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Aging or injury leads to degradation of the cartilage matrix and the development of osteoarthritis (OA). Because
of a paucity of single-cell studies of OA cartilage, little is known about the interpatient variability in its cellular
composition and, more importantly, about the cell subpopulations that drive the disease. Here, we profiled healthy
and OA cartilage samples using mass cytometry to establish a single-cell atlas, revealing distinct chondrocyte
progenitor and inflammation-modulating subpopulations. These rare populations include an inflammation-
amplifying (Inf-A) population, marked by interleukin-1 receptor 1 and tumor necrosis factor receptor Il, whose
inhibition decreased inflammation, and an inflammation-dampening (Inf-D) population, marked by CD24, which
is resistant to inflammation. We devised a pharmacological strategy targeting Inf-A and Inf-D cells that significantly
decreased inflammation in OA chondrocytes. Using our atlas, we stratified patients with OA in three groups that
are distinguished by the relative proportions of inflammatory to regenerative cells, making it possible to devise

precision therapeutic approaches.

INTRODUCTION
Osteoarthritis (OA) is a highly prevalent, age-related disease of the
joints, characterized by cartilage degeneration, loss of mobility, and
chronic pain. Much work has been done investigating several aspects
of its complex etiology, including the contributions of metabolic,
epigenetic, genetic, and cellular factors. However, no disease-modifying
drugs exist to treat OA, with the current standard of care being
limited to pain management, followed by eventual joint replacement.
Recent and ongoing work has highlighted the important interplay
between aging, inflammation, and loss of regenerative potential in
multiple tissues. Although cartilage is a relatively simple tissue, with
a single cell type being encapsulated in its secreted extracellular matrix,
the variable degree of degeneration associated with each patient with
OA suggests that understanding this tissue at a single-cell level can
provide insights into the onset and progression of pathology.
Defining the precise subpopulations that constitute cartilage will
also aid strategies for cartilage tissue engineering or for enhancing
endogenous cartilage regeneration. Unlike other skeletal tissues,
cartilage has a remarkably low regeneration potential. Even injuries
sustained in youth remain unrepaired, giving rise to the fibro-
cartilaginous tissue that can lead to accelerated OA pathology. Multiple
studies have explored the putative cartilage progenitor cells (CPCs)
in articular cartilage by characterizing their cell surface markers and
describing their function (1). Notably, the CPC populations were
reported to be enriched in OA cartilage, having an increased migra-
tory potential, the ability to form highly clonal populations, and
multipotency (i.e., the ability to give rise to chondrocytes, osteo-
blasts, and adipocytes in culture) (2-4). Recently, the human skeletal
stem cell (hSSC) was identified (5), further suggesting another foun-
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tain of cells for repair. However, despite the existence of these puta-
tive regenerative populations, overall cartilage repair remains low,
both in healthy and diseased states. Cartilage repair is variable even
in younger, non-OA patients who undergo cartilage related injuries,
such as anterior cruciate ligament rupture or degenerative meniscal
tears, with some patients having a good recovery while others de-
velop OA over a decade or so. Collectively, this suggests that there
are factors preventing effective repair and regeneration of the tissue
and that these factors vary between patients.

One source of this limited repair might be the chronic inflam-
mation experienced by the joint. The synovium is known to be
infiltrated by a variety of immune cells (6), and several inflammatory
cytokines have been detected in the synovial fluid of patients with
OA (7). Further, several studies have characterized the actions of the
hypoxia factors (HIFs), nitric oxide, reactive oxygen species, nuclear
factor kB (NF-xB) signaling, and other pathways that maintain the
proinflammatory environment. To understand how this milieu might
affect the proregenerative populations, such as the CPCs, we used
single-cell mass cytometry [cytometry by time-of-flight (cyTOF)]
to map both the proregenerative cell populations and inflammatory
populations. By simultaneously being able to map cell identity and
signaling states, we could observe how cells interact and influence
each other. Furthermore, these maps provide us with a cell popu-
lation-based stratification of patients with OA, which may aid in
targeted OA therapeutics in the future.

RESULTS

High-dimensional mass cytometry-based profiling

of normal and OA cartilage

Toward our goal of profiling rare stem/progenitor-like populations
within normal and OA cartilage, we used cyTOF, a mass spectrometry-
based high-dimensional method for single-cell detection of isotope-
labeled antibodies (Fig. 1A) (8). While cyTOF panels have to be
preselected for each experiment, this technique provides the advantage
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Fig. 1. High-dimensional profiling of normal and OA chondrocytes using mass cytometry. (A) Schematic outlining the procedures used to profile chondrocytes by
mass cytometry. Briefly, cells are dissociated from cartilage tissue, stained with metal-conjugated antibodies, and analyzed using cyTOF. The resulting data are then gated
for live, SOX9/CD44-positive chondrocytes that are used for downstream analyses, including identifying clusters with FlowSOM. (B) tSNE projections of the normal (blue)
and OA (red) chondrocytes where each cell is represented by a dot. Each group was downsampled randomly to 9000 cells. (C) Normal chondrocytes colored by patient
sample, downsampled to 9000 cells. (D) OA chondrocytes colored by patient sample, downsampled to 9000 cells. (E) tSNE plots of 9000 normal chondrocytes, colored by
the expression of two chondrogenic markers (SOX9 and CD44), the cell surface receptor NOTCH1, and pNF-kB. Expression is set at the max of each channel and is compa-
rable between (E) and (F). (F) tSNE plots of 9000 OA chondrocytes, colored by the expression of two chondrogenic markers (SOX9 and CD44), the cell surface receptor
NOTCH1, and pNF-xB. Expression is set at the max of each channel and is comparable between (E) and (F).

that a large number of cells can be easily profiled in multiple samples
without being cost prohibitive. This profiling at the protein level is
complementary to single-cell transcriptomics and can provide a
snapshot of the active signaling pathways in a specific subpopulation.
After a detailed study of the literature and our preliminary data, a
panel of 33 markers was labeled and optimized (see Methods and
table S1) for profiling chondrocytes. This panel included cell surface
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receptors, adhesion molecules, signaling mediators, and cell cycle
and transcription factors that are known to be important for cartilage
homeostasis (table S1). Samples were collected from the surgical waste
of patients with OA undergoing total knee arthroplasty [according to
an Institutional Review Board (IRB) protocol approved by Stanford
University], digested and expanded for a single passage in high-density
culture as previously described (9). Each sample had an expression
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ratio of Col2al/Collal between 10 and 100 (fig. S1A), and the ex-
pression of MMP3, MMP9, and MMP13 was 10- to 10,000-fold higher
in OA cartilage compared to normal, as expected (fig. S1, B to D).
An average of 3 x 10* and 10 x 10* cells were assayed per OA or normal
sample, respectively, and, to ensure chondrogenicity, only the SOX99/
CD44 double-positive cells were further analyzed (fig. S1E). For vi-
sualization, the total population was downsampled to 9%, representing
9000 cells, and cells were projected onto a two-dimensional plane
using ¢-distributed stochastic neighbor embedding (tSNE) (Fig. 1B).
The spatial representations of OA and normal cells are distinct, al-
though no single sample (patient) for either normal or OA samples was
observed to dominate this representation (Fig. 1, C and D). Analysis of
SOX9 and CD44 staining showed high levels of staining across all
cells, ensuring the chondrogenic phenotype of the cells with no de-
differentiation observed during sample processing (Fig. 1, E and F). We
proceeded to analyze the single-cell data from 20 OA and 5 normal
samples. We observed known features of the OA landscape, for
example, the expansion of NOTCH1-expressing chondrocytes in OA
(Fig. 1, E and F). Phosphorylated NF-«xB (pNF-kB), in contrast,
could not readily distinguish between normal and OA samples, which
both consisted of populations manifesting high, medium, and low
levels of signaling (Fig. 1, E and F).

Normal and OA cartilage landscape consists of both
abundant and rare subpopulations

To find unique subpopulations in the normal and OA cartilage, we
used the algorithm FlowSOM (10) to define clusters (see Methods)
based on the similarity of expression of cell surface receptors and in-
tracellular markers. FlowSOM identified 20 clusters or subpopulations
in our data (Fig. 2, A and B ). Using an alternate algorithm, X-shift
(11), we observed a similar number and composition of clusters
(fig. S1F), providing an independent validation of the FlowSOM
analyses. A standard scaled distribution matrix for all the surface
receptors and intracellular markers used to define the 20 clusters
with FlowSOM (Fig. 2C) demonstrates the molecular identity of
these clusters. For example, clusters 1 and 2 are marked by high in-
tercellular adhesion molecule (ICAM), clusters 12 and 16 have a
high expression of NOTCH1, STRO1, and CD166, and clusters 15
and 20 have high interleukin-1 receptor 1 (IL1R1) and tumor necrosis
factor receptor II (TNFRII). Using the 20 clusters, we observed that
the patients with OA were highly anticorrelated with the normal
samples (fig. S2A). On the basis of the known functions of the mol-
ecules that defined each subpopulation, we broadly defined clusters
as CPC clusters or non-CPC clusters (Fig. 2D and fig. S2B).

We next wanted to investigate how the nature and frequency of
the identified subpopulations varied between the normal and OA
samples, specifically to determine whether populations were gained or
lost with disease. On the basis of this idea, we categorized the clusters
into three groups: (i) increased in OA, (ii) unchanged between
OA and normal, and (iii) decreased in OA. Eight subpopulations
(clusters 5,7,9,11,12, 13, 19, and 20) were enriched in the OA samples
compared to normal; five subpopulations (clusters 1, 2, 3, 8, and 14)
were depleted compared to normal, while seven subpopulations
(clusters 4, 6, 10, 15, 16, 17, and 18) remained unchanged between
the OA and normal samples (Fig. 2D and fig. S2B). Quantitation of
the frequency of these populations revealed interpatient heterogeneity,
which we quantified using the coefficient of variation (Fig. 2E).
CPC clusters 4 and 16 along with the non-CPC cluster 19 were
among the most variable between patients with OA, while clusters
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15 and 20 were the least variable (Fig. 2E). As an alternative way to
quantify this heterogeneity, we used a metric used in population
ecology, known as Shannon’s diversity index, which describes how
heterogeneous and evenly distributed populations are in an ecosystem.
On the basis of the 20 populations identified by FlowSOM, we
observed that (i) OA samples had a higher Shannon diversity index
(H value) and, additionally, (ii) the range of H values for patients
with OA was larger than for normal samples, indicating a loss of
population evenness in OA (Fig. 2F). A direct comparison between
the OA and normal samples is difficult, however, as the number of
OA samples (n = 20) is much larger than normal samples (n = 5).
Hence, this dataset may be missing some of the potentially higher
variability clusters in normal cartilage.

Using these populations, whose unique identities are detailed in
later sections, we performed hierarchical clustering of the 20 OA
patient and 5 normal samples in our study. Our goal was to identify
subsets of patients with unique compositions of these rare populations.
Such characterization, common in the cancer field, can be helpful in
designing targeted therapeutic strategies tailored to groups of patients
with similar molecular underpinnings driving their disease. As
expected, all the normal samples clustered together (Fig. 2G). We
observed three major groups of patients, with some patients that
clustered only with themselves. Group A, the largest of the three groups
with 12 patients, was enriched in clusters 7 and 11, marked by CD105
expression (Fig. 2, G and H). Group B, consisting of three patients,
was enriched in clusters 17 and 18, the CD24" populations, and group C,
also consisting of three patients, was characterized by a high abun-
dance of clusters 9, 12, and 16 that were identified to be NOTCH1/
VCAM-1 (vascular cell adhesion molecule-1)-positive CPC (Fig. 2,
G and H). In the following sections, we will detail the unique char-
acteristics of these populations and the etiology that they reveal
about the underlying patients with OA.

Patients are differentially enriched in inflammatory

and noninflammatory CPCs

Several studies (3, 4, 12-19) have found CPCs that have the ability
to give rise to chondrocytes, show self-renewal in culture, and are
able to migrate in OA cartilage. These CPCs are believed to be the
origin of the highly clonal characteristic clusters (20, 21) found in
OA cartilage. Their role in OA disease pathology, however, remains
unclear, especially whether they contribute to disease onset and
progression. To address these questions and better characterize the
CPCs and their cross-talk with other cartilage-resident cells, we had
designed our cyTOF panel to include 13 previously described markers
for CPCs (Fig. 3A and table S1). Of the 20 clusters identified using
FlowSOM, 12 clusters were found to be enriched for these CPC
markers in a variety of combinations (Fig. 3A and fig. S3A). The rest
of the clusters, designated non-CPC, are very low in their expression
of the CPC markers as shown for clusters 3, 5, and 6 (fig. S2A). In
contrast to previous observations, we found that there are three vari-
ants of CPC subpopulations that are depleted in OA (Fig. 3B), which
we termed CPC 1. Out of the rest, two clusters were unchanged be-
tween normal and OA cartilage, termed CPC I, and six clusters were
enriched in OA cartilage, comprising some of the previously de-
scribed CPC populations, which we termed CPC III (Fig. 3B).

The CPCI clusters were characterized by lower CD105 expression
in contrast to the CPC III clusters (Fig. 3A). Cluster 1 and 2 cells
were distinct in having a high expression of CD54 (ICAM) (Fig. 3A).
Previous work exploring markers for stem or progenitor cells had

30f13



SCIENCE ADVANCES | RESEARCH ARTICLE

Cluster ID
CcPC Non-CPC
A N D
ormal ' . .
102 - Enriched |7 ©12,71° Enriched in OA
SR A in OA ® 9 ©13 020
510 . l in ® 11 05
o) 0 . o~
2 10 a R — ®1014,03 w
‘*510_1 .' ". Pepleted ®> : .203
c Y \ in OA ®s
g1o2 i [ ®: o5
5. o I
1073 Similar ® 10 1@15
104 ® 16 1017
1@18
1234567 8 91011121314151617181920 .
B E F I
- (I\Jl%rmal %
O
— 22.0
©
5 218
= o
2 216 :
GCJ ©
o S .
P g1 4
& 212
< 1.
n Normal OA
1234567 8 91011121314151617 181920
1234567 8 9 101112131415 161718 19 20 Cluster ID
Cluster ID
c G £ydanss
Expression 0 A
Low ‘High
IL1R1
TNFRII
HIF2A
ICAM1
CD166
NOTCH1
STRO1
-CD24 @)
VCAM1 S
TNFRI 9]
CD105 =
CD90 o
CD29
CD73
IL1R2
SOD2
-CD49C
CD49E
CD151
CD9
15204 6 3 519122 8 171011 7 9 16 1 141318 NIN2NAN2N3 7 1193 5 9 4 11 6 131420 2 8 1712 10 18 15 16
Cluster ID Normal Group A Group B Group C
OA
Sample ID
H p
12 3 45
[ ]
e ©o00
: 6 7 8910
e ©®©0e0o0e
: 11 12 1314 15
e ©0o0o0
16 17 1819 20
[ ] [ ]

I
Normal Group A Group B Group C

Fig. 2. Normal and OA cartilage landscape consists of both abundant and rare subpopulations. (A) Abundance of each of the 20 clusters called by FlowSOM analysis
in normal samples. Each point represents a single sample. (n=5). (B) Abundance of each of the 20 clusters called by FlowSOM analysis in OA samples (n = 20). Each point
represents a single sample. (C) Expression of cell surface receptors used for delineating the 20 clusters. Expression is averaged between all cells of a given cluster ID. Color
is scaled to 1 for each protein between all the clusters. Dendograms were drawn using complete-linkage hierarchical clustering. (D) Table of the cluster IDs that are enriched,
depleted, or similar between OA and normal samples. Colors in the enriched section correspond to the tSNE projection on the right. The tSNE projection contains cells from
clusters that are enriched in OA compared to normal, sampled to 9000 cells. Enrichment, depletion, or similarity between the ranked means of normal (n = 5) and OA (n =20)
cluster abundance was tested using an unpaired, two-tailed Mann-Whitney test with Bonferroni correction (o = 0.0025). Adjusted P values for all enriched or depleted clusters
are 0.002. (E) Coefficient of variation (mean divided by SD) for each cluster in normal or OA samples. (F) Shannon’s diversity index (H) calculated for each normal and OA
sample (see Methods). Theoretical max H value is 2.99. Equality between the means H values for OA (n=20) and normal (n =5) samples was tested using a two-tailed
Mann-Whitney test. ***P =0.001. (G) Hierarchical clustering of normal and OA samples by cluster abundances. Abundance is scaled to 1. Samples belonging to the three
designated groups are labeled at the bottom. (H) Average cluster abundance in normal and group A, B, and C patients with OA. Each color designates a cluster ID.
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noted that cells with high CD54 and CD55 expression had higher
levels of aldehyde dehydrogenase activity, associated with stem cell
function (22). Cluster 14 was distinguished by the expression of CD151,
i.e., tetraspanin, a cell adhesion marker, which was described to mark
chondrocytes with higher chondrogenic potential in an in vitro study
(23). Cell cycle analysis showed that CPC I clusters had the highest
percentage of cells that were cycling (Fig. 3C), although, overall, the
number of cycling cells was low, as expected for postmitotic chon-
drocytes (<20%). The CPC I clusters are exclusively characterized
by extracellular signal-regulated kinase 1/2 signaling, while the other
clusters, with the exception of the CPCII cluster 10, are not (Fig. 3D).
Out of the CPC II clusters, cluster 4 is characterized by a high CD73
expression and is not predominantly active in any of the tested sig-
naling pathways (Fig. 3D). CD73 has recently been identified to be
one of the critical markers on an adult hSSC population (5). The
CPCIII populations contained clusters that were enriched for many
inflammatory signaling pathways. Clusters 12, 13, and 16 were high in
the expression of pNF-kB, pSTAT3 (phosphorylated Signal trans-
ducer and activator of transcription 3), B-catenin, and HIF2A, asso-
ciated with inflammation in OA. However, CPC III also had popu-
lations that were low in these pathways, namely, clusters 7, 9, and 11
(Fig. 3D). Cluster 16 appears to be the quintessential CD105/CD90-
high, NOTCH1/STRO1-driven migratory CPC that has been previ-
ously identified in OA cartilage (15, 24). Group C patients had a
significantly higher percentage of the proinflammatory clusters 9,
12, and 16 and a lower percentage of low-inflammation clusters 7
and 11 (Fig. 3E). This anticorrelation between clusters 9 and 11,
clusters 12 and 7, and clusters 16 and 14 (Fig. 3F and fig. S3, A and
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B) held across the 20-patient cohort, suggesting that these patients
might be particularly driven by this cellular subtype.

Identification of a rare inflammation-amplifying population
in OA cartilage

We further analyzed the non-CPC populations that were identified
by our panel, with a focus on putative inflammatory populations
that might contribute to pathology. Among these were clusters 15
and 20, which are characterized by the coexpression of two cytokine
receptors, ILIR1 (CD121A) and TNFRII (CD120B) (Fig. 4, A to C).
Cluster 20 is significantly expanded in OA cartilage compared to
the normal cartilage (Fig. 4D). Clusters 15 and 20 vary in the quantity
IL1R1 expression, with cluster 20 having a higher level of IL1R1
(Fig. 4E). However, both clusters 15 and 20 have similarly high levels
of TNFRII and HIF2A expression (Fig. 4E).

To further understand the molecular underpinnings of these
subpopulations, we used publicly available single-cell RNA (scRNA)
sequencing data (25). We were able to successfully identify cells that
expressed both ILIRI and TNFRSFIB transcripts in the scRNA
sequencing data. These cells represented about ~2% of sequenced
cells, validating the frequency we observed by cyTOF. Chondrocytes
that expressed both transcripts were sorted in silico, and the differ-
entially expressed genes and pathways were analyzed. The ILIRI/
TNEFRII-expressing chondrocytes were found to be highly enriched
in pathways related to innate and adaptive immune cells, inflamma-
tion, and altered T and B cells signaling in arthritis (Fig. 4F). These
analyses suggest that the ILIRI/TNFRII cells might act to recruit
immune cells to the joint space. We, therefore, termed clusters 15
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OA samples, ****P = 0.0001. (D) Quantification of the abundance of clusters 15 and 20in normal and OA samples. Significance is tested using Welch’s t test. Each point
represents a sample. (E) Magnified projection of clusters 15 and 20 depicting expression of the two cell surface receptors, TNFRII and IL1R1, and of intracellular HIF2A.
Expression is scaled to max value in dataset for each protein and is comparable across normal and OA samples. Heatmap below the tSNE depicts quantification of average
expression in representative chondrocytes (cluster 5) in comparison to clusters 15 and 20. (F) Single-cell RNA (scRNA) sequencing data from (25) reanalyzed. Cells
expressing TNFRIl and ILTR1 were sorted in silico, and their transcriptome was compared to the rest of the OA cells and used for Gene Ontology (GO) term and STRING
analyses. (G) Same as in (E), for signaling markers pJNK1/2, pNF-xB (H), and pSMAD1/5 (I). (J) Fold change in cytokines from human 62-plex Luminex assay between
dimethyl sulfoxide (DMSO) and JNK inhibitor treatment. (K) Fold change in cytokines from human 62-plex Luminex assay between DMSO and NF-«B inhibitor treatment.
(L) Fold change in cytokines from human 62-plex Luminex assay between DMSO and Alk inhibitor treatment. (M) Raw mean fluorescence intensity (MFI) values for cytokines
that were significantly altered between DMSO- and JNK-treated samples in at least five of six tested OA samples. Significance was first tested for using analysis of variance
(ANOVA) with multiple corrections for the 62 comparisons, and then, t test with Tukey’s correction was applied for each comparison on a patient-by-patient sample. Each
point represents an independent technical treatment and cytokine analyses for the same patient (n = 6 patients with OA). AU, arbitrary units. (N and O) Same as in (M) but
with NF-kB and Alk inhibitors, respectively (n =3 patients with OA). *P = 0.05, **P = 0.01, and ***P = 0.001.
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and 20 inflammation-amplifying (Inf-A) chondrocytes. Upon ana-
lyzing their signaling status, the Inf-A clusters showed exclusive
signaling through pJNK (phosphorylated c-Jun N-terminal kinase)
and pSMAD1/5 compared to the rest of the chondrocyte clusters
(Fig. 4, G and I). In contrast, pNF-kB levels in clusters 15 and 20
were similar to other clusters identified (Fig. 4H). Despite its rarity,
cluster 20 was highly consistent among patients, with TNFRII ex-
pression and JNK and SMAD1/5 phosphorylation levels consistently
high across all patients with OA in cluster 20, and more variable in
cluster 15 (fig. S4A). Cluster 20 shows the lowest coefficient of vari-
ation in the OA samples (Fig. 2E).

Next, we sought to explore the functional effects of inhibiting
these Inf-A cells in OA cartilage by capitalizing on their distinct sig-
naling through JNK. Chondrocytes derived from six patients were
cultured for 48 hours in the presence of JNK inhibitor II, and the
secretome was analyzed via 62 antibody human Luminex panels.
Across all six patients, a variety of cytokines were altered (fig. S4B),
many trending toward significance. Restricting our analysis to only
those cytokines that were altered in five or more patients (>83%
response rate), we observed a significant decrease in C-C motif chemo-
kine ligand 2 (CCL2) and CCL?7 after JNK inhibition (Fig. 4, ] and M).
CCL2 and CCL7 are well-established chemoattractants for monocytes
and are known to be altered during OA progression (26). Genetic
deletions of CCL2 and its receptor CCR2 prevent the development
of surgical OA, further underscoring the importance of CCL2 as a
key modulator in pathology (27). In contrast, inhibition of NF-kB
activity with BMS-345541 (28) did not affect CCL2 or CCL7 secre-
tion in OA chondrocytes (Fig. 4, K and N), suggesting that the effect
is specific to the Inf-A population. As a complementary approach,
we inhibited SMAD1/5, the other exclusive signaling pathway of
the Inf-A cells, using an ALK (activin receptor-like kinase) inhibitor.
ALK receptors are the most common upstream target of SMAD1/5
signaling in OA (29). As hypothesized, ALK inhibitor treatment re-
sulted in a decrease in the same cytokines affected by the JNK inhibi-
tor, CCL2, and CCL7, and, additionally, C-X-C motif chemokine
ligand 1 (CXCL1) and CXCLS5 (Fig. 4, L and O), two other leukocyte
attracting factors. Collectively, these data are consistent with the tran-
scriptional data suggesting that the IFNR1 (interferon receptor 1)/
TNFRII-coexpressing cells mark a rare OA subpopulation that is
potentially responsible for immune recruitment to the joint. We
demonstrated that inhibition of this rare population can significantly
affect the overall secretome of the end-stage OA chondrocytes.

A CD24* chondrocyte population mitigates inflammation

in OA cartilage

Our previous work established a role for the cell surface receptor
CD24 in mitigating inflammation in healthy and induced pluripotent
stem cell (iPSC)-derived chondrocytes (30). Although CD24 is highly
expressed in juvenile and iPSC-derived chondrocytes, its expression
is decreased with age (30), potentially underscoring the age-related
etiology of OA. We included CD24 in our cyTOF panel to under-
stand the interplay of CD24" cells with the other regenerative and
inflammatory subpopulations in the OA joint. FlowSOM-derived
clusters 17 and 18 were found to be most enriched in CD24 expres-
sion (Fig. 5, A and C). Both clusters 17 and 18 were found in equal
numbers in normal and OA cartilage; however, there was a high
variability in their abundance between patients (Fig. 5B). In agreement
with our previous report, CD24 cells decreased with age (fig. S5A)
and were among the least reactive groups to undergo stimulation by
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the proinflammatory cytokine IL1B (fig. S5B). Therefore, we termed
clusters 17 and 18 inflammation-dampening (Inf-D) I and II cells,
respectively. Inf-D II cells had the highest levels of CD24 expression
and also had higher levels of Sox9 and CD44, although expression
in Inf-D I cells was comparable with normal cells (Fig. 5C). To further
characterize the function of these CD24" cells, we used the same
previously published scRNA sequencing dataset and sorted out
CD24" cells. Consistent with our hypothesis that the CD24" cells
are capable of immune modulation, we observed an enrichment for
pathways related to inflammation and immune cell trafficking and
cross-talk (Fig. 5D and fig. S5C). In addition, the CD24" cells showed
an enrichment of oxidative phosphorylation pathways, suggesting
that these cells could have different metabolic processes compared
to other chondrocytes (Fig. 5D and fig. S5C).

To understand the interplay between Inf-A and Inf-D cells in the
OA cartilage, we analyzed their abundance in the cohort of 20 pa-
tients and used hierarchical clustering to order patients by the content
of their Inf-A and Inf-D cells. The patients were clearly stratified into
two large categories of patients: Inf-D-low and Inf-D-high patients
with OA (Fig. 5E). The Inf-D-high group had concomitantly high
levels of the Inf-A clusters than the Inf-D-low group (Fig. 5F). In
addition, a positive correlation was observed between the percentage
of Inf-A and Inf-D cells in patients (Fig. 5G). This led us to hypothesize
that a combination strategy of enhancing Inf-D while inhibiting Inf-A
populations could be effective in mitigating inflammation in OA
cartilage. We also noted a small and highly variable population,
cluster 19, which had a mixed character. Cluster 19 showed IL1R1
expression without the inflammatory signature that we observed in the
Inf-A T and Inf-A II cells (pJNK1/2 and pPSMAD1/5) (Fig. 5, Hand 1)
and curiously also expressed CD24. These cells were only present in
8 of the 20 patients (Fig. 5I) but further suggested that CD24 expres-
sion in the Inf-D cells can dampen inflammation.

To test this hypothesis, we first induced mild CD24 overexpres-
sion by treating cells with 3-isobutyl-1-methylxanthine (IBMX), an
adenosine 3’,5-monophosphate inhibitor that has been shown to
increase CD24 expression in adipocytes (31). Treatment with 0.5 mM
IBMX for 48 hours up-regulated CD24 expression by two- to fourfold
in OA chondrocytes (fig. S5D). IBMX increased the gene expression
of the mitochondrial genes Tfam, and Pgcla (fig. S5E), although no
consistent effect was, however, observed on MMP13 expression
(fig. S5E). Using the 62-plex Luminex assay, we observed a modest
down-regulation of CCL2 and CCL7; however, these effects were
milder than the direct inhibition of the Inf-A signaling (Fig. 5]).

We then tested a combination treatment of JNK inhibitor with
IBMX for 48 hours. We observed a greater magnitude decreased in
CCL2 and CCL7 with the combination treatment (Fig. 5K) as com-
pared to the single treatment with JNK inhibitor (Fig. 4, ] and M).
In addition, the combination therapy further mitigated inflammation
by reducing the secretion of targets such as IL21, IL22, VCAM, and
IFNBI (Fig. 5L). Similar to JNK inhibitor treatment, matrix metal-
loproteinase (MMP) gene expression remained unaffected by the
combination treatment (fig. S5F). These data, however, suggest that
targeting multiple combinations of rare cell types in OA cartilage may
be beneficial in mitigating inflammation.

DISCUSSION
In this study, we built the first single-cell, proteomic atlas for healthy
and osteoarthritic adult articular cartilage. Cartilage regeneration and
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Fig. 5. A CD24" subpopulation mitigates inflammation in OA cartilage. (A) tSNE projection of normal and OA cells (gray) with clusters 17 and 18 colored, sampled at
9000 cells each. (B) Abundance of each cluster per sample. Differences between the means were tested using Welch's t test. (C) Heatmaps of chondrogenic markers SOX9
and CD44, as well as CD24. Expression is scaled to the highest expressing cell in the group. (D) scRNA sequencing data from (25), reanalyzed. Cells expressing CD24 with
a high Col2a1/Col1al ratio were sorted in silico, and their transcriptome was compared to the rest of the OA cells and used for GO term and STRING analyses. (E) Hierar-
chical clustering of OA samples based on clusters 15, 17, 18, and 20. Abundance is scaled to one for each cluster. Groups are labeled along the x axis. (F) Violin plots of
abundance of clusters 17, 18, 15, and 20in low and high Inf-D groups. Each sample is represented as a point. (G) Correlation between the abundance of cluster 20 with
clusters 17 + 18. Ninety-five percent confidence interval is shown in gray dashed line. Slope of line tested is significantly nonzero. (H) tSNE projection of OA cells, with
clusters 15, 20, and 19 labeled, sampled at 9000 cells. (I) Heatmaps of the average expression of each marker in the given cluster. (J) Fold change in cytokines from human
62-plex Luminex assay between control and 3-isobutyl-1-methylxanthine (IBMX) treatment. (K) Fold change in cytokines from human 62-plex Luminex assay between
control and a combined IBMX and JNK inhibitor treatment. (L) Percent change in cytokine MFI between control and the combined IBMX/JNK inhibitor treatment.

OA remain unmet medical needs. Therefore, a high-resolution cel-
lular atlas of articular cartilage tissue lays the foundation for insight
into disease pathology, drug strategies, and tissue engineering. Us-
ing a panel of 33 markers, we identified multiple populations that
constitute the articular cartilage landscape, including rare populations
that contribute to disease pathology and interpatient heterogeneity.

Recently, an scRNA sequencing map of knee cartilage was reported
from a cohort of 10 patients with OA and outlined several known and
cell populations (25). Our study complements this single-cell tran-
scriptomic data, with the additional advantage that the proteomic
snapshot provides insight into the status of signaling pathways in the
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identified subpopulations. The single-cell proteomic approach is es-
pecially pertinent in robustly identifying rare cell populations that are
difficult to discern from RNA sequencing data, where only 1600 cells
were studied from all the patients with OA. In contrast, the ability
to map 30,000 to 100,000 cells per patient in a 20-patient cohort by
the cyTOF method provided us a robust dataset to find and validate
statistically significant rare subpopulations. A recent study on rare
senescent cell populations in OA cartilage has shown the influence of
these small populations in OA pathology (32). Removal of senescent
cells significantly impaired OA progression in a mouse model and
modulated end-stage human OA chondrocytes, underscoring the need
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for further studies on other rare populations that might contribute
to OA pathology. In addition, frequent discrepancies between gene
and protein expression have been reported in OA, further signifying
the need for complementary proteomic and transcriptomic studies.

The ability to measure a large number of cells with high precision
allowed us to identify two, rare chondrocyte subpopulations (Inf-A
and Inf-D), which constitute only 0.5 to 1.5% of all chondrocytes. How-
ever, pharmacologically targeting these small populations led to a
dampening of inflammatory cytokines at the population level. The
Inf-A cells express both the TNFRII and IL1R1 receptors, are con-
sistently expanded in OA compared to normal cartilage, and are
characterized by activated JNK1/2 and SMAD1/5 pathways. An anal-
ysis of their transcriptomes from the published scRNA sequencing
dataset suggests that these cells may function to recruit immune
cells. Inhibition of these cells using a JNK inhibitor led to an overall
reduction of secreted CCL2 and CCL?7, cytokines implicated in im-
mune cell recruitment (33, 34). Genetic knockout of JNK1 or JNK2
ameliorates disease symptoms in a collagenase-induced model of
rheumatoid arthritis (RA) (35), and inhibition of JNK protects
joints from characteristic degeneration (36). These mouse models
can be used in future studies to test a putative immune cell recruit-
ment function of the Inf-A population. However, unlike in RA models,
JNK inhibitors have not been systematically studied as a therapy in
animal models of OA. TNFRII antibodies also have a strong ther-
apeutic index in RA (37). Our work suggests that some of these
therapies may also be successful in targeting OA.

The other novel population identified in our study is the Inf-D
chondrocytes, which are characterized by the expression of CD24, a
cell surface receptor we had previously reported to be enriched in
juvenile cartilage and associated with resistance to inflammatory cues
(30). Expression of CD24 in Inf-A cells, a subpopulation observed
in some patients, led to complete inhibition of JNK activation. In
addition, the positive correlation between Inf-A and Inf-D populations
in a subset of patients led us to hypothesize an interplay between
these two populations. Combinatorial treatment with JNK inhibitor
(lowering Inf-D) and IBMX, a small molecular activator of CD24
(increasing Inf-D), showed a greater decrease in CCL2, CCL7, CXCL1,
CXCLS5, and other inflammatory cytokines than JNK inhibition alone.
Our data, therefore, provide insights into the interplay between
multiple cellular populations that likely contribute to the chronic
inflammatory environment that is observed in end-stage OA cartilage.
A deeper understanding of these populations, their cross-talk, and
relative influence can help devise single or combinatorial biologic
candidates that can tilt the inflammatory balance in a way that can
be beneficial in the later or early stages of OA progression.

Our data also served to redefine the cartilage stem and progenitor-
like populations that reside in adult cartilage. We validated the existence
of CD105/CD90-, NOTCH1-, and STRO1-expressing CPCs that have
been previously described in OA and are highly inflammatory. In
addition, we described other CPC populations in OA cartilage that
express CD90 and CD105 but are low in inflammation. It will be
interesting to compare the regenerative potential of these different
subpopulations of CPCs, especially in a low-inflammation micro-
environment. Since CD24 is a marker for younger chondrocytes with
a higher regenerative potential, it is possible that our combinatorial
treatment can boost regenerative populations in addition to mitigating
inflammation. Our data also reveal that CD24 expression is associated
with mitochondrial biogenesis, another characteristic associated with
younger healthy chondrocytes. The data also reveal CPC I as pro-
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genitor populations that are lost in OA. Future studies are needed to
determine how these CPCs are lost during OA progression and whether
reintroduction of these CPCs can benefit cartilage regeneration. A
particularly interesting subgroup to follow is the CD73-expressing
cells, as CD73 has recently been identified to characterize the hSSCs
in bone marrow, which can self-renew and give rise to cartilage,
bone, and fat progenitor cells (5).

By characterizing chondrocyte populations in patients with OA,
we stratified patients by the abundance of each population. This prac-
tice is well established in the cancer field, where patient heterogeneity
and tumor subtyping play an ever-increasing role in precision med-
icine. Identification of the 20 different subpopulations in cartilage
allowed revealed three major categories of patients with OA. Group
A represents 60% of the patients, while groups B and C represent
15% each. Group C patients were distinguished from group A and
B patients by an expansion of the inflammatory NOTCH1/STRO1-
expressing CPCs, which are also highly active in proinflammatory
pathways such as NF-xB and HIF2A. Group B patients had an
expansion of the Inf-D population. A subset of patients driven by
inflammation has been suggested previously as well on the basis of
RNA sequencing (38) and DNA methylation patterns (39, 40) in
cartilage. Future work will reveal the molecular mechanism(s) that
drive this heterogeneity, which may be related to the multifactorial
etiology of OA that is affected by the genetic, epigenetic, metabolic,
as well as lifestyle factors of the patient populations. Such work will
also benefit from studying the interactions of the CPCs and Inf-A
and Inf-D cells in multifactorial systems that take into account all
the other cell types present in the joint.

In summary, this study provides the first high-dimensional cyTOF
map for adult cartilage, revealing multiple, rare subpopulations that
coexist in health and disease. Collectively, our data highlight the
complex interplay between Inf-A and Inf-D populations and regener-
ative populations in cartilage and suggest that altering the balance
between these populations could provide novel therapeutic strategies
for OA. In future studies, refined panels and larger cohort sizes can
provide a powerful platform for the stratification of patients with OA
based on the underlying cellular drivers of their disease. Ultimately,
these stratification efforts would allow for targeted testing of drugs for
each patient subset, to establish personalized medicine strategies for OA.

METHODS

Study design

Research objectives

Our objective was to profile rare populations of CPCs in OA patient
samples and determine their interactions. We designed a curated
panel of antibodies (see below) and tested a cohort of 20 OA patient
and 5 normal samples. Observations from this dataset were then
more thoroughly tested.

Research subjects

Chondrocytes were derived from OA cartilage or healthy cartilage
samples. All experiments were performed on primary cells.
Experimental design

We collected a cohort of 20 patients, which passed several quality
control parameters (see below) and included a variety of ages and a
balanced pool of male/female patients. Samples that did not pass
quality control metrics were not used for downstream analysis. Patient
samples were selected on the basis of previously established quality
control criteria, namely, the expression ratio of Col2al/Collal (see
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methods below) and the expression of MMP genes. Follow-up anal-
ysis was conducted on a separate panel of OA chondrocytes to en-
sure that we could independently see the same results.

Blinding

Researchers were not blind to disease status or treatment when an-
alyzing the data.

Data inclusion/exclusion criteria

All collected data points were used for assays performed after drug
treatment. All datasets were quality controlled, and wells or data points
that did not pass quality control metrics were not used. This includes
(i) Luminex wells that did not give acceptable standard bead read-
ings, (ii) quantitative polymerase chain reaction (QPCR) wells that
did not give suitable C; values for Actin, and (iii) cells analyzed by
cyTOF that did not have high SOX9 or CD44 expression. Quality
control exclusions were performed before analysis of data. After ex-
clusion of points for these reasons, no additional points were excluded.
Replicates

All drug treatments were performed in independent technical repli-
cates for each patient (i.e., cells derived from the same patient were
treated three times with drug versus control). All drug treatments
were performed in three to six patient samples.

Isolation and culture of primary chondrocytes from

human cartilage

OA samples were procured from the discarded tissues of patients
with radiographic OA undergoing total joint replacement, in accord-
ance with the IRB protocol approved by Stanford University, as
previously described (9). The age range for OA patient samples was
54 to 72 years old. Cartilage was shaved from the underlying bone,
allowed to recover overnight at 37°C in complete media [HyClone
Dulbecco's modified Eagle's medium:F12 (GE Healthcare, SH3002302)
supplemented with 2 mM r-glutamine (Gibco, 25-030-149), 10% fetal
bovine serum (FBS) (Corning, 35-016-CV), 1x antibiotic-antimycotic
(Gibco, 15-240-062), and ascorbic acid (12.5 pg/ml; Eastman)] and
then treated with collagenase (Collagenase Il and IV, 2.5 mg/ml each;
Worthington Biochem) in complete media overnight at 37°C. The
next day, cells were strained, centrifuged, and plated at a high density
of 2.6 x 10* cells/cm in complete media. Cells were allowed to be-
come confluent on the plates and were passaged once using collagenase,
before cyTOF experiments or drug treatments. Samples were checked
for Col2al/Collal ratios and MMP3, MMP9, and MMP13 expression,
before experimentation. Normal samples were either derived from
expired cartilage allograft samples or shipped from the manufac-
turer (samples 1 to 4) or from the surgical waste of a notchplasty
(sample 5) under an approved IRB and processed as described above.

RNA isolation and complementary DNA synthesis

Cells for RNA extraction were collected in RNA lysis buffer (Zymo
Research) and processed according to the manufacturer’s specifica-
tions for the Quick-RNA MicroPrep Kit (Zymo Research, R1051),
including the optional deoxyribonuclease I digestion. RNA quality
and quantity were measured using the NanoDrop 1000 Spectro-
photometer. All samples had Ajg0/280 (absorbance at 260 and 280 nm)
scores between 1.6 and 1.8.

Gene expression analyses

One milligram of RNA from each sample was reversed transcribed
into complementary DNA (cDNA) using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, 4368813). qPCR
was performed using TagMan gene-specific expression assays,
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FAM (carboxyfluorescein-labeled, for metalloproteinases 3, 9,
and 13 (Hs00233962_m1, Hs00957562_m1, and Hs00233992_m]1),
with a universal master mix (Applied Biosystems, 4369016).
Gene expression levels were normalized with FAM-labeled B-actin
(Hs01060665_g1).

For Tfam, CD24, and PGCla, we used the SybrGreen mastermix
(Applied Biosystems, A25742) according to the manufacturer’s
specifications. Primer sequences were as follows: Tfam_F: 5'-GCT-
CAGAACCCAGATGCA AAA-3', Tfam_R:5-AGGAAGTTCCCTC-
CAACGC-3';PGCla_F:5-CCATGGATGAAGGGTACTTTTCTG-3/,
PGCla_R:5'-CTTTTACCAAAGCAGCAGCC-3';CD24_F: 5'-TAC-
CCACGCAGATTTATT-3', CD24_R: 5'-AGA GTGAGACCAC-
GAAGA-3'; Actin_F: 5'-CACCAACTGGGACGACAT-3’, Actin_R:
5'-ACAGCCTGGATAGCAACG-3". qPCR reactions included a
2-min incubation at 50°C to inactivate previous amplicons with
uracil-DNA glycosylase, followed by a 10-min incubation at 95°C to
activate the Taq polymerase. The amplification cycle, consisting of
15 s at 95°C and 1 min at 60°C, was repeated 40 times. The relative
expression levels were determined using the AAC; method (C; gene
of interest — C; internal control), and relative gene expression is cal-
culated using 2 — AAC; method and plotted.

Drug treatment of OA cells

OA cells were seeded at high density in 12-well plates and treated
with control [dimethyl sulfoxide (DMSO)] or drug the next day for
48 hours. Drug doses were determined on the basis of prior literature
and validation: 0.5 mM IBMX (Sigma-Aldrich, 15879) (31), 50 uM
JNK inhibitor II (Calbiochem, 420119), 25 uM NF-kB inhibitor
BMS-345541 (Sigma-Aldrich, B9935) (28, 41), and 50 uM Alk inhib-
itor SB 431542 hydrate (Sigma-Aldrich, S4317) (42, 43) were used
with appropriate dilution in DMSO.

Multiplex autoantibody assay

Cell culture supernatants were collected and spun down at 10,000g
for 10 min at 4°C to remove any cells or cell debris and then snap-
frozen in liquid nitrogen before performing the assay. This assay was
performed in the Human Immune Monitoring Center at Stanford
University. Human 62-plex kits were purchased from eBiosciences/
Affymetrix and used according to the manufacturer’s recommen-
dations with modifications as described below. Briefly, beads were
added to a 96-well plate and washed in a BioTek ELx405 washer.
Undiluted samples were added to the plate containing the mixed
antibody-linked beads and incubated at room temperature (RT) for
1 hour, followed by overnight incubation at 4°C with shaking. Cold
temperature and RT incubation steps were performed on an orbital
shaker at 500 to 600 rpm. Following the overnight incubation, plates
were washed in a BioTek ELx405 washer, and then, biotinylated
detection antibody was added for 75 min at RT with shaking. The
plate was washed as above, and streptavidin-phycoerythrin was
added. After incubation for 30 min at RT, wash was performed as
above, and reading buffer was added to the wells. Each sample was
measured in duplicate. Plates were read using a Luminex 200 in-
strument with a lower bound of 50 beads per sample per cytokine.
Custom assay control beads by Radix Biosolutions were added to all
wells.

Conjugation of antibodies to metal isotopes

Antibodies were labeled according to the manufacturer’s specifica-
tions using the MAXPAR X8 Polymer labeling kit (Fluidigm). One
tube was used per 100 pg of antibody. Antibodies were purchased
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labeling ready, without additives, whenever possible. Antibodies with
carrier components such as albumin or glycerol were cleaned with
Melon Gel IgG Purification columns (Thermo Fisher Scientific) after
buffer exchange with Zeba Desalt Spin Columns (Thermo Fisher
Scientific) as per the manufacturer’s specifications. Final antibody
concentration was measured using a NanoDrop 1000 Spectro-
photometer, set to IgG (immunoglobulin G) mode, diluted to the high-
estround value in W buffer with sodium azide, and stored at 4°C for
later use. The complete list of conjugated antibodies, metal isotope,
clone information, and the manufacturer can be found in table S1.

Titration of antibodies for cyTOF

Metal conjugated antibodies were tested in a three-point dilution
curve, centered on their recommended or optimized fluorescence-
activated cell sorting (FACS) concentration, with a 10-fold increase
and decrease from this center value. Signal-to-noise ratio was com-
pared by staining known negative samples, such as 293 T cells. The
lowest concentration that had no increase in signal upon a 10-fold
increase in concentration was used for the final staining concentra-
tion (see table S1).

Cell staining and cyTOF

OA cells were cultured to confluence in 10-cm dishes. On the col-
lection day, cells were stained with 25 uM Idu (5-Iodo-2'-deoxyuridine)
for 15 min at 37°C in the cell incubator and then with 0.5 uM
cisplatin for 5 min at RT. Cells were then lifted with 0.25% trypsin-
EDTA (Gibco) for 15 min at 37°C. Trypsin was quenched using
media containing 10% FBS, and cell were washed three times with
phosphate-buffered saline to remove any trace amounts of trypsin.
Cells were fixed after straining through a 35 uM strainer in 1.6%
paraformaldehyde (PFA) for 10 min at RT. Cells were washed four
times with cells staining media, counted, and frozen in 1 million-cell
aliquots in a small amount of cell staining media at —80°C. To stain,
cells were thawed on ice and barcoded using the Cell-ID 20-plex Pd
Barcoding Kit (Fluidigm) according to the manufacturer’s specifi-
cations. After barcoding, cells were labeled as previously described
(8). Briefly, all barcoded samples were combined into one FACS tube
and washed 3 times with cell staining media and stained with the
cell surface antibodies for 30 min at RT according to the concentra-
tions in table S1. Cells were then washed 2 times with cell staining
media and permeabilized with 1 ml of cold methanol added drop-
wise with continuous gentle vortexing. Cells were incubated for
10 min on ice, with gentle vortexing every 2 to 3 min to avoid cell
clumping, then washed in cell staining media, and stained with the
intracellular antibodies for 30 min at RT. After 2 times washed with
cell staining media, cells were resuspended in 1.6% PFA with Cell-ID
Intercalator-Ir (Fluidigm) used at 1:2000. Cells were measured using
the cyTOF 2 (Fluidigm) and injected using the supersampler. EQ
(Four Element Calibration) beads (Fluidigm) were added just before
runtime (1:10 dilution) to normalize signal over runtime.

Quality control and data cleaning

Normalization over run time was performed using the EU beads
using the previously published bead normalized (v0.3) available
here: https://github.com/nolanlab/bead-normalization/releases
with the default parameters. Samples were then debarcoded using
the single-cell debarcoder available here: https://github.com/nolanlab/
single-cell-debarcoder using the default parameters. Channel values
were arcsine transformed and normalized between the two inde-
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pendent runs using two patients with OA that were loaded in both
runs. The tower-independent runs were normalized to each other.
Next, we selected for live cells by gating for cisplatin-negative, DNA
(Ir195)-positive cells. Last, from live cells, we gated for SOX9/CD44
double-positive cells, which were included in the final analysis. On
average, 98% of the OA and normal cells were live, and 95 and 64%,
respectively, were in the SOX9/CD44 gate. Gating was performed
using Cytobank.

FlowSOM analysis and tSNE projections

Clusters were called using FlowSOM (10). Analysis was performed
using Cytobank’s online implementation using the standard settings.
Clustering was performed using the cell surface receptors, HIF2A
and SOD2 (superoxide dismutase 2); no signaling markers were in-
cluded. The self-organizing map (SOM) was constructed using the
20 OA and 5 normal samples, and then, the same SOM was applied
to the treated samples. tSNE projection was also performed using
Cytobank’s online platform. All results, including FlowSOM clus-
ters and tSNE coordinates, were exported as text files and manip-
ulated for plotting in Python. We compared the results from our
FlowSOM clusters to other clustering algorithms, including X-shift
(24), and obtained similar numbers of clusters and patterns of ex-
pression within each cluster.

Data visualization and analysis

Data were visualized using Python and the NumPy (www.numpy.
org/), pandas (https://pandas.pydata.org/pandas-docs/stable/), and
seaborn (https://seaborn.pydata.org/) packages. Hierarchical clus-
tering of samples or cell populations was performed using the sea-
born clustermap function, using a complete-linkage algorithm, also
known as the farthest neighbor clustering, in which clusters are de-
cided on the basis of the two most dissimilar points. Complete link-
age clustering avoids the chaining phenomenon that can occur with
single-linkage methods, where clusters that may be very distant
from each other are forced together because of a single element be-
ing close. Complete linkage tends to find compact clusters of equal
diameters.

Reanalysis of scRNA sequencing data from GSE104782

Gene counts were downloaded from Gene Expression Omnibus and
reanalyzed using custom Python scripts. Gene expression networks
and pathway analyses were performed using Ingenuity Pathway
Analysis (QIAGEN), Enrichr, and STRING.

Statistical analysis

Planned comparisons were performed with the GraphPad Prism
software. We used (i) one-way analysis of variance (ANOVA) followed
by Tukey’s post hoc test to identify specific differences between drug
treatment groups or between selected OA patient groups (for treat-
ments, groups were only compared against DMSO controls, not
against each other) and (ii) nonparametric, two-tailed Welch’s ¢ test
for comparisons between only two groups. P values were corrected
for multiple hypothesis testing, such that the family-wise error was
capped at 0.05, using the Bonferroni correction method. The exact
method and specific P values for significant comparisons are stated
in the appropriate results section. For cyTOF plots, although only
9000 cells were visualized on the tSNE plots in the figures, average
values and other calculations or statistics were performed with all
cells that met the required criteria.
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/11/eaay5352/DC1

Fig. S1. Quality control of normal and OA chondrocyte samples used for cyTOF analysis.
Fig. 52. OA and normal samples are characterized by different populations of cells.

Fig. S3. CPC clusters differentiate OA patient subtypes.

Fig. S4. Inf-A population is marked by TNFRIl and IL1R1.

Fig. S5. Inf-D population is marked by CD24 expression and low reactivity to inflammatory cues.

Table S1. Table of antibodies used in cyTOF panel.

View/request a protocol for this paper from Bio-protocol.
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