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A longitudinal single-cell atlas of anti-tumour 
necrosis factor treatment in inflammatory 
bowel disease

Precision medicine in immune-mediated inflammatory diseases (IMIDs) 
requires a cellular understanding of treatment response. We describe 
a therapeutic atlas for Crohn’s disease (CD) and ulcerative colitis (UC) 
following adalimumab, an anti-tumour necrosis factor (anti-TNF) treatment. 
We generated ~1 million single-cell transcriptomes, organised into 109 
cell states, from 216 gut biopsies (41 subjects), revealing disease-specific 
differences. A systems biology-spatial analysis identified granuloma 
signatures in CD and interferon (IFN)-response signatures localising to T cell 
aggregates and epithelial damage in CD and UC. Pretreatment differences 
in epithelial and myeloid compartments were associated with remission 
outcomes in both diseases. Longitudinal comparisons demonstrated 
disease progression in nonremission: myeloid and T cell perturbations in 
CD and increased multi-cellular IFN signalling in UC. IFN signalling was also 
observed in rheumatoid arthritis (RA) synovium with a lymphoid pathotype. 
Our therapeutic atlas represents the largest cellular census of perturbation 
with the most common biologic treatment, anti-TNF, across multiple 
inflammatory diseases.

Immune-mediated inflammatory diseases (IMIDs) are characterised 
by impaired immune tolerance leading to chronic inflammation and 
end-organ damage. The discovery that anti-TNF therapy ameliorates 
inflammation marked a new era in IMID treatment1–3. However, with 
nonresponse rates reaching 40% and nondurable remission, medica-
tions beyond anti-TNF are required for many patients, including those 
with CD, UC and RA4–7.

Recent studies have explored the cellular8–20 and molecular21–27 
basis of these diseases and their histopathological features28. How-
ever, cellular distinctions between inflamed CD and UC, and their 
respective tissue niches, remain poorly understood. Although previous 
inflammatory bowel disease (IBD) studies have implicated activated 
fibroblasts13,14,28, neutrophils26–28, inflammatory monocytes13,29 and 
activated T and IgG+ plasma cells8,13 with anti-TNF nonresponse, no 
biomarker is currently approved for response prediction. As such, and 
given the current plethora of treatment options, formulating effective 
drug sequencing strategies following anti-TNF failure is an urgent clini-
cal need. Understanding the cellular impact of therapeutic agents can 

inform these strategies, yet no study has directly interrogated the tissue 
landscape of IMIDs before and after anti-TNF in adults using single-cell 
RNA sequencing (scRNA-seq).

Here, we aimed to create a cellular census of CD and UC to deliver 
a proof-of-concept therapeutic atlas as a precision medicine resource. 
Through the TAURUS study, we characterised the cellular associations 
of disparate treatment outcomes in the context of the most commonly 
used biologic therapy class. We also extended our approach to the RA 
synovium.

Results
A longitudinal scRNA-seq atlas of adalimumab in CD and UC
We collected biopsies from 38 biologic-naïve patients with CD or UC 
and three healthy controls across five gut regions (terminal ileum, 
ascending colon, descending colon, sigmoid and rectum) before 
and after treatment with adalimumab (Fig. 1a and Supplementary 
Table 1). Eighty-nine percent of patients (n = 34) had at least one pair 
of site-matched longitudinal biopsies. Our study comprises 987,743 
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Epithelial heterogeneity drives mRNA variation by gut site
As variance in our transcriptomic dataset could be attributable to 
biopsy region, we examined healthy samples for differences between 
terminal ileum and colon (Extended Data Fig. 2a–c and Supplementary 

high-quality single-cell transcriptomes from 216 gut samples (Fig. 1a 
and Extended Data Fig. 1). Subclustering of nine immune, stromal and 
epithelial cell compartments yielded 109 distinct cell states (Extended 
Data Fig. 1b–j and Supplementary Table 2).
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Fig. 1 | An overview of the TAURUS study. a, ‘Tissue biomarkers for AdalimUmab 
in inflammatory bowel disease and RheUmatoid arthritiS’ (TAURUS)-IBD study 
design outlining sample collection before and after treatment from biologic 
naïve patients with IBD. b, Clinical characteristics of patients included in 
TAURUS-IBD. See Supplementary Table 1 for more details. c, TAURUS workflow 
outlining number of high-quality transcriptomes (987,743 cells) generated 
across compartments with associated cell states and uniform manifold 
approximation and projection visualisations. AC, ascending colon; CD, Crohn’s 
disease; colono, colonocyte; DC, descending colon; EEC, enteroendocrine cell; 
entero, enterocyte; F, female; fibro, fibroblast; GC, germinal centre; hi, high; HBI, 

Harvey-Bradshaw Index; IFN-resp, interferon-responsive; ILC, innate lymphoid 
cell; lo, low; M, male; macro, macrophage; MAIT, mucosal-associated invariant 
T; MNP, mononuclear phagocyte; mono, monocyte; NK, natural killer cells; 
pDC, plasmacytoid dendritic cell; peri, pericyte; R, rectum; RPShi, ribosomal 
protein S-high; SSCAI, Simple Clinical Colitis Activity Index; SC, sigmoid colon; 
TA, transit-amplifying; Tfh, CD4+ follicular helper T cell; Tph, CD4+ peripheral 
helper T cell; Th, CD4+ T helper cell; TI, terminal ileum; Treg, CD4+ regulatory T 
cell; UCEIS, Ulcerative Colitis Endoscopic Index of Severity; UC, ulcerative colitis; 
Undiff, undifferentiated.
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Table 3). Most differences were in the epithelium with 5,493 differen-
tially expressed genes (DEGs) (Extended Data Fig. 2a). Principal com-
ponent analysis (PCA) demonstrated that 59.7% of epithelial variance 
(PC1) was explained by ileal and colonic differences (Extended Data 
Fig. 2d). PC2 (12.4%) highlighted differences along the colon. Genes 
involved in vitamin absorption/metabolism and fatty acid metabolism 
were preferentially expressed in the ileum (Extended Data Fig. 2e–i). 
Mucin expression varied by site: MUC17 was preferentially expressed 
in the ileum, whereas MUC1, MUC4, MUC5B and MUC12 showed pre-
dominantly colonic expression (Extended Data Fig. 2j). Within the 
colon, solute carrier genes (metal ion influx and glucose transport) 
were enriched distally (Extended Data Fig. 2k,l).

A molecular approach to quantifying inflammation
Previous research has highlighted that macroscopically noninflamed 
gut samples can be histologically and transcriptomically inflamed14. 
We generated a gene-based inflammation score using an external IBD 
dataset28. We used this score to quantify inflammation in our cohort 
(Supplementary Table 4, Fig. 2a and Extended Data Fig. 3a–g). Our 
inflammation score (derived from histologically inflamed samples) 
highly correlated with a recently described molecular inflammation 
score (R = 0.89, P < 2.2 × 10−16) (Extended Data Fig. 3h)30. Our score was 
comparable between inflamed CD and UC (Fig. 2b).

We identified common features in inflamed CD and UC including 
specific cell state expansions across the immune, fibroblast/pericyte 
and colonic epithelial compartments (Extended Data Fig. 3i,j and Sup-
plementary Table 4). An IFN-responsive B cell state was more abundant 
in inflamed CD and UC. A similar B cell state has been described in the 
dextran sulfate sodium colitis mouse model and prevented mucosal 
healing31. We also observed multiple CD4+ FOXP3+ regulatory T cell (Treg) 
cell states enriched in inflamed CD and UC, including CD4+ TWIST1+ Treg 
cells. TWIST1 has been reported as a repressor of T effector cells32,33.

Cellular correlates of endoscopy and histopathology indices
To establish the clinical relevance of scRNA-seq, we investigated correla-
tions between cell state abundance and clinical and endoscopic disease 
measures. Greater concordance between the Simple Clinical Colitis 
Activity Index34 (SSCAI, UC) and cell state abundance was observed than 
for the Harvey-Bradshaw Index35 (HBI, CD), and we found 26 cell states 
correlated with endoscopic disease activity, the Ulcerative Colitis Endo-
scopic Index of Severity36 (UCEIS) (Extended Data Fig. 4a,b and Supple-
mentary Table 4). We leveraged paired scRNA-seq haematoxylin-eosin 
(H&E) images (n = 204 samples) to identify over 30 cellular correlates of 
the histopathological Nancy index37 (Extended Data Fig. 4c,d). Overall, 
cell state abundances showed more correlations with histological inflam-
mation features compared to clinical or endoscopic outcome measures.

CD and UC differ by lymphocytic and epithelial stoichiometry
Given distinct clinical and histopathological features in CD and UC, we 
investigated differences between them (Fig. 2c–f). In inflamed CD, we 

observed a specific expansion of Th1 cells (Fig. 2c). Differential cell-cell 
interaction analyses revealed CD-specific Th-derived IFNG signalling 
to macrophages (Fig. 2g). Epithelial remodelling in CD consisted of 
enrichment of PLCG2hi enterocytes (Fig. 2f). Missense variants of PLCG2, 
which encodes a phospholipase enzyme, are associated with IBD38 
and result in intestinal inflammation39,40. Although associated with 
B cell development and tuft cells in health41, our findings indicate a 
specific relevance of PLCG2 to enterocytes in CD. Analyses comparing 
the inflamed ileum and colon in CD revealed that most DEGs in the 
ileum were in the myeloid, stromal and epithelial compartments (Sup-
plementary Table 4). IgG+ plasma cell expansion was seen in inflamed 
CD and UC but more pronounced in the latter (Fig. 2e). Similarly, Th17 
cells were more abundant in inflammation in both diseases but more 
pronounced in UC (Fig. 2c). A CD8+ CTLA4hi TIGIThi T cell state was spe-
cifically increased in inflamed UC (Fig. 2d).

Given the use of adalimumab in CD and UC, we next characterised 
the expression of TNF and its receptors (TNFRSF1A and TNFRSF1B, 
encoding TNFR1 and TNFR2, respectively). During inflammation, mean 
TNF expression per cell was highest in monocytes and CD4+ memory 
T cells (Fig. 2h). However, as the latter cells are approximately five times 
more abundant than monocytes, they are the top TNF source. Although 
thought to be ubiquitously expressed42, TNFRSF1A was mainly found 
in epithelial, stromal and myeloid cells. TNFRSF1B was preferentially 
expressed in immune cells. We confirmed this spatially using RNAScope: 
TNFRSF1A had an epithelial and lamina propria distribution, whereas 
TNFRSF1B localised to the latter (Fig. 2i). As myeloid cells had the highest 
expression of both receptors amongst immune cells, we assessed if this 
was also observable in the blood. scRNA-seq analysis of 95,134 mono-
nuclear cells from 14 biologic-naive IBD patients revealed an analogous 
pattern that was also confirmed at the protein level (Extended Data 
Fig. 5). We also quantified TNF signalling by PROGENy analysis43,44. TNF 
signalling pretreatment in inflamed gut samples was higher in CD4+ T 
helper, myeloid, stromal and selected epithelial cells (Fig. 2h).

Collectively, this cellular census revealed substantial similarities 
across CD and UC, including TNF pathway gene distribution, but also 
key differences in lymphoid and epithelial cells.

Inflammatory hubs map to distinct CD and UC spatial niches
As partitioning cells into discrete cell states may not capture the 
full spectrum of cell identity and activity, we leveraged consensus 
non-negative matrix factorisation (cNMF) to identify gene expres-
sion programmes (GEPs) within cell types45. GEPs can represent cell 
identity but can also reflect activation processes concurrently occur-
ring within a cell (Supplementary Table 5, Supplementary Fig. 1 and 
Extended Data Fig. 6). We assessed each cell compartment to identify 
inflammation-associated GEPs and examined correlations between 
GEPs. Groups of highly correlated GEPs, termed hubs, may represent 
participants in related biological processes. We derived 14 hubs in CD 
and 6 in UC (Extended Data Fig. 7). Hubs in which more than 50% of GEPs 
were enriched in inflammation were deemed ‘inflammatory’ (Fig. 3a,b).

Fig. 2 | Epithelial and lymphocyte stoichiometry underpins cellular 
distinctions between CD and UC. a, Stacked barplots showing proportion of 
cell compartments within individual gut samples and barplot of per sample cell 
counts. Samples are ordered according to inflammatory score. b, Violin plots 
showing distribution of inflammation scores across healthy (n = 12 samples from 
3 patients), CD (n = 33 inflamed, 63 noninflamed samples from 16 patients) and UC 
(n = 50 inflamed, 53 noninflamed samples from 22 patients) samples. Wilcoxon 
rank-sum test used to test significance (two-sided). c–f, Boxplots showing cell 
state as a proportion of the ‘low’ resolution cell subpopulations (see Extended 
Data Fig. 1 for cellular hierarchy), for CD noninflamed (CD-NI), CD inflamed (CD-I), 
UC noninflamed (UC-NI) and UC inflamed (UC-I) gut samples. Boxplots show 
median, first (lower hinge) and third (upper hinge) quartiles; whiskers show 1.5× 
interquartile range. Sample numbers as in (b). MASC was used to test abundance 
across inflammation status and disease with nested random effects accounting 

for multiple samples per patient, and covariates (Methods). Only significant 
(two-sided Padj < 0.05) differences after multiple comparisons correction with 
Benjamini-Hochberg (BH) are shown. g, Cell-cell interaction plots showing ligand-
receptor pairs enriched in inflamed CD versus inflamed UC. h, Mean expression of 
mRNA transcripts at the ‘intermediate’ cell resolution is shown for TNF, TNFRSF1A 
and TNFRSF1B in pretreatment inflamed samples in CD and UC. PROGENy was 
applied to pretreatment inflamed samples to calculate TNF signalling scores43. 
Heatmap shows relative enrichment of TNF signalling scores. Barplots show 
median cell percentage of total cells. i, Spatial distribution of TNFRSF1A and 
TNFRSF1B in the gut compared to negative control (RNAscope); three serial 
sections per probe from one patient. DC, dendritic cell; EEC, enteroendocrine 
cell; entero, enterocyte; GC, germinal centre; hi: high; ILC, innate lymphoid cell; 
lo, low; MNP, mononuclear phagocyte; Th, CD4+ T helper cell.
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In both CD and UC, we observed two IFN-response hubs: hub 4 
and hub 3, respectively (Fig. 3a,b). These were enriched for type I and 
II IFN-response pathways (Supplementary Table 5). Within these hubs, 
myeloid (pM14) and fibroblast/pericyte (pFP11) GEPs were shared 
between CD and UC (Fig. 3a,b). pM14 was enriched in LAMP3+ IL1B+ DCs 
and to a lesser extent, S100A8/9hi TNFhi IL6+ monocytes (Extended Data 
Fig. 6). pFP11 included the follicular reticular marker CCL19, trafficking 
molecules (MADCAM1), selectins (SELE) and MHC class II. Enrichment of 
this GEP was observed in C3hi CCL19+ fibroblasts and CD74hi HLA-DRB1hi 
venous pericytes in both diseases (Extended Data Fig. 6).

We used the CCL19 (pFP11) and CXCL9 (pM14 and pFP11) protein 
markers to localise the shared GEPs spatially within matched biopsy 
sections. CCL19 was expressed on COL1A1+ stromal cells (pFP11) and on 
LAMP3+ CCR7+ DCs present in CD3+ T cell aggregates (Fig. 3c,d, region 4).  
This DC was described by pM08 (LAMP3, CCR7, CCL19) (Extended Data 
Figs. 6, 7) and enriched in inflamed CD and UC (Supplementary Table 5). 
CXCL9 was also found in T cell aggregates, expressed on CD14+ CD40hi 
CD11c+ monocyte-derived DCs (Fig. 3c, region 3). These DCs were addi-
tionally situated around damaged epithelial crypt cells (Fig. 3d, region 
2). The CXCL9 expression pattern suggests IFN signalling is associated 
with inflammation and can be found in T cell aggregates and/or regions 
of epithelial damage in both diseases.

Shared GEPs were also seen in hub 7 (CD) and hub 1 (UC), includ-
ing pCD8T11, pM02 and pFP01. These GEPs mapped to CD8+ FGFBP2+ 
T cells, monocytes and THY1+ FAP+ PDPN+ activated fibroblasts, respec-
tively. GZMB, encoding granzyme B, is a marker of CD8+ FGFBP2+ T cells 
(Extended Data Fig. 1d). The GZMB+ CD8A+ T cells localised to areas 
of epithelial (CK8+) damage (Fig. 3c, region 2, and Fig. 3d, region 3), 
proximal to S100A9+ MPO+ CD66B+ neutrophil aggregates and CXCL9+ 
monocyte-derived DCs. This suggests that in epithelial damage, CD8+ 
FGFBP2+ T cells, potently expressing IFNG (Extended Data Fig. 1d), may 
drive the monocyte-derived DC IFN-response. We previously described 
a neutrophil-stromal interaction in epithelial damage regions28. Here, 
we extended our observations by also localising a GZMB+ CD8+ T cell 
state to these regions.

CD hub 2 also shared multiple GEPs with UC hub 1: pCD4T07, 
pCD8T16, pCD8T05 and pCD8T09. Notably, two GEPs (pM04, 
pCD4T15) present in CD hub 2 were absent in UC hub 1. pM04 was 
most expressed in resident C1Qhi IL1Blo macrophages (Extended Data 
Fig. 6f). pM04 top genes included CHI3L1, CYP27A1, APOE and CTSD 
(Supplementary Fig. 1). GO term enrichment highlighted terms relating 
to cholesterol homeostasis and lysosomal transport (Supplementary 
Table 5). This gene signature was recently described in granuloma-
tous macrophages in sarcoidosis-affected skin46. pCD4T15 mapped 
to Th1 and Th1/17 cells which have also been implicated in sarcoidosis 
granulomas (Supplementary Table 5 and Extended Data Fig. 6a)46. This 
suggests hub 2 as representative of granulomas, seen specifically in CD 
(Fig. 3c, regions 3 and 5).

In UC, which is not a granulomatous condition, pCD4T15 was 
instead strongly correlated with pFP11 within the IFN-response hub 
3. Using the GeoMx spatial platform we assessed the transcriptomic 
differences between the lamina propria and lymphoid aggregates 
(Fig. 3e and Supplementary Table 5). We identified higher expression 
of MHC Class II genes alongside CXCL13 in mucosal aggregates (Fig. 3f). 
Higher expression of TNFRSF13C and MS4A1 were indicative of a pro-B 
cell environment. In addition, mucosal aggregates were enriched for 
pFP11 and pCD4T15 (Fig. 3g).

Epithelial and myeloid features predicate anti-TNF outcome
We next characterised differences at baseline in patients achieving 
remission and those who did not, after adalimumab. At baseline, inflam-
mation score was not associated with future remission status in our 
cohort (all P ≥ 0.05) (Fig. 4a).

In CD, baseline epithelial cell frequency was significantly higher in 
remission compared to nonremission groups. Epithelial cells increased 
following adalimumab, irrespective of remission status (Fig. 4b). How-
ever, only in remission was the post-treatment frequency analogous to 
healthy samples. This difference was not observed in other cell types 
or in UC (Fig. 4b,c and Supplementary Table 6). We then investigated 
differences at the cell-state resolution.

Fig. 4 | Pretreatment differences in remission and nonremission patient 
groups in CD and UC. a, Heatmap showing inflammation score for paired pre- 
and post-treatment samples (CD and UC). R, rectum; Tx, treatment. b, Boxplots 
showing proportion of cell compartment out of total cells in samples from 3 
healthy individuals (12 samples), 10 CD remission patients (19 pretreatment and 
19 post-treatment samples) and 5 CD nonremission patients (7 pretreatment and 
7 post-treatment samples). Boxplots show median, first (lower hinge) and third 
(upper hinge) quartiles; whiskers show 1.5× interquartile range (b–e). Differential 
abundance testing at baseline and longitudinally using MASC (b–e). For baseline, 
only inflamed samples were included. BH-adjusted P values (two-sided) shown. 
c, Boxplots showing proportion of cell compartment out of total cells in sample 
across 3 healthy individuals (12 samples), 4 UC remission patients (8 pretreatment 
and 8 post-treatment samples) and 13 UC nonremission patients (21 pretreatment 
and 21 post-treatment samples). d, Boxplots showing proportion of cell state out 
of total myeloid cells (left) and total plasma cells (right). Sample numbers as in (b). 
e, Boxplots showing proportion of cell state out of total CD8+ T/innate T/NK cells 

(left and middle) and total colonic epithelium (right). Sample numbers as in (c). 
f, Differential expression comparing pretreatment remission and nonremission 
S100A8/9hi TNFhi IL6+ monocytes using MAST. Sample numbers as in (b) and (c) 
for CD and UC, respectively. g, Differential expression comparing pretreatment 
colonic goblet cells between remission and nonremission in UC using MAST. 
Sample numbers as in (c). h, Dotplot showing select genes in pretreatment colonic 
goblet cells in UC remission and nonremission subgroups at baseline using 
MAST. Sample numbers as in (c). i, Gene set enrichment analysis conducted on 
differential expression analysis of pretreatment samples in CD and UC comparing 
remission and nonremission epithelial cell states. j, Cell-cell interaction plots 
showing ligand-receptor pairs enriched in remission at baseline in CD (left) and 
UC (right). Insets show respective nonremission plots. AC, ascending colon; CT, 
crypt top; DC, descending colon; FC, fold change; IFN, interferon; MAIT, mucosal-
associated invariant T cells; MNP, mononuclear phagocytes; NK, natural killer 
cells; NR, nonremission; SC, sigmoid colon; R, remission; TA, transit-amplifying 
cells; TI, terminal ileum; Tx, treatment; Undiff entero, undifferentiated enterocyte.

Fig. 3 | Hubs of gene expression programmes are associated with spatial 
niches in CD and UC. a,b, Network graph of covarying GEPs that constitute 
inflammatory hubs in (a) CD and (b) UC. Common weighted genes (within top 
50) across constituent GEPs within hubs are shown below network graph. See 
Supplementary Table 5 for full list of cNMF GEPs in IBD and associated GO term 
enrichment in GEPs. c,d, Virtual H&E with multiplexed imaging highlighting 
representative regions of tissue and associated protein markers in (c) CD (n = 4 
patients) and (d) UC (n = 5 patients). Sections shown from two patients from each 
disease. e, Representative GeoMx image of ROIs across submucosal aggregates 
(15 ROIs), mucosal aggregates (16 ROIs) and lamina propria (10 ROIs) from IBD 

samples, with antibody staining for CD45, CD3, CD20-CD38. f, Differential gene 
expression comparing mucosal aggregates (16 ROIs) and lamina propria (10 
ROIs). g, GEP projection onto GeoMx samples; ROI numbers as in f, submucosal 
aggregates (15 ROIs). Boxplots show median, first (lower hinge) and third (upper 
hinge) quartiles; whiskers show 1.5× interquartile range. Kruskal-Wallis one-way 
analysis of variance conducted with subsequent pairwise testing with Wilcoxon 
rank-sum. DC, dendritic cell; FC, fold change; IL, innate lymphoid; pB, B cell GEP; 
pCD4T, CD4+ T cell GEP; pCD8T, CD8+ T cell/NK GEP; pFP, fibroblast and pericyte 
GEP; pM, myeloid cell GEP; pP, plasma cell GEP; pV, vascular cell GEP; ROI, region 
of interest.
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In the myeloid compartment, we found an increased baseline 
abundance of C1Qhi IL1Blo macrophages associated with CD remission 
(Fig. 4d). A key marker for these cells, TREM2, is associated with 
pro-repair/remission in RA (Supplementary Table 2)18. pM04, specific 
to these cells, was enriched for genes relating to negative regulation 

of TNF production (ACP5, LILRB4, GPNMB, TREM2, TSPO) (Supplemen-
tary Table 5). Consistent with a pro-remission role, these cells had low 
abundance in health and at baseline in the nonremission group.  
A similar abundance pattern was observed for plasmablasts (CD) and 
MAIT cells (UC) (Fig. 4d,e and Supplementary Table 6). In UC, colonic 
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goblet cells were most abundant in the remission group at baseline but 
increased following treatment in nonremission (Fig. 4e). Analogous 
results were seen in colonic CD. Conversely, γδ T cells were significantly 
lower in abundance at baseline in the UC remission group (Fig. 4e).

We then conducted differential expression analysis at baseline in 
the remission/nonremission groups (Supplementary Table 7). Notably 
in CD and UC, we found baseline differences in gene expression within 
S100A8/9hi TNFhi IL6+ monocytes (Fig. 4f). In CD nonremission, these 
cells had higher expression of chemokines (CXCL3) and cytokines (TNF), 
and exhibited IFN-response. In UC, similar DEGs (CXCL3, IL18) were 
observed in the nonremission group, whereas expression of inhibitory 
receptor, CD300A, was higher in remission. GEPs enriched in these cells 
in CD (pM01) and UC (pM01, pM13) were found in hub 7 and 1, respec-
tively, both in tissue damage areas (Supplementary Fig. 1 and Fig. 3a,b).

In UC, we observed baseline DEGs that distinguished goblet cells 
in remission/nonremission (Fig. 4g). Mucin (MUC2, MUC5B) expres-
sion was higher in remission (Fig. 4g,h). Interestingly, in both CD and 
UC, MHC class I and II and IFN-response genes were enriched in remis-
sion across multiple epithelial cell states (Fig. 4i and Supplementary 
Table 7). Differential cell-cell interaction also revealed a prominent role 
for epithelial-epithelial, epithelial-stromal and myeloid interactions at 
baseline in the remission groups (Fig. 4j).

Specific cellular profiles underpin anti-TNF nonremission
Following adalimumab treatment, remission was characterised by 
epithelial reconstitution and a concomitant immune cell decrease 
(Fig. 4b,c). In nonremission, epithelial increases were insufficient or 
nonexistent, and immune cells showed minimal changes, except for 
the myeloid expansion observed in UC.

Cell state abundance changes post-treatment were broadly organ-
ised into six patterns (Fig. 5a–c). Pattern 1 was characterised by cell 
states with high pretreatment frequency, which significantly decreased 
after adalimumab in remission but remained high in nonremission  

(for example, THY1+ FAP+ PDPN+ fibroblasts) (Fig. 5d). Pattern 2 
described cells that significantly decreased after adalimumab in 
nonremission and were unchanged or decreased in remission (for 
example, CD8+ GZMKint T cells). Pattern 3 had cells with high pretreat-
ment frequency in remission that decreased after adalimumab, but 
were low pretreatment in nonremission. This included cells with 
remission-associated baseline differences (for example, colonic goblet 
cells, Fig. 4d,e). Pattern 4 was typified by cells in CD showing a concord-
ant increase after adalimumab regardless of treatment outcome (for 
example, colonic undifferentiated enterocytes). Pattern 5 included 
cell states that increased post-treatment in remission but did not sig-
nificantly increase in nonremission (for example, colonic LGR5+ stem 
cell). The final pattern was unique to plasmacytoid DCs (pDCs) in UC; 
a significant increase was observed post-treatment in nonremission, 
with no remission or baseline differences (Fig. 5e).

We next performed differential cell-cell interaction analysis 
(Fig. 5f). We observed myeloid-myeloid and CD4+ T cell-myeloid 
interactions increasing despite adalimumab in CD nonremission. In 
keeping with baseline nonremission-associated DEGs in S100A8/9hi 
TNFhi IL6+ monocytes (Fig. 4f), the nonremission cell-cell interactome 
was characterised by ligands including alarmins, chemokines and 
cytokines in the myeloid compartment. Longitudinal expression analy-
sis utilising an interaction term for treatment and remission status 
demonstrated increased TNFRSF1B, TREM1 and cathepsin genes in 
S100A8/9hi monocytes post-treatment in nonremission (Extended 
Data Fig. 8a, Supplementary Fig. 2 and Supplementary Table 8). In 
C1Qhi IL1Bhi macrophages, increased expression of ETS2, a transcription 
factor associated with CD and other IMIDs, was noted (Supplementary 
Table 8)47. IFNG-IFNGR2 interactions between CD4+ T cells and myeloid 
cells were also observed in CD nonremission (Fig. 5f).

In UC nonremission, myeloid cells also exhibited increased acti-
vation with enhanced alarmins, IFN-response and cathepsin genes 
(Supplementary Table 8). A myeloid-vascular axis (CXCL10-ACKR1) 

Fig. 5 | Cellular and molecular changes following adalimumab in CD and 
UC. a, Schematic showing patterns of cell abundance changes by treatment 
status and outcome, compared to health. b,c, Heatmaps showing cell state 
abundances by treatment status and outcome, compared to health in (b) CD and 
(c) UC. Pattern numbers as in (a). Asterisks indicate BH-adjusted P value < 0.05. 
Pretreatment, asterisks indicate significant differences at baseline between 
remission outcomes. Post-treatment, asterisks indicate significant differences 
from baseline to post-treatment. Sample numbers for b–e are as outlined in  
Fig. 4b,c. d, Boxplots showing proportion of THY1+ FAP+ PDPN+ fibroblasts out of 
total fibroblast/pericytes across CD (left) and UC (right) treatment and outcome 
groups. Boxplots show median, first (lower hinge) and third (upper hinge) 
quartiles; whiskers show 1.5x interquartile range (d,e). Differential abundance 

testing at baseline and longitudinally using MASC; BH-adjusted P values 
(two-sided) shown (d,e). e, Boxplots showing proportion of pDCs out of total 
myeloid cells across UC treatment and outcome groups. f, Cell-cell interaction 
plots showing differential ligand-receptor pairs enriched in CD (left) and UC 
(right) post-treatment nonremission. Insets show remission plots. DC, dendritic 
cell; EEC, enteroendocrine cell; GC, germinal centre; hi, high; IFN, interferon; 
ILC, innate lymphoid cell; int, intermediate; lo, low; MAIT, mucosal-associated 
invariant T; MNP, mononuclear phagocyte; mono, monocyte; NK, natural killer 
cells; NR, nonremission; pDC, plasmacytoid dendritic cell; R, remission; TA, 
transit-amplifying; Tfh, CD4+ follicular helper T cell; Tph, CD4+ peripheral helper 
T cell; Th, CD4+ T helper cell; Treg, CD4+ regulatory T cell; Tx, treatment.

Fig. 6 | Inflammatory pathways shared between IBD and RA are associated 
with the lymphoid pathotype in the joint. a, TAURUS-RA study design and 
integration with external datasets to create a synovial tissue meta-atlas18,20. 
b, Mean mRNA transcript expression at the cell-state resolution is shown for 
TNF, TNFRSF1A and TNFRSF1B in inflamed RA samples. TNF signalling scores 
in inflamed RA samples by PROGENy43. Heatmap shows relative enrichment 
of TNF signalling scores. c, Gene expression programme (GEP) correlations. 
Asterisk indicates significantly correlated GEP pairs (Padj < 0.1). Solid lines 
demarcate highly correlated GEP hubs. d, Only AMP2 samples included in this 
analysis as only this dataset had H&E aggregate grading and infiltrate density. 
Spearman correlations between GEP expression and proportion of CD45+ cells 
per sample, worst grade of aggregates and mean infiltration as indicated by 
associated H&E with BH correction for GEP numbers within cell compartments. 
Number of asterisks indicates significance level (two-sided): *0.01 ≤ Padj < 0.05, 
**0.001 ≤ Padj < 0.01, ***0.0001 ≤ Padj < 0.001, ****Padj < 0.0001. e, Associations 
between GEP expression and histological pathotypes. Only AMP2 data were 
included in this analysis; diffuse (n = 30 patients), lymphoid (n = 33 patients) 

and pauci-immune (n = 7 patients) pathotypes. Boxplots show median, first 
(lower hinge) and third (upper hinge) quartiles; whiskers show 1.5x interquartile 
range. Kruskal-Wallis one-way analysis of variance conducted to test association 
between GEPs within cell compartments which were positively correlated with 
proportion of CD45+ cells, with FDR correction for GEP number within cell 
compartments. Pairwise Wilcoxon rank-sum tests only conducted for significant 
GEPs, with FDR correction for pairwise comparisons between histological 
pathotypes. Significant adjusted P values displayed above relevant comparisons. 
CRP, C-reactive protein; CDAI, clinical disease activity index; DC, dendritic 
cell; ESR, erythrocyte sedimentation rate; fibro, fibroblast; GC, germinal 
centre; HSPhi, heat shock protein-high; IFIThi, Interferon induced proteins with 
tetratricopeptide repeat genes-high; ILC, innate lymphoid cell; MAIT, mucosal-
associated invariant T; MNP, mononuclear phagocyte; MThi, mitochondrial-high; 
NK, natural killer; OA, osteoarthritis; pB, B cell GEP; pDC, plasmacytoid dendritic 
cell; physglob, physician global assessment RA; pM, myeloid cell GEP; pP, plasma 
cell GEP; pS, stromal cell GEP; pT, T/NK cell GEP; RPShi, ribosomal protein S-high; 
Tph, CD4+ peripheral helper T cell; Treg, CD4+ regulatory T cell.
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was observed (Fig. 5f). Fibroblasts showed increased expression of 
ligands analogous to the activated fibroblast phenotype (THY1, CXCL1, 
CXCL6). Longitudinal expression analysis identified THY1, PDPN, OSMR 
and potent neutrophil chemoattractants (CXCL1, CXCL6) as increased 
in fibroblasts localising to the sub-epithelial region (SOX6+ POSTN+ 
fibroblasts) and lamina propria (ABCA8+ WNT2B+ FOShi and ABCA8+ 
WNT2B+ FOSlo fibroblasts), after adalimumab treatment in nonremis-
sion (Extended Data Fig. 8b,c and Supplementary Table 8). Expansion 
of THY1+ FAP+ synovial fibroblasts has been previously associated with 
RA, suggesting that this is a cross-IMID pathogenic fibroblast16,48. In 
fibroblasts near the intestinal stem cell niche14 (C3hi RSPO3+ fibroblasts), 
we saw upregulation of the T cell attractant CCL19 in UC nonremission 
(Extended Data Fig. 8d).

In the CD4+ T cell compartment, following adalimumab treatment, 
we found increased signalling including IL21-IL21R interactions in 
UC nonremission (Fig. 5f). Upregulated IL21, TNFRSF1B and immune 
checkpoint genes (LAG3, CTLA4, TNFRSF4, TNFRSF18, HAVCR2) were 
seen in Th17 cells (Extended Data Fig. 8e). These checkpoint genes 
and cytotoxic genes were expressed in GZMAhi Th1/17 cells (Extended 
Data Fig. 8f). PDCD1 and other checkpoint genes were also upregulated 
in CXCL13+ T peripheral helper (Tph)/T follicular helper (Tfh) cells 
(Extended Data Fig. 8g).

Multicompartmental IFN-response was seen in UC nonremission 
(Extended Data Fig. 8h and Supplementary Table 8). Two IFN-associated 
GEPs (pCD4T15 and a colonic epithelial GEP, pCE08) were increased in 
this patient group (Extended Data Fig. 8i,j and Supplementary Table 8). 
Notably, pDCs, the main producers of type I IFN, were specifically 
expanded post-treatment in nonremission (Fig. 5e and Supplementary 
Table 6).

Using PROGENy, we observed a significant reduction in TNF signal-
ling in remission in CD (immune cells and stroma) and UC (stroma only). 
In CD and UC remission, reductions were specifically seen in THY1+ 
PDPN+ FAP+ fibroblasts. Cells with the greatest post-treatment decrease 
in TNF signalling had high signalling levels at baseline (Extended Data 
Fig. 8k–m).

These findings suggest that nonremission after adalimumab is 
strongly associated with worsening of disease at the cellular level. This 
indicates a need to promptly switch to alternative therapies in nonre-
sponding patients, guided by the post-treatment cellular/molecular 
landscape (Extended Data Fig. 8n and Supplementary Figs. 3 and 4).

Shared IMID pathways associate with RA lymphoid pathotype
Shared efficacy to anti-TNF across IMIDs suggests shared pathological 
mechanisms. Therefore, we determined whether the cellular hubs and 
interactions identified in IBD might underpin inflammation and hold 
implications for drug response in RA. We recruited patients before and 
after adalimumab treatment (n = 8 patients with paired samples from 
n = 4) (Fig. 6a, Supplementary Table 1). Whole digestion of synovial tis-
sue followed by scRNA-seq yielded 65,588 high-quality single-cell tran-
scriptomes. Integrating our data with other whole-digested synovial 
datasets18,20 resulted in a 520,603-cell meta-atlas (Fig. 6a and Extended 
Data Fig. 9a–e).

TNF expression was highest in myeloid and T cells (Fig. 6b). Like 
IBD, prominent TNFRSF1A expression was seen in stromal cells, whereas 
TNFRSF1B expression was highest in immune cells. Consistent with our 
gut findings, TNF signalling was highest in myeloid cells and fibroblasts 
in the RA synovium.

Next, we derived cNMF profiles within each cell compartment and 
associated hubs for RA (Fig. 6c, Extended Data Fig. 9f–j, Supplementary 
Fig. 5 and Supplementary Table 9). Twenty out of 58 GEPs across six 
hubs positively correlated with inflammation, using a recently devel-
oped inflammation score49 (Fig. 6d,e and Supplementary Table 9). 
Fourteen GEPs correlated with infiltrate density. Of these, five were 
associated with aggregates (worst grade) (Fig. 6d). All GEPs enriched 
in lymphoid pathotype patients were found in hub 2 (Fig. 6e).

Like hubs 4 (CD) and 3 (UC) in IBD, genes in multiple GEPs across 
cell compartments in RA hub 2 (pM13, pS10, pT22), specifically indi-
cated IFN-response, and B cell activation and proliferation (for example 
TNFSF13B) (Fig. 6c). pM13 was most enriched in IFN-responsive mac-
rophages, whereas pS10 was most prominent in sublining fibroblasts 
(Extended Data Fig. 9i, j). Germinal centre-associated B cell (pB03) and 
T cell-associated GEPs facilitating B cell recruitment (pT04) and acti-
vation (pT18) were detected in CXCR6lo and CXCR6+ Tph, respectively, 
suggesting that hub 2 represents a pro-B cell microenvironment.

Given the paucity of well-powered independent longitudinal 
cohorts examining anti-TNF response using synovial tissue, we exam-
ined GEPs in the context of rituximab therapy in RA (Supplementary 
Table 9)50. Germinal centre-associated GEP, pB03 and other B/plasma 
cell GEPs (pB06, pB08, pP01) were associated with rituximab response 
at baseline (Extended Data Fig. 9k,l).

Taken together, these findings indicate that across inflamed gut 
and joint, there are similarities in TNF pathway gene expression. Fur-
thermore, lymphocyte infiltration programmes associated with IFN 
signalling are present across all three IMIDs we studied, suggesting 
that targeting IFN signalling might be considered in these diseases.

Discussion
Here, we have profiled intestinal tissues at single-cell resolution in CD 
and UC, before and after administration of the most widely used bio-
logic, adalimumab. This resource represents the largest longitudinal, 
therapeutic scRNA-seq atlas to date, comprising ~1 million cells from 
216 samples across 41 individuals (Extended Data Fig. 10). This atlas 
will aid patient stratification and drug discovery efforts in the IMID 
research community.

The state of the inflammatory landscape at baseline, its longitu-
dinal evolution and its association with adalimumab outcomes have 
not been previously characterised at single-cell resolution for adult 
CD and UC. Indeed, prior studies have identified the need for longitu-
dinal cohorts51. Previously, signatures proposed to be associated with 
anti-TNF nonresponse were projected from bulk transcriptomics8,13,14,28. 
Gut bulk transcriptomics may reflect overall cell abundance rather 
than changes within individual cell populations. In our prospectively 
recruited IBD cohort with comparable inflammation at baseline, we sys-
tematically identified cell states associated with remission/nonremis-
sion. The selection of remission as an endpoint, rather than response, 
is consistent with the clinical treatment goal of mucosal healing52.

We explored the shared and distinct drivers of inflammation in CD 
and UC. Although clinically disparate entities, bulk RNA-seq studies 
have had limited ability to distinguish them30. A CyTOF investigation 
of immune cells identified differences in cytokine-producing T cells 
and myeloid cells between CD and UC53. We detected Th1 expansion 
as a hallmark of inflammation in CD but not UC. Markedly increased 
IgG+ plasma cells and plasmablasts were observed in UC, as recently 
reported8. This expansion was also observed, to a lesser degree, in 
CD. Distinctions between these diseases extended to the epithelium, 
as the PLCG2hi enterocyte was specifically increased in inflamed CD.

We then mapped scRNA-seq-derived GEPs to cellular neighbour-
hoods in IBD using multiplexed imaging and spatial transcriptom-
ics. IFN-response hubs were profiled using protein markers CXCL9 
and CCL19 corresponding to GEPs pM14 and pFP11. pM14 (CXCL9+) 
was present in CD14+ CD40hi CD11c+ monocyte-derived DCs localis-
ing to distinct spatial niches: (1) co-occurrence with CCL19+ stromal 
cells (pFP11) in T cell aggregates and (2) areas of epithelial damage. 
CCL19+ fibroblasts and associated IFN signalling have been described 
in multiple IMIDs including RA49. In UC, pFP11 was strongly correlated 
with pCD4T15. This GEP is expressed in Th1 and Th1/17 cells, which 
could be the IFNγ source in this niche. Th1/17 cells have also been 
implicated in granuloma formation in sarcoidosis-affected skin46. 
In CD, pCD4T15 correlated with pM04, which shares features with 
granuloma-associated macrophages.
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In regions of epithelial damage, neutrophil-attractant fibroblasts 
are present28. These cells were represented by pFP01. This GEP was 
in the same hub as pCD8T11. pCD8T11 was highly expressed in CD8+ 
FGFBP2+ T cells, demarcated by GZMB. GZMB+ CD8A+ T cells local-
ised to areas of epithelial damage along with S100A9+ MPO+ CD66B+ 
neutrophil aggregates and CXCL9+ monocyte-derived DCs. As CD8+ 
FGFBP2+ T cells potently express IFNG, they may drive IFN-response in 
monocyte-derived DCs in this niche.

In the myeloid compartment, GEPs enriched in S100A8/9hi TNFhi IL6+ 
monocytes belonged to ‘tissue damage’ hubs in CD and UC. Interestingly, 
although abundance of these monocytes did not vary between remis-
sion/nonremission samples at baseline, their transcriptomic features did 
differ. In nonremission, these monocytes exhibited higher chemokine 
(CXCL3) and cytokine expression (IL18). In UC remission, we also found 
higher expression of the inhibitory receptor CD300A at baseline.

Following treatment in CD nonremission, a pro-inflammatory 
myeloid autocrine loop including IL-1 signalling was detected. We 
previously described an IL-1-dependent stromal-neutrophil axis in 
anti-TNF nonresponse in IBD28. Consistent with this, there was increased 
expression of THY1, FAP, CXCL5 and CXCL6 in subepithelial and lamina 
propria fibroblasts in UC nonremission. We did not capture neutrophils 
in our dataset, which is a well-recognised caveat of using frozen tissue 
in 10X single-cell experiments, however, this fibroblast signature was 
indicative of neutrophil chemoattraction. In C3hi RSPO3+ fibroblasts 
we saw increased CCL19 expression indicative of lymphocyte infiltra-
tion. Another feature of UC nonremission was increased expression of 
checkpoint genes across several Th cell states.

Despite longstanding interest in understanding nonresponse to 
anti-TNF, investigation of the cellular correlates of anti-TNF response 
has been limited14,54. In our study, we move beyond the concept of 
response merely being associated with reduced inflammation or with 
the absence of a nonresponse driver. We observed for the first time, 
that the frequency of TREM2-expressing C1Qhi IL1Blo macrophages 
at baseline was associated with remission in CD. TREM2-expressing 
macrophages have been associated with regulating synovial inflam-
mation18 and regulatory macrophages have been implicated in IBD 
anti-TNF efficacy55–57.

We also found baseline differences in the epithelium between 
remission/nonremission groups. Projection of a bulk RNA-seq-derived 
anti-TNF sensitivity signature has previously been detected in UC 
epithelium14. In a novel observation, colonic goblet cells, specifically, 
were quantitatively and qualitatively distinct at baseline between 
remission/nonremission in UC and CD. Interestingly, colonic CD and 
UC remission groups had higher baseline expression of MHC class I and 
II and IFN-response genes across multiple epithelial cell states. Recent 
murine studies report that epithelial MHC class II-dependent antigen 
presentation limits inflammatory damage58.

IFNs are pleiotropic cytokines that drive inflammation but also epi-
thelial regeneration59,60. At baseline, pro-inflammatory IFN-responsive 
hubs mapped to T cell aggregates and tissue damage areas. In CD, 
IFN-related genes in S100A8/9hi TNFhi IL6+ monocytes were associated 
with nonremission. Conversely, increased epithelial expression of these 
genes at baseline associated with remission. Longitudinally in UC remis-
sion, there was diminished type I and II IFN-response following success-
ful resolution of inflammation. In nonremission however, IFN-response 
was increased in the epithelial, immune and stromal compartments, 
accompanied by pDC expansion. pDC enrichment was previously 
observed in children with UC who went on to require colectomy61. 
Interestingly, pDC-derived type I IFN may contribute to paradoxical 
psoriasis following anti-TNF62. Whilst IFN-response may be protec-
tive in re-establishing epithelial homeostasis in remission, it may be 
pathogenic in other cell types in adalimumab nonremission. Although 
not efficacious for all patients, JAK1 or p19 inhibition, which modulate 
IFN pathways, may be effective in those anti-TNF nonresponders63–67 for 
whom clinical benefit outweighs infection-associated safety risks66,68.

The amenability of RA to anti-TNF therapy led us to compare across 
organ systems. We found analogous TNF pathway gene expression 
in inflamed gut and synovium. As for IBD, for RA we also detected an 
IFN-response hub. This hub was enriched in the RA lymphoid pathotype.

Our longitudinal profiling strategy is a starting point to capture 
dynamic, cellular-level IMID evolution. A limitation was the disparity 
in sampling time post-treatment. All patients were sampled at least 
8 weeks after exposure to adalimumab, but sampling varied up to 1.5 
years after therapy because of the COVID-19 pandemic. However, all 
patients were on therapy at the post-treatment sampling timepoint. 
Although we used multiplexed imaging to validate inflammatory hubs, 
and flow cytometry for TNF pathway components, most of our findings 
are derived from RNA-level data that require quantitative assaying at 
the protein level. Future studies could also explore patients treated 
with other anti-TNF agents (for example, infliximab).

With the advent of biosimilars and the plethora of available 
advanced therapies, characterising cellular associations of treatment 
outcome to rationalise drug positioning and discovery strategies is 
imperative69,70. Therefore, we examined the cellular basis of inflamma-
tion and drug response in CD, UC, and RA. As the most used first-line 
biologic in adults, our in vivo adalimumab perturbation atlas serves as 
a foundation for investigating other existing and emerging therapies 
across IMIDs.
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maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41590-024-01994-8.

References
1.	 Brennan, F. M., Jackson, A., Chantry, D., Maini, R. & Feldmann, M.  

Inhibitory effect of TNF alpha antibodies on synovial cell 
interleukin-1 production in rheumatoid arthritis. Lancet 2, 
244–247 (1989).

2.	 Elliott, M. J. et al. Randomised double-blind comparison of 
chimeric monoclonal antibody to tumour necrosis factor 
alpha (cA2) versus placebo in rheumatoid arthritis. Lancet 344, 
1105–1110 (1994).

3.	 Derkx, B. et al. Tumour-necrosis-factor antibody treatment in 
Crohn’s disease. Lancet 342, 173–174 (1993).

4.	 Ding, N. S., Hart, A. & De Cruz, P. Systematic review: predicting 
and optimising response to anti-TNF therapy in Crohn’s disease: 
algorithm for practical management. Aliment Pharm. Ther. 43, 
30–51 (2016).

5.	 Weinblatt, M. E. et al. Adalimumab, a fully human anti-tumor 
necrosis factor alpha monoclonal antibody, for the treatment of 
rheumatoid arthritis in patients taking concomitant methotrexate: 
the ARMADA trial. Arthritis Rheum. 48, 35–45 (2003).

6.	 Rutgeerts, P. et al. Infliximab for induction and maintenance therapy 
for ulcerative colitis. N. Engl. J. Med 353, 2462–2476 (2005).

7.	 Ferrante, M. et al. Predictors of early response to infliximab in 
patients with ulcerative colitis. Inflamm. Bowel Dis. 13, 123–128 
(2007).

8.	 Uzzan, M. et al. Ulcerative colitis is characterized by a 
plasmablast-skewed humoral response associated with disease 
activity. Nat. Med. 28, 766–779 (2022).

9.	 Corridoni, D. et al. Single-cell atlas of colonic CD8+ T cells in 
ulcerative colitis. Nat. Med. 26, 1480–1490 (2020).

10.	 Kinchen, J. et al. Structural remodeling of the human colonic 
mesenchyme in inflammatory bowel disease. Cell 175, 372–386 
(2018).

11.	 Parikh, K. et al. Colonic epithelial cell diversity in health and 
inflammatory bowel disease. Nature 567, 49–55 (2019).

http://www.nature.com/natureimmunology
https://doi.org/10.1038/s41590-024-01994-8


Nature Immunology | Volume 25 | November 2024 | 2152–2165 2164

Resource https://doi.org/10.1038/s41590-024-01994-8

12.	 Huang, B. et al. Mucosal profiling of pediatric-onset colitis and 
IBD reveals common pathogenics and therapeutic pathways. Cell 
179, 1160–1176 (2019).

13.	 Martin, J. C. et al. Single-cell analysis of crohn’s disease lesions 
identifies a pathogenic cellular module associated with 
resistance to anti-TNF therapy. Cell 178, 1493–1508 (2019).

14.	 Smillie, C. S. et al. Intra- and Inter-cellular rewiring of the human 
colon during ulcerative colitis. Cell 178, 714–730 (2019).

15.	 Zhang, F. et al. Defining inflammatory cell states in rheumatoid 
arthritis joint synovial tissues by integrating single-cell 
transcriptomics and mass cytometry. Nat. Immunol. 20, 
928–942 (2019).

16.	 Croft, A. P. et al. Distinct fibroblast subsets drive inflammation and 
damage in arthritis. Nature 570, 246–251 (2019).

17.	 Wei, K. et al. Notch signalling drives synovial fibroblast identity 
and arthritis pathology. Nature 582, 259–264 (2020).

18.	 Alivernini, S. et al. Distinct synovial tissue macrophage subsets 
regulate inflammation and remission in rheumatoid arthritis.  
Nat. Med. 26, 1295–1306 (2020).

19.	 Jaeger, N. et al. Single-cell analyses of Crohn’s disease tissues 
reveal intestinal intraepithelial T cells heterogeneity and altered 
subset distributions. Nat. Commun. 12, 1–12 (2021).

20.	 Zhang, F. et al. Deconstruction of rheumatoid arthritis  
synovium defines inflammatory subtypes. Nature 623,  
616 (2023).

21.	 West, N. R. et al. Oncostatin M drives intestinal inflammation and 
predicts response to tumor necrosis factor-neutralizing therapy in 
patients with inflammatory bowel disease. Nat. Med 23, 579–589 
(2017).

22.	 Aterido, A. et al. A combined transcriptomic and genomic 
analysis identifies a gene signature associated with the response 
to anti-TNF therapy in rheumatoid arthritis. Front Immunol. 10, 
1459 (2019).

23.	 Gaujoux, R. et al. Cell-centred meta-analysis reveals baseline 
predictors of anti-TNFα non-response in biopsy and blood of 
patients with IBD. Gut 68, 604–614 (2019).

24.	 Arijs, I. et al. Mucosal gene expression of antimicrobial peptides 
in inflammatory bowel disease before and after first infliximab 
treatment. PLoS One 4, e7984 (2009).

25.	 Belarif, L. et al. IL-7 receptor influences anti-TNF responsiveness 
and T cell gut homing in inflammatory bowel disease.  
J. Clin. Invest 129, 1910–1925 (2019).

26.	 Haberman, Y. et al. Ulcerative colitis mucosal transcriptomes 
reveal mitochondriopathy and personalized mechanisms 
underlying disease severity and treatment response.  
Nat. Commun. 10, 1–13 (2019).

27.	 Czarnewski, P. et al. Conserved transcriptomic profile between 
mouse and human colitis allows unsupervised patient 
stratification. Nat. Commun. 10, 1–11 (2019).

28.	 Friedrich, M. et al. IL-1-driven stromal–neutrophil interactions 
define a subset of patients with inflammatory bowel disease  
that does not respond to therapies. Nat. Med. 27, 1970–1981 
(2021).

29.	 Aschenbrenner, D. et al. Deconvolution of monocyte responses in 
inflammatory bowel disease reveals an IL-1 cytokine network that 
regulates IL-23 in genetic and acquired IL-10 resistance. Gut 70, 
1023–1036 (2021).

30.	 Argmann, C. et al. Biopsy and blood-based molecular biomarker 
of inflammation in IBD. Gut 72, 1271–1287 (2023).

31.	 Frede, A. et al. B cell expansion hinders the stroma-epithelium 
regenerative cross talk during mucosal healing. Immunity 55, 
2236–2351 (2022).

32.	 Pham, D., Vincentz, J. W., Firulli, A. B. & Kaplan, M. H. Twist1 
regulates Ifng expression in Th1 cells by interfering with Runx3 
function. J. Immunol. 189, 832–840 (2012).

33.	 Pham, D. et al. The transcription factor Twist1 limits T helper 17 
and T follicular helper cell development by repressing the gene 
encoding the interleukin-6 receptor α chain. J. Biol. Chem. 288, 
27423 (2013).

34.	 Walmsley, R. S., Ayres, R. C. S., Pounder, R. E. & Allan, R. N. A 
simple clinical colitis activity index. Gut 43, 29–32 (1998).

35.	 Harvey, R. F. & Bradshaw, J. M. A simple index of Crohn’s-disease 
activity. Lancet 1, 514 (1980).

36.	 Travis, S. P. L. et al. Developing an instrument to assess the 
endoscopic severity of ulcerative colitis: the Ulcerative Colitis 
Endoscopic Index of Severity (UCEIS). Gut 61, 535–542 (2012).

37.	 Marchal-Bressenot, A. et al. Development and validation of the 
Nancy histological index for UC. Gut 66, 43–49 (2017).

38.	 De Lange, K. M. et al. Genome-wide association study implicates 
immune activation of multiple integrin genes in inflammatory 
bowel disease. Nat. Genet. 49, 256–261 (2017).

39.	 Zhou, Q. et al. A hypermorphic missense mutation in PLCG2, 
encoding phospholipase Cγ2, causes a dominantly inherited 
autoinflammatory disease with immunodeficiency. Am. J. Hum. 
Genet. 91, 713–720 (2012).

40.	 Yu, P. et al. Autoimmunity and inflammation due to a 
gain-of-function mutation in phospholipase Cγ2 that specifically 
increases external Ca2+ entry. Immunity 22, 451–465 (2005).

41.	 Elmentaite, R. et al. Cells of the human intestinal tract mapped 
across space and time. Nature 597, 250–255 (2021).

42.	 Kalliolias, G. D. & Ivashkiv, L. B. TNF biology, pathogenic 
mechanisms and emerging therapeutic strategies. Nat. Rev. 
Rheumatol. 12, 49–62 (2015).

43.	 Schubert, M. et al. Perturbation-response genes reveal signaling 
footprints in cancer gene expression. Nat. Commun. 9, 1–11 (2017).

44.	 Krishnamurty, A. T. et al. LRRC15+ myofibroblasts dictate the 
stromal setpoint to suppress tumour immunity. Nature 611, 
148–154 (2022).

45.	 Kotliar, D. et al. Identifying gene expression programs of cell-type 
identity and cellular activity with single-cell RNA-Seq. Elife 8, 
e43803 (2019).

46.	 Krausgruber, T. et al. Single-cell and spatial transcriptomics reveal 
aberrant lymphoid developmental programs driving granuloma 
formation. Immunity 56, 289–306 (2023).

47.	 Stankey, C. T. et al. A disease-associated gene desert directs 
macrophage inflammation through ETS2. Nature 630, 447–456 
(2024).

48.	 Davidson, S. et al. Fibroblasts as immune regulators in infection, 
inflammation and cancer. Nat. Rev. Immunol. 21, 704–717  
(2021).

49.	 Korsunsky, I. et al. Cross-tissue, single-cell stromal atlas identifies 
shared pathological fibroblast phenotypes in four chronic 
inflammatory diseases. Med 3, 481–518.e14 (2022).

50.	 Rivellese, F. et al. Rituximab versus tocilizumab in rheumatoid 
arthritis: synovial biopsy-based biomarker analysis of the phase 4 
R4RA randomized trial. Nat. Med. 28, 1256–1268 (2022).

51.	 Mayer, A. T. et al. A tissue atlas of ulcerative colitis revealing 
evidence of sex-dependent differences in disease-driving 
inflammatory cell types and resistance to TNF inhibitor therapy. 
Sci. Adv. 9, eadd1166 (2023).

52.	 Le Berre, C., Ricciuto, A., Peyrin-Biroulet, L. & Turner, D. Evolving 
short- and long-term goals of management of inflammatory 
bowel diseases: getting it right, making it last. Gastroenterology 
162, 1424–1438 (2022).

53.	 Mitsialis, V. et al. Single-cell analyses of colon and blood reveal 
distinct immune cell signatures of ulcerative colitis and crohn’s 
disease. Gastroenterology 159, 591–608 (2020).

54.	 Schmitt, H. et al. Expansion of IL-23 receptor bearing TNFR2+ 
T cells is associated with molecular resistance to anti-TNF therapy 
in Crohn’s disease. Gut 68, 814 (2019).

http://www.nature.com/natureimmunology


Nature Immunology | Volume 25 | November 2024 | 2152–2165 2165

Resource https://doi.org/10.1038/s41590-024-01994-8

55.	 Koelink, P. J. et al. Anti-TNF therapy in IBD exerts its therapeutic 
effect through macrophage IL-10 signalling. Gut 69, 1053–1063 
(2020).

56.	 Vos, A. C. W. et al. Anti–tumor necrosis factor-α antibodies induce 
regulatory macrophages in an Fc region-dependent manner. 
Gastroenterology 140, 221–230 (2011).

57.	 Vos, A. C. W. et al. Regulatory macrophages induced by Infliximab 
are involved in healing in vivo and in vitro. Inflamm. Bowel Dis. 18, 
401–408 (2012).

58.	 Heuberger, C. E. et al. MHC class II antigen presentation by 
intestinal epithelial cells fine-tunes bacteria-reactive CD4 T-cell 
responses. Mucosal Immunol. 17, 416–430(2024).

59.	 McElrath, C. et al. Critical role of interferons in gastrointestinal 
injury repair. Nat. Commun. 12, 1–15 (2021).

60.	 Villablanca, E. J., Selin, K. & Hedin, C. R. H. Mechanisms of 
mucosal healing: treating inflammatory bowel disease without 
immunosuppression? Nat. Rev. Gastroenterol. Hepatol. 19, 
493–507 (2022).

61.	 Mo, A. et al. Stratification of risk of progression to colectomy in 
ulcerative colitis via measured and predicted gene expression. 
Am. J. Hum. Genet 108, 1765–1779 (2021).

62.	 Conrad, C. et al. TNF blockade induces a dysregulated type 
I interferon response without autoimmunity in paradoxical 
psoriasis. Nat. Commun. 9, 1–11 (2017).

63.	 Friedberg, S. et al. Upadacitinib is effective and safe in both 
ulcerative colitis and Crohn’s disease: prospective real-world 
experience. Clin. Gastroenterol. Hepatol. 21, 1913–1923 (2023).

64.	 Lasa, J. S., Olivera, P. A., Danese, S. & Peyrin-Biroulet, L. Efficacy 
and safety of biologics and small molecule drugs for patients with 
moderate-to-severe ulcerative colitis: a systematic review and 
network meta-analysis. Lancet Gastroenterol. Hepatol. 7, 161–170 
(2022).

65.	 Burr, N. E., Gracie, D. J., Black, C. J. & Ford, A. C. Efficacy of 
biological therapies and small molecules in moderate to severe 
ulcerative colitis: systematic review and network meta-analysis. 
Gut 71, 1976–1987 (2022).

Tom Thomas1,2,3, Matthias Friedrich1,3,20, Charlotte Rich-Griffin2,20, Mathilde Pohin1,20, Devika Agarwal1,20, Julia Pakpoor1,2,3, 
Carl Lee1, Ruchi Tandon4, Aniko Rendek5, Dominik Aschenbrenner3, Ashwin Jainarayanan1, Alexandru Voda1, 
Jacqueline H. Y. Siu1, Raphael Sanches-Peres1, Eloise Nee1, Dharshan Sathananthan6,7, Dylan Kotliar8,9, Peter Todd2, 
Maria Kiourlappou    2, Lisa Gartner    3, Nicholas Ilott    1, Fadi Issa    10, Joanna Hester    10, Jason Turner    11, 
Saba Nayar    11,12,13, Jonas Mackerodt1, Fan Zhang8,9,14, Anna Jonsson8,9, Michael Brenner    8,9, Soumya Raychaudhuri    8,9, 
Ruth Kulicke15, Danielle Ramsdell15, Nicolas Stransky15, Ray Pagliarini15, Piotr Bielecki15, Noah Spies15, Brian Marsden    2, 
Stephen Taylor2, Allon Wagner    16,17, Paul Klenerman3, Alissa Walsh3, Mark Coles    1, Luke Jostins-Dean    1, 
Fiona M. Powrie    1, Andrew Filer    11,12,13, Simon Travis    1,3,18,21  , Holm H. Uhlig    3,18,19,21  , Calliope A. Dendrou    1,2,18,21   & 
Christopher D. Buckley    1,3,11,18,21 

66.	 Parigi, T. L., Iacucci, M. & Ghosh, S. Blockade of IL-23: What is in 
the Pipeline? J. Crohns Colitis 16, ii64–ii72 (2022).

67.	 Peyrin-Biroulet, L. et al. Upadacitinib achieves clinical and 
endoscopic outcomes in crohn’s disease regardless of prior 
biologic exposure.Clin. Gastroenterol. Hepatol. 22, 2096–2106 
(2024).

68.	 Olivera, P. A., Lasa, J. S., Bonovas, S., Danese, S. & Peyrin-Biroulet, 
L. Safety of Janus kinase inhibitors in patients with inflammatory 
bowel diseases or other immune-mediated diseases: a systematic 
review and meta-analysis. Gastroenterology 158, 1554–1573 
(2020).

69.	 Canales-Herrerias, P. et al. Gut-associated lymphoid tissue 
attrition associates with response to anti-α4β7 therapy in 
ulcerative colitis. Sci. Immunol. 9, 7549 (2024).

70.	 Mennillo, E. et al. Single-cell and spatial multi-omics highlight 
effects of anti-integrin therapy across cellular compartments in 
ulcerative colitis. Nat. Commun. 15, 1–19 (2024).

Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2024

1Kennedy Institute of Rheumatology, University of Oxford, Oxford, UK. 2Centre for Human Genetics, University of Oxford, Oxford, UK. 3Translational 
Gastroenterology & Liver Unit, John Radcliffe Hospital, Headington, Oxford, UK. 4University College London Hospitals NHS Foundation Trust, London, 
UK. 5Oxford University Hospitals NHS Foundation Trust, Oxford, UK. 6University of Adelaide, Adelaide, Australia. 7Lyell McEwin Hospital, Adelaide, 
Australia. 8Broad Institute of MIT and Harvard, Cambridge, MA, USA. 9Department of Medicine, Brigham and Women’s Hospital, Boston, MA, USA. 
10Nuffield Department of Surgical Sciences, University of Oxford, Oxford, UK. 11Rheumatology Research Group, Institute of Inflammation and Ageing, 
University of Birmingham, Birmingham, UK. 12National Institute for Health Research (NIHR) Birmingham Biomedical Research Centre and NIHR Clinical 
Research Facility, University Hospitals Birmingham NHS Foundation Trust, Birmingham, UK. 13Birmingham Tissue Analytics, Institute of Translational 
Medicine, University of Birmingham, Birmingham, UK. 14Center for Health AI, University of Colorado Anschutz, Anschutz, CO, USA. 15Celsius Therapeutics, 
Cambridge, MA, USA. 16Department of Electrical Engineering and Computer Science, University of California, Berkeley, Berkeley, CA, USA.  
17The Center for Computational Biology, University of California, Berkeley, Berkeley, CA, USA. 18NIHR Oxford Biomedical Research Centre, Oxford, UK. 
19Department of Paediatrics, University of Oxford, Oxford, UK. 20These authors contributed equally: Matthias Friedrich, Charlotte Rich-Griffin, Mathilde 
Pohin, Devika Agarwal. 21These authors jointly supervised this work: Simon Travis, Holm H Uhlig, Calliope A Dendrou, Christopher D Buckley.  

 e-mail: simon.travis@kennedy.ox.ac.uk; holm.uhlig@ndm.ox.ac.uk; calliope.dendrou@kennedy.ox.ac.uk; christopher.buckley@kennedy.ox.ac.uk

http://www.nature.com/natureimmunology
http://orcid.org/0000-0003-1792-9206
http://orcid.org/0000-0002-3273-651X
http://orcid.org/0000-0002-8432-8622
http://orcid.org/0000-0002-8279-7732
http://orcid.org/0000-0002-7466-3849
http://orcid.org/0000-0002-5423-5302
http://orcid.org/0000-0002-4350-110X
http://orcid.org/0000-0001-6202-8445
http://orcid.org/0000-0002-1901-8265
http://orcid.org/0000-0002-1937-4091
http://orcid.org/0000-0001-5095-6009
http://orcid.org/0000-0001-8079-9358
http://orcid.org/0000-0002-2475-3969
http://orcid.org/0000-0003-3312-5929
http://orcid.org/0000-0001-8164-6249
http://orcid.org/0000-0002-2690-4361
http://orcid.org/0000-0002-6111-7355
http://orcid.org/0000-0003-1179-4021
http://orcid.org/0000-0001-6924-6402
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:simon.travis@kennedy.ox.ac.uk
mailto:holm.uhlig@ndm.ox.ac.uk
mailto:calliope.dendrou@kennedy.ox.ac.uk
mailto:christopher.buckley@kennedy.ox.ac.uk


Nature Immunology

Resource https://doi.org/10.1038/s41590-024-01994-8

Methods
Sample size was not predetermined, and patients were not randomised 
for this observational study.

Patient cohorts and ethics
Biologic-naïve IBD patients to be escalated to adalimumab were 
recruited at the John Radcliffe Hospital (Oxford) IBD outpatient 
clinic. Biopsies were collected (IBD Cohort 09/H1204/30)/(GI Ethics 
16/YH/0247), Yorkshire & The Humber - Sheffield Research Ethics 
Committee) from terminal ileum, ascending colon, descending colon 
and/or rectum (colonoscopy) or the descending colon, sigmoid and/
or rectum (flexible sigmoidoscopy). Clinical history and examina-
tion were undertaken to determine disease activity (HBI for CD and 
SSCAI for UC). Endoscopic (UCEIS for UC, and presence and absence 
of ulceration for CD) and histologic readouts (Nancy index) were col-
lected. During follow-up, serum trough adalimumab levels were taken 
to exclude antibody-mediated therapy failure.

Patients with clinically diagnosed RA were recruited and followed 
up in an observational standard-of-care cohort (South Birmingham 
Research Ethics Committee: 14/WM/1109). Serial synovial biopsies 
were taken from biologic-naïve patients under nested ethics (West 
Midlands Black Country Research Ethics Committee: 07/H1203/57). 
Patients with RA with a Disease Activity Score-28-ESR score of ≥5.1 and 
active inflammation in at least one biopsiable joint (according to ACR/
EULAR 2010 criteria) underwent ultrasound-guided synovial biopsy. 
Four to six synovial fragments were obtained per small joint and six to 
eight fragments per large joint. Clinical assessments were undertaken 
at time of biopsy. Patients were rebiopsied in the same joint after treat-
ment with adalimumab, subject to patient consent and welfare.

Obtaining samples and preparation of samples for scRNA-seq
All gut tissue samples were obtained in RPMI 1640 Medium (Gibco) on 
ice and processed within 2 h of the procedure. Sample processing was 
performed under sterile conditions. Samples were gently washed with 
1X PBS, finely macerated with a scalpel and cryopreserved with CryoS-
tore CS10 Cell Freezing Medium (Sigma-Aldrich) and stored in liquid 
nitrogen. Samples for histology were placed into formalin for paraffin 
embedding. Synovial tissue was minced using scalpels to ensure frag-
ments were <1 mm in diameter and cryopreserved with CS10.

Peripheral blood (20 ml) was collected by venipuncture from 
patients with IBD and peripheral blood mononuclear cells (PBMCs) 
were isolated using Lymphoprep (Stemcell Technologies) gradient. 
Samples were cryopreserved in10% DMSO/90% foetal bovine serum.

10X Genomics scRNA-seq library preparation, tissue 
dissociation and sequencing
Gut and synovial tissue samples and PBMCs were thawed into warm 
IMDM media with 10% foetal bovine serum and washed. Gut samples 
were EDTA-treated predigestion with rotation for 15 min to remove 
dead/damaged epithelial cells, and then dissociated enzymatically 
with Liberase TM and DNase into a single-cell suspension with rotation. 
Thawed synovial samples were digested in Liberase TL and DNase in 
warm media for 30 min, with agitation.

All cell samples were strained and washed twice with PBS with 0.4% 
bovine serum albumin (BSA). Live cells were counted using acridine 
orange/propidium iodide and ≤10,000 cells were loaded per 10X Chro-
mium channel. The GEX 3′ V3 protocol was followed.

scRNA-seq pre-processing and quality control filtering
Cell Ranger v3.1.0 was used to align reads to reference (GRCh38-3.0.0) 
and generate feature-barcode matrices from the Chromium single-cell 
RNA-seq output. Panpipes was used to generate anndata objects fol-
lowing quality control, and batch correction71. Filtering steps for 
high-quality single cells included removal of: doublets using Scrublet72, 
cells expressing <500 genes and cells with mitochondrial gene count 

percentage >60%. Cells with high mitochondrial content were not over-
represented in inflamed samples above or below the mitochondrial 
cut-off. Genes that were detected in less than three cells were removed.

Selection of variable genes, dimensionality reduction, 
clustering and annotation
UMI counts were normalised by total UMI number per cell and con-
verted to transcripts-per-10,000. Data were log-normalised. Highly 
variable genes were selected, following which T cell receptor, immu-
noglobulin and HLA genes were removed. Data were scaled prior to 
PCA. For gut samples, BBKNN was used for sample batch correction73. 
Leiden clustering was applied to derive broad cell populations for the 
gut, synovium and PBMC samples. In the synovium, harmony was used 
to integrate across samples and study of origin74. For PBMCs, Vireo was 
used to demultiplex samples75. Harmony was used to integrate across 
samples and multiplexed sample pool.

Broad cell populations were subclustered with tailored PCAs 
and n_neighbors in addition to harmony for batch correction. Where 
individual cell clusters in partitioned datasets demonstrated bio-
logical anomalies (for example specific RNA contamination), cells 
were removed from the analysis. Wilcoxon rank-sum test was used to 
conduct differential expression between clusters to derive marker 
genes. False discovery rate (FDR)-adjusted P value < 0.05 was consid-
ered significant for marker genes and all other analyses unless other-
wise specified. Clusters typified by very high mitochondrial content  
were excluded.

Derivation of the inflammation score
The inflammation score is a composite gene score. We identified a list 
of genes differentially expressed between histologically inflamed (as 
per Nancy index) IBD resections to noninflamed/non-IBD gut tissue fol-
lowing multiple comparison correction using DESeq2 (Supplementary 
Table 4)28,76. Data derived from TAURUS were pseudobulked (sum) at the 
sample level. We then used this gene list as a gene signature and applied 
the enrichIt function from the escape package77. The score was scaled 
between 0–10, resulting in a vector representing enrichment of the 
inflammation score per sample. The highest inflammation score in the 
healthy samples was selected as a heuristic inflammation score cut-off.

Remission criteria
For CD, remission was defined as two out of three: HBI < 5, no macro-
scopic ulcers, Nancy ≤ 1 at follow-up. For UC, remission was defined as 
two out of three: SSCAI ≤ 2, UCEIS ≤ 1, Nancy ≤ 1 at follow-up. Escalation 
to another advanced biologic agent because of uncontrolled disease 
activity was automatically considered as nonremission. For RA, we 
used a EULAR good or moderate response to define binary response78.

Differential abundance analysis
PCA association testing was utilised to investigate influence of 
covariates on cell abundance (Supplementary Table 10)79. PCs cumu-
latively explaining ≤ 90% of variation were tested. Differential abun-
dance was performed using MASC, adjusting for age, sex, treatment  
(for inflamed vs noninflamed analysis only), site, disease duration, 
percent of mitochondrial genes, and a nested random effects design, 
(1| donor/sample) to account for multiple samples per patient80,81. 
Differential abundance was conducted as follows:

i.	 To detect cell state-specific changes in inflammation, com-
parison across CD and UC, remission outcome associations 
at baseline and effect of treatment, cell state abundance was 
analysed as a proportion of the ‘low’ resolution category.

ii.	 To detect compartment-specific associations with remission 
outcomes at baseline and changes following treatment across 
remission subgroups, compartment abundance was analysed 
as a proportion of the entire sample.
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Ligand-receptor analysis
MultiNicheNetr was used for differential ligand-receptor analysis, 
including comparisons of inflamed CD and UC (pretreatment samples 
only), and examination of baseline differences between remission/
nonremission groups in CD and UC82. Multifactorial analysis was con-
ducted separately by disease to understand differences in remission 
groups longitudinally following treatment, using a combination of 
Remission and Treatment terms. For all comparisons: ≥ 10 cells per cell 
type per sample, and non-zero gene expression value in ≥ 5% of cells 
per sample were required. Statistical P values were used, and empiri-
cal_pval was FALSE. Default thresholds for logFC (0.5) and P value 
threshold (0.05) were used. P_val_adj was TRUE. Default prioritisation 
criteria were used.

PROGENy analysis
To quantify TNF signalling, we employed PROGENy43. Linear mixed 
effects model using the lmer function as part of the lmerTest package 
was used to test for association between TNF signalling scores pre-/
post-adalimumab with the patient variable accounted as random effects.

RNAscope
The RNAscope Fluorescent Reagent Kit v2 Assay was used (Advanced 
Cell Diagnostics). Tissue sections were baked for 1.5 h (60 °C) and 
dehydrated in ethanol, followed by antigen retrieval and protease 
treatment. Probes for target genes were hybridised for 2 h (40 °C), 
washed, and hybridised with target-binding amplifiers. Hybridisation 
with negative control probes was performed in parallel. The final step 
of the first hybridisation round attached fluorophores to target genes. 
Sections were then counterstained with DAPI for 2 min, mounted and 
coverslipped. Sections were imaged using a 20X objective on an IN Cell 
Analyzer 2500HS and Cell DIVE (Leica Microsystems).

scRNA-seq differential expression and pathway analysis
Compartment-level pseudobulked profiles were generated for dif-
ferential expression analysis. Ileum-colon and pairwise intracolon 
comparisons were performed using limma-voom with duplicateCor-
relation to account for multiple samples per patient83. Linear model 
was fit using lmFit, and moderated t-statistics as well as associated 
P values were generated using the ebayes function. For intracolon 
comparisons, pairwise statistical tests were only conducted for genes 
reaching adjusted P value < 0.05 on the group likelihood ratio test.

PCA association testing was used to investigate influence of covari-
ates on gene expression (Supplementary Table 10)79. PCs cumulatively 
explaining ≤ 80% of variation were tested. MAST was used to compare 
noninflamed to inflamed samples from the ileum and colon, respec-
tively, in CD and noninflamed to inflamed samples in UC84. To longitu-
dinally profile cell state changes, we applied MAST to paired samples 
(samples from the same region in the same patient before and after 
treatment). Sample pairs were required to have ≥1 sample inflamed for 
inclusion in this analysis. Baseline analyses comparing remission to 
nonremission outcome only used inflamed samples at baseline from 
these sample pairs. Genes expressed in ≥10% of a cell state were tested 
for differential expression. Covariates included, age, sex, treatment 
(for inflamed vs noninflamed analysis only), site, disease duration, 
number of genes detected, and a nested random effects design, (1| 
donor/sample) to account for multiple samples per patient. For longi-
tudinal analyses, an interaction term of treatment (pre/post) by Remis-
sion (Remission/nonremission) was used. Other parameters included 
method = ‘glmer’, with ebayes=FALSE, and nAGQ=0.

GSEA was run using ClusterProfiler with fgseaMultilevel algorithm 
for MsigDB (version 2023.2) GO:BP, Reactome and Hallmark gene 
signatures85. All genes tested for differential expression were used for 
gsea. Ranking metric used was −log10(unadjusted P value) *sign(log2FC). 
Only pathways with adjusted P value (Benjamini-Hochberg) < 0.05 were 
considered significant.

Identification of GEPs by cNMF
cNMF was iteratively applied to broad cell type categories as identi-
fied with Leiden clustering. These included B, plasma, CD4+ T, CD8+ T, 
myeloid, stromal (fibroblasts and pericytes), myofibroblast, endothe-
lial, colonic epithelial, ileal epithelial, glial and innate lymphoid cells. 
In the synovium, these categories were B, plasma, T, myeloid and  
stromal cells.

Briefly, we applied cNMF to a count matrix, N (cells) × M (genes) to 
derive two matrices: k (GEP) × M (genes), and N (cells) × k (GEP) with the 
usage of each GEP per cell45. Selection of k was dependent on several fac-
tors including prioritising solutions that were biologically meaningful 
according to top weighted genes, factorisation stability as determined 
by silhouette score and minimisation of the Frobenius reconstruction 
error. Consensus solutions were filtered for outliers through inspection 
of distances between components and their nearest neighbours by 
histogram. GEP-associated genes were identified using multiple least 
squares regression of normalised (z-scored) gene expression against 
the consensus GEP usage matrix. Overrepresentation analysis for all 
GEPs was conducted through GOATOOLS with top 150 weighted genes86 
as input and all genes in the relevant matrix as the gene universe.

Identification of hubs and calculating NMF transcriptional 
programme activity
Hubs were identified through analysis of covarying GEPs in inflamed 
samples for CD and UC separately87. Programme activity was calculated 
for every GEP according to the cell type category of identification. GEP 
activity was summarised across individual samples87. We calculated GEP 
expression across five quantiles (0.25, 0.5, 0.75, 0.95, 0.99) per sample. 
Per quantile, a Pearson correlation co-efficient (R) was derived for each 
GEP pair across samples. The correlation was Fisher-transformed and 
correlation mean was used as a test statistic. We compared R against a 
null distribution derived by permuting sample identity 10,000 times, 
keeping cell type constant. P values were generated by counting how 
often the permuted R value was above and below the true R value. Mini-
mum count was scaled by two and designated the P value statistic. Mul-
tiple comparisons were corrected at Benjamini-Hochberg FDR = 10%. 
We derived an adjusted R value by calculating the difference between 
mean true R values and mean permuted R values.

Significant Fisher-transformed associations, R (edges) and their 
constituent GEPs (nodes) were used to create a signed weighted net-
work. Hubs within this network were detected using a module detection 
algorithm used for signed graphs88. This was applied by resolution 
parameter in the range of 0.001 to 0.2, and tau = 0.2. This method was 
iteratively applied, and hubs split if they were larger than three nodes 
and improved modularity of the solution.

Testing GEP enrichment in inflammation
We calculated the GEP mean activity values at five percentiles (0.25 0.5, 
0.75, 0.95, 0.99) per sample. Linear mixed effects model using the lmer 
function as part of the lmerTest package was used to test for GEP enrich-
ment in gut inflammation. Association between mean GEP expression 
and inflammation status was tested with covariates including age, sex, 
site, disease duration, treatment and random effects term for patient. 
IBD hubs were deemed inflammatory if >50% of constituent GEPs in a 
hub were enriched in inflammation. RA hubs were deemed inflamma-
tory if >50% of constituent GEPs in a hub were positively correlated 
with CD45+ cell proportion per sample49.

Projection of GEPs to bulk RNA sequencing and GeoMx data
As above, cNMF yields a k (GEP) × M (genes) matrix, henceforth 
referred to as H. The gene expression matrix from the relevant bulk 
RNA sequencing/GeoMx data were subsetted to genes shared with H. 
NMF was initialised with H and the gene expression matrix to generate 
the projected component matrix, W (samples × k). The NMF implemen-
tation used was sklearn.decomposition.non_negative_factorization.
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Processing bulk RNA sequencing data from R4RA
FASTQ files generated from the R4RA trial were downloaded from 
EMBL-EBI (E-MTAB-11611). Files were trimmed to remove low-quality 
reads using trimgalore (0.6.6) in paired mode and aligned to the human 
genome (GRCh38, Ensembl release 101) using STAR (2.7.3a). Gene 
counts were summarised using featureCounts (Subread v2.0.1). Raw 
counts were RPKM-normalised using edgeR functions calcNormFac-
tors (TMM) and rpkm.

Multiplexed imaging using Cell DIVE
Slide clearing and blocking. Four-micron-thick formalin-fixed 
paraffin-embedded (FFPE) gut tissue slides were deparaffinised and 
rehydrated. Slides were then permeabilised for 10 min in 0.3% Triton 
X-100 and washed. Antigen retrieval was performed using the NxGen 
decloaking chamber (Biocare Medical) in boiling pH6 Citrate (Agilent) 
and pH9 Tris-based antigen retrieval solutions for 20 min each. Tis-
sue slides were blocked in 1X PBS/3% BSA (Merck)/10% donkey serum 
(Bio-Rad) for 1 h at room temperature (RT). Slides were washed, stained 
with DAPI, washed again and coverslipped with mounting media  
(50% glycerol and 4% propyl gallate, Sigma).

Scan plan and background acquisition. The GE Cell DIVE system 
was used to image FFPE slides. A scan plan was acquired at ×10 mag-
nification for region selection, followed by imaging at ×20 to acquire 
background autofluorescence and generate virtual H&E images. Back-
ground imaging was used to subtract autofluorescence from subse-
quent staining rounds. Slides were de-coverslipped before staining.

Staining and bleaching. Multiplexed imaging included staining for pro-
tein markers at the following concentrations: CD66B (2 μl ml−1), 2.5 μl ml−1  
(CD208, S100A9), GZMB (3 μl ml−1), 5 μl ml−1 (CD68, CD3, CCL19, CK8, 
CD4, CD20, CXCL9, KI67, MPO, CD14, CCR7, CD11C CD40, PD1, MZB1, 
COL1A1), 10 μl ml−1 (CD8A, CXCL13). Each staining round consisted of 
three antibodies prepared in blocking buffer (PBS, 3% BSA, 10% donkey 
serum). The initial round used primary antibodies incubated overnight 
at 4°C followed by washes in 1X PBS and 0.05% Tween20. Secondary 
antibodies raised in donkey and conjugated to Alexa Fluorophore-488, 
555 or 647 (Invitrogen) were then incubated for 1 h (RT). Each subsequent 
staining round used directly conjugated antibodies with overnight incu-
bation (4°C). Manually conjugated antibodies were BSA-AZIDE-free and 
conjugated using antibody-labelling kit (Invitrogen). Fluorophores were 
bleached between staining rounds using NaHCO3 (0.1 M, pH 11.2, Sigma) 
and 3% H2O2 (Merck). DAPI staining between imaging rounds assisted 
image registration and alignment. Slides were multiplexed with the 
next three-marker panel with iterative staining, bleaching and imaging.

NanoString GeoMx DSP spatial transcriptomics profiling. Sections 
of 5 μm were cut from FFPE tissue blocks under RNase-free condi-
tions, placed onto Leica adhesive microscopic slides and baked over-
night (60 °C). Manual slide preparation was conducted according to 
NanoString’s protocol. Slides were deparaffinized and rehydrated. 
Target retrieval was performed using IHC Antigen Retrieval Solution 
(eBioscience) for 20 min (100 °C), followed by 15 min (37 °C) in 1 μg ml−1 
Ambion Proteinase K (ThermoFisher Scientific). After retrieval, slides 
were fixed in 10% neutral buffered formalin and washed. Samples were 
UV light-treated (405 nm, 24 h) to quench background autofluores-
cence. Next, slides were incubated with human Whole Transcriptome 
Atlas probes (NanoString) for 16 h (37 °C).

Slides were washed in formamide-SCC buffer before tissue block-
ing and immunofluorescent staining in Buffer W (NanoString) with 1% 
Fc-Receptor block (Miltenyi)/5% donkey serum ( Jackson ImmunoRe-
search). Sections were incubated in blocking buffer (RT) with 1 μg ml−1 
anti-CD68 (SantaCruz, mouse KP1) and 5 μg ml−1 anti-CD3 (Abcam, 
rabbit SP162) for 1 h; followed by 1:1,000 anti-mouse-AF647 ( Jackson 
ImmunoResearch, 115-605-006), 1:1,000 anti-rabbit-Cy3 ( Jackson 

Immuno Research, 111-165-006), 1:40 CD45-AF594 (Nanostring) and 
1:20,000 Sytox Green (Invitrogen, S7020) for 1 h.

Slides were imaged with the Nanosting GeoMx Digital Spatial 
Profiler with manual selection of regions of interest, from which oligo-
nucleotide probes were collected. For library generation, samples were 
subjected to PCR using i5 and i7 dual indexing primers (Nanostring) 
before pooling and purification using AMPure XP beads (Beckman 
Coulter). Library QC was done using Qubit (ThermoFisher Scientific) 
and TapeStation (Agilent). Resulting libraries were sequenced on the 
Illumina NovaSeq platform using 150-bp paired-end sequencing.

FASTQ files generated were converted into DCC files using the 
GeoMxNGSPipeline (version 2.0.0.16). Regions with ≥ 1% of probe tar-
get detection were selected. Only genes detected in ≥ 10% of samples 
were retained. Data were Q3-normalised and log2-transformed. The 
mixedModelDE function was used to test for association with lymphoid 
aggregate/lamina propria with a random effect term for slide.

Flow cytometry. PBMCs were stained with antibodies at 2 μg ml−1, 
including: mouse anti-human TNFR1-APC mAb (clone W15099A, Bio-
Legend); rat anti-human TNFR2-PE mAb (clone hTNFR-M1, BD Bio-
sciences); mouse anti-human TNF-alpha (clone MAb11, BioLegend). 
After washing, cells were fixed for 20 min in 4% paraformaldehyde (RT) 
or fixed/permeabilised according to manufacturers’ instructions (BD 
Biosciences Cytofix/Cytoperm). For intracellular staining, antibodies 
were incubated in permeabilisation buffer for 30 min (RT). Stained cells 
were acquired on a BD LSRII.

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

Data availability
All raw and processed data are available via Zenodo (https://doi.
org/10.5281/zenodo.13768607).

Code availability
All source code will be available on GitHub: https://github.com/Den-
drouLab/TAURUS_paper. Supplementary information is available for 
this paper.

References
71.	 Curion F., et al. Panpipes: a pipeline for multiomic single-cell and 

spatial transcriptomic data analysis. Genome Biol. 25, 181 (2024).
72.	 Wolock, S. L., Lopez, R. & Klein, A. M. Scrublet: Computational 

identification of cell doublets in single-cell transcriptomic data. 
Cell Syst. 8, 281–291 (2019).

73.	 Polański, K. et al. BBKNN: fast batch alignment of single cell 
transcriptomes. Bioinformatics 36, 964–965 (2020).

74.	 Korsunsky, I. et al. Fast, sensitive and accurate integration of 
single-cell data with Harmony. Nat. Methods 16, 1289–1296 (2019).

75.	 Huang, Y., McCarthy, D. J. & Stegle, O. Vireo: Bayesian 
demultiplexing of pooled single-cell RNA-seq data without 
genotype reference. Genome Biol. 20, 1–12 (2019).

76.	 Love, M. I., Huber, W. & Anders, S. Moderated estimation of fold 
change and dispersion for RNA-seq data with DESeq2. Genome 
Biol. 15, 1–21 (2014).

77.	 Borcherding, N. et al. Mapping the immune environment in clear 
cell renal carcinoma by single-cell genomics. Commun. Biol. 4, 
122 (2021).

78.	 Van Gestel, A. M. et al. Development and validation of the 
European League Against Rheumatism response criteria for 
rheumatoid arthritis: Comparison with the preliminary American 
College of Rheumatology and the World Health Organization/
International League Against Rheumatism Criteria. Arthritis 
Rheum. 39, 34–40 (1996).

http://www.nature.com/natureimmunology
http://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-11611/
https://doi.org/10.5281/zenodo.13768607
https://doi.org/10.5281/zenodo.13768607
https://github.com/DendrouLab/TAURUS_paper
https://github.com/DendrouLab/TAURUS_paper


Nature Immunology

Resource https://doi.org/10.1038/s41590-024-01994-8

79.	 Ahern, D. J. et al. A blood atlas of COVID-19 defines hallmarks of 
disease severity and specificity. Cell 185, 916–938.e58 (2022).

80.	 Fonseka, C. Y. et al. Mixed-effects association of single cells 
identifies an expanded effector CD4+ T cell subset in rheumatoid 
arthritis. Sci. Transl. Med. 10, eaaq0305 (2018).

81.	 Nathan, A. et al. Multimodally profiling memory T cells from 
a tuberculosis cohort identifies cell state associations with 
demographics, environment and disease. Nat. Immunol. 22, 
781–793 (2021).

82.	 Browaeys R., et al. MultiNicheNet: a flexible framework for 
differential cell-cell communication analysis from multi-sample 
multi-condition single-cell transcriptomics data. Preprint at 
https://www.biorxiv.org/content/10.1101/2023.06.13.544751v1 
(2023).

83.	 Ritchie, M. E. et al. limma powers differential expression analyses 
for RNA-sequencing and microarray studies. Nucleic Acids Res 43, 
e47 (2015).

84.	 Finak, G. et al. MAST: a flexible statistical framework for assessing 
transcriptional changes and characterizing heterogeneity in 
single-cell RNA sequencing data. Genome Biol. 16, 1–13 (2015).

85.	 Wu, T. et al. clusterProfiler 4.0: a universal enrichment tool for 
interpreting omics data. Innovation (Camb). 2, 100141 (2021).

86.	 Klopfenstein, D. V. et al. GOATOOLS: a Python library for Gene 
Ontology analyses. Sci. Rep. 8, 1–17 (2018).

87.	 Pelka, K. et al. Spatially organized multicellular immune hubs in 
human colorectal cancer. Cell 184, 4734–4752 (2021).

88.	 Esmailian, P. & Jalili, M. Community detection in signed networks: 
the role of negative ties in different scales. Sci. Rep. 5, 14339 
(2015).

Acknowledgements
T.T. and C.D.B. are supported by the Kennedy Trust for Rheumatology 
Research through the Arthritis Therapy Acceleration Programme 
(ATAP). T.T. was also supported by Celsius Therapeutics. 
Computational aspects of this research were supported by the 
Wellcome Trust Core Award Grant Number 203141/Z/16/Z with 
additional support from the NIHR Oxford BRC. The views expressed 
are those of the author(s) and not necessarily those of the NHS, the 
NIHR or the Department of Health. C.R.G. and C.D.B. are supported 
by the NIHR Oxford Biomedical Research Centre (BRCRCF10-04) 
and Cartography Consortium funding from Janssen Biotech. M.P. 
is supported by the UK Medical Research Council (MR/W025981/1). 
M.F. was supported by the Wellcome Trust (225928/Z/22/Z), 
Crohn’s and Colitis UK M2021/2, Lee Placito Medical Fund and the 
Medical Research Council (MR/W025981/1). M.F. was supported 
by Oxford-UCB and Oxford-Janssen fellowships. GeoMx spatial 
transcriptomics work was supported by a collaborative Human 
Cell Atlas grant from Wellcome Science Strategic Support (WSSS 
211276/Z/18/Z & 218597/Z/19/Z). A.V. is supported by a Kennedy Trust 
Prize Studentship. C.A.D. is supported by a Wellcome Trust and 
Royal Society (204290/Z/16/Z), the UK Medical Research Council 
(MR/T030410/1), the Rosetrees Trust (R35579/AA002/M85-F2), 
Cartography Consortium funding from Janssen Biotech and the NIHR 
Oxford Biomedical Research Centre, Inflammation Across Tissues  
and Cell and Gene Therapy Themes. Celsius Therapeutics funded  
the generation of the single-cell transcriptomics data. G. Botta 
provided valuable support for the execution of the study. S. Ruzycky, J. 
Growe and C. Hession generated transcriptomics data. C. Smith,  
G. Honig and M. Daniels supported the collaboration between Celsius 
Therapeutics and Oxford University. We would like to acknowledge the 
support of the IBD cohort investigators and the AMP RA investigators. 
Schematic components in figures have been produced with the aid of 
BioRender.com (C. Dendrou, 2021: BioRender.com/g62v374).

Author contributions
Conceptualisation was the responsibility of T.T., R.P., R.K., N. Spies,  
S.T., H.H.U., C.A.D. and C.D.B. Methodology was undertaken by all 
authors. Computational analysis was undertaken by T.T., C.R.G., M.F., 
A.J., A.V., N. Stransky, N. Spies and C.A.D. Validation was performed 
by T.T., M.P., M.F., D.A. and C.A.D. Resources were the responsibility of 
T.T., S.T., H.H.U., C.A.D and C.D.B. Data curation was performed by T.T., 
C.R.G., N. Spies and C.A.D. Writing of the original draft was done by T.T., 
H.H.U., S.T., C.A.D. and C.D.B. Reviews were done by T.T., M.F., C.R.G., 
M.P., D.A., J.P., C.L., R.T., A.R., D.A., A.J., A.V., J.H.S., R.S.P., E.N., D.S., 
D.K., P.T., M.K., L.G., N.I., F.I., J.H., J.T., S.N., J.M., F.Z., A.J., M.B., S.R., R.K., 
D.R., N. Stransky, R.P., P.B., N. Spies, B.M., S.T., A.W., P.K., A.W., M.C., 
L.J.D., F.M.P., A.F., S.T., H.H.U., C.A.D. and C.D.B. Editing was  
done by T.T., C.A.D. and C.D.B. S.T., H.H.U., C.A.D. and C.D.B. supervised 
the project.

Competing interests
T.T. has received research support from Celsius Therapeutics and 
consulting fees from Abbvie and ZuraBio. D.A. is an employee and 
shareholder of Novartis Pharma AG. This article reflects the authors’ 
personal opinions and not that of their employer. R.P. is employed by 
Scorpion Therapeutics and holds equity in Celsius Therapeutics. F.M.P. 
received research support from Roche and Janssen and consulting 
fees from GSK, Novartis and Genentech. H.H.U. received research 
support or consultancy fees from Janssen, Eli Lilly, UCB Pharma, BMS/
Celgene, MiroBio, Mestag and OMass. A.F. has consulted for Janssen 
and Sonoma and has received research funding from BMS, Roche, 
UCB, Nascient, Mestag, GSK and Janssen. S.T. has received grants 
and research support from AbbVie, Buhlmann, Celgene, Celsius, 
ECCO, Helmsley Trust, IOIBD, Janssen, Lilly, Pfizer, Takeda, UKIERI, 
Vifor and Norman Collisson Foundation; consulting fees from AbbVie, 
ai4gi, Allergan, Amgen, Apexian, Arcturis, Arena, AstraZeneca, 
Bioclinica, Biogen, BMS, Buhlmann, Celgene, ChemoCentryx, Clario, 
Cosmo, Dynavax, Endpoint Health, Enterome, EQrX, Equillium, 
Ferring, Galapagos, Genentech/Roche, Gilead, GSK, Immunocore, 
Indigo, Janssen, Lilly, Mestag, Microbiotica, Novartis, Pfizer, Phesi, 
Protagonist, Sanofi, Satisfai, Sensyne Health, Sorriso, Syndermix, 
Takeda, Theravance, Topivert, UCB Pharma, VHsquared and Vifor; 
and speaker fees from AbbVie, Amgen, Biogen, BMS, Falk, Ferring, 
Janssen, Lilly, Pfizer and Takeda. C.D.B., M.B., M.C. and S.R. are 
founders of Mestag Therapeutics. M.F. received research support and 
consulting fees from Eli Lilly and Ono Pharmaceuticals. The remaining 
authors declare no competing interests.

Additional information
Extended data is available for this paper at  
https://doi.org/10.1038/s41590-024-01994-8.

Supplementary information The online version  
contains supplementary material available at  
https://doi.org/10.1038/s41590-024-01994-8.

Correspondence and requests for materials should be addressed to 
Simon Travis, Holm H. Uhlig, Calliope A. Dendrou or Christopher D. 
Buckley.

Peer review information Nature Immunology thanks Judy Cho and the 
other, anonymous, reviewer(s) for their contribution to the peer review 
of this work. Primary Handling Editor: S, Houston in collaboration with 
the Nature Immunology team.

Reprints and permissions information is available at  
www.nature.com/reprints.

http://www.nature.com/natureimmunology
https://www.biorxiv.org/content/10.1101/2023.06.13.544751v1
https://doi.org/10.1038/s41590-024-01994-8
https://doi.org/10.1038/s41590-024-01994-8
http://www.nature.com/reprints


Nature Immunology

Resource https://doi.org/10.1038/s41590-024-01994-8

Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Sample processing, annotation hierarchy and gut cell 
state markers. a, Schematic showing bioinformatic pre-processing strategy  
for gut samples. Panpipes pipeline was used for pre-processing. Uniform 
manifold approximation and projection (UMAP) visualisations show the cellular 
landscape of gut samples coloured by inflammation status, and batch. See 
Methods for more details. b, Hierarchy shows annotation across increasing 
cell type resolution: compartment, low, intermediate and cell state. Dotplots 
showing expression of marker genes of cell states in the scRNA-seq dataset:  
(c) CD4+ T cell, (d) CD8+ T/innate T/NK/IL cell, (e) B cell, (f) myeloid cell,  

(g) plasma cell, (h) stromal cell, (i) ileal epithelial cell and (j) colonic epithelial 
cell. Genes relate to Supplementary Table 2. Colono, colonocyte; DC, dendritic 
cell; EEC, enteroendocrine cell; entero, enterocyte; fibro, fibroblast; GC, 
germinal centre; hi, high; IFN-resp, interferon-responsive; ILC, innate lymphoid 
cell; lo, low; macro, macrophage; MAIT, mucosal-associated invariant T; MNP, 
mononuclear phagocyte; mono, monocyte; NK, natural killer; PC: principal 
components; pDC, plasmacytoid dendritic cell; peri, pericyte; TA, transit-
amplifying; Tfh, CD4+ follicular helper T cell; Th, CD4+ helper T cell; Tph, CD4+ 
peripheral helper T cell; Treg, regulatory T cell; Undiff, undifferentiated.

http://www.nature.com/natureimmunology


Nature Immunology

Resource https://doi.org/10.1038/s41590-024-01994-8

Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Differences between the healthy ileum and colon.  
a, Barplot summarising number of differentially expressed genes (DEGs)  
(Padj < 0.05) comparing healthy ileum (three samples) to healthy colon (nine 
samples) in three patients in each cell compartment. Limma-voom with 
DuplicateCorrelation used to adjust for multiple samples per patient.  
b,c, Cell state distribution within the epithelial compartment in (b) ileum and  
(c) colon displayed on a barplot. Error bar indicates standard error of mean. 
Sample numbers as in (a). d, prcomp from base R used to conduct PCA on  
CPM normalised and log-transformed read counts. Samples in context of 
principal components (PC) 1 and 2 along with associated percentage of variation 
explained. e, Loadings of genes associated with PC1 and PC2 shown in the 
barplots. f, Volcano plot showing results of differential expression  
(limma-voom) between ileum and colon in the epithelial compartment. 

Dashed lines demarcate two-sided BH-corrected Padj = 0.05 and log2 fold 
change (FC) = 0.5. g, Relative expression of vitamin-associated epithelial genes 
differentially expressed between ileum and colon shown in dotplot. Full results 
can be found in Supplementary Table 3. h,i, Overrepresentation analysis was 
performed by using the enrichGO function from clusterProfiler85. All genes 
significantly associated with (h) ileum and (i) colon respectively tested for 
overrepresentation using gene ontology (GO) biological process gene sets. 
Red dashed line indicative of q-value = 0.05. j, Relative expression of mucin and 
mucin-associated genes differentially expressed between ileum and colon shown 
in dotplot. Full results can be found in Supplementary Table 3. k, Three-way DGE 
analysis of the healthy epithelium comparing descending, ascending colon and 
rectum. l, Dotplot of key differentially expressed genes by gut site.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | The inflammation score in context of CD and UC.  
a, Violin plot showing the distribution of the inflammation score across  
healthy and macroscopically noninflamed, as well as inflamed samples. b, PCA  
examining compartment abundance as a proportion of sample in CD. c, PCA 
of samples with CD with inflammation score plotted as a quantitative variable. 
d, PC1 loadings associated with cell compartment in samples with CD. e, PCA 
examining compartment abundance as a proportion of sample in UC. f, PCA of 
samples with UC with inflammation score plotted as a quantitative variable g, 
PC1 loadings associated with cell compartment in samples with UC h, Spearman 
correlation between inflammation score per sample and the recently described  

biopsy molecular inflammation score (bMIS). Line indicates linear regression  
with 95% confidence interval (grey band), two-sided P value shown.  
i, j, Differential abundance of cell states in CD (i) and UC (j) comparing 
noninflamed to inflamed tissue. Sample numbers as in Fig. 2b. Circles indicate 
odds ratios. Error bars show 95% confidence interval. DC, dendritic cell; hi, 
high; IFN-resp, interferon-responsive; ILC, innate lymphoid cell; lo, low; macro, 
macrophage; MAIT, mucosal-associated invariant T; MNP, mononuclear 
phagocyte; mono, monocyte; NK, natural killer; pDC, plasmacytoid dendritic 
cell; TA, transit-amplifying; Tfh, CD4+ follicular helper T cell; Th, CD4+ helper  
T cell; Tph, CD4+ peripheral helper T cell; Treg, regulatory T cell.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Correlation between cell state abundance, and 
clinical, endoscopic and histological measures of disease in CD and UC. 
a-d, Spearman correlations between cell state abundance and (a) SSCAI and 
UCEIS (b) HBI (c) Nancy score in UC and (d) Nancy score in CD. For (a), and 
(b), the maximally inflamed sample for matched endoscopic procedure used. 
Asterisks indicate adjusted P values: *=0.01 ≤ Padj < 0.05, **=0.001 ≤ Padj <0.01, 
***=Padj<0.001. CD, Crohn’s disease; colono, colonocyte; DC, dendritic cell; EEC, 
enteroendocrine cell; entero, enterocyte; fibro, fibroblast; GC, germinal centre; 

hi, high; HBI, Harvey-Bradshaw Index; IFN-resp, interferon-responsive; ILC, 
innate lymphoid cell; lo, low; macro, macrophage; MAIT, mucosal-associated 
invariant T; MNP, mononuclear phagocyte; mono, monocyte; NK, natural killer 
cells; pDC, plasmacytoid dendritic cell; RPShi, ribosomal protein S-high; SSCAI, 
simple clinical colitis activity index; TA, transit-amplifying; Tfh, CD4+ follicular 
helper T cell; Tph, CD4+ peripheral helper T cell; Th, CD4+ T helper cell; Treg, 
CD4+ regulatory T cell; UCEIS, ulcerative colitis endoscopic index of severity; UC, 
ulcerative colitis; Undiff, undifferentiated.
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Extended Data Fig. 5 | Expression of TNF and its receptors at the RNA and 
protein level in PBMCs. a, PBMC subset gating strategy for intracellular staining 
of TNF protein. b, PBMC subset anti-TNF staining. c, TNF expression by scRNA-seq 
in PBMCs from patients with CD (top) and UC (bottom). d, PBMC subset gating 

strategy for cell surface staining of TNFR1 and TNFR2. e, PBMC subset anti-
TNFR1 staining. f, PBMC subset anti-TNFR2 staining. g, TNFRSF1A and TNFRSF1B 
expression by scRNA-seq in PBMCs from patients with CD (top) and UC (bottom). 
MNP, mononuclear phagocyte; SSC, side scatter.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Enrichment of GEPs across cell states in the gut. cNMF 
was used to derive GEP score for individual cells from inflamed samples with 
CD and UC in (a) CD4+ T, (b) CD8+ T, (c) B, (d) plasma, (e) vascular, (f) myeloid, 
and (g) fibroblast and pericyte cells. Mean expression of GEP quantified per cell 
state is plotted. pB: B cell GEP; pCD4T: CD4+ T cell GEP; pCD8T: CD8+ T cell/NK 
GEP; pFP: fibroblast and pericyte GEP; pM: myeloid cell GEP; pP: plasma cell GEP; 

pV: vascular cell GEP. DC, dendritic cell; fibro, fibroblast; GC, germinal centre; 
hi, high; IFN-resp, interferon-responsive; ILC, innate lymphoid cell; lo, low; 
macro, macrophage; MAIT, mucosal-associated invariant T; MNP, mononuclear 
phagocyte; mono, monocyte; NK, natural killer cell; pDC, plasmacytoid dendritic 
cell; peri, pericyte; Tfh, CD4+ follicular helper T cell; Tph, CD4+ peripheral helper 
T cell; Th, CD4+ T helper cell; Treg, CD4+ regulatory T cell.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Covarying GEPs in inflamed samples with CD and UC. 
a,b, Correlogram demonstrating significant correlations (asterisks denote 
FDR < 0.1) between GEPs across cell compartments in inflamed samples with 
CD (a) and UC (b). Lines demarcate hubs. A module detection algorithm used 
for signed graphs was leveraged to detect hubs from a graph consisting of 
significantly correlated GEPs (nodes) and associated fisher-transformed 
correlations (edges). DC, dendritic cell; fibro, fibroblast; GC, germinal centre; 
hi, high; HSP, heat-shock proteins; IFN-resp, interferon-responsive; ILC, innate 

lymphoid cell; lo, low; macro, macrophage; MAIT, mucosal-associated invariant 
T; MNP, mononuclear phagocyte; mono, monocyte; MThi, mitochondrial-high; 
NK, natural killer cell; pB, B cell GEP; pCD4T, CD4+ T cell GEP; pCD8T, CD8+ T cell/
NK GEP; pDC, plasmacytoid dendritic cell; peri, pericyte; pFP, fibroblast and 
pericyte GEP; pM, myeloid cell GEP; pP, plasma cell GEP; pV, vascular cell GEP; 
RPShi, ribosomal protein S-high; Tfh, CD4+ follicular helper T cell; Tph, CD4+ 
peripheral helper T cell; Th, CD4+ T helper cell; Treg, CD4+ regulatory T cell.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Longitudinal changes following adalimumab in CD 
and UC, and characterisation of the TNF pathway following adalimumab. 
a-g, Volcano plot depicting cell state-specific differentially expressed genes 
in (a) CD, and (b-g) UC. Negative fold-change indicates increase in remission 
(post-pre). Positive fold-change indicates increase in nonremission (post-pre). 
h, Gene set enrichment analysis of UC longitudinal differential expression 
analysis (Supplementary Table 8) across compartments. i,j, Boxplots 
showing longitudinal differences in (i) pCD4T15 and (j) pCE08 enrichment 
UC nonremission post-treatment (Supplementary Table 8). Sample numbers 
as in Fig. 4. Boxplots show median, first (lower hinge) and third (upper hinge) 
quartiles; whiskers show 1.5x interquartile range. Differential abundance testing 
longitudinally using MASC. Differential GEP enrichment tested by generalised 
linear mixed models. BH-adjusted P values (two-sided) shown. Barplots show 
GEP top enriched pathways (Supplementary Table 5). k, PROGENy was used 
to calculate TNF signalling scores per cell43. The 75th percentile score for 
TNF signalling in each ‘intermediate’ resolution level cell type was taken as 
representative of individual samples. Only paired samples were used to calculate 
median fold change (medFC) in remission and nonremission with significance 

testing using lmer function as part of the lmerTest package with individual 
patients modelled as random effects. Asterisks indicate BH-adjusted two-sided 
P values: *=0.01 ≤ Padj < 0.05, **=0.001 ≤ Padj <0.01, ***=Padj<0.001. l,m, Spearman 
correlation between TNF signalling fold change and TNF signalling score pre-
therapy in patients achieving remission after adalimumab treatment in (l) CD and 
(m) UC. Line indicates linear regression with 95% confidence interval (grey band), 
two-sided P values shown. n, Dotplot showing expression of genes associated 
with approved advanced therapies, before and after adalimumab in UC 
nonremission. Bar chart shows median abundance of compartment in context 
of treatment (pre/post) as a proportion of total cells in sample. Ag, antigen; 
DC, dendritic cell; EEC, enteroendocrine cell; FC, fold change; fibro, fibroblast; 
GC, germinal centre; hi, high; IFN-resp, interferon-responsive; ILC, innate 
lymphoid cell; int, intermediate; lo, low; MAIT, mucosal-associated invariant T; 
MNP, mononuclear phagocyte; mono, monocyte; NK, natural killer cells; NR, 
nonremission; pDC, plasmacytoid dendritic cell; R, remission; RPShi, ribosomal 
protein S-high; TA, transit-amplifying; Tfh, CD4+ follicular helper T cell; Tph, CD4+ 
peripheral helper T cell; Th, CD4+ T helper cell; Treg, CD4+ regulatory T cell.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Synovial cell states, GEP enrichment of GEPs across 
cell states and treatment response associations. a, Uniform manifold 
approximation and projections (UMAPs) of cell states in the scRNA-seq dataset. 
b-e, Dotplots showing the expression of cell state marker genes in (b) myeloid 
cells, (c) T/NK/IL cells, (d) B/plasma cells, and (e) stromal cells. f-j, cNMF was 
used to derive GEP scores for individual cells from inflamed samples with RA in 
(f) T/NK/IL, (g) B, (h) plasma, (i) myeloid, and (j) stromal cells. Mean expression 
of GEP quantified per cell state. k, Baseline visit samples in the R4RA study were 
selected for analysis; GEPs positively correlated with inflammation were tested 
for association with therapy nonresponse. Boxplots show median, first  
(lower hinge) and third (upper hinge) quartiles; whiskers show 1.5x interquartile 
range. Wilcoxon signed-rank test used to test for significance (Padj < 0.05,  

two-sided) between responders (29 patients) and non-responders (39 patients) 
to rituximab at baseline (also see Supplementary Table 9). l, GO term enrichment 
for GEPs associated with clinical response to rituximab. GO terms were 
generated by GOATOOLS overrepresentation analysis of the top 150 weighted 
genes in constituent GEPs. All genes tested were used as the gene universe. See 
Supplementary Table 9 for full list of cNMF GEPs in RA and associated GO term 
enrichment in GEPs. DC, dendritic cell; fibro, fibroblast; GC, germinal centre; 
hi, high; IFN-resp, interferon-responsive; ILC, innate lymphoid cell; lo, low; 
macro, macrophage; MAIT, mucosal-associated invariant T; MNP, mononuclear 
phagocyte; mono, monocyte; MThi, Mitochondrial-high; NK, natural killer cell; 
pDC, plasmacytoid dendritic cell; Tfh, CD4+ follicular helper T cell; Tph, CD4+ 
peripheral helper T cell; Treg, CD4+ regulatory T cell.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | A longitudinal single-cell therapeutic atlas of 
adalimumab treatment in IBD. Schematic summarising the TAURUS study 
design and key findings. Our resource provides a longitudinal, therapeutic 
scRNA-seq atlas comprising ~1 million cells organised into 109 cell states from 
216 gut biopsies across 41 individuals (16 remission, 20 nonremission, 3 healthy). 
This atlas reveals differences in gut cell state abundance that distinguish CD 
and UC. Using a systems-biology approach we identify hubs of multi-cellular 
communities, based on 75 IBD gene programmes, which localise to distinct 
tissue microenvironments including granulomas specific to CD and areas of 
epithelial tissue damage and lymphoid aggregates found in both CD and UC. 
Upon investigating the inflammatory landscape of CD and UC pretreatment, 
we discern both pro-remission and pro-inflammatory cellular mediators that 
are associated with remission outcomes. Pro-remission encompasses specific 
epithelial and myeloid factors. Conversely, increased cytokine and chemokine 
expression in specific monocytes were seen in nonremission subgroups at 

baseline. Our longitudinal design has allowed us to elucidate persisting cellular 
drivers of nonremission post-adalimumab. In CD, we found a prominent role 
for specific myeloid autocrine signalling and CD4+ T cell-myeloid interactions. 
In UC, we dissected the multi-cellular nature of nonremission demonstrating 
the increase of pDCs, multi-compartmental interferon signalling, distinct 
fibroblast-derived recruitment signatures, specific T helper cell responses and 
IgG-skewed plasmablasts. Extending the study to RA through the generation of 
a synovial meta-atlas comprising 520,603 cells reveals a shared TNF pathway 
expression pattern in CD, UC and RA, as well IFN signalling associated with a 
lymphoid pathotype. Our therapeutic atlas informs drug positioning across 
IMIDs and suggests a rationale for the use of JAK and p19 inhibition following anti-
TNF resistance. DC, dendritic cell; pCD8T, CD8+ T cell/NK GEP; pFP, fibroblast/
pericyte GEP; pM: myeloid cell GEP; Th, CD4+ helper T cell; Tfh, CD4+ follicular 
helper T cell; Tph, CD4+ peripheral helper T cell.
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Data collection Single cell RNA sequencing, Cell DIVE Multiplex Imaging

Data analysis All code and associated information used to generate results will be available (github.com/DendrouLab/TAURUS_paper/) upon acceptance of 
the paper. No new algorithms were generated in this work. Python 3.7.4 and R 3.6.2 were used. Cell Ranger v3.1.0 was used to process 
scRNAseq data. Panpipes (https://github.com/Dendroulab/panpipes) v0.1 was used for downstream processing including quality control, 
doublet removal (scrublet v0.2.1), identifying highly variable genes and clustering. Differential abundance was conducted using MASC(v0.1.0). 
Differential expression tools used during the course of analysis include: limma (v3.46.0), DESeq2 (v1.30.1) and MAST (1.22.0). escape (v1.1.1) 
was used to generate inflammation scores for pseudobulked samples. PROGENy-py (1.0.6) was used to derive scores for TNF signalling. cNMF 
(v1.3) was used to generate gene expression profiles (https://github.com/dylkot/cNMF). Community detection within the network of 
significant correlations was performed using https://github.com/pouyaesm/signed-community-detection (v1.1.1). lmerTest (v3.1.3) package 
was used to assess TNF signalling before and after treatment, and test for enrichment of gene expression programs in inflammation. scikit-
learn (v1.1.1) was used for checking scRNA-seq derived GEP profiles in bulk RNA sequencing data. FlowJo v10 was used.
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All data (de-identified) will be uploaded to GEO (raw and processed scRNAseq data), and Zenodo (10.5281/zenodo.13768607). A link to a web platform for 
interactive browsing will be available on Zenodo. Publicly available data used for analysis was downloaded from GEO (GSE16879) and E-MTAB-11611 (R4RA). Human 
transcriptome GRCh38-3.0.0 reference available at: https:// www.10xgenomics.com/support/software/cell-ranger/downloads/cr-ref-build-steps/.
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Reporting on sex and gender Both male and female sexes are reported in the data. Information pertaining to this was collected from electronic patient 
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Reporting on race, ethnicity, or 
other socially relevant 
groupings

Ethnicity has been reported in the metadata.

Population characteristics Biologic naive patients were recruited. Patient cohort consisted of patients with CD (n=16), UC (n=22), and health controls 
(n=3). Mean age in years (SD), was 36 (10.6) for CD, 33 (10.10) for UC, and 66(3.68) for healthy controls. Mean disease 
duration was 96 months (76) and 73 (71) for CD and UC respectively. Montreal classifications, smoking data, and follow up 
data is reported in Supplementary Table 1.

Recruitment Biologic-naive patients with IBD to be escalated to adalimumab were recruited from the IBD outpatient clinic at the John 
Radcliffe Hospital in Oxford, UK. Patients with clinically diagnosed RA were recruited to and followed up in an observational 
standard of care cohort in Birmingham, UK. A potential self-selection bias is whether certain patients are more likely to 
participate in research. Our cohort was well-represented for inflammation severity, and remission status outcomes did not 
differ by inflammation severity at baseline.

Ethics oversight IBD cohort for the paper was recruited under: [(IBD Cohort 09/H1204/30)/(GI Ethics 16/YH/0247)] provided by Yorkshire & 
The Humber - Sheffield Research Ethics Committee. RA cohort were recruited under: [South Birmingham Research Ethics 
Committee: 14/WM/1109) (West Midlands Black Country Research Ethics Committee: 07 /H1203/57)].

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Sample size This was an observational study. The number of available samples was dictated by the number of patients being escalated to adalimumab, as 
well as patient willingness to undergo endoscopy, as well as patient welfare at the point of sample collection. Conclusions in the manuscript 
relating to this data are supported by appropriate statistical tests, and where possible all datapoints are shown.

Data exclusions Exclusion from study occurred if the patient developed antibodies to adalimumab sufficient to result in undetectable drug levels. This was a 
pre-set exclusion criteria.

Replication Given the longitudinal element of recruitment, and the nature of these samples (collected in addition to routine clinical samples, and cost), 
further samples are difficult to come by. Patient data was analysed at a cohort level, using the relevant patients/samples/time points to derive 
statistically meaningful conclusions.

Randomization This was an observation cohort with only one experimental group, hence randomization was not relevant to this study.

Blinding All human samples were anonymised before data collection by giving them a unique ID number. This ID was used during analysis to blind 
investigators. Histopathology scoring was also performed in a blinded fashion.



3

nature portfolio  |  reporting sum
m

ary
April 2023

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies
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Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Details provided in the manuscript. Multiplexed imaging using the CellDive consisted of staining using commercially available 

antibodies. The following antibodies were stained for: antigen (Clone), company (Catalog number), Conjugation (Lot – Concentration) 
 
CD68 (EPR20545), Abcam (ab280860) AlexaFluor555 (GR3379176-3 – 5ug/ml); CD3 (SP162), Abcam (ab245731) AlexaFluor555 
(GR3316803-2 – 5ug/ml);CCL19 (polyclonal goat), BioTechne (AF361) AlexaFluor 647 (BAU0819051 – 5ug/ml);CD8A (C8/144B), 
Biolegend (372906) AlexaFluor 647 (B247314 – 10ug/ml);CK8 (EP1628Y), Abcam (ab192467) AlexaFluor488 (GR3262903-1 – 5ug/
ml);CD4 (EPR6855), Abcam (ab280849) AlexaFluor555 (GR3388856-2 – 5ug/ml); CXCL13 (polyclonal) Biotechne (AF801) AlexaFluor 
555 (BAS0317111 – 10ug/ml); CD20 (EP459Y)  Abcam (ab198941) Alexa Fluor 488 (GR3404776-4 – 5 ug/ml); CD208 (EPR24265-8) 
Abcam (ab281573) Alexa Fluor 555 (GR3386297-2 - 2.5ug/ml);CXCL9 (E6Z5W) Cell signalling (37438SF) Alexa Fluor 555 (1 – 5ug/ml); 
S100A9 (EPR35555) Abcam (ab271864) Alexa Fluor 555 (GR3430572-2 – 2.5ug/ml); Ki67 (SP6) Abcam (ab281847) Alexa Fluor 488 
(GR3437226-8 – 5ug/ml); MPO (A-5) SantaCruz (sc-365436) Alex Fluor 546 (C2921 – 5ug/ml); Granzyme B (D6E9W) Cell signalling 
(79903SF) (2 – 3ug/ml); CD66B (G10F5) Biolegend (305110) Alexa Fluor 647 (B257493 – 2ug/ml); CD14 (EPR3653) Abcam (ab226121) 
Alexa Fluor 647 (GR3386297-2 – 5ug/ml); CCR7 (EPR23192-57) Abcam (ab275165) Alexa Fluor 647 (GR3369283-2 – 5ug/ml); CD11c 
(EP1347Y) Abcam (ab279329) Alexa Fluor 555 (GR3370220-1 – 5ug/ml); CD40 (D8W3N)  Cell signalling (77841SF) Alexa Fluor 555 (lot 
1 – 5ug/ml); PD1 (NAT105) Abcam (ab220301) Alexa Fluor 647 (GR3365990-1 – 5ug/ml); MZB1 (22) Novus (NBP2-90320) (D124248 - 
5ug/ml); COL1A1 (EPR7785) Abcam (ab275996) (GR3419821-6 - 5ug/ml). 
 
For flow cytometry on PBMCs, the following antibodies were used: mouse anti-human TNFR1-APC mAb (clone W15099A, BioLegend, 
lot: B363511, 2μg/ml]; rat anti-human TNFR2-PE mAb [clone hTNFR-M1, BD BioSciences, lot: B363682, 2μg/ml]; mouse anti-human 
TNF-alpha [clone Mab11, BioLegend, lot: B375242, 2μg/ml].  

Validation Antibodies from Abcam and Cell Signalling have been validated for IHC-P and tested to react with human by manufacturer. CXCL13 
and CCL19 antibodies were tested on human tonsil FFPE section.

Novel plant genotypes n/a

Seed stocks n/a

Authentication n/a

Plants
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Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Single-cell suspensions derived from PBMCs were stained for 20 minutes on ice in buffer solution (PBS, 0.1% BSA, 5mM 
EDTA) containing antibodies at 2μg/ml. Cells were then centrifuged at 300xg for 5 minutes (4C) and washed twice in buffer. 
Cells were then either fixed for 20 minutes in 4% paraformaldehyde (RT), or fixed/permeabilised according to the 
manufacturer's instruction (BD BioSciences Cytofix/Cytoperm, #554714); for intracellular staining, antibodies were incubated 
in permeabilisation buffer for 30 minutes (RT). Stained cells were acquired on a BD LSRII.

Instrument BD LSRII

Software FlowJo v10

Cell population abundance Out of live CD45+ cells, the subsets analysed had a frequency of at least 5%.

Gating strategy Enclosed in Extended Data Fig. 5. Cells were gated on FSC and SSC to exclude debris. Then, single cells were gated using FSC-
A and FSC-H. Gating was performed to isolate the live CD45+ cells. CD3 and CD19 markers were used to identify T and B cells. 
CD3-  and CD19- were gated based on CD14 and SSC to identify mononuclear phagocytes and granulocytes.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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