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ARTICLE

Toll-like receptor and cytokine expression throughout
the bone marrow differs between patients with
low- and high-risk myelodysplastic syndromes

Luana Chiquetto Paracatu®, Darlene A. Monlish®, Zev J. Greenberg®, Daniel A.C. Fisher®,
Matthew J. Walter®, Stephen T. Oh®, and Laura G. Schuettpelz®!

?Department of Pediatrics, Division of Hematology/Oncology, Washington University School of Medicine,
St. Louis, MO; " Department of Medicine, Division of Hematology, Washington University School of Medicine,
St. Louis, MO; “Department of Medicine, Division of Oncology, Washington University School of Medicine,
St. Louis, MO

Myelodysplastic syndromes (MDS) are hematopoietic stem cell disorders, the pathogenesis of which
involves enhanced immune signaling that promotes or selects for mutant hematopoietic stem and progeni-
tor cells (HSPCs). In particular, toll-like receptor (TLR) expression and signaling are enhanced in MDS, and
their inhibition is an attractive therapeutic strategy. Although prior studies have reported increased expres-
sion of TLR2 and its binding partners TLR1 and TLR6 in the CD34™ cells of patients with MDS (especially
those with low-risk disease), TLR expression in other cell types throughout the bone marrow is largely
unknown. To address this, we used mass cytometry to assess the expression of TLR1, TLR2, and TLR6 and
cytokines in the bone marrow hematopoietic cells of six low/intermediate-risk and six high-risk unmatched
MDS bone marrow samples, as well as healthy controls, both at baseline and in response to TLR agonists.
We observed several consistent differences between the groups. Most notably, TLR expression was upre-
gulated in multiple cell populations in the low/intermediate-risk, but not high-risk, patients. In addition, many
cytokines, including interleukin-6, interleukin-8, tumor necrosis factor «, transforming growth factor 8, mac-
rophage inflammatory protein 18, and granzyme B, were highly expressed from various cell types in low/
intermediate-risk patients. However, these same cytokines, with the exception of transforming growth factor
B, were expressed at lower levels in high-risk MDS. Together, these findings highlight the differential role of
inflammation, and specifically TLR expression, in low/intermediate- versus high-risk MDS, and suggest that
elevated TLR expression and cytokine production in multiple cell types likely influences the pathogenesis of
MDS in lower-risk patients. © 2022 ISEH — Society for Hematology and Stem Cells. Published by Elsevier
Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

Check for
updates

by-nc-nd/4.0/)

HIGHLIGHTS

e Bone marrow cell populations differ between low/intermediate-
and high-risk MDS.

e TLRs are highly expressed in multiple cell types in low/intermedi-
ate-risk MDS.

e Cytokines were produced by these same cell types in low/inter-
mediate-risk MDS.

e Further exposure to TLR agonists did not enhance cytokine pro-
duction in most MDS.

Affecting up to 20,000 people per year in the United States, the mye-
lodysplastic syndromes (MDS) are a heterogeneous group of
hematopoietic stem cell disorders characterized by ineffective

hematopoiesis and a high risk of transformation to acute leukemia
[1,2]. The pathogenesis of MDS involves enhanced innate immune
signaling that promotes or selects for mutant hematopoietic stem and
progenitor cells (HSPCs). In particular, the expression of multiple
toll-like receptors (TLRs), especially TLR2, is increased in the CD34*
HSPCs of patients with MDS [3—71. TLRs are a family of pattern rec-
ognition receptors that recognize pathogens as well as endogenous
byproducts of cellular damage, and signaling through the TLRs leads
to the production of proinflammatory cytokines. Exposure to TLR
ligands influences the differentiation, cycling, and survival of HSPCs,
and chronic TLR signaling impairs normal HSPC function [8—131.
We and others have reported that TLR signaling regulates these pro-
cesses in HSPCs via both cell autonomous and cell non-autonomous
mechanisms [14,15]. The association between elevated TLR2 and
low-risk MDS has prompted enthusiasm for targeting TLR2 signaling
therapeutically, with a TLR2 inhibitory antibody (Tomaralimab,
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Opsona Therapeutics, Dublin, Ireland) now having completed a
phase I/11 trial for the treatment of low-risk MDS patients that have
failed front-line therapy [16].

Although multiple prior studies have found increased expression
of TLRs, particularly TLR2 and its binding partners, TLR1 and TLRG,
in the CD34" cells of patients with MDS [3,5—71, the expression of
these TLRs in other cell types throughout the bone marrow is largely
unknown. TLRs are normally expressed in a variety of hematopoietic
cells [11,17—19], and their expression can be upregulated by inflam-
matory cytokines and TLR ligands [20—22]. Given that circulating
levels of inflammatory cytokines and TLR ligands are enhanced in
patients with MDS [23,24]. and inflammatory stimuli can upregulate
TLR expression on various bone marrow cell types, we hypothesized
that TLR expression may be broadly increased throughout the bone
marrow of patients with MDS. Further, studies have found that
MDS-driving mutations may involve both myeloid and lymphoid cell
lineages [25—271. Next, as TLR expression in CD34™ cells is generally
more robust in lower-risk patients [3,71, we predicted that the expres-
sion of TLRs throughout the marrow would similarly differ in lower-
risk versus high-risk patients. Finally, TLR signaling promotes the pro-
duction of pro-inflammatory cytokines [28], and we thus predicted
that such cytokines would be produced by multiple cell types
throughout the marrow in patients with MDS, particularly those with
lower-risk disease.

Herein, we used mass cytometry by time of flight (CyTOF) to
assess the expression of TLR1, TLR2, TLR6, and cytokines in bone
marrow hematopoietic cells, both at baseline and in response to TLR
agonists, of patients with low/intermediate- or high-risk MDS com-
pared with healthy controls. As predicted, TLR expression was widely
upregulated in multiple bone marrow populations in the low/inter-
mediate-risk patients, including monocytes, granulocytes, B cells, T
cells, natural killer (NK) cells, and stem and progenitor cells. In con-
trast, TLR expression was relatively low throughout the marrow in
high-risk patients. Furthermore, multiple cytokines, including interleu-
kin (IL)-6, IL-8, tumor necrosis factor & (TNFa), transforming growth
factor B (TGFB), macrophage inflammatory protein 18 (MIP1p), and
granzyme B, were highly expressed from various cell types in
low/intermediate-risk patients. These same cytokines, however, with
the exception of TGFp, were generally expressed at lower levels in
patients with high-risk MDS. Given that TLR signaling regulates
HSPCs via both cell autonomous and cell non-autonomous mecha-
nisms, these new data suggest that elevated TLR expression and cyto-
kine production in multiple cell types likely influence the
pathogenesis of MDS in low/intermediate-risk patients.

METHODS

Patient Samples

Patient and healthy donor bone marrow samples were obtained with
written informed consent per protocols approved by the Washington
University Human Studies Committee. Samples from six high-risk
MDS patients, six low- or intermediate-risk (based on the Revised
International Prognostic Scoring System [IPSS-R] score) MDS
patients, and five controls (healthy adult volunteers) were analyzed
(Supplementary Table El, online only, available at www.exphem.
org). MDS samples were selected based on having not had prior
treatment and availability of sufficient cells for CyTOF analysis. Bone
marrow mononuclear cells were obtained by Ficoll gradient
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extraction and cryopreserved before analysis. Plasma was obtained
from the same MDS patients. Healthy donor plasma was obtained
from different donors than those used for mass cytometry (Supple-
mentary Table E1).

Mass Cytometry

Samples were processed for surface staining and intracellular staining
as described previously [29—311. EQ Four Element Calibration Beads
were used during collection, according to the manufacturer’s instruc-
tions (Fluidigm, South San Francisco, CA). Metal-tagged antibodies
were purchased from Fluidigm or custom conjugated using the Max-
par X8 Antibody Labeling Kit (Fluidigm), according to the manufac-
turer’s instructions. All custom antibodies were titrated with primary
human bone marrow cells. Three million whole bone marrow cells
from healthy donors and MDS patients were incubated with
PAM,CSK, (I pug/mL, InvivoGen, San Diego, CA), PAM;CSK,
(I ug/mL, InvivoGen), or vehicle control for 4 hours at 37°C in a 5%
CO, incubator, adding a 500 x secretion inhibitor after 2 hours of
stimulation. For staining, 3 x 10° bone marrow cells were stained
with surface antibodies (Supplementary Table E2, online only, avail-
able at www.exphem.org) for 1 hour at 4°C in CyFACS buffer (0.1%
bovine serum albumin [BSAI, 0.02% NaN,, 2 mmol/L ethylenedia-
minetetraacetic acid [EDTA] in CyPBS; Rockland Immunochemicals,
Gibertsville, PA). After surface staining, cells were washed with
CyPBS before staining for viability with 2.5 umol/L cisplatin (Sigma-
Aldrich, Burlington, MA), followed by a wash with CyFACS, and
fixed in 2% paraformaldehyde for 15 minutes at room temperature.
For intracellular staining, cells were washed and resuspended with
1 x eBioscience Perm Buffer (0.1% saponin and 0.009% sodium
azide) followed by intracellular staining for 1 hour at 4°C. Cells were
washed and stained with a Cell-ID intercalator according to the man-
ufacturer’s directions (Fluidigm). Samples were analyzed on a
CyTOF2 mass cytometer (Fluidigm) and data were analyzed using
Cytobank (cytobank.org) for both conventional cell population gat-
ing and viSNE analysis.

Cytokine Analysis by Proteome Profiler Human Cytokine Array

Peripheral blood plasma collected under standard protocols, from
one healthy donor, three low/intermediate-risk MDS patients, and
six high-risk MDS patients, was stored at —80°C. Plasma from the
same MDS patients as analyzed with CyTOF were used. Samples
were assessed using the Proteome Profiler Human Cytokine Array
(RED Systems, Minneapolis, MN), according to the manufacturer’s
instructions. Densitometry was performed using Image] (National
Institutes of Health [NIHI, Bethesda, MD).

Cytokine Analysis by ELISA

Peripheral blood plasma from four healthy donors, as well as the
same six low/intermediate-risk and six high-risk MDS patients from
the CyTOF studies, was stored at —80°C. IL-6 (Human IL-6 DuoSet
ELISA), IL-8 (DuoSet ELISA [enzyme-linked immunosorbent assayl
Human IL-8/CXCL8), TGFB (human TGFg1), and TNFa (Quanti-
kine ELISA human TNF«) were measured according to kit instruc-
tions (R&D Systems, Minneapolis, MN) and read at 450 nm with a
SpectraMax 340PC plate reader (Molecular Devices, Sunnyvale,
CA).
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Statistical Analysis

Data are expressed as the mean + SEM, unless stated otherwise. Sta-
tistical significance was assessed using an unpaired, two-tailed Student
t test or two-way analysis of variance (ANOVA). GraphPad Prism
(GraphPad Software, La Jolla, CA) was used for all analyses. In all
cases, *p < 0.05, *p < 0.01, **p < 0.001, and ****p < 0.0001.

RESULTS

Bone Marrow Population Frequencies Differ Between Low-Risk
and High-Risk MDS

To assess TLR and cytokine expression, we performed single-cell
CyTOF on six low/intermediate-risk and six high-risk MDS bone mar-
row samples, as well as five healthy adult control marrow samples
(Supplementary Table E1). A 38-parameter panel including TLR1,
TLR2, TLRG, other surface markers for immunophenotyping, and
intracellular cytokines (Supplementary Table E2) was used to identify
hematopoietic populations, TLR expression, and cytokine produc-
tion. Both conventional gating (Figure 1A; Supplementary Figure E1,
online only, available at www.exphem.org) and viSNE (Figure 1B)
were used to identify T cells, B cells, CD14* monocytes, CD16" gran-
ulocytes, CD56"&" NK cells, CD34*CD38~ HSPCs, CD34*CD61*
megakaryoblasts, and both early and late erythroblasts. Comparing
the frequency of these populations using manual gating (Figure 1A;
Supplementary Figure E1), we noted several differences between the
MDS and healthy control samples. Most notably, CD14* monocytes
were significantly reduced in high-risk MDS patients compared with
controls, and CD 19" B cells and CD71*CD235" early erythroblasts
trended lower in low/intermediate-risk patients compared with
healthy controls. In addition, CD34*CD38~ HSPCs trended higher
in high-risk patients with MDS compared with controls. viSNE plots
of individual samples from each group illustrating the main differen-
ces in the populations are provided in Figure 1B.

TLR Expression Is Increased in Multiple Cell Types in Low/
Intermediate-Risk MDS

Next, we evaluated the expression of TLR1, TLR2, and TLR6 in the
aforementioned populations. Overall, expression of all three TLRs
was increased in multiple cell types in low/intermediate-risk patients
compared with controls, including CD 14* monocytes, CD 16" granu-
locytes, B cells, T cells, CD56"&" NK cells, CD347CD38~ HSPCs,
erythroblasts, and CD34"CD61" megakaryoblasts (Figure 1C—E). In
contrast, TLR expression was relatively low in high-risk patients, with
the exception of elevated TLR1 or TLRG in various populations in
some of the high-risk samples (Figure |C—E).

Cytokine production differs between low- and high-risk MDS

Signaling through the TLRs leads to the production of pro-inflamma-
tory cytokines, which have been reported to be dysregulated in
patients with MDS compared with healthy controls [32]. We there-
fore next assessed cytokine production throughout the aforemen-
tioned bone marrow populations, both at baseline and in response to
TLR agonists. Our panel limitations did not allow for assessment of all
potentially relevant cytokines, but included many that have been pre-
viously implicated in MDS (Supplementary Table E2) [32]. Specifi-
cally, we divided each of the patient and control samples into three
different conditions, and incubated them with the TLR2/6 agonist
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PAM,CSK,, the TLR1/2 agonist PAM;CSK,, or vehicle control for
4 hours at 37°C before preparation for mass cytometry analysis.
Opverall, baseline cytokine expression was higher in low/intermedi-
ate-risk MDS compared with high-risk patients, with multiple cell
types throughout the marrow producing elevated levels of IL-6, IL-8,
TNFa, MIP1B, and granzyme B compared with healthy controls
(Figure 2AB; Supplementary Figure E2, online only, available at
www.exphem.org). One exception to this finding is TGFS, which was
produced at high levels by multiple cell types throughout the marrow
in high-risk patients (Figure 2A B). Notably, in most cases, cytokine
production in the MDS samples was not further enhanced by treat-
ment with TLR agonists (Figure 2B).

Focusing on individual cell types, CD14" monocytes produced
multiple cytokines, with mean expression higher than that of controls
(Figure 3A) and a trend toward a greater percentage of cells produc-
ing IL-6, IL-8, and MIPIB at baseline in low/intermediate-risk
patients compared with healthy controls (Figures 3B—E). Although
production of these same cytokines (IL-6, IL-8, and MIP1 g increased
in CD 147 cells in the control samples in response to the TLR agonists
(Figure 3B—Q), cytokine production did not change significantly over-
all in the MDS samples in response to treatment (Figure 3B—G; Sup-
plementary Figure E3, online only, available at www.exphem.org).
This is further illustrated in Supplementary Figure E3A—C, where
patient and control samples are color-coded. An increased percentage
of CDI14" cells produced IL-6, IL-8, and MIP18 in response to
PAM,CSK, or PAM;CSK, among all of the healthy controls; how-
ever, this response was blunted in the majority of the low/intermedi-
ate-risk patient samples (with the exception of LR5, purple square)
and the majority of the high-risk patient samples (with the exception
of HR1, red dot). Finally, although CD 147 cells are reduced in patients
with high-risk MDS (Figure 1A,B), they are a source of TGFS in these
patients (Figure 3F).

CD8" T cells from low/intermediate-risk patients produced signifi-
cantly higher baseline levels of IL-6 than those from high-risk patients
(Figure 4A,B). CD 19" B cells from low/intermediate-risk patients pro-
duced higher mean baseline levels of multiple cytokines than those
from healthy controls (Figure 5A), and had a higher percentage of
cells producing TNFe, IL-6, IL-21, and MIP1 g, than high-risk MDS or
healthy controls (Figure 5B—G). CD56"8" NK cells from low/inter-
mediate-risk patients also had elevated mean expression values for
multiple cytokines (Supplementary Figure E4A, online only, available
at www.exphem.org), as well as a higher percentage of cells produc-
ing IL-6, TNFe, MIP18, and interferon y (IFNy) than high-risk
patients (Supplementary Figure E4B—H). Again, cytokine production
in MDS patients was generally not increased in CD8" T cells, CD 19
B cells, or NK cells with TLR agonist exposure.

Both CD34"CD61" megakaryoblasts and CD717CD235" eryth-
roblasts from low/intermediate-risk patients generated multiple cyto-
kines at higher mean expression values than healthy controls
(Supplementary Figure ESAF, online only, available at www.exphem.
org), with significantly more megakaryoblasts from low/intermediate-
risk patients WITH MDS producing IL-6, TNFe, and MIP18 than
those from high-risk patients (Supplementary Figure E5SB—E), and
more erythroblasts from low/intermediate-risk patients producing IL-
6 and MIP1B than those from high-risk patients (Supplementary
Figure E5G—J, online only).

CDI16" granulocytes from low/intermediate-risk patients pro-
duced multiple cytokines at higher mean expression values than
healthy controls (Supplementary Figure EGA, online only, available at
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Figure 1 Bone marrow population frequencies and toll-like receptor (TLRO expression differ between low/intermediate- and high-risk
myelodysplastic syndromes (MDS). (A) Frequency of populations as manually gated in the bone marrow of patients with low/interme-
diate-risk MDS, high-risk MDS, and healthy controls. (B) ViSNE map of single representative control and low/intermediate-risk and
high-risk MDS bone marrow with different populations as indicated. (C) viSNE analysis of single representative samples from each
cohort, revealing the expression of TLR1, TLR2, and TL6 in healthy donors and low/intermediate-risk and high-risk MDS bone mar-
row. (D) Heatmap of TLR1, TLR2, and TLR6 mean staining in the indicated populations in the bone marrow of low/intermediate- ver-
sus high-risk MDS. Tile colors represent the arcsinh ratio of the mean signal intensity normalized to healthy controls. Note that the
samples in all heatmaps throughout the study are organized as follows, in order from left to right: patients low/intermediate-risk
(LR) 1—6 and high-risk (HR) 1—6. The same data as in (D) are represented as bar graphs in (E), with the healthy control samples set
at zero. Statistical significance was determined by a two-way analysis of variance followed by Tukey’s multiple comparison test.

*p < 0.01.
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Figure 2 Cytokine production differs between patients with low/intermediate-risk and those with high-risk myelodysplastic syndromes
(MDS). Shown are results for cytokines with consistent differences in multiple cell types between low/intermediate- and high-risk MDS
and controls. (A) Heatmaps of the mean staining of the indicated proinflammatory cytokines in the indicated populations in bone mar-
row of low/intermediate- and high-risk MDS patients. Tile colors represent the arcsinh ratio of the mean signal intensity normalized to
healthy controls. (B) ViSNE analysis of single representative samples from each cohort indicating populations expressing the proinflam-
matory cytokines at baseline (vehicle) and in response to the TLR2/6 agonist PAM,CSK, or the TLR1/2 agonist PAM3CSK,.
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Figure 3 Cytokine expression in CD14" monocytes. (A) Heatmap of mean staining of the indicated cytokines in CD14* monocytes in
low/intermediate-risk and high-risk patients stimulated with PAM,CSK, (TLR2/6 agonist), PAM3;CSK, (TLR1/2 agonist), or vehicle
controls. Tile colors represent the arcsinh ratio of the mean signal intensity normalized to healthy controls. (B-F) Quantification of the
percentage of CD14* cells expressing the indicated cytokines from the indicated groups, including (B) interleukin (IL)-6, (C) IL-8, (D)
tumor necrosis factor o (TNF), (E) macrophage inflammatory protein 18 (MIP1p), and (F) transforming growth factor g (TGFp). (G)
Biaxial plot illustrating gating for IL-8 in CD14" monocytes with PAM,CSK, and PAM3CSK, in representative healthy control and
low/intermediate- and high-risk MDS samples. Statistical significance was determined by two-way analysis of variance followed by
Tukey’s multiple comparison test. “p < 0.05; *p < 0.01.
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Figure 4 Cytokine expression in CD8" T cells. (A) Heatmap of mean staining of the indicated cytokines in CD8" T cells in low/interme-
diate-risk and high-risk myelodysplastic syndrome (MDS) patients stimulated with PAM,CSK, (TLR2/6 agonist), PAMsCSK, (TLR1/2
agonist), or vehicle controls. Tile colors represent the arcsinh ratio of the mean signal intensity normalized to healthy controls. (B-D)
Quantification of the percentage of CD8" T cells expressing the indicated cytokines from the indicated groups, including (B) interleu-
kin (IL-6), (C) transforming growth factor g (TGFg), and (D) Granzyme B. Statistical significance was determined by two-way analysis
of variance followed by Tukey’s multiple comparison test. “p < 0.05. TLR=toll-like receptor.

www.exphem.org). Again, cytokine production was not significantly
enhanced with TLR agonist treatment (Supplementary Figure E6A
—D). Another gated population, CD11b"HLA-DR*CD14-CD16~
myeloid cells from low/intermediate-risk patients, similarly generated
multiple cytokines (Supplementary Figure EGE), with trends toward
more cells producing IL-6 and TNFw than in healthy controls or high-
risk patients (Supplementary Figure EGF—H).

Finally, CD347CD38~ cells were notable for robust baseline pro-
duction of TGFB in most of the high-risk patients (Figure 6A H). Also,
unlike most of the other cells studied, production of IL-8 and MIP18
trended higher overall with TLR agonist treatment in both controls
and MDS samples (including high-risk patients in which TLR2
expression was relatively low; Figure 1D), as seen in Figure 6B, D,
and E This is further illustrated with color coding of individual
patients in Supplementary Figure E3D—F. Most of the LR patients
and two of the HR patients (HR2, blue dot; HRS, purple dot) produced
IL-8 and MIP18 in response to PAM,CSK, or PAM3CSK, exposure

(Supplementary Figure E3D—F). Overall, the percentage of
CD34"CD38" cells expressing IL-6 and MIP18 was higher in the
low/intermediate-risk MDS patients than in the high-risk patients
with MDS (Figure 6C—H).

In addition to analyzing bone marrow cytokine production, we
assessed peripheral blood plasma cytokine levels in the same patients
with MDS compared with different healthy controls. Using a mem-
brane-based antibody array on a subset of these samples, we detected
several different chemokines and proteins in the MDS samples
(Figure 7A; Supplementary Figure E7, online only, available at www.
exphem.org). CCL5 and SerpinEl were both significantly increased
in low/intermediate-risk patients compared with high-risk patients
(Figure 7A). In addition, we performed ELISAs for TGFg, IL-8,
TNFe, and IL-6. Plasma levels of TGFS were higher in both low/inter-
mediate-risk and high-risk patients with MDS compared with healthy
controls, consistent with the higher levels throughout the marrow
seen by CyTOF (Figures 2A and 7B). IL-8 levels trended higher in
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Figure 5 Cytokine expression in CD19* B cells. (A) Heatmap of mean staining of the indicated cytokines in CD19* B cells in low/inter-
mediate-risk and high-risk myelodysplastic syndrome (MDS) patients stimulated with PAM,CSK, (TLR2/6 agonist), PAM3;CSK,4
(TLR1/2 agonist), or vehicle controls. Tile colors represent the arcsinh ratio of the mean signal intensity normalized to healthy con-
trols. (B-G) Quantification of the percentage of CD19* B cells expressing the indicated cytokines from the indicated groups, including
(B) interleukin (IL)-8, (C) tumor necrosis factor « (TNFw), (D) IL-6, (E) IL-21, (F) macrophage inflammatory protein 18 (MIP1p), and (G)
transforming growth factor g (TGFp). Statistical significance was determined by two-way analysis of variance followed by Tukey’s
multiple comparison test. *p < 0.05; **p < 0.01. TLR=toll-like receptor.
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Figure 6 Cytokine expression in CD34*CD38~ hematopoietic stem and progenitor cells (HSPCs). (A) Heatmap of mean staining of
the indicated cytokines in CD34"CD38~ HSPCs in low/intermediate-risk and high-risk myelodysplastic syndrome (MDS) patients
stimulated with PAM,CSK, (TLR2/6 agonist), PAM3CSK, (TLR1/2 agonist), or vehicle controls. Tile colors represent the arcsinh ratio
of the mean signal intensity normalized to healthy controls. (B) Biaxial plot illustrating macrophage inflammatory protein 14 (MIP18)
expression with PAM,CSK, and PAM3;CSK, stimulation in representative samples from each cohort. (C-H) Quantification of the per-
centage of CD347CD38™ cells expressing the indicated cytokines from the indicated groups, including (C) interleukin (IL)-6, (D) IL-8,
(E) tumor necrosis factor « (TNFe), (F) macrophage inflammatory protein 18 (MIP18), (G) IL-21, and (H) transforming growth factor
B (TGFp). Statistical significance was determined by two-way analysis of variance followed by Tukey’s multiple comparison test.
*p < 0.05; *p < 0.01. TLR=toll-like receptor.
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Figure 7 Plasma cytokine levels differ between low- and high-risk myelodysplastic syndromes (MDS). (A) Plasma was analyzed with
a membrane cytokine array (Proteome Profiler Human Cytokine Array). Shown are mean pixel densities for each of the indicated
cytokines (see also Supplementary Figure E7 [online only] for source blots and full data). (B-E) Peripheral blood plasma from healthy
control and low- and high-risk MDS were analyzed for (B) transforming growth factor g (TGFg), (C) interleukin (IL)-8, (D) tumor necro-
sis factor @ (TNF), and (E) IL-6. (F) viSNE analysis of the indicated patients showing intracellular production of TGF 8, TNF«, and IL-
8. Each patient is represented with a different color, which coordinates with the same color dots in (B-E). See Supplementary Figure
E8 (online only) for population legends. Statistical significance was determined with an unpaired t test and two-way analysis of vari-
ance followed by Tukey multiple comparison test. *p < 0.05, **p = 0.0001. LR= low/intermediate-risk; HR= high-risk.
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low/intermediate-risk patients than high-risk patients or controls
(Figure 7C), and TNFa was significantly increased in low/intermedi-
ate-risk patients with MDS compared with high-risk patients (with
high-risk patients having a small but significant increase over healthy
controls; Figure 7D). IL-6 plasma levels were undetectable by our
assays (Figure 7E). As illustrated for several of the patients using
viSNE analysis, these cytokines were produced by multiple bone mar-
row populations (Figure 7F; Supplementary Figure E8, online only,
available at www.exphem.org). Of note, plasma and bone marrow
cytokine production often did not correlate, with high (or low)
plasma levels often corresponding to more restricted (or broad) mar-
row population production. This is illustrated using color coding for
individual patients in Figure 7F, with each patient sample label's color
correlating with the same color dots as in Figure 7B—D. One patient
(LR5), for example, who had higher plasma levels of TNF« by ELISA
(Figure 7D, red dot) exhibited more restricted expression of TNFe in
the bone marrow as analyzed in viSNE (Figure 7F), whereas a patient
with lower plasma levels of TNFa (LR1; Figure 7D, dark blue dot)
exhibited production more broadly throughout the bone marrow
(Figure 7P). As another example, patient LR1 had high plasma IL-8
levels (Figure 7C), but more restricted marrow production than
patient LR2 (orange dot), who had low plasma levels of 1L-8 but broad
expression in the marrow (Figure 7CF).

DISCUSSION

To our knowledge, this is the first study to comprehensively evaluate
the expression of TLRs and cytokines with single-cell resolution in
MDS. Although this study is limited by small sample sizes, we
observed several significant and consistent differences between the
MDS samples and healthy controls. First, bone marrow cell popula-
tion frequencies differ between low/ intermediate- and high-risk
MDS patients. Second, TLR1, TLR2, and TLR6 are highly expressed
in multiple cell types in low/intermediate-risk, but not high-risk,
MDS. Third, elevated levels of cytokines were produced by these
same cell types in low/intermediate-risk MDS, and further ex vivo
exposure to TLR1/2 or TLR2/6 agonists did not enhance cytokine
production in most cases. We acknowledge that our healthy controls
were younger than the MDS patients, and thus, we cannot rule out
the possibility that some of the elevations in TLR or cytokine produc-
tion in the MDS samples are not age related. However, the low/inter-
mediate- and high-risk MDS patients were of similar age, and
therefore, differences between risk groups are not related to age.

Our findings of different cell population frequencies between dif-
ferent MDS risk groups is largely in accordance with a recent study
by Behbehani and colleagues showing an increase in HSPCs, B cells,
T cells and erythroblasts, and decreased monocytes and neutrophils,
in high-risk patients compared with low-risk patients and healthy con-
trols [33]. We similarly detected a trend toward increased
CD34"CD38~ HSPCs in high-risk patients, as well as a decrease in
CD 14" monocytes.

Also consistent with prior reports [3,7]1, we detected relatively
higher expression of TLR1, TLR2, and TLR6 in the CD34" cells of
patients with low/intermediate-risk MDS compared with those with
high-risk MDS and healthy controls. As predicted, we also observed
elevated expression of these TLRs in multiple other cell populations
throughout the bone marrow, including monocytes, granulocytes, B
cells, T cells, NK cells, erythroblasts, and megakaryoblasts. Several of
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the high-risk MDS samples had increased TLR1 and/or TLR6 in
some cell populations; however, they were largely unresponsive to
TLR agonist treatment, and the relevance of increased expression of
either of these TLRs is unclear given that both TLRI and TLR6
require heterodimerization (primarily with TLR2) to function [34].
Of note, although other TLRs (e.g,, TLR4 and TLR9) [4,6] have been
implicated in MDS as well, we focused the present study on TLR2
and its binding partners given their known abundance in the CD34*
cells of patients with MDS [3,7] and the interest in targeting TLR2
therapeutically in MDS [16]. Further studies are necessary to deter-
mine the expression and ligand responsiveness of other TLRs
throughout the bone marrow in MDS.

Interestingly, although control bone marrow cells upregulated mul-
tiple cytokines in response to TLR agonist exposure, the cells from
patients with MDS were largely unaffected. This finding included
low/intermediate-risk MDS cells that exhibited robust expression of
TLRs. Chronic exposure to TLR agonists has been reported to induce
multiple inhibitory mechanisms to prevent sustained signaling and
attenuate the inflammatory response [35,36]. Furthermore, recent
studies have indicated that HSPCs bearing mutations associated with
MDS employ mechanisms to resist the deleterious effects of inflam-
mation on stem cell function to help them gain a clonal advantage
over healthy HSPCs [37—391. Thus, the lack of enhanced cytokine
production in response to TLR agonists could be due to prior chronic
exposure (in low/intermediate-risk patients), low TLR expression (in
high-risk patients), and/or other cell-intrinsic changes related to the
MDS clone. Importantly, CD34* cells from MDS patients were a
notable exception to this rule, with trends toward upregulation of IL-
8 and MIP18 in response to TLR stimulation. The reason for the
responsiveness of this particular cell type is not clear, but suggests that
the regulation of TLR signaling in HSPCs may be distinct from that of
other cell types.

A number of studies have identified elevated circulating cytokine
levels in patients with MDS compared with healthy controls [24,40
—43]. A recent meta-analysis of these data in patients with MDS
(including a combination of studies of peripheral blood serum levels
and bone marrow plasma levels) found a trend toward increased lev-
els of TNFa and IFNy in low-risk compared with high-risk patients
and a trend toward higher IL-6 in high-risk compared with low-risk
patients [32]. We similarly observed higher plasma TNFw in patients
with low/intermediate-risk MDS, as well as several other cytokines,
compared with high-risk MDS and controls. Notably, the individual
cytokines studied were identified in multiple cell types in the bone
marrow samples, and the plasma levels of a given cytokine did not
necessarily correlate with the breadth of expression in the marrow (e.
g., the patient with the highest plasma levels of TNFa had relatively
few cell types expressing high levels in the bone marrow, while a
patient with lower plasma levels exhibited broad expression in multi-
ple cell types in the marrow). Thus, the plasma levels of cytokines
may not accurately represent their local production in the bone mar-
row niches where they may influence hematopoiesis.

Finally, we found that unlike most cytokines, TGFB was expressed
at high levels in multiple cell types throughout the bone marrow of
high-risk MDS patients. Aberrant TGFB signaling has been implicated
in the pathogenesis of MDS, with enhanced signaling contributing to
myelosuppression and ineffective erythropoiesis [441. In fact, several
clinical trials have tested the efficacy of TGFB pathway inhibitors in
patients with low- and intermediate-risk MDS, with promising results
toward improving anemia in these patients [45—471. Although the
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role of TGFB signaling in high-risk patients is not clear, our data
suggest that elevated TGFB is not exclusive to patients with low-risk
disease.

Together, the findings in this study highlight the differential role of
inflammation, and specifically TLR expression, in low/intermediate-
versus high-risk MDS. These differences in TLR expression and cyto-
kine production should be considered when selecting patients for
TLR signaling-directed therapies. Inhibition of TLR2, for example,
may only provide benefit to lower-risk patients in whom this TLR is
highly expressed by multiple cell types throughout the marrow. That
said, further studies are needed to determine the consequences of
elevated TLR expression and cytokine production in various cell
types throughout the marrow to the pathogenesis of lower-risk MDS,
as well as the role of TGFg in patients with high-risk MDS. Cell type-
specific loss of TLRs in mouse models of MDS may help to illuminate
the contribution of TLR signaling from different cell populations to
the suppression of normal hematopoiesis and progression of the dis-
ease. In addition, the mechanisms contributing to elevated TLR and
cytokine expression in low/intermediate-risk MDS, as well as the
reduced expression in high-risk patients, are not clear and require
additional study. Finally, our study was restricted to hematopoietic
cells, and thus, further studies are required to address the TLR expres-
sion and cytokine production of nonhematopoietic cells within the
bone marrow microenvironment (e.g.,, endothelial cells and mesen-
chymal stromal cells) that could contribute cell nonautonomously to
ineffective hematopoiesis in MDS [48].
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