GeneGo pathway maps under the functional
ontology enrichment tool. Calculation of p values using hypergeometric
distribution was used to determine pathway statistical significance. Sub-
sequent analysis evaluated pathway activation using the combination of
genes from all sets. The microarray data have been uploaded to the GRO
Gene Expression Omnibus and can be found at http://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE37470.

MSC differentiation assays

The ability of MSCs to undergo osteogenesis, adipogenesis, and chon-
drogenesis was assessed using STEMPRO differentiation kits obtained
commercially (Gibo Invitrogen, San Diego, CA) and performed as per the
manufacturer’s instructions. MSCs were grown in Lab-Tek chamber slides
(Nalgene Nunc, Napeville, IL) to aid in subsequent staining techniques. The
presence of osteoblasts, adipocytes, or chondrocytes was assessed using
Alizarin Red, Oil Red O, or Alican Blue staining techniques, respectively,
as previously described (33).

MTT assay

Initial MSC proliferation rates were measured using Vibrant MTT cell
Proliferation Assay Kits (Invitrogen) and performed according to the man-
ufacturer on synchronized normal or LGL leukemia MSCs in second passage
prior to 80% confluence.

Confocal microscopy

MSCs were grown in Lab-Tek chamber slides (Nalgene Nunc), as previ-
ously described (34). Collagen stains were conducted with purified un-
conjugated Abs (1:100 dilution in PBS with 4% donkey serum) against
collagen types I, III, and V (Abcam, Cambridge, MA). Secondary staining

BONE MARROW FIBROSIS IN LGL LEUKEMIA

was achieved using the following Abs (1:200 dilution in PBS with 4%
donkey serum): DyLight549 F(ab’), donkey anti-mouse, DyLight647 F
(ab’), donkey anti-rabbit, and DyLight488 F(ab’), donkey anti-rabbit
(Jackson ImmunoResearch Laboratories, West Grove, PA). Slides were
mounted using Vectashield containing DAPI (Vector Laboratories, Bur-
lingame, CA) and protected from light. Fluorescence was visualized using
a Leica DMI6000 inverted microscope, TCS SP5 confocal scanner, and
a 20X/0.7NA Plan Apochromat oil immersion objective (Leica Micro-
systems, Wetzlar, Germany). The 405 Diode, Argon, HeNe 543, HeNe
594, and HeNe 633 lasers were applied, and tunable Acousto Optimal
Beam Splitter was used to minimize channel interference. For three-
dimensional reconstructions, z-stack series of 50 images (at X20) scaled at
0.5 pm were acquired, and three-dimensional isosurface renderings were
prepared with Imaris software v5.5.3 (Bitplane, Zurich, Switzerland).
Images were analyzed with LAS AF lite version 2.6 (Leica Microsystems
CMS, Wetzlar, Germany). Mean pixel intensity was determined for each
field.

Colony formation assays

Mononuclear cells from healthy BM aspirates were obtained commercially
(Lonza, Walkersville, MD). Standard colony formation assays were per-
formed, as previously described (35), using MethoCult H4434 Classic
(Stemcell Technologies, Vancouver, Canada).

Hematopoietic progenitor proliferation assay

Healthy BM-MNCs were labeled with 0.5 wM CFSE, according to the
manufacturer’s recommendations (Invitrogen, Carlsbad, CA), and placed
in coculture with 50% confluent MSCs (plated at 5.0 X 103/cm2) for 72 h.
CFSE dilution was then assessed after 7 d on CD34*CD45~ CFSE" cells
using standard flow methodologies. For experiments analyzing the con-
tribution of collagen matrix, MSCs were treated with 20 U/ml collagenase
(34) (Worthington, Lakewood, NJ) prior to coculture with labeled BM-
MNCs.

Measurement of telomere length

DNA was extracted from MSCs using the PureLink Genomic DNA Kits,
according to manufacturer’s instructions (Invitrogen), and relative telomere
lengths were measured by a modified version of the quantitative real-time
PCR-based telomere assay, as described previously (36). Briefly, the
telomere repeat copy number to single gene copy number (T/S) ratio was
determined using an Applied Biosystems (Foster City, CA) 7900 HT PCR
system in a 96-well format. A total of 10 ng genomic DNA was used for
either the telomere or human B-globin (hbg) PCR, and the primers used
were as follows: Tel-1b primer (5'-CGG TTT GTT TGG GTT TGG GTT
TGG GTT TGG GTT TGG GTT-3"), Tel-2b primer (5'-GGC TTG CCT
TAC CCT TAC CCT TAC CCT TAC CCT TAC CCT-3"), hbgl primer (5'-
GCTTCTGACACAACTGTGTTCACTAGC-3'), and hbg2 primer (5'-
CACCAACTTCATCCACGTTCACC-3'). All samples were analyzed by
both the telomere and hbg reactions, and the analysis was performed in
triplicate on the same plate. In addition to the test samples, each 96-well
plate contained a five-point standard curve from 0.08 to 50 ng using ge-
nomic DNA. We ran the standard curve in each plate to assess interassay
variations in PCR efficiency (data not shown). The T/S ratio ((— A cycle
threshold)) for each sample was calculated by subtracting the median
hemoglobin threshold cycle value from the median telomere threshold
cycle value. The relative T/S ratio ((— AA cycle threshold)) was determined
by subtracting the T/S ratio of the 10.0 ng standard curve point from the T/S
ratio of each unknown sample.

Statistical analysis

Statistical analyses were performed using GraphPad Prism software v5.03
(GraphPad Software, La Jolla, CA). Comparisons between groups were
made using two-tailed ¢ test, or one-way ANOVA. Associations of cate-
gorical patient characteristics with ECS were determined using Fisher’s
exact test. All analyses were performed at the 95% confidence interval.

Results

LGL leukemia patient characteristics

Core biopsies and aspirates were studied in 35 patients, including
24 with LGL leukemia and 11 with B cell malignancies. Char-
acteristics of these cases are summarized in Supplemental Tables 1
and 2, respectively. LGL leukemia cases had a median age of 66 y
(95% confidence interval, 61-70 y), and patients with B cell
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malignancies had a similar age (median age of 63y, 95% CI, 55—
72 y) at the time of sample acquisition (p = 0.6; Supplemental
Table I). Of the LGL leukemia cases, 17 patients (71%) were
male, and 9 (38%) received immunosuppressive therapy (IST)
prior to sample acquisition. Most patients had T-LGL (92%),
whereas 2 had NK-LGL (8%) leukemia. Subsets of patients dis-
played anemia (n = 15, 63%), neutropenia (n = 15, 63%), and
thrombocytopenia (n = 8, 33%), and 8 had a history of at least one
RBC transfusion (33%). Autoimmune disorders were documented
in 7 patients (29%), including rheumatoid arthritis (n = 2), SLE
(n = 1), inflammatory bowel disease (n = 3), and idiopathic throm-
bocytopenic purpura (n = 1). Of the patients with B cell diseases,
6 of 11 were male (55%) and 2 had a history of autoimmune
diseases. Most had diffuse large B cell non-Hodgkins lymphoma
(DLBCL) (n =7, 64%), and 2 with follicular lymphoma (18%), 1
with MCL, and 1 with gastric lymphoma. All patients with T-LGL
leukemia displayed a clonal T cell population by TCRy or TCRYy-
chain gene PCR (Supplemental Table 1). One patient (no. 23) clas-
sified as NK-LGL leukemia also had a positive test for T cell clon-
ality. Splenomegaly was reported in 9 patients (38%) with LGL
leukemia and 2 (18%) with B cell malignancies.

BM fibrosis severity is associated with LGL leukemia disease
characteristics

The degree of interstitial fibrosis was graded by the ECS system
using trichrome and reticulin staining (27) on BM core biopsies (Fig.
1A, Supplemental Tables 1, 2). All LGL patients studied (n = 24)
had a ECS of 1 or greater, indicating the presence of reticulin fibers.
Of these, six (25%) had a ECS of 2, indicating clinically relevant
fibrosis, and the majority of patients (15 of 24; 63%) had a ECS of
3, indicating severe fibrosis. In comparison, no control cases with
B cell malignancies displayed severe fibrosis, and only four (37%)
had clinically relevant fibrosis. The majority of control patients had
a ECS of 1 (6 of 11; 55%). Therefore, the frequency of BM fibrosis
was significantly increased among LGL leukemia patients com-
pared with those with B cell malignancies (p = 0.0002). Infiltration
into the interstitial space by CD3*CD8*CD57" lymphocytes (11,
18, 24) was evident by H&E and in LGL leukemia BM biopsies
immunohistochemistry (Supplemental Fig. 1A). Regardless of the
fibrosis grade, the density of reticulin fibers was concentrated in
localized lymphoid aggregates, suggesting that LGL infiltration in
the BM may contribute to fibrosis (Supplemental Fig. 1B).

LGL patients were then stratified according to ECS (ECS1,
ECS2, or ECS3) and analyzed for association to disease charac-
teristics across continuous (Fig. 1B-F) and categorical variables
(Table I). BM fibrosis severity, as indicated by a higher ECS, was
significantly associated with the amount of T-LGL or NK-LGL
infiltration into the BM (p = 0.011) (Fig. 1B). This association
could not be explained by changes in overall BM cellularity (Fig.
1C, Table I). Fibrosis severity was not associated with LGL counts
in peripheral blood (Fig. 1D), indicating that fibrosis is related to
local infiltration of the leukemic LGL cells in the BM.

The presence of anemia (p = 0.036) and neutropenia (p = 0.036),
but not thrombocytopenia (Table I), was associated with BM fibrosis
severity. Having at least one cytopenia (p = 0.047) or having
trilineage cytopenias occurred primarily in patients with a ECS
of 3. A ECS of 3 was also associated with splenomegaly (p = 0.007)
(Table I) and peripheral signs of dysgranulopoiesis such as pseudo
Pelger-Huet and immature band forms within the peripheral neu-
trophil compartment (p = 0.048 and p = 0.01, respectively; Fig. 1E,
1F, respectively). Although these peripheral features of dysplasia
are typically observed in MDS (37), only one patient in this cohort
displayed characteristics consistent with an overlapping LGL/MDS
syndrome by independent pathology reviews (Supplemental Table I).
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trichrome staining of LGL leukemia patients or control BM core biopsies
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lymphocyte leukemia (CLL) without evidence of BM involvement used
as a control. (B-F) LGL leukemia patients were stratified by ECS for
BM fibrosis and then analyzed for LGL cell infiltration (B), total BM
cellularity (C), peripheral leukemic T cell numbers (D), peripheral pseudo
Pelger-Huet-type neutrophils (E), and peripheral band neutrophils (F).
*p < 0.05.

% of Neutrophils

This patient had a normal karyotype and was classified as MDS
with refractory cytopenia and multilineage dysplasia by World
Health Organization criteria. Fibrosis severity was not associated
with disease duration or treatment prior to sample acquisition (Table
I), but a trend was observed in patients with severe BM fibrosis and
the need for future IST, as 12 of 15 patients (80%) with a ECS of 3
received treatment after the time of sample acquisition compared
with only 3 of 8 patients (37.5%; p = 0.145) with a ECS of 1 or 2
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Table I. ECS and LGL leukemia characteristics (n = 24)

BONE MARROW FIBROSIS IN LGL LEUKEMIA

Total ECS" = 1-2 ECS“ =3

Characteristics (n=24) N (%) N (%) p Value
Splenomegaly” 9 0 (0) 9 (100)
Yes 15 9 (60) 6 (40) 0.007
No
Autoimmune disorders® 7 1(14) 6 (86)
Yes
No 17 8 (47) 9 (53) 0.191
Prior transfusion? 8 2 (25) 6 (75)
Yes
No 16 7 (44) 9 (56) 0.657
Ansio/Poik 15 8 (53) 7 (47)
Yes
No 9 1(11) 8 (89) 0.08
Cytopenias®
Anemia (<10 g/dL) 15 3 (20) 12 (80)
Yes
No 9 6 (66) 3 (33) 0.036
Neutropenia (<1 k/ul) 15 3 (20) 12 (80)
Yes
No 9 6 (67) 3(33) 0.036
Thrombocytopenia (<100 k/pl) 8 3 (38) 5(62)
Yes
No 16 6 (38) 10 (62) 1
Number of cytopenias
History of cytopenias 19 5 (26) 14 (74) 0.047 (vs no cytopenia)
2-3 cytopenias 14 4 (29) 10 (71) 0.403 (vs 0-1 cytopenias)
3 cytopenias 5 5 (100) 0.118 (vs 1-2 cytopenias)
BM cellularity
Hypocellular BM 2 1 (50) 1 (50) 1 (vs normal and hyper)
Hypercellular BM 11 6 (55) 5 (45) 0.206 (vs normal or hypo)
Hyper/Hypocellular BM 13 7 (54) 6 (46) 0.105 (vs normal)
Treatmen
Treated 9 3 (33) 6 (67)
Untreated 15 6 (40) 9 (60) 1
Disease duration
Newly diagnosed 11 5 (45) 6 (55)
Established 13 3(23) 9 (69) 0.675

“ECS for myleofibrosis was assessed following analysis of both trichrome- and reticulin-stained BM sections, as previously described. In this study, LGL leukemia patients
were divided into those displaying severe fibrosis (ECS = 3) and those displaying moderate (ECS = 2) or preclinical (ECS = 1) fibrosis.

bSplenomegaly as detected by CT scan prior to sample acquisition.

“Previous history of secondary autoimmune disorders, including rheumatoid arthritis, SLE, inflammatory bowel disease, and idiopathic thrombocytopenic purpura.
“Transfusion history is defined as having had one or more transfusions prior to sample acquisition.
“Anemia is defined as hemoglobin levels consistently below 10 g/dL. Neutropenia is defined as neutrophil counts consistently below 1 k/pL. Thrombocytopenia is defined as

platelet counts consistently below 100 k/pL.
/Treatments are listed in Supplemental Table I.

with an average follow-up time of 1 y (Table I). Follow-up infor-
mation was unavailable for two patients with a ECS of 2, although
treatment was not recommended for these individuals at the time of
diagnosis.

Diminished hematopoietic cells in LGL leukemia patients

BM aspirates from five LGL leukemia patients (see Supplemental
Table I for details) or healthy controls were immunofluorescently
stained for hematopoietic cell markers and analyzed using flow
cytometry (Fig. 2A, 2B). Compared with BM-MNCs from healthy
donors, a significant increase in CD45*CD3" T cells (p = 0.005)
was observed in patient aspirates (73.2% = 5.7 in cases versus
42.2% = 5.9 in healthy BM-MNCs) (Fig. 2C). CD45"CD19*
B cells (8.3% = 1.4 healthy BM-MNCs versus 1.4% = (.7 cases;
p = 0.003) (Fig. 2D), CD45"CD34" hematopoietic progenitors
(2.5% = 0.4 healthy BM-MNCs versus 0.7% = 0.2 cases; p =
0.005) (Fig. 2E), and CD45*CD33* myeloid precursors (16.6% =+
4.6 healthy BM-MNCs versus 2.4% * 2.0 cases; p = 0.003) (Fig.
2F) were significantly reduced in LGL patients. Reduced mature
myeloid cells CD45"CD14" (19.1% * 4.6 healthy BM-MNCs
versus 7.1% = 2.0 cases; p = 0.064) (Fig. 2G) and CD45"

CD71" erythroid precursors (8.0% * 3.0 healthy BM-MNCs
versus 1.5% = 0.6 cases; p = 0.106) (Fig. 2H) were also ob-
served, although these differences were not statistically signifi-
cant.

Abnormal morphology and collagen matrix deposition in
primary BM mesenchymal stromal cells from LGL leukemia
patients

Hematopoietic cells reside in specialized BM niches in contact with
extracellular matrix (ECM) molecules. Both the production of he-
matopoietic cytokines and regulation of ECM composition in the
BM are largely controlled by stromal cells of mesenchymal lineage
(38). Primary mesenchymal cultures from LGL leukemia patient
aspirates may be informative with regard to disease mechanisms
(28). We therefore established primary MSCs from LGL patients
and healthy controls under reduced oxygen conditions (39). There
was a significantly reduced population of CD45  mesenchymal
cells lacking committed lineage markers in LGL BM aspirates
compared with controls (7.6% = 1.6 controls versus 2.4% * 2.0
cases; p = 0.03; Fig. 2I). Fibroblastic spindle morphology was
evident in normal MSCs during subconfluent conditions, whereas
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FIGURE 2. LGL leukemia patients have a reduced percentage of hematopoietic cells in the BM. (A) Representative gating schema of BM cells from a LGL
patient. Aggregate gating based on forward scatter (FSC) height versus width (left), aggregate gating based on side scatter (SSC) height versus width (center
left), mononuclear cell gating based on FSC versus SSC (center right), and viability gating using DAPI exclusion (right). (B) Representative density dot plots
from flow cytometric analysis of BM aspirates taken from a LGL leukemia patient and age-matched control displaying diminished myeloid progenitors of
specified lineages and overabundance of T cells. (C—I) Analysis of the BM hematopoietic compartment within gated populations from BM aspirates as shown in
(A). The frequencies of CD45*CD3* (C), CD45*CD19* (D), CD45%™CD34" (E), CD45*CD14" (F), CD45*CD33* (G), and CD45 CD71* (H) from five LGL
leukemia patients compared with seven age-matched controls with other nonhematopoietic malignancies are shown. (I) BM aspirates from LGL patients also
display reduced percentages of CD45™ cells lacking committed lineage markers (CD3, CD34, CD14, CD19, and CD71).

LGL leukemia MSCs displayed irregular morphologies under
similar confluence (Fig. 3A). Only 6 MSC lines could be estab-
lished of 12 LGL aspirates tested for long-term culture. These
LGL MSCs displayed significantly reduced mitochondrial activity
(p < 0.001) by MTT (Fig. 3B) and underwent premature growth
arrest, as indicated by their reduced population doubling levels
(PDL) over long-term culture in undifferentiating subconfluent
conditions (Fig. 3C). Normal MSCs underwent ~24 PDLs over
70 d, whereas LGL leukemia MSCs showed reduced proliferation
potential, reaching a maximum of 4-8 PDL over a span of 40—
60 d (z test; area under the curve, p < 0.001), indicating that these
stromal cells may be damaged or deregulated. To gain mechanistic
insight into the possibility of replicative senescence, possibly due
to excessive in vivo proliferation, telomere lengths were compared
at baseline and through passage in healthy and LGL MSCs using
quantitative PCR analysis. Interestingly, neither the baseline
telomere length nor the rate of telomere decay differed among
these two groups (linear regression; p = 0.654), suggesting that the
reduced proliferative capacity observed in LGL MSCs is not me-
diated by replicative senescence (Fig. 3D).

To explore aberrant gene expression profiles and proliferation
under differentiating conditions, these primary MSCs were main-
tained in subconfluent conditions and grown in three types of
differentiating media, as follows: osteogeneic, chondrogenic, or
adipogenic (33). Primary MSCs from both LGL leukemia patients
and healthy controls were similar in their capacity to undergo tri-
lineage differentiation into osteoblasts (stained with Alizarin Red
S; Fig. 3E), adipocytes (Oil Red O; Fig. 3F), and chondrocytes
(Alican Blue; Fig. 3G). Gene expression arrays were performed on
two LGL leukemia MSC lines along with two normal MSC lines
from healthy individuals grown in undifferentiating conditions.
Supervised hierarchical clustering was performed to determine the
overall similarity of these cells to publicly available, platform-
compatible microarrays from cells of mesenchymal lineage. Clus-
tering analysis showed that both patient and control MSCs display
expression patterns distinct from committed mesenchymal lineages
analogous to previously defined mesenchymal stem cell cultures
under nondifferentiating growth conditions (Fig. 3H). Mesenchymal-
derived fibroblast differentiation can be distinguished by down-
regulated CD29, CD44, CD105, CD106, CD117, bone morpho-
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FIGURE 3. Impaired proliferation kinetics of LGL leukemia primary mesenchymal stromal cultures enriched with pluripotent mesenchymal stem cells
overexpressing collagen. (A) Representative phase-contrast images of LGL leukemia patient (left) and normal control (right) primary MSCs (red scale bars,
100 wm). (B) MTT assay performed on newly isolated primary MSCs from LGLL patients and normal controls. (C) Proliferation curves displaying PDL for
LGLL patient and normal control primary MSCs. (D) MSC telomere length as measured by PCR for normal (blue) or LGL MSCs (red) plotted across
passage number. (E-G) Primary MSCs isolated from LGL leukemia or normal control BM aspirate were cultured in differentiating (+) or nondifferentiating
conditions (—) with osteogenic (E), adipogenic (F), or chondrogenic media (G) for 14-21 d before being stained with Alizarin Red S (E), Oil Red O (F), or
Alican Blue (G), respectively. Red scale bars, 100 wm. Experiments are representative of six donors tested. (H) Abridged heatmap of hierarchical clustering
analysis generated from mRNA microarrays on primary MSCs along with publicly available microarrays from undifferentiated mesenchymal stem cells, or

differentiated osteoblasts, chondrocytes, and adipocytes.

genetic protein receptor, and Sca-1 expression, and by upregu-
lated collagen type I, collagen type III, tenacin C, fibronectin, matrix
metalloproteinase 1, fibroblast-specific protein 1, and vimentin, as
shown previously by Lee et al. (40). By microarray analysis and
flow cytometry (Supplemental Fig. 2), we find no evidence that the
cells are differentiated fibroblasts aside from collagen upregula-
tion. These results indicate that MSCs from LGL leukemia are
not predifferentiated in vivo, leading to abnormal collagen gene
expression.

MSCs produce ECM and fibrillar collagens, including collagen I
and III. These collagens are recognized by reticulin and trichrome
staining, respectively. We next determined the amount of collagen
deposition in culture by primary LGL leukemia and MSCs derived
from healthy donors by immunofluorescent staining. Treatment
with collagenase was used to demonstrate Ab staining specificity.
Primary LGL leukemia MSCs deposited greatly increased amounts
of collagen type I, type III, and type V matrix compared with
normal controls, as demonstrated by representative fields (Fig. 4A).
The mean pixel intensity value was calculated for an entire field to
compare overall matrix deposition between healthy donor (n = 4)
and LGL MSCs (n = 4). LGL MSCs deposited significantly
greater amounts of collagen type I (Fig. 4B), type III (Fig. 4C),

and type V (Fig. 4D). To better visualize the structural organiza-
tion of collagen matrix, z-stack series were acquired and used to
reconstruct a three-dimensional image of deposited collagen fibers
(Fig. 4E). A cross-section of these constructs, centered on selected
nuclei, demonstrates the highly organized collagen matrix de-
posited by normal control MSCs is largely limited to the space
between adjacent cells. In contrast, heavier collagen deposition was
evident in LGL leukemia MSCs with matrix deposition evident be-
tween the cells and above the monolayer (Fig. 4F).

Increased collagen deposition inhibits hematopoietic
progenitor proliferation and hematopoiesis

In the BM, MSCs directly interact with hematopoietic progenitor
cells (HPCs), secrete prohematopoietic cytokines, and provide
proper maintenance of the ECM to regulate contextual queues for
hematopoietic progenitors within specialized niches (38). Using
T cell-depleted BM aspirates, we performed hematopoietic col-
ony formation assays that revealed significantly reduced numbers
of granulocytic-forming colonies (CFU-GM) in 14-d methylcellu-
lose assays in LGL leukemia patients compared with healthy
controls (p = 0.031) (Fig. 5A). To test the contribution of exces-
sive collagen on normal hematopoiesis, bioartificial collagen matrix
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FIGURE 4. Aberrant collagen deposition by LGL leukemia primary MSCs. (A) Immunofluorescent staining for DAPI (white), collagen I (green),
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Staining is representative of six donors tested. **p < 0.01, ***p < 0.001.

scaffold was established in vitro from a mixture of acid-soluble
collagens from rat tail, or from recombinant human collagens
type 1 or type IIl. Exogenous cytokines were added to stimulate
colony formation and progenitor proliferation in methylcellulose for
a period of 14 d. Increasing doses of matrixed mixed collagen
significantly reduced erythroid colony formation (erythrocyte CFU)
at the highest dose of 10 pg/ml (p = 0.028) and reduced CFU-GM
in a dose-dependent manner at 2.5, 5, and 10 pwg/ml (p = 0.043, p <
0.001, and p < 0.001, respectively) (Fig. 5B, 5C). Collagen matrix
prepared from recombinant human collagen type I similarly re-
duced erythroid colony formation at the highest dose of 10 pg/ml
(p =0.009) and reduced the number of CFU-GM colonies in a dose-
dependent manner at all concentrations tested (1.25 pg/ml, p =
0.028; 2.5 pg/ml, p =0.009; 5 pg/ml, p = 0.005; and 10 pg/ml, p <
0.001) (Fig. 5D, SE). Like matrix prepared from mixed rat tail

collagen or recombinant human collagen type I, recombinant hu-
man collagen type III reduced CFU-GMs in a dose-dependent
manner at 2.5, 5, and 10 pg/ml (p = 0.009, p = 0.004, and p =
0.004, respectively; Fig. 5G), but did not significantly affect ery-
throid colony formation (Fig. SF). These results suggest that exces-
sive production of collagen may directly interfere with hematopoiesis
through an inhibitory effect on hematopoietic proliferation or differ-
entiation. Next, the effect of collagen production by MSCs on
hematopoietic proliferation in vitro was examined using a coculture
system with native collagen deposition. Primary MSCs from LGL
patients and controls were allowed to adhere and deposit native
collagen and ECM for 72 h, and then CESE-labeled normal healthy
BM-MNCs were seeded over these MSCs and allowed to proliferate
for 7 d, as shown diagrammatically in Fig. SH. Following coculture,
CFSE dilution (i.e., proliferation) by CD45"CD34" progenitors
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FIGURE 5. Proliferation and differentiation of healthy CD34" progenitors reduced by an excessive collagen microenvironment. (A) Fewer BM gran-
ulocyte—-macrophage colonies (CFU-GM) are seen in BM aspirates from LGL leukemia patients (n = 5) as evidenced by standard colony formation assay.
(B-@) Artificially matrixed collagen prepared from a mixture of collagen from rat tail (B, C), recombinant human collagen type I (D, E), and recombinant
collagen type III (F, G) was incorporated into colony formation assays at increasing doses with healthy normal BM-MNCs. Erythrocyte CFU (B, D, F) or
CFU-GM (G, E, G) were enumerated and compared across collagen concentrations (n = 4). A schematic representation of healthy CD45*CD34" CFSE-
labeled progenitors in coculture with isolated primary MSCs. (H) CFSE dilution of CD45*CD34* gated healthy BM mononuclear cells (filled histograms)
after a 10-d coculture with HS5 cells (positive control), normal MSCs, LGL leukemia MSCs, or LGL MSCs pretreated with 60 U/ml collagenase. Pro-
liferation was analyzed using FlowJo software, and representative histograms are shown (I-L). The PI (M), percentage of dividing cells (N), and DI (O)
from all iterations (n = 4) are shown. (P-S) Cell surface staining of collagen receptors DDR1 (P), DDR2 (Q), gpVI (R), and LAIR-1 (S) was measured by

flow cytometry after gating on CD45*CD34" progenitors in healthy BM-MNCs. *p < 0.05, **p < 0.01, **%p < 0.001.

(HPCs) was assessed using flow cytometry. The HS5 stromal cell
line was used as a positive control for HPC proliferation. HS5
cells produce no collagen (data not shown) and support efficient
hematopoietic proliferation through cytokine production (Fig. 5I).
HPC proliferation over primary normal MSCs was similar to HS5
controls (Fig. 5J). HPC proliferation over LGL MSCs was reduced
(Fig. 5K), but could be restored with 60 U/ml collagenase treat-
ment (Fig. 5L), suggesting an inhibitory effect of LGL MSC-
derived collagen on HPC proliferation. Histograms representa-
tive of four experiments are shown (Fig. SI-L). To fully analyze
HPC proliferation, the proliferation application in FlowJo soft-
ware version 7.6 was used to extrapolate three proliferation met-
rics in cells stained with tracking dye. The proliferation index (PI)
measures the average number of generations in cells that divide at
least once during the culture period (7 d). The percent division (%D)

calculates the fraction of cells that undergo at least one division.
The product of these two parameters is division index (DI), and
is an overall measure of proliferative expansion.

Using these metrics, cytokines from normal primary MSCs sup-
ported hematopoietic progenitor cell proliferation without the
addition of exogenous cytokines, nearing that of the collagen-
negative HSS stromal cell line. Healthy HPCs grown over LGL
leukemia MSCs displayed significantly reduced PI and DI com-
pared with HSS controls and normal MSCs (p = 0.009). Treatment
of the culture with collagenase restored HPC proliferation, indi-
cating that collagen is an important suppressive mechanism in this
coculture assay (Fig. SM, 50). HPCs had a slight decrease in cells
that undergo at least one round of cellular division when grown
over LGL leukemia MSCs, but this difference was not statically
significant (%D; Fig. SN). Collectively, excessive collagen in the
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BM has the potential to directly hinder proliferation potential of
expanding HPCs.

Four transmembrane collagen receptors have been described with
consequential intracellular domains capable of initiating signaling
cascade (41), as follows: gpVI, leukocyte-associated Ig-like receptor
1 (LAIR-1), and discoidin domain receptor (DDR)1 and DDR2. We

Table II. Comparison 1: normal MSCs (later passage) versus LGL MSCs

3587

measured the expression of these four receptors on the cell surface of
CD34" progenitors in BM isolated from a healthy individual. No
detectable expression of DDR1 (Fig. 5P), DDR2 (Fig. 5Q), or gpVI
(Fig. 5R) was observed. In contrast, LAIR-1 expression was observed
on CD34* cells, suggesting that hematopoietic progenitors may have
the ability to interact with collagen through this receptor (Fig. 5S).

Ontology 1: Cell Cycle Start of DNA Replication in Early S Phase (Nodes = 24/30)

Gene Symbol Gene Symbol Gene Symbol Regulation Pathway Mediator
E2F1 E2F transcription factor 1 E2F1 Down +
E2F1/DP1 complex Down +
TFDP1 Transcription factor Dp-1 DP1 Down +
E2F1/DP1 complex Down +
DBF4 DBF4 homolog ASK (Dbf4) Down +
CDT1 Chromatin licensing & DNA replication factor 1 Cdtl Down +
CDCI18L Cell division control protein 6 homolog CDCI18L (CDC6) Down +
CBX5 Chromobox homolog 5 HP1 o Down +
ORC1 Origin recognition complex, subunit 1 ORCIL Down +
ORC2 Origin recognition complex, subunit 2 ORC2L Down +
ORC4 Origin recognition complex, subunit 4 ORC4L Down +
CDC45 Cell division cycle 45 CDC45L Down +
CDC7 Cell division cycle 7 CDC7 Down +
DBF4B DBF4 homolog B DRF1 Down +
RPA3 Replication protein A3 RPA3 Down +
HISTIHIE Histone cluster 1 Histone H1 Down +
PRIM1 Primase, DNA, polypeptide 1 DNA polymerase a Down +
MCM2 Minichromosome maintenance complex 2 MCM2 Down +
MCM3 Minichromosome maintenance complex 3 MCM3 Down +
MCM4 Minichromosome maintenance complex 4 MCM4 Down +
MCM4/6/7 complex Down +
MCMS5 Minichromosome maintenance complex 5 MCMS5 Down +
MCM6 Minichromosome maintenance complex 6 MCM4/6/7 complex Down +
MCM7 Minichromosome maintenance complex 7 MCM4/6/7 complex Down +
MCM10 Minichromosome maintenance complex 7 MCM10 Down +
CDK2 Cyclin-dependent kinase 2 CDK2 Down +
GMNN Geminin Geminin Down -

Ontology 2: Cell Adhesion ECM Remodeling (Nodes = 22/52)

Gene Symbol Gene Symbol Gene Symbol Regulation Pathway Mediator”
COL1Al Collagen I o Collagen 1 Up +
COL1A2 Collagen I a, Collagen 1 Up +
COL3Al1 Collagen IIT o Collagen III Up +
COL4Al Collagen IV o Collagen IV Up +
COL4A2 Collagen IV a, Collagen IV Up +
COL4A4 Collagen IV oy Collagen IV Up +
COL4AS Collagen IV as Collagen IV Up +
IGF1 Insulin-like growth factor 1 IGF-1 Up +
IGF2 Insulin-like growth factor 2 IGF-2 Up +
ITGAS Integrin, as as/B; integrin Up +
ITGB1 Integrin, 3, as/B; integrin Up +
o/By integrin Up +
FN1 Fibronectin-1 Fibronectin Up +
SDC2 Syndecan-2 Syndecan-2 Up +
LAMA4 laminin, oy LAMA4 Up +
VCAN Versican Versican Up +
PLAU Plasminogen activator, urokinase PLAU Up +
PLAT Plasminogen activator, tissue PLAT Up +
SPARC Secreted protein, acidic, cysteine rich Osteonectin Up +
TIMP3 TIMP metallopeptidase inhibitor 3 TIMP3 Up +
LAMBI1 Laminin, 3, Laminin-1 Up +
LAMCI1 Laminin, vy, Laminin-1 Up +
MMP16 Matrix metallopeptidase 16 MMP-16 Up -
IGFBP4 Insulin-like growth factor-binding protein 4 IBP4 Up -
SERPINE1 Serpin peptidase inhibitor 1, clade E PAIl1 Up -
LAMAI Laminin, o Laminin-1 Down +
MMP1 Matrix metallopeptidase 1 MMP-1 Down -
MMP3 Matrix metallopeptidase 3 Stromelysin-1 Down -
MMP10 Matrix metallopeptidase 10 Stromelysin-2 Down -

“Denotes the general role in the ontology as positive (+) or negative (—).
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LGL MSC:s fail to express proliferation-associated gene
expression programs

Premature replicative cessation occurs in the cultured LGL MSC;
however, it is unlikely to result from replicative senescence because
telomere reserve is similar in healthy and LGL MSCs. Cellular
senescence can occur without telomere shortening due to oxidative
stress or lack of appropriate growth factor production. To under-
stand the mechanisms underlying premature proliferation arrest
in LGL MSCs, GeneGo pathway analyses were performed using
lists of genes differentially expressed by microarray analyses. Two
comparisons were made, as follows: healthy MSCs in later passage
versus LGL leukemia (LGLL) MSCs (comparison 1), and healthy
MSCs in early passage versus LGLL MSCs (comparison 2).
Comparing healthy MSCs with LGLL MSCs, the most significant
differentially regulated pathway involved cell cycle regulation
whether considering early passage or late passage time points.
Several of the critical regulators of cell cycle progression were
significantly downregulated in LGLL MSCs (Tables II, III). Fur-
thermore, ECM production pathway was also among the top dif-
ferentially regulated pathways (comparisons 1 and 2; Fig. 6A, 6B,
respectively), favoring genes that would result in matrix accumula-
tion in LGL leukemia consistent with our findings by immunofiuo-
rescence.

Reconstitution of basic fibroblast growth factor normalizes
LGL MSC growth and collagen deposition and partially
restores functionality

The proliferative capacity of MSCs under nondifferentiating con-
ditions both in vitro and in vivo is governed by the production of
autocrine growth factors (38, 39). From the microarray (data
not shown) and using ELISA, we observed deficiencies in two
well-established autocrine growth factors in LGL MSCs com-
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pared with healthy MSCs, as follows: LIF (Fig. 7A) and basic
fibroblast growth factor (FGFb) (p < 0.001 for both) (Fig. 7B).
To determine the importance of these cytokines on MSC pro-
liferation, PDLs were determined in the presence of exogenous
FGFb and LIF cytokines. Interestingly, only the addition of FGFb,
but not LIF, restored LGLL MSC growth comparable to normal
MSCs (Fig. 7C) and normalized their spindle-shaped morphol-
ogy (Fig. 7D). FGFb has been shown to maintain MSC plasticity
(42, 43) and does not promote differentiation without osteogenic
factors (44). Our pathway analysis indicated that proliferation is
inversely related to ECM turnover in healthy MSCs (Fig. 6).
Interestingly, treatment with exogenous FGFb also normalized
collagen deposition, as evident by immunofluorescent staining.
Representative fields from LGL MSCs, or from LGL MSCs
treated with 20 ng/ml FGFb for 72 h, are shown (Fig. 7E). The
mean pixel intensity value was then calculated for an entire field to
compare overall matrix deposition between LGL MSCs (n = 4)
and treated with 20 ng/ml FGFb for 72 h (n = 4). LGL MSCs
treated with FGFb deposited significantly lower amounts of col-
lagen type I (Fig. 7F), type III (Fig. 7G), and type V (Fig. 7H).
Because production of excessive collagen affects hematopoiesis,
FGFb-treated LGL MSCs were examined for their ability to
support proliferation of healthy HPC using coculture proliferation
assays similar to those performed in Fig. 5 (Fig. 7I). Using the
proliferation algorithm in FlowJo (version 7), PI (Fig. 7J), %D
(Fig. 7K), and DI (Fig. 7L) were calculated, as described above.
Pretreatment of the LGL MSCs with 20 ng/ml FGFb for 72 h prior
to coculture restored their supportive function with regard to the
PI of HPCs. The %D of HSC proliferating over LGL MSCs
pretreated with FGFb was also increased. This indicates that treat-
ment of LGL MSCs with FGFb at least partially restores HSC
supportive capacity.

Table III.  Comparison 2: normal MSCs (early passage) versus LGL leukemia MSCs

Ontology 1: Cell Cycle Role of APC in Cell Cycle Regulation (Nodes = 12/32)

Gene Symbol Gene Symbol Gene Symbol Regulation Pathway Mediator
CDKl1 Cyclin-dependent kinase 1 CDKI1 Down +
PLK1 Serine/threonine-protein kinase 1 PLK1 Down +
CDC20 Cell-division cycle protein 20 CDC20 Down +
APC/CDC20 complex Down +
CCNBI Cyclin Bl Cyclin B Down +
CCNB2 Cyclin B2 Cyclin B Down +
CCNA2 Cyclin A2 Cyclin A Down +
CDCA3 Cell division cycle-associated 3 Tome-1 Down +
CDCI18L Cell division control protein 6 homolog CDCI18L (CDC6) Down +
MAD2L1 Mitotic spindle assembly checkpoint protein MAD2a Down -
FBXO5 F-box protein 5 Emil Down -
BUBI Budding uninhibited by benzimidazoles 1 BUBI Down -
BUBIB Budding uninhibited by benzimidazole-related 1 BUBRI Down -

Ontology 2: Cell Adhesion ECM Remodeling (Nodes = 10/52)

Gene Symbol Gene Symbol Gene Symbol Regulation Pathway Mediator”
PLAUR Plasminogen activator, urokinase receptor PLAUR Up +
ITGB1 Integrin, B, as/B integrin Up +
o /B integrin Up +
COLI1Al Collagen I o Collagen 1 Up +
COL4AS Collagen IV as Collagen IV Up +
PLAT Plasminogen activator PLAT Up +
LAMA4 Laminin, oy LAMA4 Down +
EZR Ezrin Ezrin Down +
MMP9 Matrix metalloproteinase 9 MMP-9 Down -
MMP16 Matrix metalloproteinase 16 MMP-16 Down -

“Denotes the general role in the ontology as positive (+) or negative (—).
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Comparison 1: Normal MSCs in
later passage versus LGL MSCs
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B Comparison 2: Normal MSCs in
early passage versus LGL MSCs
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FIGURE 6. Cell cycling and matrix production pathways in MSCs. (A and B) GeneGo MetaCore pathway analyses performed using sets of significantly
changed genes between normal MSCs in early passage and normal MSCs in later passage (comparison 1). Shown are the 12 most differentially expressed
pathways (A). ECM remodeling (blue arrow) and the most significant cell cycling pathways (red arrow) are denoted. The 12 most significant pathways and
selected ECM and cell cycling maps are also shown for two other comparisons: normal MSCs in later passage versus LGL MSCs (B; comparison 1), and

normal MSCs in early passage versus LGL MSCs (C; comparison 2).

Discussion

The mechanisms defined for cytopenias in LGL leukemia and other
autoimmune disorders include both humoral and cell-mediated
events, but details of the abnormal processes are largely unex-
plained (15). This study defines BM fibrosis, due to excessive
collagen deposition, as a common feature of LGL leukemia with
pathological importance in association with cytopenias and other
classical autoimmune features. A general increase in the density of
reticulin staining in the BM of patients with SLE with unexplained
neutropenia suggests that fibrosis may play a role in other auto-
immune diseases (25). In SLE, histopathologic findings include
BM necrosis, stromal alterations, hypocellularity, dysgranulopoi-
esis, and distortion of the normal BM architecture, which is
similar to our findings in LGL leukemia (45, 46) Although B cell
malignancies can occur in association with LGL leukemia and
with other autoimmune diseases (13), severe BM fibrosis failed to
be detected in patients with de novo B cell malignancies, in-
cluding DLBCL, follicular lymphoma, MCL, and gastric lym-
phoma.

Our in vitro data show that LGL MSCs induce fibrosis due,
possibly, to increased production coupled to insufficient degrada-
tion of collagen. Although collagen is normally present in BM ECM,
coculture assays indicate that the presence of excessive collagen
fibers directly suppressed HPC proliferation by reducing repli-
cative burst potential. The excessive collagen matrix (i.e., fibrosis)
present in LGL leukemia BM may therefore contribute to the de-
velopment of cytopenias by diminishing the number of HPC stem and
progenitor cells in the BM. Reduced numbers of myeloid and ery-
throid lineages in LGL leukemia aspirates are consistent with this
finding. In vivo, excessive collagen deposition may also result in
premature progenitor mobilization due to disturbances in direct
cell-to-cell adhesion between HPCs and stromal cells. Although
fibrosis was evident in newly diagnosed as well as previously un-
treated patients, the association of increasing BM fibrosis severity
with autoimmune features and cytopenias suggests that this is a
feature of disease progression.

To determine the fibrosis-initiating cell population, MSC were
derived by LGL patients. The fibrosis-initiating cell population
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FIGURE 7. FGFb rescues the abnormal LGL MSC phenotype. The secretion of soluble LIF (A) and FGFb (B) was measured in culture supernatants
taken from primary MSCs from LGL patients (n = 6), or normal controls (n = 6) using standard ELISA. (C) Representative normal (blue) or LGL MSC (red)
growth curves treated with exogenous LIF or FGFb at each passage starting from the indicated time point (representative of three experiments and three
pairs of donors). (D) Phase-contrast images of primary MSCs from an exemplary LGL leukemia patient, and normal control in early or late passage with or
without FGFb treatment (scale bars, 50 wm). (E) Representative immunofluorescent staining for DAPI (white), collagen I (green), collagen III (red), and
collagen V (blue) on LGL MSCs (top row) or LGL MSCs treated for 72 h with 20 ng/ml FGFb (bottom row). A merged image of each is shown on the right
(scale bars, 50 wm). (F-H) Mean pixel fluorescent intensity was acquired for LGL MSCs (n = 4), or LGL MSCs treated with 20 ng/ml FGFb for 72 h for
collagen type I (F), type III (G), or type V staining (H). (I) CFSE dilution of CD45*CD34" gated healthy BM mononuclear cells (filled histograms) after
a 10-d coculture with normal MSCs, LGL MSCs, and LGL MSCs pretreated with 60 U/ml collagenase, or LGL MSCs pre- (Figure legend continues)
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consisted of a pluripotent progenitor with the ability to produce
chondrocyte, adipocytes, and osteoblasts in vitro and exhibited
a gene expression profile distinct from these lineages, yet produced
abundant fibrillar collagens, including reticulin and trichrome-
binding proteins collagen types III and I, respectively. This unique
BM fibrosis-initiating cell population is distinct from activated stel-
late cells in liver fibrosis (47, 48) and fibroblasts associated with
pulmonary fibrosis (49) due to the presence of the trilineage dif-
ferentiation potential. When cultured, these abnormal MSCs dis-
played abnormal morphological appearance and exhibited impaired
proliferation kinetics.

Similar telomere length in healthy and patient MSCs suggests
that replicative senescence through in vivo expansion is not
contributing to the proliferation defect. The current study shows
a lack of autocrine FGFb growth factor production associated
with fibrogenic activity. Interestingly, we made the novel obser-
vation that ECM-regulating gene programs are inversely corre-
lated to cell division programs. In vivo, mesenchymal stem cells
must balance functional activities, including ECM deposition,
prohematopoietic support, differentiation to committed mesen-
chymal lineages, and self-renewal. LGL MSCs appeared in-
capable of initiating FGFb, which is one of the necessary factors
involved in self-renewal. Of particular interest, fibrotic-associated
MSCs may transfer metabolic energy to ECM deposition at the
expense of self-renewal. Because FGFb not only restores self-
renewal, but also reduces extracellular collagen deposition and
restores hematopoietic supporting function to primary LGL MSCs,
our data suggest that matrix regulation and cell division are linked
processes.

Although loss of autocrine growth factor production has not
been previously associated with inflammation (50), studies in cord
blood—derived MSCs demonstrate that reactive oxygen species
(51) or proinflammatory cytokines (52) cause stress-induced cel-
lular senescence. Unlike replicative senescence, this form of
growth arrest is reversible with FGFb. With the strong link be-
tween chronic inflammation and LGL leukemia pathogenesis,
the presence of both reactive oxygen species and proinflammatory
cytokines is likely to be present in the BM microenvironment
secondary to LGL cell infiltration or even an active LGL reactive
process, where they may mediate stable, yet reversible, stress-
related cellular senescence due to loss in autocrine growth factor
regulation.

T lymphocytes are relevant for cytopenias and other autoim-
mune features of several disorders, including rheumatoid arthritis,
SLE, and Felty’s syndrome (1, 53). Underlying mechanisms
contributing to selective accumulation of leukemic LGL cells in
the BM are unknown. Normal T cells can migrate from the pe-
riphery to the BM, where this is a preferred site of T cells with
a memory phenotype (54, 55). CD4™ T cells are essential for the
maintenance of normal hematopoiesis (44). In LGL leukemia,
the number of CD4* T cells is severely diminished, so this may
impact hematopoietic progenitor production (56). In the clonal
CD8* T cells, STAT-3 (57), Ras/ERK (58), and PI3K/AKT (59)
pathways are known to be activated in LGL leukemia, and these
are implicated in resistance to activation-induced cell death
triggered by Fas receptor (CD95). In healthy individuals, the BM
is considered an immunologically privileged area due to the
suppressive properties of mesenchymal cells and suppressive
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cytokines (60-62). Taken together, these studies suggest that
a loss of homeostatic restraints on BM resident LGL cells with
loss of functional CD4" cells and accumulation of CD8" cells
may represent an underappreciated part of disease pathogenesis
acting, not directly on hematopoietic cells, but indirectly through
alterations of gene programs in accessory cells in the BM mi-
croenvironment.

The molecular origin of LGL leukemia has recently been
identified through exome sequencing and linked to somatic mu-
tations in the dimerization (Src homology 2) domain of the
STAT3 gene (63, 64). Although a STAT3-activation signature and
DNA-binding activity were detected in most LGL leukemia pa-
tients (57), the estimated frequency of the Src homology 2 domain
mutation is ~28-40% in both NK and T cell LGL leukemia
patients (63, 64), suggesting that this mutation may represent one
of multiple mechanisms leading to constitutive STAT3 activa-
tion and to the wider JAK/STAT dependence of this lympho-
proliferative neoplasm. STAT dimerization is mediated by the
Janus family of kinases (JAK1, JAK?2, JAK3, and TYK?2), and
mutations in JAK2 or the overexpression of mutant receptors
with gain-of-function activity (65) that signal through JAK2-
STAT, such as the thrombopoietin receptor mutation (MPLW515L),
are strongly associated with fibrosis in animal models and in
patients with myeloproliferative neoplasms (66). It is possible
that secreted soluble factors produced by these STAT3-driven
cells release acute-phase response proteins into the BM that
deregulate collagen production by MSCs. The precise contri-
bution of leukemic LGL cells locally in the BM, as the mech-
anistic determinant of fibrosis, will be examined in future
studies.

Sensitive molecular tests are available to identify clonal TCR-
VB and TCR-vy-restricted T cell clones using PCR (12), but
clinical monitoring focuses on changes in hematopoietic pa-
rameters in the peripheral blood and treatment is generally ini-
tiated when patients develop symptomatic cytopenias (5). BM
histopathology is not routinely monitored in LGL leukemia. This
study introduces a novel role for LGL T and NK cell involvement
in the BM, showing a correlation between the constellation of
clinical abnormalities and the number of LGL cells in the BM
rather than in circulation. Cytopenias, and other autoimmune
features, occurred more frequently in patients with severe fi-
brosis (ECS grade 3). A trend was observed between BM fibrosis
severity at diagnosis and the future need for treatment. Although
prospective validation is needed, IST is effective in ~30-50% of
patients and the degree of fibrosis may impact the outcome of
treatment (5). It is possible that a severe reduction in hemato-
poietic progenitors through the presence of fibrosis may be as-
sociated with IST resistance. A similar concept with regard to
critically low hematopoietic progenitor populations has been
suggested to explain IST failure in patients with aplastic anemia
(67) and MDS (68). In LGL leukemia, our data indicate that
a change in clinical practice to include histopathological ex-
amination of the BM and its architecture may prove informative.
Novel therapies in LGL leukemia should focus on restoring the
mesenchymal BM compartment and reducing the deposition of
collagen. Similar mechanisms of collagen deregulation should
be investigated in cytopenias associated with other autoimmune
diseases.

treated with 20 ng/ml FGFb for 72 h. Proliferation was analyzed using FlowJo software, and representative histograms are shown. The PI (J), percentage of
dividing cells (K), and DI (L) from all iterations (n = 4) are shown. CLG, Collagenase; *p < 0.05, ***p < 0.001.
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