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Autologous cell therapies for knee osteoar
thritis, including bone marrow aspirate 
concentrate (BMAC) and stromal vascular 
fraction (SVF), have advanced clinically 
despite an incomplete understanding of their 
mechanisms. Chatterjee et al. apply single- 
cell transcriptomics to multicenter trial of 
stem cell therapy for osteoarthritis (MILES) 
trial samples, revealing that site-to-site tech
nical variability in BMAC composition over
whelms biological signals associated with treat
ment response. This finding mandates urgent 
standardization of harvest protocols before 
personalized genomic profiling can be mean
ingfully implemented. While responder/non- 
responder differences were subtle, pathway 
enrichment analyses and cell-cell communica
tion inferences suggest that therapeutic out
comes may depend more on dynamic post-in
jection interactions than on baseline cellular 
states. The study establishes a foundational 
framework for evidence-based quality control 
in cellular orthopedics.

Stem cells, such as mesenchymal stem cells1,2

and stromal vascular fraction (SVF),3 have 
been proven to deliver encouraging effects 
in laboratory tissue regeneration studies. 
However, when it comes to clinical deploy
ment, cell therapies for knee osteoarthritis 
(OA) has, in many ways, sprinted ahead of 
our fundamental understanding of what these 
complex biologics actually are and how they 
function. While systematic reviews confirm 
that bone marrow aspirate concentrate 
(BMAC) and SVF can reduce pain, they also 
highlight the frustrating reality that these im
provements often fail to translate into sub
stantial, long-term functional restoration 
and that significant heterogeneity in out

comes persists across trials and individuals.4,5

This variability has long been attributed to pa
tient-specific factors, but the study by Chat
terjee et al. forces us to confront a more prox
imal and controllable source of noise: the 
therapeutic product itself.6 By applying sin
gle-cell transcriptomics to one of the largest 
and best-characterized cell therapy cohorts 
for OA to date, the multicenter trial of stem 
cell therapy for osteoarthritis (MILES) trial, 
Chatterjee et al. peer into the cellular and mo
lecular composition of these products with 
unprecedented resolution. Their most 
arresting finding is that the dominant biolog
ical signal in the data is not the distinction be
tween future clinical responders and non-re
sponders but rather the profound site-to-site 
variability in BMAC composition and gene 
expression. This serves as a powerful and 
necessary reality check, compellingly arguing 
that before the field can successfully navigate 
toward personalized, genomically informed 
therapies, it must first confront and stan
dardize the pre-analytical variables that 
currently drown out the signal of interest.

The translational promise of regenerative 
medicine for OA lies in moving beyond symp
tom palliation toward true disease modifica
tion. However, clinical trials have yielded het
erogeneous results, partly because the 
therapeutic products themselves, BMAC and 
SVF, are minimally manipulated mixtures 
whose cellular constituencies are assumed, 
rather than known, to be potent. The MILES 
trial, from which this study derives, represents 
a state-of-the-art effort, and secondary ana
lyses have begun to identify patient subpopu
lations, such as younger males, who may 
respond more favorably to specific cellular in

jections.7 Yet, the cellular mechanisms under
pinning these differential responses have re
mained obscure. Following their prior work, 
which first revealed significant immune alter
ations and enrichment of stress-related path
ways, such as phosphoinositide 3 kinase-pro
tein kinase B-mammalian target of rapamycin 
(PI3K-AKT-mTOR) and interferon (IFN), in 
the bone marrow of patients with OA 
compared to controls,8 Chatterjee and their 
team directly tackle this obscurity by applying 
a rigorous single-cell analytical framework. 
The study’s central methodological insight is 
the stark contrast in procedural robustness be
tween the two autologous products. While 
SVF samples demonstrated remarkable tran
scriptional consistency across multiple clinical 
sites, BMAC was plagued by significant, site- 
specific variability in both cell type abundance 
and gene expression. This confirms, at single- 
cell resolution, concerns raised about the 
inherent variability introduced by manual 
bone marrow aspiration techniques.9 The pri
mary axis of variation in the BMAC data, 
identified through tensor decomposition, 
was not a biological feature of the patient 
but the collection site itself. This is an action
able finding of immense importance: it 
strongly suggests that the “drug” being admin
istered to patients in the BMAC arm was sys
tematically different depending on the clinical 
site. Such technical variability can severely 
compromise reproducibility and demands 
standardized collection protocols and oper
ator training. The fact that SVF, harvested 
via lipoaspiration, was far more consistent im
plies that the manual, physician-dependent 
technique of bone marrow aspiration is a crit
ical and correctable point of failure.

After meticulously correcting for this site ef
fect, the authors report a negative result that 
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is arguably as significant as a positive one: 
baseline cellular and molecular profiles did 
not robustly distinguish future responders 
from non-responders using standard differ
ential expression analysis. While likelihood 
ratio tests hinted at an enrichment of cellular 
stress pathways, including oxidative phos
phorylation, unfolded protein response, and 
tumor necrosis factor α (TNF-α) signaling, 
in non-responders, these signals were subtle 
and swamped by inter-individual heterogene
ity. This echoes their previous findings in OA 
bone marrow8 and suggests that clinical 
outcome is not predetermined solely by the 
baseline state of the injected cells. It is likely 
more dependent on the dynamic, post-injec
tion interaction between the graft and the re
cipient’s unique joint microenvironment, a 
complex ecosystem of synovial inflammation, 
cartilage degradation, and subchondral bone 
remodeling, which may have enormous influ
ence on the fate of injected cells.10 The cell- 
cell communication analyses support this 
view, showing that mesenchymal stem cells 
(MSCs) from responders are predicted to 
engage in more coordinated, immunomodu
latory dialogues, such as via thymus cell anti
gen 1 (THY1), CD40, insulin-like growth 
factor 1 (IGF1), etc., whereas those 
from non-responders are biased toward 
inflammatory human leukocyte antigen 
(HLA) signaling. This elegantly shifts the 
paradigm from viewing the therapeutic prod
uct as a static entity to recognizing it as a cata
lyst that initiates a complex, patient-specific 
biological process whose trajectory may only 
be revealed through longitudinal sampling.

Looking forward, this study provides both a 
roadmap and a cautionary signpost. The im
mediate translational impact must be the 
development and implementation of strin
gent, device-guided standardization proto
cols for BMAC harvest in future multi-site 
trials. Without this, the field risks repeatedly 
misattributing procedural noise as biological 
effect.5 Furthermore, the work compels a 
deeper, longitudinal analysis. Future studies 
must move beyond baseline profiling to track 
the fate and function of the infused cells 
within the joint, perhaps using emerging 
spatial transcriptomics to map cellular cross
talk in situ or sampling synovial fluid at serial 
time points to capture the evolving inflam

matory and regenerative landscape. The 
subtle enrichment of metabolic and stress 
pathways in non-responders also warrants 
validation in larger cohorts, as these could 
eventually serve as biomarkers to guide 
patient selection, perhaps identifying individ
uals who might benefit more from the im
mune-regulatory profile of SVF than from 
metabolically-stressed BMAC.

In conclusion, Chatterjee and colleagues 
have laid bare a fundamental truth: we 
cannot personalize what we do not first 
standardize. By quantifying the noise 
inherent in current procurement practices, 
they have illuminated the path forward. 
The journey toward personalized cell 
therapy for OA will not be charted by geno
mics alone but by a rigorous, integrated 
approach that combines a standardized, 
high-fidelity product with a deep, dynamic 
understanding of the patient it is meant to 
heal. As Im notes in a recent review, the 
high cost of cell therapy must be justified 
by demonstrable efficacy, and multi-omics 
technologies like the one deployed here 
are essential to identify which subgroups 
of patients will truly benefit.11 The crystal 
ball reveals a future where a patient’s base
line cellular profile, the standardized qual
ity of their harvested cells, and their longi
tudinal response dynamics are integrated 
into an adaptive treatment algorithm, one 
that might recommend SVF for some, 
BMAC for others, or even a re-harvest for 
those whose initial product falls below a 
molecular quality threshold. This study 
marks not an end, but a beginning: the start 
of evidence-based quality control in 
cellular orthopedics.
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