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Comprehensive characterization of human bone marrow

microenvironment shows age-related changes

The bone marrow microenvironment (BME) is vital for
controlling hematopoietic output. Qualitative and quan-
titative changes in the BME contribute to perturbations
of hematopoiesis during physiological stress, aging, and
hematological malignancies. Murine models primarily in-
form the current knowledge of the BME and its functional
implications for hematopoiesis. Using such models, it has
become evident that during aging, the bone marrow experi-
ences high levels of interleukin (IL)1p, TNFa, and C-reactive
protein and thus, a chronic low-grade inflammatory envi-
ronment.! Murine models of myeloproliferative neoplasm
have linked the overproduction of IL1p to disruptions in
the mesenchymal stroma cell (MSC) populations in the
bone marrow and downregulation of CXCL12? illustrating
the potential of inflammation to induce changes in hema-
topoietic stem and progenitor cells (HSPC) via dysregula-
tion of the BME. The use of genetically engineered mouse
models combined with cell sorting and transcription factor
lineage tracing led to the characterization of specialized
niches in the mouse bone marrow."** Whereas single-cell
RNA sequencing and spatial transcriptomics helped create
a detailed atlas of the murine BME,*® less is known about
the human BME. In efforts to characterize the human BME,
emerging single-cell RNA sequencing studies,®*” combined
with protein-based imaging® have investigated human BME
under both steady-state and disease conditions, examin-
ing various immunophenotypically defined BME subsets.®
Considerable overlap between murine and human BME
appears to exist. For instance, MSC from older individuals
have lower expression of CXCL12"© and an altered cytokine
profile that might be linked to aging-associated changes
in hematopoiesis: expansion of the HSPC compartment,
myeloid bias, immune senescence, and anemia." While
CD271* MSC are an important component of the bone
marrow, a comprehensive atlas of the human BME is
currently actively being constructed. A major limitation is
that non-hematopoietic cells constitute less than 1-2% of
the human BME."? To address this challenge, we employed
minimal enrichment and negative selections to enhance
cell recovery and ensure appropriate diversity of cellu-
lar BME populations. To this end, we used bone marrow
aspirates from young individuals selected as healthy do-
nors for allogeneic bone marrow transplantation at Johns
Hopkins University between 2020 and 2021. The study was
performed under a research protocol approved by the
Johns Hopkins Institutional Review Board and patients
consented under the Declaration of Helsinki. Data were
generated from eight individuals, with a median of 3,409
cells (interquartile range [IQR], 1,019-5,150) per donor

(Online Supplementary Table S7). Bone marrow samples
were digested with collagenase and DNase |, and CD45*
cells were depleted using Rosettesep antibody cocktail.
We further used cell sorting to enrich for alive (TAAD"),
nucleated (Vybrant DyeCycle*) cells lacking expression of
hematopoietic (CD45), erythroid (CD235a, CD71), and plas-
ma cell (SLAMF7) markers (Online Supplementary Figure
S7). Subsequently cells underwent single-cell RNA se-
quencing using 10xGenomics platform and 3’-end capture.
We identified five distinct populations: MSC, osteolineage
cells (OLC), smooth muscle cells (SMC), fibroblasts, and
endothelial cells (EC) (Figure 1A). Notably, adipocytes
which were not identified here, may be better captured
by single-nucleus RNA sequencing. Given the extensively
characterized murine BME atlas, we used publicly avail-
able murine scRNAseq datasets® to create a “humanized”
mouse matrix by converting mouse genes to their human
orthologs, refining human BME clusters and evaluating
their overlap with known mouse BME populations (Online
Supplementary Figure S2A).

MSC constituted the predominant population in human
BME, comprising more than 90% of the total cells captured.
MSC were characterized by high expression of CXCL12, LEPR
(Figure 1B) and PDGFRA, a marker previously reported in
murine and human Nestin-positive cells (Online Supple-
mentary Figure S2B). The cluster was enriched for genes
suggestive of trilineage differentiation programs: adipocyte
(LPL, APOE, ANGPTL4), osteogenic (RUNX1, ALPL, CDH1T),
and chondrocyte differentiation (SOX9). Additionally, gene
expression suggested the hematopoietic support func-
tion of MSC through the expression of CXCL72, KITLG, and
ANGPT1 (Online Supplementary Figure S2B).

Detailed analysis of the MSC clusters revealed the presence
of a subpopulation (MSC1) with an inflammatory signature.
Genes implicated in mediating inflammation, such as the
chemokine-encoding CXCL2 and CCL2, inflammation-in-
duced transcription factor CEBPB, and TNF-a-inducible
regulator TNFAIP3 were among the most differentially ex-
pressed genes in the MSC1 subpopulation. AP-1 complex
genes (FOSB, JUND) also showed upregulated expression
in the MSC1 cluster. On the other hand, the transcriptomic
profile of MSC2 suggests the presence of adipo-primed
progenitor cells, supported by the upregulation of LPL
and APOE. Comparison between murine and human BME
maps showed extensive overlap of MSC1 and MSC2 with
the fibroblastic reticular-niche-lepr-stromal population
(50-90%, >90% respectively), suggesting the existence
of a human correlate of murine CXCL12-rich abundant
reticular cells (Figure 1C). Notably, in our analysis, CD271
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(NGFR) transcripts are present in the MSC but absent in
EC and SMC clusters. Thus, the current strategy better
captures the diversity of the human BME compared to
methods using CD271 selection.

The OLC cluster included osteoblasts at various stages
of differentiation, from immature (SP7/0SX, SPP1, IBSP) to
maturing and mature osteoblasts (BGLAP), offering the op-
portunity to study the interaction of distinct osteolineage
clusters with HSPC populations. As suggested by murine
studies, differential production of SPP1 by OLC may impact
HSC quiescence and retention.® The OLC transcriptome
also aligned with murine osteoblast profiles (Figure 1C).
The SMC cluster, defined by high expression of MYHT1,
ACTA2 and RGS5 (Figure 1B), is transcriptomically similar
to the murine Stroma-Myh11-high cells (Figure 1C). These
cells, particularly the SMC2 subcluster express moder-
ate levels of CXCL72 and high levels of CD746 (MCAM)
and LMOD1 (Online Supplementary Figure S2B) and were
recently similarly annotated as vascular smooth muscle
cells in humans.® The fibroblast population was identified
by expression of ST00A4, ST00A6, and ST00A70 (Figure 1B).
Receptor-ligand analysis suggests a strong interaction

between fibroblast-produced DPP4 (a CXCL12 peptidase)
and CXCL72 produced by MSC1 and MSC2 clusters (On-
line Supplementary Figure S2C). Thus, fibroblasts may
indirectly regulate hematopoiesis by modulating CXCL72
availability. In addition, these cells play an essential role
in generating the bone marrow matrix as suggested by
high expression of collagen-type encoding genes (COL1AT,
COLG6A1/2, COL15A1, COL12A7), a role akin to the murine
col23*Stromal-1133-high population with which they share
moderate transcriptional overlap (Figure 1C). The EC cluster
was defined by expression of PECAMI1, SELE, and CDH5
(Figure 1B) as well as CD34, THBD, CLDN5, and FLT1 (Online
Supplementary Figure S2B), with transcriptomic similarity
to murine Niche-vecad-Endothelial-Arterial-Cd34-high
cells (Figure 1C).

To evaluate whether our approach detects subtle molec-
ular changes proposed to be associated with BME aging,
we compared our (JHU) cohort to healthy samples from
de Jong et al. (de Jong cohort)? (Online Supplementary
Table S7). We identified similar cell clusters in the de Jong
cohort, including MSC1, MSC2, OLC and EC populations
(Figure 2A, B), and largely maintained their correlation with
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Figure 1. Single-cell atlas of the human bone marrow microenvi-
ronment. (A) UMAP representation of human bone marrow micro-
environment (BME) cells from 8 individuals. (B) Violin plots of
marker genes used for cluster annotation from mesenchymal
stromal cells (MSC), fibroblasts (Fib), osteolineage cells (OLC),
smooth muscle cells (SMC) and endothelial cells (EC). (C) Percent-
age of murine equivalent cells that overlap with their respective
human stroma population. Only murine clusters representing more
than 15% of their equivalent human population were depicted.
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the murine BME populations (Online Supplementary Figure
S2D). Some quantitative differences can be seen between
the two data sets, particularly the presence of an additional
fibroblast cluster in the JHU cohort. It is tempting to specu-
late that these differences are age-related, though there are
significant technical discrepancies between the two meth-
ods to account for these results. Thus, we have focused our
analysis on qualitative differences between the two datasets.
Interestingly, de Jong samples appear to have lower CXCL72
and LEPR expression levels in the MSC1 population (Figure
2B). Since the de Jong cohort is skewed toward patients of
older age (range, 72-75 years) (Online Supplementary Table
S7), we tested if qualitative differences may be secondary
to transcriptomic changes in the BME cells isolated from
old and young individuals. The MSC1 cluster transcriptomes
revealed upregulation of AP-1 complex genes (JUN, JUND,
JUNB, FOS) in old compared to young individuals, suggesting
a potential dominance of the pro-inflammatory cluster in the
aged BME (Online Supplementary Figure S2E). Interestingly,
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we observed downregulation of CXCL72 (Figure 2C) and KITLG
(Figure 2D) in the same populations. Thus, similar to murine
models, a pro-inflasmmmatory environment in the bone mar-
row might lead to the downregulation of CXCL72 expression
in older individuals. The impact on CXCL12 availability may
be further augmented by dysregulated post-translational
modifications and increased protein degradation of CXCL12.
To this end, even though our method captures a signifi-
cant population of fibroblasts that could modulate CXCL12
availability via DPP4 (Online Supplementary Figure S2C), the
published datasets available from older individuals do not
contain sufficient numbers of these cells to assess if DPP4
levels are affected by aging. It is evident, however, that aging
alters BME structure, as suggested by decreased expression
of extracellular matrix mRNA transcript such as CDH71, TNC,
and VCAN, as well as COL74AT1.

The method presented here serves as a stepping stone to-
ward comprehensive qualitative and quantitative assessment
of the aging BME, although further validation is needed to
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Figure 2. Comparison of old and young human bone marrow microenvironment. (A) UMAP representation of human bone marrow
microenvironment (BME) cells from the current dataset (JHU cohort) and previously published reports (de Jong cohort). (B) Vio-
lin plots of marker genes used for cluster annotation between the JHU and de Jong datasets from mesenchymal stromal cells
(MSC), fibroblasts (Fib), osteolineage cells (OLC), smooth muscle cells (SMC) and endothelial cells (EC). Violin plots depicting (C)
CXCL12 and (D) KITLG expression in the MSC1 population between old versus young subjects. P values were computed using Wil-

coxon Rank Sum test.
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account for discrepancies between the two methods, ensur-
ing that observed changes reflect true biological differences
rather than methodological variation. While the JHU and
de Jong cohort comparison captures some aging-related
molecular changes of the BME, it is essential to highlight
that the older “healthy” samples came from patients with
cardiovascular disease requiring cardiac surgery or advanced
arthritis requiring hip arthroplasty, a population with a
very high (~40%) incidence of clonal hematopoiesis (CH)."'®
Considering the suggested correlation between CH and
chronic inflammation, it would be valuable to determine
how much of the observed transcriptomic differences are
specifically associated with CH.
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