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Single-cell insights into immune
dysregulation in rheumatoid arthritis flare
versus drug-free remission

Kenneth F. Baker 1,2 , David McDonald3, Gillian Hulme3, Rafiqul Hussain4,
Jonathan Coxhead4, David Swan 5, Axel R. Schulz 6, Henrik E. Mei 6,
Lucy MacDonald7, Arthur G. Pratt 1,2, Andrew Filby 3, Amy E. Anderson 1 &
John D. Isaacs 1,2

Immune-mediated inflammatory diseases (IMIDs) are typically characterised
by relapsing and remitting flares of inflammation. However, the unpredict-
ability of disease flares impedes their study. Addressing this critical knowledge
gap, we use the experimental medicine approach of immunomodulatory drug
withdrawal in rheumatoid arthritis (RA) remission to synchronise flare pro-
cesses allowing detailed characterisation. Exploratory mass cytometry ana-
lyses reveal three circulating cellular subsets heralding the onset of arthritis
flare – CD45RO+PD1hi CD4+ and CD8+ T cells, and CD27+CD86+CD21- B cells –
further characterised by single-cell sequencing. Distinct lymphocyte subsets
including cytotoxic and exhausted CD4+ memory T cells, memory
CD8+CXCR5+ T cells, and IGHA1+ plasma cells are primed for activation in flare
patients. Regulatory memory CD4+ T cells (Treg cells) increase at flare onset,
but with dysfunctional regulatory marker expression compared to drug-free
remission. Significant clonal expansion is observed in T cells, but not B cells,
after drug cessation; this is widespread throughout memory CD8+ T cell sub-
sets but limited to the granzyme-expressing cytotoxic subset within CD4+

memory T cells. Based on our observations, we suggest a model of immune
dysregulation for understanding RA flare, with potential for further transla-
tional research towards novel avenues for its treatment and prevention.

For many years, rheumatoid arthritis (RA) was viewed as a disease of
inexorable joint inflammation and destruction, with progressive and
irreversible disability. However, the advent of modern disease mod-
ifying anti-rheumatic drugs (DMARDs), combined with a realisation of
the importance of early treatment and treat-to-target escalation of
therapy, has enabled a remarkable revolution in RA outcomes such
that disease remission is now an achievable and realistic target for
the majority of newly-diagnosed patients1,2. With these incredible

advances comes a new dilemma—how best to manage long-term
DMARD therapy once remission has been achieved? Interventional
clinical trials have shown that around half of patients with established
RA in remission can stop conventional synthetic DMARDs (csDMARDs)
and achieve drug-free remission (DFR)3–5. However, even patients in
sustained drug-induced remission can experiencedisease flares, which
both risk incremental joint damage and limit physical function and
quality of life.
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DMARDs are potent drugs with potential toxicity, require
expensive and labour-intensive safety monitoring, and can be
viewed as a hindrance to an otherwise normal lifestyle by patients
in remission6. Strategies of DMARD minimisation would thus
reduce drug toxicity and improve quality of life, whilst simulta-
neously reducing treatment costs and utilisation of healthcare
resources. Reliable biomarkers of remission and flare, ideally
measured within easily obtained samples such as peripheral
blood, could help to inform such personalised approaches to
DMARD therapy in future clinical practice. However, disease
flares in RA are difficult to study, not least because of their sud-
den and unpredictable nature. Clinical trials of controlled DMARD
cessation in consenting participants provide an experimental
medicine model by which to synchronise flare processes, allowing
a detailed study of the underlying immunological pathways.

Here, we show exploratory analyses of high-dimensional mass
cytometry and single-cell RNA sequencing data from a clinical trial of
csDMARD cessation to provide insights into the underlying cellular
features that distinguish flare and DFR in patients with RA. Based on
our data, we suggest a conceptual model of RA flare in terms of
immune dysregulation with memory CD4+ T cell, memory CD8+ T cell,
and B/plasma cell subsets promoting RA flare processes; and a role for
CD4+ Treg cells in the maintenance of DFR.

Results
Mass cytometry reveals an increase in specific memory T and B
cell subsets at flare onset
Mass cytometry data incorporating 38 surface markers were generated
for paired PBMC samples obtained from36patients in the BioRRA study
atbaseline and follow-up: 20ofwhomflared followingDMARDcessation
(on-drug remission versus off-drug flare time point), and 16 who
achieved DFR (on-drug remission versus 6 months DFR time point).
Demographic and clinical details of these patients are shown in Table 1.

Thirty-one distinct clusters were identified, with excellent dis-
crimination betweenmajor PBMC lineages (Fig. 1A and Supplementary
Fig. 1). Seven clusters were differentially abundant between paired
samples in flare patients, versus 4 clusters in DFR patients

(Supplementary Fig. 2, Table 2 and Supplementary Data 1). Clusters
with longitudinal changes inproportional abundance common to both
flare and remission patients could represent effects of DMARD cessa-
tion. Therefore, to identify flare-associated cellular clusters, we looked
for those with significantly greater circulating abundance at onset of
flare versus baseline in flare patients, and which showed no significant
longitudinal difference in DFR patients. Three subsets met these cri-
teria: CD3+CD4+CD45RO+ICOS+PD1+CD38hi T cells (CD4_1 cluster),
CD19+CD27+CD86+CD21− B cells (BC_1 cluster), and a subset of
CD3+CD4−CD8− presumed ɣδ T cells (GDT_3 cluster) (Fig. 1B, C, I).
Furthermore, CD11c+CD1c+CXCR5+ dendritic cells (DC_2) significantly
reduced in abundance at flare onset versus baseline in flare patients,
with no significant change in remission patients (Fig. 1H). In addition,
CD3+CD8+CD45RO+PD1hi T cells (CD8_2 and CD8_4 clusters) sig-
nificantly increased in abundance following DMARD cessation in both
groups, especially in flare patients (Fig. 1F, G). Furthermore, the cir-
culating abundance of CD3+CD4+CD45RO+ICOS+FoxP3+ T cells (CD4_3
cluster) increased after DMARDcessation in both flare andDFR groups
(Fig. 1E). None of the clusters showed significant differences in pro-
portional abundance at baseline prior to DMARD cessation between
flare and DFR patients.

Single-cell sequencing of circulating flare-associated memory T
and B cells reveals distinct cellular clusters
Having identified specific flare-associated PBMC subsets using mass
cytometry, we then sought to characterise their phenotype further by
single-cell RNA sequencing of paired blood samples from 12 BioRRA
study patients (8 flare, 4 DFR). Prior to sequencing, fluorescence-
activated cell sorting was used to enrich for CD3+CD4+CD45RO+PD1hi

T cells (median(IQR) 13(9–17)% of total CD4+ T cells),
CD3+CD8+CD45RO+PD1hi T cells (median(IQR) 15(13–18)% of total CD8+

T cells), and CD19+ B cells. The lower B cell frequency prohibited amore
restrictive sorting of these cells, and the presumed ɣδ T cell subset was
too rare to be sorted. Simultaneous unsupervised clustering of immune
transcriptional and surface protein markers (320 genes and 34 surface
markers) was performed separately for each of the three sorted cell
populations as described below.

Table 1 | Clinical characteristics of the mass cytometry and scRNAseq patient cohorts

Characteristic Mass cytometry cohort (n = 36) scRNAseq cohort (n = 12)

Flare DFR Flare DFR

Number of patients 20 16 8 4

Female sex 9 (45) 10 (62) 4 (50) 2 (50)

Age in years 69 (59–73) 65 (52–71) 64 (50–71) 62 (44–78)

ACPA positive 13 (65) 8 (50) 6 (75) 2 (50)

RhF positive 13 (65) 7 (44) 6 (75) 1 (25)

Either ACPA or RhF positive 16 (80) 11 (69) 8 (100) 3 (75)

ACPA and RhF double positive 10 (50) 4 (25) 4 (50) 0 (0)

Years since diagnosis 6.5 (3–12) 6 (4–11) 6 (4–10) 2 (2–3)

Months since last change in DMARD therapy 21 (12–30) 42 (16–74) 28 (16–36) 15 (9–26)

Months since last glucocorticoid use 31 (24–39) 44 (31–56) 34 (24–39) 22 (12–34)

DAS28-CRP at enrollment 1.30 (1.02–1.54) 1.03 (0.98–2.01) 1.05 (0.98–1.69) 1.48 (1.04–2.00)

ACR/EULAR Boolean remission at enrollment 11 (55) 12 (75) 6 (75) 4 (100)

Methotrexate use at enrollment 19 (95) 12 (75) 8 (100) 3 (75)

Sulfasalazine use at enrollment 6 (30) 5 (31) 3 (38) 2 (50)

Hydroxychloroquine use at enrollment 7 (35) 2 (12) 2 (25) 0 (0)

DAS28-CRP at flare 3.60 (2.62–4.12) n/a 3.94 (2.86–4.38) n/a

Days from DMARD cessation to flare 52 (33–85) n/a 45 (40–68) n/a

Values are stated as median (interquartile range) for continuous variables, and n (%) for binary variables.
ACPA anti-citrullinated peptide antibody, ACR American College of Rheumatology, DAS28-CRP disease activity score in 28 joints with C-reactive protein, DMARD disease-modifying anti-rheumatic
drug, EULAR European Alliance of Associations for Rheumatology, RhF rheumatoid factor.
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For CD4+CD45RO+PD1hi T cells, 17 clusters were identified with
distinct profiles of surface protein and transcriptional marker expres-
sion. Of note, a small population of CD14+/CD4lo monocytes were pre-
sent within the CD4+ T cell fraction (CD4_C cluster), though were clearly
distinct from the other cell clusters and did not interfere with down-
stream analyses. For CD3+CD8+CD45RO+PD1hi T cells and CD19+ B cells,
12 and 11 clusters were identified respectively (Fig. 2).

Circulating abundance and marker expression profiles of cir-
culating cellular clusters differ between flare and drug-free
remission, especially within CD4+ T cells
Next, we individually explored each cellular compartment (i.e.
memory CD4+ T cells, memory CD8+ T cells, and B cells) to
identify clusters with differential proportional abundance before
and after DMARD cessation, and between flare vs. DFR patients
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(Supplementary Data 2). Three CD4+CD45RO+PD1hi T cell clusters
were significantly increased at flare onset versus baseline in flare
patients: CD25+CTLA4+ FOXP3+IKZF2+ (CD4_I), granzyme + CD38+

(CD4_K) and proliferating (CD4_L) clusters. Furthermore, two
CD8+CD45RO+PD1hi T cell clusters were significantly increased at
flare onset in flare patients: HLA-DR+CD38+ (CD8_D) and CXCR5+

(CD8_I) clusters. Finally, two CD19+ B cell subsets were also sig-
nificantly increased at flare onset in flare patients: IgD+CD24+

(BC_B) and CXCR3+ (BC_G) clusters. Taken together, these results
demonstrate an imbalance of circulating lymphocyte subsets that

is associated with arthritis flare (Fig. 3 and Table 2). In contrast,
no significant differences in circulating abundance of any lym-
phocyte subsets were observed between flare and DFR patients at
baseline (Supplementary Fig. 3).

We then compared gene and surface protein expression
within each cluster between flare versus DFR patients, before and
after DMARD cessation (Supplementary Data 3). Across all cell types,
maximal differential marker expression was observed when contrast-
ing flare and DFR groups compared to within-group contrasts
(Fig. 4A–C).

Fig. 1 | Mass cytometry reveals an increase in specific memory T and B cell
subsets at flare onset. A tSNE plot of mass cytometry data showing 31 distinct
circulating cellular clusters. Circulating abundance across study visits for
CD19+CD27+CD86+CD21− B cells (B: cluster BC_1), CD3+CD4+CD45RO+ICOS+

PD1+CD38hi T cells (C: cluster CD4_1), CD4+CD45RO+ICOS−PD1−CD38hi T cells (D:
cluster CD4_2), CD45RO+ICOS+FoxP3+ T cells (E: cluster CD4_3), CD8+CD45RO+

PD1+CD38hi T cells (F: cluster CD8_2), CD8+CD45RO+PD1hi T cells (G: cluster CD8_4),
CD11c+CD1c+CXCR5+ dendritic cells (H: cluster DC_2), and CD3+CD4−CD8− pre-
sumed ɣδT cells (I: cluster GDT_3). Two-sided statistical significance by generalised
linear mixed model with Benjamini–Hochberg multiple test correction across all
clusters within each pairwise visit comparison. ***p <0.001, **p <0.01, *p <0.05, ns
not significant. Exact adjusted p values as follows: (B: cluster BC_1) FlareV vs. FlareB,
p = 5.9 × 10−4; (C: cluster CD4_1) CD4_1: FlareV vs. FlareB: p = 5.9 × 10−4, FlareV vs.

RemV:p = 5.7 × 10−3; (D: cluster CD4_2) RemVvs. RemB:p =0.042; (E: cluster CD4_3)
FlareV vs. FlareB: p = 1.7 × 10−5, RemV vs. RemB: p =0.042; (F: cluster CD8_2) FlareV
vs. FlareB: p = 6.3 × 10−9, RemV vs. RemB: p = 7.0 × 10−4, FlareV vs. RemV:
p = 9.4 × 10−4; (G: cluster CD8_4) FlareV vs. FlareB: p = 4.4 × 10−11, RemV vs. RemB:
p = 5.8 × 10−4), FlareV vs. RemV: p = 4.6 × 10−3; (H: cluster DC_2) FlareV vs. FlareB:
p = 2.9 × 10−3; (I: cluster GDT_3) FlareV vs. FlareB: p = 1.2 × 10−4. FlareB flare patient,
baseline visit; FlareV flare patient, flare visit; RemB remission patient, baseline visit;
RemV remission patient, month 6 visit. Box plots represent data from n = 36
patients (20 flare, 16 remission) where the lower bound of lower whisker shows the
minimum, lower bound of box shows the lower quartile, centre of box shows the
median, upper bound of box shows the upper quartile, and upper bound of upper
whisker shows the maximum. Source data are provided as a Source Data file.

Table 2 | Mass cytometry and single-cell sequencing clusters that showed significant change in proportional abundance
between study visits and patient groups

Contrast Cluster Phenotype Median % Adj. p

Mass cytometry (n = 20 flare and 16 DFR patients)

Flare patients: Flare onset vs. baseline (FlareV vs. FlareB) CD4_1 CD4+CD45RO+ICOS+PD1+CD38hi memory T cells 0.45 vs. 0.24 5.9 × 10−4

CD8_2 CD8+CD45RO+PD1+CD38hi memory T cells 0.37 vs. 0.07 6.3 × 10−9

CD8_4 CD8+CD45RO+PD1hi memory T cells 1.96 vs. 0.60 4.4 × 10−11

BC_1 CD19+CD27+CD86+CD21− memory B cells 0.13 vs. 0.03 5.9 × 10−4

CD4_3 CD45RO+ICOS+FoxP3+ memory T cells 0.43 vs. 0.27 1.7 × 10−5

GDT_3 CD3+CD4−CD8− presumed ɣδ T cells 0.95 vs. 0.73 1.2 × 10−4

DC_2 CD11c+CD1c+CXCR5+ dendritic cells 1.10 vs. 1.54 2.9 × 10−3

DFR patients: Month 6 vs. baseline (RemV vs. RemB) CD8_2 CD8+CD45RO+PD1+CD38hi memory T cells 0.13 vs. 0.05 7.0 × 10−4

CD8_4 CD8+CD45RO+PD1hi memory T cells 0.99 vs. 0.55 5.8 × 10−4

CD4_2 CD4+CD45RO+ICOS−PD1−CD38hi memory T cells 0.05 vs. 0.07 0.042

CD4_3 CD45RO+PD1+FoxP3+ memory T cells 0.42 vs. 0.26 0.042

Flare patients baseline vs. DFR patients baseline (FlareB
vs. RemB)

No significant change in cluster abundances observed

Flare patients flare onset vs. DFR patients month 6 (FlareV
vs. RemV)

CD4_1 CD4+CD45RO+ICOS+PD1+CD38hi memory T cells 0.45 vs. 0.29 5.7 × 10−3

CD8_2 CD8+CD45RO+PD1+CD38hi memory T cells 0.37 vs. 0.13 9.4 × 10−4

CD8_4 CD8+CD45RO+PD1hi memory T cells 1.96 vs. 0.99 4.6 × 10−3

BC_2 CD19+CD27−CD86−CD38−CD21+ B cells 1.20 vs. 1.96 0.029

Single-cell RNAseq (n = 8 flare and 4 DFR patients)

Flare patients: Flare onset vs. baseline (FlareV vs. FlareB) CD4_I CD4+CD45RO+PD1hiCD25+CTLA4+FOXP3+IKZF2+ Treg cells 1.05 vs. 0.60 0.044

CD4_K CD4+CD45RO+ PD1hiGranzyme+ T cells 0.45 vs. 0.21 0.044

CD4_L Proliferating CD4+CD45RO+PD1hi T cells 0.27 vs. 0.08 0.044

CD8_D CD8+CD45RO+PD1hiHLA-DR+CD38+ T cells 2.14 vs. 0.68 0.047

CD8_I CD8+CD45RO+PD1hiCXCR5+ T cells 0.69 vs. 0.54 0.047

BC_B CD19+IgD+CD24+ B cells 19.0 vs. 12.0 0.043

BC_G CD19+CXCR3+ B cells 8.13 vs. 6.55 0.043

DFR patients: Month 6 vs. baseline (RemV vs. RemB) No significant change in cluster abundances observed

Flare patients baseline vs. DFR patients baseline (FlareB
vs. RemB)

No significant change in cluster abundances observed

Flare patients flare onset vs. DFR patients month 6 (FlareV
vs. RemV)

No significant change in cluster abundances observed

Two-sided statistical significance bygeneralised linearmixedmodel (mass cytometry data) andWilcoxon test (sequencingdata), with Benjamini–Hochberg correction across all clusterswithin each
visit contrast.
FlareB flare patient, baseline visit; FlareV flare patient, flare visit; RemB remission patient, baseline visit; RemV remission patient, month 6 visit.
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CirculatingmemoryCD4+ regulatory T cells (Treg cells) increase
at onset of flare, though with a gene expression profile
distinct to DFR
A cluster of CD4+CD45RO+PD1hi memory T cells with a robust reg-
ulatory phenotype (CD4_I cluster: CD25+CTLA4+ FOXP3+IKZF2+) was
significantly increased in abundance at flare onset versus baseline in
flare patients (Fig. 3A and Table 2). This cluster also showed a trend

towards lower levels at baseline in flare vs. DFR patients, though this
was not significant after multiple test correction. Prior to DMARD
cessation, higher expression of CD274 (PDL1) and CD7was observed in
flare versus DFR patients, which was maintained at onset of flare fol-
lowing DMARD cessation (Fig. 4D, H). Signalling via PDL1 on human
CD4+ Treg cells hasbeen shown to have an important role in inducing a
regulatory phenotype in healthy individuals by reducing ERK
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phosphorylation—an effect which was attenuated in RA donors due to
elevatedbasal phosphorylated ERK levels7. Furthermore, CD7 is known
to be important in maintaining CD4+ Treg cell homoeostasis inmurine
models8, and in humans has been shown to be a marker of activated
CD4+ Treg cells9 with enhanced regulatory function10. Supporting
these observations, we observed increased expression of other genes
with important roles in promoting CD4+ Treg cell function at flare
onset relative to DFR, including IKZF2 (Helios) and PRDM1 (Blimp-1),
and increased expression of the cell cycle gene MYC (Fig. 4H). How-
ever, whereas these observations suggest increased activation of this
memory CD4+ Treg cell subset, paradoxical expression of other mar-
kers was observed to suggest a degree of dysfunctional regulatory
capacity. Reduced expression of CD39 is seen at flare onset vs. DFR,
notable as this protein plays a key role in the release of extracellular
adenosine that has potent immunosuppressive effects. Indeed,
reduced CD4+ Treg cell expression of CD39 in patients with early RA
has been shown to predict failure of response to methotrexate in
RA11,12. Similarly, reduced expression of FOSB and TRBC2 (a component
of the TCR) would be in keeping with reduced cellular activation.
Furthermore, increased expression of IFITM2 (an interferon-induced
protein with pro-inflammatory antiviral properties) suggests reduced
regulatory capacity; for example, increased IFITM2 expression in cir-
culating CD4+ Treg cells has been associated with checkpoint-inhibitor
induced autoimmunity in patientswithmelanoma13. In summary, these
observations show that despite an increase in circulating memory
CD4+ Treg cell abundance at onset of flare, transcriptional profiling
suggests dysfunctional regulatory capacity in comparison to that
observed in DFR.

ExhaustedCD4+ effector T cells are primed for activation inflare
patients prior to DMARD cessation
We identified a distinct cluster of CD4+ T cells with an exhausted
phenotype (CD4_M cluster: CD45RO+PD1hiLAG3+). Whilst the circulat-
ing abundance of these cells was comparable across groups, a marked
difference in gene expression was observed between flare versus DFR
patients prior to DMARD cessation (Fig. 4E). Differential marker
expression within this cellular subset suggests increased activation
and stimulation in flare patients, including increased expression of
HLA class II and CD86, the latter of which has been shown to be
upregulated in CD4+ T cells by exogenous IL2 exposure14 and has been
proposed as a marker of CD4+ T cell activation15. Reduced expression
of inhibitory and regulatory markers in flare samples including CD272
(BTLA4), CD25 and CD127 suggest an enhanced effector phenotype.
However, we also observed an increased expression of Tim3, and
reduced expression of CD27 and CD28, in flare cells suggesting
immunosenescence16. Furthermore, reduced IL32 expression was
observed in flare—expression of which in CD4+ T cells has been
linked with activation-induced cell death17. This phenotype was main-
tained following DMARD cessation with higher expression of CD86
and HLA class II, and lower expression of CD27, CD28, CD25, CD127
and IL32 at flare onset versus DFR (Fig. 4I). Taken together, these
observations suggest chronic stimulation and exhaustion of
CD4+CD45RO+PD1hiLAG3+ T cells in flare patients prior to DMARD
cessation, which persists at flare onset.

Cytotoxic CD4+ T cells increase in abundance and expression of
cytotoxic effector markers at flare onset
We identified a subset of cytotoxic CD4+ T cells (CD4_K:
CD4+CD45RO+PD1higranzyme+CD38+) which showed distinct tran-
scriptional profiles between flare and DFR. Prior to DMARD cessation,
relatively little differential marker expression was observed, with
reduced expression ofGNLY (granulysin) andCASP5 (caspase 5) inflare
patients (Fig. 4F). In contrast, at flare onset versus DFR there was a
robust upregulation of genes associated with cytotoxic T cell effector
function includingNKG7,GZMK, PRF1 andCST7 (Fig. 4J). Flare cells also
showed reduced expression of CD183 (CXCR3) and CD25, in addition
to reduced expression of FOSB and JUNB which have been associated
with CD8+ cytotoxic T cell exhaustion in chronic viral infection18.
Together, these observations strongly suggest proliferation, activation
and enhanced effector functions of cytotoxic CD4+ T cells in RA flare
processes.

IGHA1+ plasma cells display increased maturation markers in
flare versus DFR
We identified a cluster of IGHA1+ plasma cells (BC-F:
TNFRSF17 +MZB1+CD24−CD38hi) which expressed higher levels of
maturation markers in flare compared to DFR patients. At baseline
prior to DMARD cessation, cells in this cluster in flare patents
expressed higher levels of CD196 (CCR6) and ITGB2 (CD18) (Fig. 4G),
both of which have been linked with effector functions in memory B
cell lineages19,20. Furthermore, cells from flare patients expressed
higher levels of CD274 (PDL1), which is known to be important in
germinal centre B cell survival and the generation of plasma cells in
animal models21. At onset of flare, high expression of CD274 was
maintained though IgD expression was less than that seen in DFR,
suggesting a potential increase in antibody-producing cells that have
recently undergone class-switching (Fig. 4K).

CXCR5+ CD8 T cells are activated and increase in abundance at
onset of flare
CD8+CD45RO+PD1hiCXCR5+ (CD8_I cluster) significantly increased in
circulating abundance at onset of arthritis flare versus baseline in flare
patients (Fig. 3E). Furthermore, differential marker expression analysis
of this subset showed increased expression of CD38, HLA-DPA1 and
GZMH at flare onset relative to DFR, strongly suggesting activation of
these cells during RA flare processes (Supplementary Fig. 4A). Fur-
thermore, expression of CD183 (CXCR3) and CD127 (IL7R) were both
reduced in flare versus DFR—the relevance of the latter being that
reduced CD127 expression has been observed in effector versus cen-
tral memory CD8+ T cells22. Similar changes in marker expressed were
observed at flare onset versus baseline in flare patients, with increased
expression of HLA-DR, CD38 and GZMH, and reduced expression of
IL7R (Supplementary Fig. 4B), again corroborating an increased acti-
vation and effector phenotype of these cells in RA flare.

TCR sequencing reveals significant circulating T cell clonal
expansion in flare but not in DFR patients
Having defined the surface and transcriptional phenotype of the cel-
lular clusters, we next used single-cell CDR3 sequencing to define their

Fig. 3 | Significant differences in proportional abundance of scRNAseq clusters
at onset of flare. Circulating proportional abundance across study visits for
CD4+CD25+CTLA4+FOXP3+IKZF2+ T cells (A: cluster CD4_I), CD4+Granzyme +CD38+

T cells (B: cluster CD4_K), proliferating CD4+ T cells (C: cluster CD4_L), CD8+HLA-
DR+CD38+ T cells (D: cluster CD8_D), CD8+CXCR5+ T cells (E: cluster CD8_I),
IgD+CD24+ B cells (F: cluster BC_B) and CXCR3+ B cells (G: cluster BC_G). Two-sided
statistical significance by Wilcoxon rank sum test with Benjamini–Hochberg mul-
tiple test correction across all clusters within each cell type and pairwise visit
comparison. *p <0.05, ns not significant. Exact adjusted p values for FlareV vs.

FlareB contrast as follows: (A: clusterCD4_I)p =0.044; (B: clusterCD4_K)p =0.044;
(C: cluster CD4_L) p =0.044; (D: cluster CD8_D) p =0.047; (E: cluster CD8_I)
p =0.047; (F: cluster BC_B) p =0.043; (G: cluster BC_G) p =0.043. FlareB flare
patient, baseline visit; FlareV flare patient, flare visit; RemB remission patient,
baseline visit; RemV remission patient,month 6 visit. Box plots represent data from
n = 12 patients (8 flare, 4 remission) where the lower bound of lower whisker shows
the minimum, lower bound of box shows the lower quartile, centre of box shows
the median, upper bound of box shows the upper quartile, and upper bound of
upperwhisker shows themaximum. Source data are provided as a Source Data file.
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Fig. 4 | Differential gene and surface protein expression within indicated
clusters between flare and DFR. Radar plots showing total number of
differentially-expressed markers (two-sided p <0.05 by Wilcoxon rank sum test
with Bonferroni correction within each cluster, fold change threshold > ±1.5) within
CD4+CD45RO+PD1hi T cell (A), CD8+CD45RO+PD1hi T cell (B), and B cell (C) clusters.
D–K Differential gene and surface protein expression within indicated cell clusters
and patient visit group contrasts. The horizontal red line indicates adjusted two-
sided p <0.05 threshold (Wilcoxon rank sum test with Bonferroni correction); the

vertical lines indicate ±1.5 fold change thresholds. Positive fold change values
indicate an increased expression for the first group relative to second groupwithin
each contrast. Transcripts are shown in red and surface proteins in blue.Markers of
interest as discussed in the results section are highlighted for reference. FlareB flare
patient, baseline visit; FlareV flare patient, flare visit; RemB remission patient,
baseline visit; RemV remission patient, month 6 visit. Source data are provided as a
Source Data file.
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clonal characteristics. A total of 17,998, 6582 and 9506 unique paired
CDR3 sequences were observed for CD4+CD45RO+PD1hi T cells,
CD8+CD45RO+PD1hi T cells, and B cells respectively across all patient
groups (Supplementary Figs. 5–7). We defined a clone as any paired
CDR3 nucleotide sequence shared by at least two cells within the same
patient. Using this definition we observed 1021 unique clonal
CDR3 sequences across 4618/40,783 (11.3%) CD4+ T cells, 1532 unique
clonal CDR3 sequences across 8850/25,520 (34.7%) CD8+ T cells and
262 unique clonal CDR3 sequences across 618/15,302 (4.0%) B cells.
CD4+ T cell clones were disproportionately found within the
CD4+CD45RO+PD1higranzyme+ subset (CD4_B), and B cell clones were
disproportionately found in IGHA1+ plasma cells and CXCR3+ B cells
(BC_F and BC_G clusters). In contrast, CD8+ T cell clones were widely
distributed across all clusters (Fig. 5A–C and Supplementary
Figs. 8–10). Significant longitudinal changes in clonal diversity (Shan-
non entropy) were observed before and after DMARD cessation, but
with no discernible differences between flare and DFR patients (Sup-
plementary Fig. 11).

We then searched for specific clones that significantly changed in
circulating abundance after DMARD cessation within each patient. We
identified 18 CD8+ T cell clones (4 patients: 2 flare, 2 DFR), four CD4+ T
cell clones (4 patients: 2 flare, 2 DFR), and no B cell clones which
showed a significant change in circulating proportional abundance at
onset of arthritis flare (Supplementary Figs. 12 and 13 and Supple-
mentary Table 1). We then analysed each subset within each patient to
identify subset-specific changes in clonal abundance at an individual
patient level. In CD8+ T cell clusters, we observed a significant increase
in subset-specific proportional abundance followingDMARDcessation
of 10 clones in three patients, and significant reductions of 14 clones in
three patients (Fig. 5D and Supplementary Fig. 14). Within CD4+ T cell
clusters, we identified a significant increase in subset-specific propor-
tional abundance following DMARD cessation of one clone in one
patient, and significant reductions of 5 clones in three patients (Fig. 5E
and Supplementary Fig. 15). Whereas increases in clone abundance
suggest clonal expansion within the circulation, a reduction in clone
abundance may signify migration of cells out of the circulation.

In summary, these data demonstrate a high level of polyclonal
expansion in memory CD8+ T cells following DMARD cessation, which
was widespread across multiple different subsets. Clonal expansion in
memory CD4+ T cells was largely limited to the granzyme-expressing
cytotoxic CD4+ T cell subset. In contrast, no significant change in B cell
clonal abundance was observed.

Discussion
Despite a revolution in treatment outcomes over the past twodecades,
we understand remarkably little about what drives RA pathogenesis
andwhatdetermines the balancebetween active disease and sustained
remission. Our experimental medicine approach has allowed us to
systematically study the immunological perturbations at the onset of
RA flare, as well as key differences between flare and drug-free
remission. Using multidimensional mass cytometry and single-cell
sequencing we herein profile flare and remission in RA in detail,
offering unique insights into this poorly understood immune
landscape.

RA is a complex immune-mediated inflammatory disease, with
dysregulation of both innate and adaptive immunity, aswell as stromal
cells such as synovial fibroblasts. Mass cytometry and single-cell
sequencing technologies have previously been used to compare
synovial tissue from patents with RA versus osteoarthritis, with
enrichment of pro-inflammatory cells observed in RA synovia across a
broad spectrum of cell types including CD4+PDCD1+ T peripheral
helper cells, CD8+granzyme+ T cells, ITGAX+TBX21+ B cells, IL1B+
monocytes, and THY1 +HLA-DRAhi sublining fibroblasts23. A similar
study has also compared synovial tissue-resident memory T cells in
patients with rheumatoid arthritis and psoriatic arthritis24. However,

such studies lack paired longitudinal observations comparing flare and
remission within the same individual, a key strength of our experi-
mental medicine design.

One of the key findings of our study is our observation of an
increased abundance of CD4+ Treg cells at flare onset, though coupled
with transcriptional profiles suggesting dysfunctional suppressive
functions. Prior to DMARD cessation, CD4+ Treg cells from flare
patients showed higher expression of PDL1 and CD7, both markers
associated with enhanced Treg cell function. However, whilst the
expression of these and other regulatory markers (e.g. IKZF2 and
PRDM1) were higher in flare patients, the expression of other key
regulatory effector markers such as CD39 was reduced. Furthermore,
the expression of pro-inflammatory effector markers such as IFITM2
were increased at flare onset. Taken together, our observations sug-
gest a potential and biologically plausible mechanism by which dys-
functional Treg cells may predispose towards disease flare in
susceptible individuals. Indeed, a potential role for CD4+ Treg cells as a
biomarker of DFR has recently been explored in a small (n = 9) pilot
study, where both increased circulating Treg cell abundance and
ex vivo suppressor functionmeasured prior to csDMARD tapering was
predictive of future DFR25. This is further corroborated by reports of
increased circulating CD4+ Treg cell abundance in patients who
respond (versus thosewho are unresponsive) tomethotrexate, with an
inverse correlation with disease activity26. Similar observations exist in
other IMIDs, including accumulation of clonally expanded
CD4+CD45RO+PD1hi peripheral helper T (Tph) cells in synovial fluid of
patients with active juvenile idiopathic arthritis27 and evidence of
dysregulated CD4+ Treg cell function in type I diabetes mellitus28. Our
results further support thepotential role ofTreg cells as a biomarker of
tolerance in RA, and merit further study.

A further observation of our study was that IGHA1+ plasma cells
showed significantly increased expression of maturation markers in
flare versus DFR. B cells are important players in RA pathogenesis, and
can contribute to immune dysregulation through antigen presenta-
tion, autoantibody production, and inflammatory cytokine
production29. B cells likely also play a role in perpetuation of chronic
synovitis—for example, expansion of circulating CD21lo/negative
autoreactive B cells and plasmablasts have been observed in patients
with established RA30,31. Furthermore, clonally-expanded autoreactive
plasma cells are present in inflamed RA synovium32, and can be driven
within the synovial microenvironment by CD4+ peripheral helper
T cells (Tph)33. Approximately 70% of RA patients are seropositive for
rheumatoid factor and/or anti-citrullinated peptide autoantibodies
(ACPA), a proportion which rises still further when considering addi-
tional anti-modified protein antibodies (AMPAs) not routinely mea-
sured in clinical practice, such as anti-carbamylated and anti-
acetylated protein antibodies34. ACPA positivity has been shown to
be a positive predictor of flare following DMARD tapering and cessa-
tion across numerous observational and interventional studies35. In the
RETRO study of randomised DMARD withdrawal in RA remission,
positivity over a panel of 10 AMPAs showed a dose-dependent increase
in the risk of flare36. Furthermore, baseline IgA2 levels correlated with
disease activity (DAS28) at flare, whereas IgA2 ACPA levels steadily
declined in those patients who maintained remission37. In another
study, a potential pathogenic role of IgA is further supported by the
enrichment within RA synovium of autoreactive B cells positive for
FcRL4, an IgA receptor38. Furthermore, in a study of seropositive
individuals at-risk for developing RA, circulating IgA+ plasmablasts
were elevated in comparisonwith individualswith early RA andhealthy
controls, suggesting a role of these cells in very early stages of RA
pathogenesis39. Our findings are in keeping with these previous
observations, and furthermore implicates IgA+ plasma cells in the
immunopathology of flare in established RA. The origin of these IgA+

plasma cells cannot be ascertained in our study, but the strong link
with mucosal immunity raises the intriguing possibility of host-
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microbe interactions (e.g. gut, lung etc.) as potential determinants of
RA flare risk. It has previously been demonstrated that IgA from
patients with established RA are reactive against gut commensal
bacteria40. Furthermore, In K/BxN mice gut commensal segmented
filamentous bacteria are required to incite RA-like inflammatory
arthritis41, with changes in IgA repertoire associated with arthritis
activity42

Our mass cytometry analyses reveal an increased circulating
abundance of CD45RO+memoryCD4+ andCD8+ T cells at onset of flare
versus drug-induced remission. Both of these cell subsets show a
remarkably similar phenotype, with high expression both of activation

markers (CD38, Ki67, ICOS) and markers associated with immune
exhaustion (PD1, CTLA-4). CD4+ T cells are known to play an important
role in RA pathogenesis, not least demonstrated by the strong asso-
ciation of seropositive disease with HLA-DRB1 “shared epitope” alleles
and its interaction with cigarette smoking43, and multiple GWAS hits
linking RA susceptibility to genes associated with CD4+ T cell
function44. Furthermore, data exist from several studies linking acti-
vated and/or exhausted CD4+ T cell circulating frequency with disease
activity in RA45–47. Our data further support these observations, and
suggest that CD4+CD45RO+PD1hiLAG3+ exhausted T cells are primed
for activation and may thus act as a crucial trigger for flare initiation.
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Fig. 5 | V(D)J sequencing reveals significant T cell clonal expansion following
DMARD cessation. UMAPs showing the distribution of clonal cells (highlighted in
red) within CD4+ T cells (A), CD8+ T cells (B), and B cells (C) including cells from all
patients at all time points. Clonal cells were defined as at least two cells that shared
the same paired CDR3 nucleotide sequence within the same patient. Cluster dis-
tribution of CD8+CD45RO+PD1hi T cell (D) and CD4+CD45RO+PD1hi T cell (E) clones

that showed significant (two-sided p <0.05, Fisher exact test with
Benjamini–Hochberg correction) change in proportional abundance between vis-
its. Each panel represents an individual patient. FlareB flare patient, baseline visit;
FlareV flare patient, flare visit; RemB remission patient, baseline visit; RemV
remission patient, month 6 visit. Source data are provided as a Source Data file.
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There are relatively few studies examining the potential role of
CD8+ T cells in RA pathogenesis, though emerging data suggest that
they are also likely to play an important role in driving active synovitis.
For example, tissue resident memory CD8+CD45RO+CD69+CD103+

T cells have been shown to persist in previously inflamed joints in both
human disease and animalmodels, and in the latter can be activated in
an antigen-specific manner to mediate recruitment of circulating
effector cells and trigger arthritis flare48. Further evidence supports a
role for CMV and EBV virus-specific CD8+ T cells in driving RA synovial
inflammation49. CD8+PD1+CXCR5+ T cells have also been shown to
support autoantibody production in animal models50, and
CD8+CD40L+ T cells were required for the formation of synovial
ectopic germinal centres in a chimeric RA mouse model51. Our data
further support a role for CD8+ T cells in RA flare, with
CD8+CD45RO+PD1hiCXCR5+ T cells demonstrating enhanced expres-
sion of proliferation and activation markers at flare onset.

Our V(D)J sequencing data demonstrate widespread clonal
expansion across multiple memory CD8+ T cell subsets, with further
expansion within the circulation at flare onset. This mirrors observa-
tions in juvenile idiopathic arthritis, where substantial clonal expan-
sion was observed in CD8+PD1+ T cells within synovial fluid52. In
contrast, we observed clonal expansion in memory CD4+ T cells that
was largely restricted to a cytotoxic CD4+ T cell subset expressing
granzyme genes. Cytotoxic CD4+ T cells are observed in chronic viral
infections such as CMV53, are a hallmark of immunosenescence in
elderly individuals54, and accumulate in immune-mediated inflamma-
tory diseases as a result of chronic antigen-driven expansion55. Indeed,
cytotoxic CD4+ T cells are enriched in the circulation and synovial fluid
and tissue of patients with RA56. Accordingly, our data demonstrate
abundant clonal expansion within circulating cytotoxic CD4+ T cells,
with an increase in circulating clone abundance coincident with the
onset of arthritis flare. Furthermore, cytotoxic CD4+ T cells from flare
patients showeda transcriptional profile thatwasprimed for activation
and tissue migration. Whilst the presence of these cells within the
inflamed synovium and their antigen specificity remain to be estab-
lished, our data do suggest a potential antigen-driven clonal expansion
of cytotoxic CD4+ T cells as part of RA flare processes and deserves
further study.

Based on our combined observations, we propose a model to
describe the features that predispose towards and potentially trigger
RA flare (Fig. 6). Prior to DMARD cessation, various effector memory
lymphocyte subsets are primed for activation and proliferation,
though this is tempered by the immunomodulatory effects of DMARD
therapy and CD4+ Treg cells. Upon DMARD cessation effectormemory
lymphocytes are unleashed, becoming activated andupregulating pro-
inflammatory effector molecules. In contrast, although circulating
CD4+ Treg cell abundance increases with flare, a dysfunctional tran-
scriptional profile suggests a reduced regulatory capacity that is
insufficient to counteract the activation of pro-inflammatory effector
memory lymphocytes. The net effect is thus to disrupt immune
homoeostasis, triggering an arthritis flare. Our model is limited to
observations of circulating lymphocytes—further work is required to
elucidate the concurrent immunological perturbations within the
synovial compartment.

Our experimental medicine approach to synchronise flare, com-
bined with the richness of our single-cell datasets, offer detailed
insights into the processes underpinning flare and DFR in RA. Never-
theless, our studydoes have some limitations. Toobtain sufficient cells
for analysis, our single-cell T cell sequencing was restricted tomemory
CD45RO+PD1hi cells as identified by our mass cytometry analyses, and
thus relevant findings in other cell subsets may have been overlooked.
This would include, for example, CD4+CD45RA−TNFα+PD1−CD152− cells
that have been associated with disease relapse following anti-TNF
withdrawal in patientswith juvenile idiopathic arthritis57. The small size
of our single-cell sequencing cohort prohibits multivariate analysis
across cellular and clinical variables. Furthermore, we advise caution
when comparing the magnitude and statistical significance of long-
itudinal changes in proportional abundance and marker expression
between flare and remission patients, owing to fewer remission
patients and thus less statistical power in this group. The longitudinal
nature of our study, combined with the need to minimise variability in
sample processing, necessitated the use of frozen cells and thus mar-
kers not robust to cryopreservation may have been depleted prior to
analysis. Our study excluded patients taking biologic DMARDs—whe-
ther our findings are consistent in those taking these potent and spe-
cific immunomodulatory drugs remains to be established.

Rx

DMARDs

CD4+ mem Treg CD4+ exhausted mem
CD4+ cytotoxic mem CXCR3+ B cells

↑PDL1 ↓Granulysin
↑CD7↑PDL1

↓Caspase 5

↑PDL1 ↑CCR6

↑CD18

↑CD86
↑HLA class II

↑Tim3
↓CD28

↓CD127
↓IL32

↓CD272
↓CD27

↓CD25

CD4+ exhausted mem IgA+ plasma cells

↑CD38 ↑HLA class II

↑GZMH

CD8+ CXCR5+ mem

CD4+ mem Treg

↑IFITM2

↑Helios
↑cell cycle
↑PRDM1

↑PDL1
↑CD7

↓CD39

↓FOSB ↓TRBC2

↑CD86 ↑HLA class II

↓CD25↓CD27

↓CD28

CD4+ cytotoxic mem
↓CXCR3 ↓CD25

↑GZMK
↑PRF1
↑NKG7
↑CST7

↑PDL1 ↓IgD

↓CD127

↓IL32

↓CD127 ↓CXCR3

Favouring remission Favouring flare

Favouring remission Favouring flare
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B

Fig. 6 | Model describing the changes in circulating lymphocyte subsets that
predispose towards and potentially trigger RA flare. A In drug-induced remis-
sion, effector lymphocyte subsets are primed for activation and proliferation, but
are balanced by the immunomodulatory effect of DMARDs, and attenuated CD4+

Treg cell suppression. B Upon DMARD cessation, pro-inflammatory effector lym-
phocyte subsets are activated, overwhelming a dysfunctional CD4+ Treg cell
response. Mem memory.
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Furthermore, patient outcome data is limited by the relatively short
6-month follow-up duration in BioRRA study. Given this, the relevance
of our findings in relation to sustained DFR beyond 6months (i.e. true
immunological remission versus transient disease control) is uncer-
tain, thoughongoing and futurework to ascertain long-termoutcomes
in our cohorts will illuminate this further. Similarly, future work to
explore the synovial microenvironment during RA flare will further
enrich and build upon our findings. Our data suggest potential
immune cell subsets that may play a role in flare and DFR processes
and thus may hold potential value as clinical biomarkers, though we
cannot generalise our findings outside of the BioRRA cohort based on
this dataset alone. Further work would be required to validate our
observations in external cohorts, including both healthy and disease
controls, before our findings could be translated towards future clin-
ical practice. Finally, our study provides exploratory observational
rather than empirical functional data—all mechanistic associations are
therefore by theoretical inference only.

In conclusion, our data provide crucial insights towards under-
standing the enigmatic cellular immunemechanismsunderpinning the
genesis of flare and maintenance of remission in RA. Our observations
implicate specific effector lymphocyte subsets in promoting RA flare
and CD4+ Treg cells in maintaining drug-free remission. Our model of
RA flare suggests potential avenues for future translational research
which, if validated, could inform the development of future strategies
to predict and prevent RA flare. Clearlymuch work remains to be done
to achieve such a paradigm shift towards personalised therapy in RA.
However, if successful it would herald a second therapeutic revolution
in themanagement of this common IMID, withwidespreadbenefits for
patients, clinicians and society.

Methods
Study design
Exploratory mass cytometry and single-cell RNA sequencing analyses
were performed using peripheral blood mononuclear cell (PBMC)
samples from the Biomarkers of Remission in Rheumatoid Arthritis
(BioRRA) study5. Patients with established RA in remission (DAS28-
CRP ≤ 2.4 and absence of power Doppler synovitis on 7-joint ultra-
sound) taking csDMARDs (methotrexate, sulfasalazine and/or hydro-
xychloroquine), and without current or recent use of biologics (within
past 6months) or glucocorticoids (within past 3months), immediately
stoppedDMARDs andweremonitored for 6months. Participants were
reviewed at 4, 12 and 24 weeks following DMARD cessation, plus
additional patient-requested ad-hoc visits if flare occurred between
these visits. Flare was defined as any single measure of DAS28-CRP >
2.4 during the follow-up period. Blood samples were collected at
baseline (i.e. immediately prior toDMARDcessation) and at eitherflare
onset or month 6 sustained DFR.

Ethical approval
All participants provided written informed consent prior to partici-
pation. The BioRRA study protocol was approved by the North East—
Tyne & Wear South Research Ethics Committee (National Health Ser-
vice Health Research Authority, reference 14/NE/1042), and the study
is registered at ClinicalTrials.gov (NCT02219347). The use of BioRRA
study samples for the work presented in this manuscript was overseen
by theNewcastle BiobankCommittee under approval of theNorth East
—Newcastle & North Tyneside 1 Research Ethics Committee (National
Health Service Health Research Authority, reference 17/NE/0361).

PBMC isolation
Blood samples were collected at baseline (i.e. immediately prior to
DMARD cessation) and at either flare onset ormonth 6 sustained DFR.
Healthy control PBMCs (technical biological replicates) were obtained
at a single time point from a single healthy donor provided as a cone
product by National Health Service Blood and Transplant. Blood was

diluted in an equal volume of calcium/magnesium-free Hanksmedium
(Lonza, catalogue number BE10-543F) with 2mM ethylenediaminete-
traacetic acid (EDTA, Thermo Fisher Scientific, catalogue number
BP2482100). Between 15–25ml of diluted blood was then layered onto
15ml of LymphoPrep™ (Axis-Shield Diagnostics, catalogue number
NYC 1114547) and spun at 895 × g for 30min at room temperaturewith
slow acceleration with no brake. PBMCs were recovered from the
density interface by pipetting, and suspended in wash medium con-
taining 50ml of calcium/magnesium-free Hanks medium with 1% fetal
bovine serum (FBS) (Thermo Fisher Scientific, catalogue number
Gibco 10270-106; Biosera, catalogue number FB-1550/500; Labtech,
catalogue number FCS-SA/500) at 4 °C. Samples were spun at 600× g
for 7min at 4 °C, the supernatant discarded, and the pellet resus-
pended in 50ml wash medium at 4 °C. Samples were then spun at
250× g for 7min at 4 °C, the supernatant discarded and the cells
resuspended in 10ml of wash medium and passed through a 70 µm
nylon filter (Greiner bio-one, catalogue number 542070). The cell
concentration was measured using a Burker counting chamber, and
samples were then spun at 400 × g for 7min at 4 °C. The supernatant
was discarded, and the cells resuspended in FBS with 10% Dimethyl
sulfoxide (DMSO, Sigma-Aldrich, catalogue number D2650) in 1ml
aliquots of between 5–10 million cells and stored overnight at −80 °C
before transfer to long-term storage at −150 °C.

Mass cytometry
A 44-marker pan-PBMC mass cytometry panel was designed, incor-
porating CD45 barcoding to allow multiplexing of 5 samples within
each batch (Supplementary Table 2). Antibodies conjugated to 89-
yttrium and 209-bismuth were supplied by the manufacturer (Stan-
dard Biotools). In-house conjugation of CD45 antibody with palladium
isotopes (Trace Sciences) was performed using the metal ion chelator
isothiocyanobenzyl-EDTA (Dojindo, catalogue number 105394-74-9)58.
Metal conjugation of other antibodies was performed using the Max-
par® x8 Multi-Metal Labelling Kit (Standard Biotools, catalogue num-
ber 201300) according to the manufacturer’s instructions and
including additional 113-indium, 115-indium and 157-gadolinium iso-
topes (Trace Sciences). PBMCs were thawed at 37 °C for 5min, then
suspended in 20ml of thaw medium. The samples were then spun at
400× g for 8min, the supernatant discarded and the pellet resus-
pended in 25ml thaw medium at 37 °C. The samples were then spun
again at 400 × g for 8min, the supernatant discarded, and the pellet
resuspended in 2ml of thaw medium and rested for 1 h at 37 °C. The
cell concentration was measured using a Burker counting chamber.
Following addition of 23ml of thawmedium, the samples were spun at
400× g for 8min, the supernatant discarded, and the pellet resus-
pended in 200 µl thaw medium per 1 million cells per well in a 96-well
plate (Griener bio-one, catalogue number 651101). Subsequent wash
steps were performed at 500 × g for 5min at room temperature using
wash buffer containing calcium/magnesium-free Dulbeccophosphate-
buffered saline (DPBS) (Sigma-Aldrich, catalogue number D8537) with
2% FBS. The cells were washed once, and stained with barcoding CD45
antibodies in wash buffer (total staining volume 50 µl per well) for
30min at room temperature. The cells were then washed once, fol-
lowed by incubation with 50 µl DPBS with 2.5 µM cisplatin (Standard
Biotools, catalogue number 201064) for 5min at room temperature.
Cells were then washed twice, and pooled for extracellular antibody
mastermix staining in wash buffer (total staining volume 100 µl per
well) for 60min at room temperature. Cells were washed twice with
DPBS, followed by fixation in 100 µl eBioscience working fix buffer
(Thermo Fisher Scientific, catalogue number 00-5523) with 100 µl of
DPBS with 3.2% formaldehyde (TAAB Laboratories Equipment Ltd,
catalogue number F017/3) for 30min at room temperature. Cells were
then spun at 500 × g for 5min, the supernatant discarded, and the cells
resuspended in 200 µl eBioscience working perm buffer (Thermo
Fisher Scientific, catalogue number 00-5523). This process was
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repeated, followed by intracellular antibody mastermix staining in
working perm buffer (total staining volume 100 µl per well) for 60min
at room temperature. The cells were then washed twice in DPBS, and
then incubated in 200 µl of DPBS with 125 nM iridium (Standard Bio-
tools, catalogue number 201192A) and 1.6% formaldehyde for 60min
at room temperature. Cells were then washed and stored in 200 µl
wash buffer overnight at 4 °C before acquisition using a CyTOF mass
cytometer (Helios, Standard Biotools) at 30 µl/min after calibrating
against the manufacturer’s tuning protocol.

Samples were acquired in 20 batches of 5 samples each—one
technical replicate and 4 patient samples (i.e. paired samples from 2
patients per batch). Raw cytometer data were normalised using the
Normalizer (v0.3) Matlab application of Finck et al.59, and then manually
gated using FlowJo (v10, BD Biosciences) to remove debris, dead cells,
doublets, and calibration beads. A combined dump stain for CD15,
CD66b and CD203c was used to remove granulocytes and basophils.
Cleaned data were then deconvoluted to individual samples by manual
gating of CD45 antibody staining. Representative images of mass cyto-
metry data pre-processing are shown in Supplementary Fig. 16.

Further processing and analysis of deconvoluted mass cytometry
data was performed in the R statistical environment (v3.4). Normal-
isation of inter-batch variation was achieved by reference to the
technical replicate samples using the Normalizebatch() function of the
cydar60 package (v1.2.1). Further analysis was performed according to
the published workflow of Nowicka et al.61. Unsupervised clustering of
normalised data using FlowSOM62 (version 1.10.0) and
ConsensusClusterPlus63 (v1.42.0) packages was performed, using a
15 × 15 self-organising map followed by reduction to 50 clusters.
Manual merging of clusters was performed based upon similarity of
canonical lineage marker expression.

Single-cell RNA sequencing (scRNAseq)
PBMCs were thawed at 37 °C for 5min and then suspended in 20ml of
thaw medium. The cells were washed twice in 25ml thaw medium at
400× g for 8min, the cell concentration was measured using a Burker
counting chamber, and then the cells were resuspended in 200 µl thaw
medium per 1 million cells per well in a 96-well plate. Subsequent wash
steps were performed at 400× g for 3min at room temperature using
fluorescence-activated cell sorting (FACS) buffer containing calcium/
magnesium-free DPBS with 0.5% bovine serum albumin (Sigma-Aldrich,
catalogue number A2153), 1mM EDTA (Sigma-Aldrich, catalogue num-
ber E7889) and 0.01% sodium azide (Sigma-Aldrich, catalogue number
S2002). The cells were washed and then stained with fluorescent anti-
body mastermix (Supplementary Table 3) in FACS buffer with 200ng
polyclonal human IgG (Octagam, Octapharma Ltd) at 4 °C for 30min
(final staining volume 50 µl) and protected from light. The cells were
washed twice, and then incubated with 20 µl of Via-Probe (BD Bios-
ciences, cataloguenumber 555815) at 4 °C for 10min andprotected from
light. The cells were then suspended in 1ml FACS buffer and kept on ice
for immediate fluorescence-activated cell sorting (FACS) using FACS
Fusion and FACS Aria III cell sorters (BD Biosciences). After removal of
debris, doublets and dead cells, three subsets were isolated from each
sample:CD3+CD4+CD45RO+PD1hi T cells, CD3+CD8+CD45RO+PD1hi T cells,
and CD19+ B cells. Representative images of FACS manual gating are
shown in Supplementary Fig. 17.

Isolated cells were immediately processed according to the BD
Rhapsody protocol, including staining with oligo-tagged surface anti-
bodies (Supplementary Table 4), loading onto a Rhapsody cartridge
(ratio 2:2:1 CD4+:CD8+:B cells), and cell lysis. Excellent viability (med-
ian(range) 85(81–87)%) was observed immediately prior to cartridge
loading. Sample tags were used to combine 6 individual cell isolates
from a single patient on each cartridge (two visit time points, three
isolates per time point). Beads were then processed using the Rhap-
sody Cartridge Kit (BD Biosciences, catalogue number 633733),
Rhapsody Cartridge Reagent Kit (BD Biosciences, catalogue number

633731) and the Ab-O Single-Cell Human Sample Multiplexing Kit (BD
Biosciences, catalogue number 633781) according to the standard BD
Rhapsody protocol with additional V(D)J steps and including supple-
mentary primers (Integrated DNA Technologies UK Ltd, Supplemen-
tary Data 4) as per the manufacturer’s instructions. Beads were stored
at 4 °C for <4 months prior to library preparation, which was per-
formed simultaneously across all samples using the Rhapsody cDNA
Kit (BD Biosciences, catalogue number 633773), Rhapsody Targeted
Amplification Kit (BD Biosciences, catalogue number 633774) and
Rhapsody Immune Response Panel Hs Kit (BD Biosciences, catalogue
number 633750) with additional custom primers (BD Biosciences,
catalogue number 633770, Supplementary Data 5) based on tran-
scriptional markers identified in our previous published work5. Five
indexed libraries (antibody, mRNA, TCR, BCR, SMK sample tag) were
prepared and sequenced in two pooled runs: NovaSeq 6000 S2 300
cycle (75 × 225 bp) + 10% PhiX (mRNA, TCR, BCR, SMK sample tag
libraries), and NovaSeq 6000 S2 100 cycle (2 × 50bp) + 20% PhiX
(antibody library). This approach ensured the entirety of each indivi-
dual library was within a single sequencing run, thus avoiding
sequencing batch effects. BCR data were not available for 3 patients (1
flare, 2 remission) due to insufficient cDNA obtained during the library
preparation process.

FASTQ files were uploaded to the SevenBridges Genomics plat-
form and processed using the standard BD Rhapsody deconvolution,
alignment and V(D)J sequencing pipelines according to the manu-
facturer’s instructions (BD Rhapsody Targeted Analysis Pipeline, v1.0).
The resulting feature count matrices were then processed in R (v4.1.0)
according to the standard Seurat (v4.0)64 workflow with default para-
meters unless otherwise specified. The weighted nearest neighbour
method was to achieve unsupervised clustering of surface protein and
mRNA features simultaneously. The FindClusters functionwas runwith
a resolutionof0.4 forCD4+ T cell data, and0.3 forCD8+ T cell andB cell
data. Clusters comprised of fewer than 100 cells were excluded from
downstream analyses.

Statistical analysis
For mass cytometry data, the statistical significance of differences in
circulating proportional abundance of clusters between different
sample types was achieved by use of a generalised linearmixedmodel,
accounting for both overdispersion and sample pairing, with adjust-
ment formultiple testing within each pairwise sample type contrast by
Benjamini–Hochberg correction. Adjusted two-sided p values < 0.05
were deemed statistically significant.

For scRNAseq data, differential feature expression between clus-
ters and paired patient group contrasts was assessed by the Wilcoxon
rank sum test, with Bonferroni multiple test correction within each
cluster and paired contrast, and a fold-change threshold of >±1.5.
Comparison of proportional subset abundance was performed within
each cell type (i.e. of total CD4+ T cells, CD8+ T cells, and B cells) by the
Wilcoxon rank sum test, with Benjamini–Hochberg multiple test cor-
rection within each paired contrast. Clonal diversity was assessed by
Shannon entropy, with significance testing using the Hutcheson t-test
with Benjamini–Hochberg correction. Differential clone abundance
within individual patients between paired visits was assessed by the
exact Fisher test with Benjamini–Hochberg correction. A two-sided
p <0.05 after multiple test correction was deemed statistically
significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The raw and processed scRNAseq data generated in this study have
beendeposited at theNCBIGene ExpressionOmnibus under accession
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code GSE245403. Mass cytometry cluster abundance (Supplementary
Data 1), scRNAseq cluster abundance (Supplementary Data 2),
scRNAseq cluster differential marker expression (Supplementary
Data 3), scRNAseq library preparation additional primer sequences
(Supplementary Data 4) and scRNAseq custom primer sequences
(Supplementary Data 5) are provided as Supplementary Data and have
been deposited at Zenodo65 (https://doi.org/10.5281/zenodo.
10507330). Source data are provided with this paper.

Code availability
R analysis scripts are deposited at Zenodo65 (https://doi.org/10.5281/
zenodo.10507330).
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