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SUMMARY
Primary sclerosing cholangitis (PSC) is an immune-mediated liver disease of unknown pathogenesis, with a
high risk to develop cirrhosis and malignancies. Functional dysregulation of T cells and association with ge-
netic polymorphisms in T cell-related genes were previously reported for PSC. Here, we genotyped a repre-
sentative PSC cohort for several disease-associated risk loci and identified rs56258221 (BACH2/MIR4464) to
correlate with not only the peripheral blood T cell immunophenotype but also the functional capacities of
naive CD4+ T (CD4+ TN) cells in people with PSC. Mechanistically, rs56258221 leads to an increased expres-
sion of miR4464, in turn causing attenuated translation of BACH2, a major gatekeeper of T cell quiescence.
Thereby, the fate of CD4+ TN is skewed toward polarization into pro-inflammatory subsets. Clinically, people
with PSC carrying rs56258221 show signs of accelerated disease progression. The data presented here high-
light the importance of assigning functional outcomes to disease-associated genetic polymorphisms as
potential drivers of diseases.
INTRODUCTION

Primary sclerosing cholangitis (PSC) is a progressive inflamma-

tory liver disease leading to obliteration of the intra- and/or

extrahepatic bile ducts. Due to the widely unknown pathogen-

esis of PSC, there is no effective pharmacological therapy with
Cell Reports Medicine 5, 101620,
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a proven impact on the course of disease, and patients

frequently develop end-stage liver disease and require liver

transplantation.1,2

One presumable key contributor to the likely multifactorial

disease pathogenesis is a dysregulated T cell function,

including both CD4+ and CD8+ T cells.3–5 We previously
July 16, 2024 ª 2024 The Authors. Published by Elsevier Inc. 1
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described increased frequencies of CD4+ T helper (TH) 17

cells and decreased frequencies of regulatory T cells (TREG)

within the peripheral blood of people with PSC compared to

healthy donors and people with other inflammatory liver dis-

eases.6,7 Moreover, we have recently shown that CD4+

T cells with a naive-like phenotype, showing a high capacity

to polarize toward TH17 cells, are increased in the blood

and livers of people with PSC.8 This is in line with the obser-

vation of an increased TH17 response upon pathogen

encounter by PSC-derived T cells in vitro,9 supporting the hy-

pothesis that T cells in PSC are prone to acquire a pro-inflam-

matory phenotype.1,2

However, the mechanisms causing this misguided immune

cell differentiation are poorly understood. Besides environ-

mental factors such as microbiota composition in intestine

and bile ducts, genetic predisposition might contribute to

T cell phenotype.10,11 Previously, multiple genome-wide asso-

ciation studies have associated PSC to gene polymorphisms

related to immune cell and particularly T cell function (e.g.,

IL2RA, BACH2, FOXP1, and CD28).12–17 Of note, most of

the PSC-related polymorphisms are also associated with

other autoimmune diseases, e.g., type 1 diabetes or rheuma-

toid arthritis, and only few studies have so far reported on the

functional implications of these polymorphisms for T cells,

which is particularly true for PSC.1,7,18

We hypothesized that genetic predisposition contributes to

T cell dysregulation in PSC and investigated the functional

role of selected T cell-related gene polymorphisms (CD28/

CTLA4, IL2RA, FOXP1, and BACH2) on the fate and function

of T cells. Particularly, BACH2 (BTB domain and CNC

homolog 2) has been shown to be a critical transcription factor

for differentiation and maturation of both T and B lymphocytes.

BACH2, initially identified as a transcriptional repressor in B

cells,19 has emerged as a central regulator also of T cells,

with its targets including central transcription factors of T cell

activation, e.g., PRDM1 and RUNX3.20–22 Knockout studies in

mice have shown that lack of BACH2 leads to spontaneous

T cell differentiation toward effector T cells as well as reduced

numbers of TREG.
23 In contrast, its overexpression was shown

to promote a less differentiated ‘‘stem-like’’ T cell phenotype,24

underlining its potential role as a gatekeeper of quiescence in

naive T cells. Of note, the SNP rs56258221 is located in the

intergenic region between BACH2 and MIR4464, an miRNA

previously imputed to target BACH2 30 untranslated region

(UTR).25

We here identified this intergenic SNP, which was present in

approximately 21% of people with PSC and 18% of controls in

the study identifying this risk locus,16 to associate with a distinct

peripheral blood immunophenotype and skewed polarization of

naive CD4+ T (CD4+ TN) cells toward inflammatory TH cell sub-

sets. Functionally, this polymorphism enhanced expression of

miR4464 and thereby led to reduced BACH2 protein levels in

CD4+ TN, confirming the regulatory role of miR4464 on BACH2

translation.

Overall, these data reveal a potential mechanism by which ge-

netic predisposition shapes T cell function in autoimmunity and

identify miRNAs and BACH2 as potentially druggable targets

for the treatment of PSC.
2 Cell Reports Medicine 5, 101620, July 16, 2024
RESULTS

People with PSC carrying the risk variant rs56258221
show a distinct T cell phenotype compared to non-
carriers
Peripheral blood samples were collected from people with PSC,

and comprehensive immunophenotyping via flow cytometry

yielded extensive T cell phenotypes of a representative PSC

cohort (N = 36). The cohort was then genotyped for the PSC-

associated polymorphisms rs56258221 (BACH2/MIR4464),

rs80060485 (FOXP1), rs4147359 (IL2RA), and rs7426056

(CD28/CTLA4)16 (Figure 1A). We identified rs56258221 geno-

types within the PSC cohort to separate our dataset into two

cohorts with distinct immunophenotypes overall (p = 0.002) (Fig-

ure 1B), which was not observed for the other SNPs investigated

(Figures S1A–S1C). Within this dataset, we detected several

subsets of both CD4+ and CD8+ T cells to significantly differ in

frequency between SNP carriers and non-carriers (Figures 1B

and1C). CD4+ TN (Figure 1D,p=0.034) and TH17 cells (Figure 1E,

p = 0.036; Figure 1F, p = 0.038) were among the subsets with

increased frequencies in SNP carriers,26,27 whereas the fre-

quency of TREG was comparable between the two groups (Fig-

ure 1G, p = 0.355; Figure 1H, p = 0.489). Similar to CD4+,

CD8+ T cells showed a trend toward increased TN (Figure 1I,

p = 0.064) but not for terminally differentiated T cells re-express-

ing CD45RA (TEMRA) (Figure 1J, p = 0.325), which had previously

been associated with changes in BACH2 levels in CD8+

T cells.21,24 However, we observed an increased frequency of

CD39-expressing CD8+ T cells, which points toward activated

cells28 in SNP carriers compared to non-carriers (Figure 1K,

p = 0.003). In line with this, we observed a higher expression

of pro-inflammatory cytokine tumor necrosis factor alpha

(Figure 1L, p = 0.003) and granzyme B (GzmB) (Figure 1M,

p = 0.054) in CD8+ T cells of people with PSC carrying

rs56258221. The expression of GzmB has previously been

shown to be affected by BACH2.20

We next followed up on these observations by performing

bulk RNA sequencing on liver tissue samples acquired via

liver biopsies from people with PSC (n = 12). Notably, in

carriers of rs56258221, we found significantly increased

expression of C-C chemokine receptor type 6 (Figure S1N,

p = 0.034) and killer lectin-like receptor B1 (Figure S1O,

p = 0.018), which are commonly used markers to identify

T cells that are polarized toward a TH17-like phenotype.29

Most other markers assessed, including genes associated

with regulatory and activated phenotype of CD8+ T cells,

were not changed between SNP carriers and non-carriers

(Figures S1P–S1U).

To generalize our findings about rs56258221 affecting immune

cell frequencies in the peripheral blood of people with PSC, we

additionally performed immunophenotyping in cohorts of healthy

blood donors (HD, n = 18), people with primary biliary cholangitis

(PBC, n = 16), people with inflammatory bowel disease without

PSC (IBD, n = 12), and people with metabolic dysfunction-asso-

ciated steatohepatitis (MASH, n = 6). However, we did not

observe any significant differences in the populations mentioned

previously between carriers and non-carriers of rs56258221

(Figures S1D–S1M).



Figure 1. Risk variant rs56258221 (BACH2/MIR4464) entails phenotypic differences in peripheral T cells in people with PSC

(A) Schematic depiction of the workflow for immunophenotyping.

(B) Principal component analysis of the analyzed immunophenotyping data, separated by the genotype for polymorphism rs56258221.

(C) Heatmap illustrating the immunophenotyping dataset (n = 36) and highlighting populations that differed in frequency between carriers of rs56258221 (n = 18)

and non-carriers (n = 18).

(D–H) Frequencies of different CD4+ T cell subsets. (D) TN, identified by CD62L/CD45RA. (E) TH17 cells identified by IL-17A expression upon stimulation with PMA

(phorbol 12-myristate 13-acetate)/ionomycin. (F) TH17 cells identified by CCR6/CD161. (G) TREG identified by CD127/CD25. (H) TREG identified by FoxP3

expression upon stimulation with PMA/ionomycin.

(I–M) Frequencies of different CD8+ T cell subsets. (I) TN, identified by CD62L/CD45RA. (J) TEMRA, identified by CD62L/CD45RA. (K) CD39 expression on CD8+

T cells. (L) TNF expression upon stimulation with PMA/ionomycin. (M) GzmB expression upon stimulation with PMA/ionomycin. Characteristics of the clinical

cohort are included in Table S1. Statistics: normality distribution was tested by Kolmogorov-Smirnov test; normal distribution: Welch’s t test; no normal dis-

tribution: Mann-Whitney U test. p < 0.05 was considered statistically significant. Data are presented as mean ± SD and deriving from n R 2 repeats per

experiment.
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Developmental trajectories of peripheral blood CD4+

and CD8+ TN are altered in carriers of rs56258221
In order to investigate whether carrying rs56258221 affects the

overall transcriptome of T cells and thereby shapes their cellular

state, we performed cellular indexing of transcriptomes and

epitopes by sequencing (CITE-Seq) on peripheral blood-

derived T cells from people with PSC either homozygous for

rs56258221 (n = 4) or non-carriers (n = 4). We sequenced

55,460 T cells across eight individuals and identified most of

the major CD4+ (TN, central memory [TCM], TH1, TH2, TH17,

and TREG) and CD8+ T cell subsets (TN, TCM, effector memory

[TEM], cytotoxic [TC]), as well as gamma delta T cells (gd

T cells), mucosa-associated invariant T cells (MAIT), and natu-

ral killer T cells (NKT) via analysis of differentially expressed

genes combined with surface protein expression (Figures 2A–

2C and S2A). After confirming TN as the major source of

BACH2 expression among these clusters (Figure 2D), we

compared BACH2 expression levels between carriers of

rs56258221 and non-carriers but observed no differences be-

tween the groups (Figure S2B). We next compared the cell

composition between the two genotypes among the clusters

and noted a dissimilar distribution of cells within the CD4+ TN
cluster as well as the CD8+ TC terminally differentiated cluster

(Figures 2E and 2F). Hypothesizing on the effects of carrying

rs56258221 on differentiation of TN, we excluded NKT, MAIT,

and gd T cells and split the dataset into CD4+ and CD8+

T cells. We then utilized slingshot combined with condi-

ments30,31 to compare the differentiation capacities between

carriers of rs56258221 and non-carriers. Interestingly, we de-

tected significant differences in cellular distribution along the

trajectories of both CD4+ and CD8+ T cells (Figures 2G–2J).

Considering these findings and also previously published

studies on the effect of altered BACH2 levels on T cell differenti-

ation and phenotype,21–24,26 we quantified BACH2 protein levels

in fluorescence-activated cell-sorted peripheral blood CD4+ and

CD8+ TN. Notably, we detected a strong reduction of BACH2

protein levels in CD4+, but not CD8+ TN (Figure 2K–2L,

p = 0.019 and p = 0.904) in homozygous carriers of

rs56258221. Combined, we observed phenotypic differences

in peripheral blood T cells between the two genotypes. These

differences were accompanied by reduced BACH2 protein

levels in CD4+ but not CD8+ TN, indicating a possible direct effect

of rs56258221 on BACH2 expression in CD4+ TN.
Figure 2. Developmental trajectories of peripheral blood TN are altered
(A) Schematic depiction of the workflow for CITE-Seq (n = 4 homozygous carrier

(B) Uniform manifold approximation and projection (UMAP) resembling 55,460

carrying rs56258221, subdivided into 16 clusters by Seurat.

(C) Heatmap highlighting differentially expressed genes used to assign cell types

(D) Expression of BACH2 mapped onto the UMAP from (B), highlighting TN as th

(E and F) Cellular density within landscape of peripheral blood T cells from (J), se

(G) Subclustering of CD8+ T cells and trajectory analysis via slingshot with CD8+

(H) Differential progression analysis via condiments to identify differential distribu

(I) Subclustering of CD4+ T cells and trajectory analysis via slingshot with CD4+ T

(J) Differential progression analysis via condiments to identify differential distribu

(K) Relative BACH2 expression compared to B-actin expression via western blo

(L) Relative BACH2 expression compared to B-actin expression via western blot

included in Tables S2 and S3. Statistics: normality distribution was tested by Kolm

Mann-Whitney U test. p < 0.05 was considered statistically significant. Data are
CD4+ TN cells from carriers of rs56258221 show a
developmental propensity toward a pro-inflammatory
phenotype in vitro

Based on the phenotypical changes in CD4+ T cells and the

reduced BACH2 protein levels in CD4+, but not CD8+ TN of

SNP carriers, we followed up on this by re-clustering the CD4+

TN clusters from our CITE-Seq dataset in order to investigate po-

tential differences between the genotypes. Re-clustering

resulted in four subclusters of CD4+ TN, which we annotated ac-

cording to their gene expression profiles (SC0_resting state,

SC1_activated state, SC2_proliferating state, and SC3_non-

resting state) (Figures 3A and 3B). The expression levels of

BACH2 mRNA among the subclusters were similar between

cells from carriers of rs56258221 and non-carriers (Figure 3C).

Interestingly, though, the clusters assigned to activated tran-

scriptomes (SC1 and SC2) showed a trend toward enrichment

in SNP carriers (Figure 3D).

Next, we decided to perform functional experiments on CD4+

TN in vitro to assess potential differences in response to stimula-

tion (Figure 3E).

We previously demonstrated that CD4+ TN cells from people

with PSC show increased TH17 polarization capacities

in vitro.6,8 We observed that CD4+ TN cells from people with

PSC show a higher propensity to polarize not only toward TH17

cells (Figure 3F, p = 0.007) but also toward TH1 cells, compared

to controls (Figure 3G, p = 0.040). Notably, the propensity of

PSC-derived CD4+ TN cells to polarize toward pro-inflammatory

subsets was accompanied by a significantly lower rate of polari-

zation toward induced TREG (iTREG) (Figure 3H, p = 0.001). These

observations suggest a shift in the developmental propensities of

CD4+ TN cells in PSC toward a pro-inflammatory phenotype, in

line with the previously reported imbalance of TH17 and TREG fre-

quencies in peripheral blood of people with PSC and the propen-

sity of liver-resident naive-like CD4+ T cells to differentiate into

TH17 cells.7–9 We next assessed whether genetic predisposition

contributes to the observed differences by comparing carriers

and non-carriers of the PSC-associated genetic polymorphisms

assessed in this study (CD28/CTLA4, IL2RA, FOXP1, and

BACH2/MIR4464). In line with the previous results, we observed

an association of rs56258221 (BACH2/MIR4464) with a pro-in-

flammatory polarization of CD4+ TN, which was particularly true

for the TH17/iTREG dichotomy (Figures 3I–3K; TH17 p = 0.041,

iTREG p = 0.044). This association was not present for the other
in carriers of rs56258221
; n = 4 non-carrier) (all 8 patients cisgender males).

peripheral blood T cells from people with PSC either homozygous for or not

to clusters.

e main population expressing BACH2.

parated into SNP carriers (E) and non-carriers (F).

TN as the selected starting point.

tion of cells along trajectory.

N as the selected starting point.

tion of cells along trajectory.

t from FACS-sorted CD8+ TN (n = 9).

from FACS-sorted CD4+ TN (n = 15). Characteristics of the clinical cohort are

ogorov-Smirnov test; normal distribution: Welch’s t test; no normal distribution:

presented as mean ± SD and deriving from n R 2 repeats per experiment.
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Figure 3. PSC-associated polymorphism rs56258221 (BACH2/MIR4464) contributes to increased polarization of CD4+ TN cells toward pro-

inflammatory phenotypes

(A and B) Re-clustering of CITE-Seq data from CD4+ TN (cluster C0 from Figure 1J) resulted in four subclusters of CD4+ TN (SC0-3) (A), which were assigned to

cellular states via analysis of differentially expressed genes (B). SC0 did not show differentially expressed genes.

(C) Expression levels of BACH2 among each cluster.

(D) Bar plot comparing the frequencies of SC0-3 between SNP carriers and non-carriers.

(E) Schematic depiction of the workflow for in vitro polarization assays.

(F) After 12 days of polarizing culture of CD4+ TN from people with PSC (n = 18) and HD (n = 12), the frequency of CD4+IL-17A+ cells was determined.

(G) After 7 days of polarizing culture of CD4+ TN from people with PSC (n = 21) and HD (n = 15), the frequency of T CD4+CXCR3+TBET+IFNg+TNFa+ cells was

determined.

(H) After 7 days of polarizing culture of CD4+ TN from people with PSC (n = 18) and HD (n = 14), the frequencies of CD4+CD25+CD152+FOXP3+ cells were

determined.

(I–K) Data on people with PSC from TH17 (F), TH1 (G), and iTREG (H) polarization were separated by genotype for polymorphism rs56258221. Characteristics of the

clinical cohort are included in Tables S4–S6. Statistics: normality distribution was tested by Kolmogorov-Smirnov test; normal distribution: Welch’s t test; no

normal distribution: Mann-Whitney U test. p < 0.05 was considered statistically significant. Data are presented as mean ± SD and deriving from nR 2 repeats per

experiment.
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SNPs investigated (Figures S3A–S3H) and was not linked to dif-

ferences in proliferation of CD4+ TN (Figures S3I–S3K).

Taken together, our findings on the polymorphism rs56258221

(BACH2/MIR4464) support the hypothesis of genetic predisposi-

tioncontributing toskewedCD4+TNpolarizationcapacities inPSC.
6 Cell Reports Medicine 5, 101620, July 16, 2024
The risk variant rs56258221 is associated with
increased expression of miR4464 in CD4+ TN

To assess whether epigenetic changes are linked to the

observed differences in phenotype and differentiation, we uti-

lized our previously published dataset on single-cell sequencing



Figure 4. The risk variant rs56258221 (BACH2/MIR4464) is associated with lower BACH2 protein levels and increased expression of miR4464

(A) Schematic depiction of the workflow for scATAC-Seq analysis (n = 4).

(B) Coverage plot showing the chromatin region of BACH2. Significantly increased accessible chromatin regions in SNP carriers (n = 2) are highlighted in red.

(C) Coverage plot showing the chromatin region surrounding rs56258221, including the MIR4464 locus. Significantly increased accessible chromatin regions in

SNP carriers (n = 2) are highlighted in red.

(D) Detection of miR4464 in FACS-sorted CD4+ TN of homozygous carriers and non-carriers of rs56258221.

(E and F) Gene ontology (GO) terms representing total accessible chromatin regions from either SNP carriers (E) or non-carriers (F). The ten GO terms with lowest

p values are displayed.

(G) Assignment of transcription factor-binding sites (TFBS) to accessible chromatin regions via TOBIAS. Analysis of differential TFBS accessibility between

carriers of rs56258221 (n = 2) and non-carriers (n = 2) is shown. Characteristics of the clinical cohort are included in Table S3. Statistics: normality distribution was

tested by Kolmogorov-Smirnov test; normal distribution: Welch’s t test; no normal distribution: Mann-Whitney U test. p < 0.05 was considered statistically

significant. Data are presented as mean ± SD and deriving from n R 2 repeats per experiment.
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assay for transposase-accessible chromatin (scATAC-Seq) on

CD4+ TN cells from people with PSC8 and retrospectively identi-

fied SNP carriers (n = 2) and non-carriers (n = 1) within this data-

set (Figure 4A). We detected theBACH2 locus to bemore acces-

sible in CD4+ TN from carriers of rs56258221 (Figure 4B), which

was unexpected considering the reduction of BACH2 protein.

As the intergenic polymorphism rs56258221 is assigned to

both BACH2 and MIR4464, we hypothesized on post-transcrip-

tional regulation contributing to the observed reduction in

BACH2 protein.

Of note, miR4464 was previously imputed to exert regulatory

function on BACH2, as its binding motifs are located within the

30 UTR of the BACH2 mRNA.25

To address our hypothesis on miR4464 being involved in the

observed reduction of BACH2 protein levels, we went back to
the scATAC-Seq dataset and observed a pronounced increase

of chromatin accessibility spanning the genomic location of

rs56258221 (Chr6:90,320,722), which is in close proximity to

MIR4464 (Figure 4C). Next, we used fluorescence-activated

cell-sorted CD4+ TN from the same people with PSC included

in our single-cell RNA sequencing and western blot experiments

to determine expression levels of miR4464. Notably, we

observed a significantly higher expression of miR4464 in CD4+

TN from carriers of rs56258221 compared to non-carriers (Fig-

ure 4D, p = 0.038).

In addition, gene ontology analysis of overall accessible chro-

matin sites suggested an activated cellular phenotype for CD4+

TN from carriers of rs56258221, indicated by the terms ‘‘cell

activation,’’ ‘‘positive regulation of lymphocyte activation,’’ and

‘‘T cell costimulation’’ (Figure 4E). In contrast, CD4+ TN cells
Cell Reports Medicine 5, 101620, July 16, 2024 7



Article
ll

OPEN ACCESS
from non-carriers were linked to a presumably steady cellular

state (Figure 4F). To analyze this finding in more detail, we as-

signed transcription factor-binding sites to accessible chromatin

regions by utilization of TOBIAS (Transcription factor Occupancy

prediction By Investigation of ATAC-seq Signal).32 We observed

an increase in accessible binding sites of transcription factors

associated with T cell activation, particularly members of the

AP-1 complex (BATF, FOS, JUN, and JDP), Blimp-1 (PRDM1),

and Runx3 (RUNX3), which are all known targets of

BACH2,20,21 in carriers of rs56258221 (Figure 4G). In line with

this, CD4+ T cells from SNP carriers also showed an increase

in BACH2-binding sites, indicating less binding activity of

BACH2 as a transcriptional repressor (Figure 4G).

Combined, we show reduced protein levels of the transcrip-

tional repressor BACH2 accompanied by increased expression

of miR4464 in carriers of the risk variant rs56258221. This reduc-

tion is associated to an increase of accessible motifs of both

BACH2 and its targets in the epigenetic landscape of CD4+ TN.

Increased expression of miR4464 attenuates BACH2
translation in CD4+ TN, resulting in a reduced
polarization capacity toward iTREG

After identifying increased expression of BACH2-targeting

miR4464 as a potential cause for the observed reduction of

BACH2 protein in CD4+ TN, we investigated whether miR4464

functionally contributes to this effect by downregulating the

translation of BACH2 mRNA in carriers of rs56258221. There-

fore, we isolated CD4+ TN from peripheral blood of healthy do-

nors (n = 12) and transfected the cells with miR4464. Next, we

performed polarizing in vitro culture toward iTREG, using the

same experimental setup as previously described (Figure 5A).

First, we controlled for successful transfection by determining

the level of miR4464, which showed an approximate 10-fold in-

crease compared to cells transfected with non-binding miRNA

(mock) and only slightly decreased during 72 h post transfection

(Figure 5B). Of note, the observed increase was in a similar range

to the changes observed between homozygous carriers of

rs56258221 and non-carriers (cf. Figure 4D). Next, we deter-

mined the expression levels of both BACH2 mRNA and protein

and observed no profound effect of the transfection with

miR4464 on BACH2 mRNA but a significant reduction of

BACH2 protein (Figures 5C and 5D, p = 0.028). We next cultured

transfected CD4+ TN under iTREG-polarizing conditions. Notably,

we observed a significant decrease in iTREG formation in healthy

non-carriers of rs56258221 upon transfection with miR4464,

compared to mock-transfection, which was not seen for SNP

carriers (Figure 5E, p = 0.026). This observation is potentially

due to the increased miR4464 levels per se in SNP carriers,

which we described in the section earlier. To finally prove that

an increase in miR4464 directly impacts BACH2 translation,

we cloned the fragment from the 30 UTR region of BACH2

mRNA containing the predicted miR4464-binding site25 or a

mutated binding site into the pmirGLO dual-luciferase vector.

Transfection of HEK293T cells with the BACH2 tester plasmid

in combination with miR4464 resulted in strongly reduced lucif-

erase signals compared to mock transfection, pointing toward

an effective targeting of the cloned 30 UTR region of BACH2

mRNA bymiR4464 (Figure 5G, p = 0.004). Importantly, this effect
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was not observed upon transfection with plasmids containing a

mutatedmiR4464 binding site within the 30 UTR region ofBACH2

(Figure 5H, p = 0.333), confirming the imputed data that were

previously reported on miR4464 targeting BACH2 mRNA.25

Combined, our data show that miR4464 indeed binds the 30

UTR region of BACH2mRNA and thereby directly regulates pro-

tein translation of this central transcriptional repressor, which

had an immediate impact on the capability of CD4+ TN to polarize

into iTREG.

Markers of disease severity in people with PSC carrying
rs56258221

To investigate whether the previously shown differences in T cell

differentiation and phenotype associate with variations in the

clinical course of people with PSC, we evaluated a selection of

routine laboratory parameters of people with PSC attending

the outpatient clinic for gastroenterology and hepatology at the

University Medical Centre Hamburg-Eppendorf (n = 210). Using

SNP genotyping, we identified 74 carriers and 136 non-carriers

of rs56258221 in our cohort. Both groups showed similar age

at diagnosis (36.1 vs. 35.8 years) and duration of disease at the

time of data collection (12.6 vs. 12.3 years) (Figure 6A).

Intriguingly, biomarkers routinely used to evaluate severity

of disease differed between carriers and non-carriers of

rs56258221. These included increased levels of aspartate

aminotransferase (AST, 69 vs. 48 U/L, p = 0.007), alanine amino-

transferase (ALT, 72 vs. 53 U/L, p = 0.035), and total bilirubin

(2.9 vs. 1.6 mg/dL, p = 0.047) (Figure 5A) in carriers of

rs56258221. In addition, carriers showed a higher rate of liver

transplantation (LTx), although this difference was not statisti-

cally significant (21.6% vs. 13.2%, p = 0.120).

Consequently, we aimed to further validate a potential effect of

rs56258221 on the clinical course of people with PSC. Therefore,

we extended our PSC cohort from Hamburg (n = 210) with an in-

dependent PSC cohort (n = 137) from the Norwegian PSCCenter

at the Oslo University Hospital, Rikshospitalet that included 100

people with PSC who had received LTx. In the analysis of a

15-year period post diagnosis in 347 people with PSC, there

was a trend of carriers (n = 132) toward a more severe clinical

course compared to non-carriers (n = 215) of rs56258221 (log

rank test: p = 0.069) (Figure 6B).

DISCUSSION

Both genetic and environmental factors contribute to the patho-

genesis of PSC, a dreadful liver disease lacking any effective

pharmacological treatment option. In most people with PSC,

chronic disease progression inevitably leads to end-stage liver

disease, death, or liver transplantation within two decades.1,10

Despite the fact that over 20 gene polymorphisms have been as-

signed to elevated risk for PSC, data on functional conse-

quences of these polymorphisms are scarce,7,18 which is most

likely due to their intronic and intergenic locations.1,12–17,33 We

here hypothesized that PSC-associated genetic variants

contribute to the dysregulation of T cells we and others have

described previously in people with PSC.6–9,18,34

The majority of the PSC-associated polymorphisms is located

within or nearby genetic loci related to T cell function. Among



Figure 5. miR4464 induces reduced BACH2 protein translation in CD4+ TN and reduces polarization capacity toward iTREG

(A) Schematic depiction of the workflow for the in vitro transfection of CD4+ TN with miR4464.

(B) Detection of miR4464 levels in CD4+ TN cells 24 and 72 h post transfection.

(C) Detection of BACH2 mRNA levels in CD4+ TN cells 24 and 72 h post transfection.

(D) Quantified western blot analysis on BACH2 protein levels from CD4+ TN cells 24 and 72 h post transfection.

(E) In vitro polarization toward iTREG. Frequencies of iTREG 6 days post transfection with miR4464. Data were normalized to the respective mock transfection

controls.

(F) Schematic depiction of the experimental setup utilizing the pmirGLO tester plasmid containing the 30 UTR of BACH2 mRNA or a mutated control site.

(G and H) Luciferase activity was determined fromHEK293T cells 24 h post co-transfection of either miR4464 or mock control and the tester plasmid containing a

mutated control binding site (G) or the wild-type binding site (H). Luciferase activity was normalized to include Renilla luciferase (hRluc) control. Statistics:

normality distribution was tested by Kolmogorov-Smirnov test; normal distribution: Welch’s t test; no normal distribution: Mann-Whitney U test. p < 0.05 was

considered statistically significant. Data are presented as mean ± SD and deriving from n R 2 repeats per experiment.
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these, we identified the intergenic polymorphism rs56258221 at

the BACH2/MIR4464 gene locus to affect the phenotype of both

CD4+ and CD8+ T cells and, in particular, the fate and function of

CD4+ TN. We demonstrate that CD4+ TN cells from people with

PSC display skewed polarization capabilities toward pro-inflam-

matory subsets, i.e., TH1 and TH17. In contrast, the polarization

of CD4+ TN toward anti-inflammatory iTREG was impaired. This

is of interest as TH17 and its signature cytokine IL-17 are widely

recognized as key players in PSC pathogenesis and autoimmu-

nity.1,2,6,8,9 Moreover, the presence of rs56258221 characterized
a population with increased frequencies of TH17 cells, and SNP

carriers showed a skewed in vitro differentiation of CD4+ TN to-

ward TH17 and away from iTREG cells.

BACH2 is a transcriptional repressor playing an essential role

in T cell quiescence and activation, as well as in the maintenance

of CD4+ T cell subsets, i.e., TREG, TH1, and TH17 cells.19–23,29

Although the exact mechanism of action of BACH2 remains to

be determined, its interference with signaling of both T cell and

IL-2 receptor has been described for murine TREG.
23,35 Intrigu-

ingly, the transfer of BACH2-deficient TREG into recipient mice
Cell Reports Medicine 5, 101620, July 16, 2024 9



Figure 6. Clinical phenotype of people with

PSC carrying polymorphism rs56258221

(BACH2/MIR4464)

(A) Laboratory parameters and clinical features of

people with PSC attending the outpatient clinic for

gastroenterology and hepatology of the University

Medical Centre Hamburg-Eppendorf (n = 210). The

data were separated into carriers and non-carriers

of rs56258221. Both groups span a similar time

between diagnosis of PSC and collection of labo-

ratory parameters (mean ± SD).

(B) Assessment of transplant-free survival between

SNP carriers and non-carriers. The combined in-

dependent cohorts from University Medical Centre

Hamburg-Eppendorf (Germany) and the Norwegian

PSC Centre in Oslo (Norway) are shown. Survival

data were analyzed by using log rank test. Tick

marks represent censoring.
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was shown to induce signs of autoimmunity.35 However, so far, it

was unknown whether and how the disease-associated SNP

rs56258221 influences the function of BACH2. Consequently,

we analyzed mRNA and protein levels of BACH2 in CD4+ TN iso-

lated from people with PSC carrying and not carrying the risk

allele rs56258221 and found similar mRNA expression, but

significantly lower BACH2 protein levels in SNP carriers.

In line with lowered BACH2 protein levels in CD4+ TN from car-

riers of rs56258221, we observedmore accessible BACH2-bind-

ing motifs in chromatin sequencing data, which represents its

lower activity as a transcriptional repressor.21,24 In addition to
10 Cell Reports Medicine 5, 101620, July 16, 2024
binding motifs of BACH2 itself, we de-

tected more accessible motifs of PRDM1,

RUNX3, and members of the AP-1

transcriptional complex (e.g., Jun and

Fos), all of which are known targets of

BACH221,24,26 and involved in TH17 cell

formation and the development of T cell

effector function.36,37 Overall, chromatin

accessibility suggested a more activated

phenotype of CD4+ TN in SNP carriers

compared to non-carriers, associating

lowered BACH2 protein levels to

enhanced T cell activation and being in

line with the observation of BACH2-defi-

cient T cells spontaneously developing an

activated phenotype.26,38 Combined,

these findings demonstrated an associa-

tion of risk variant rs56258221 with lower

BACH2 protein levels and functional con-

sequences in CD4+ T cells. However, and

in contrast to these findings, we observed

a more accessible BACH2 gene in SNP

carriers compared to non-carriers. Hy-

pothesizing on post-transcriptional regula-

tion, we investigated the involvement

of miR4464 and were able to link its

increased expression and genetic acces-

sibility to the reduced BACH2 protein
levels in carriers of rs56258221. The MIR4464 locus is located

within the cis-regulatory region upstream of BACH2, and

miR4464 has previously been suggested to target the 30 UTR
of BACH2 mRNA using in silico analyses.25 Finally, we were

able to confirm the imputed regulation of BACH2 translation

through miR4464 by utilizing a luciferase-based plasmid system

with mutated miR4464-binding sites.39

From a clinical perspective, our data suggest that rs56258221

may contribute to disease progression and, if validated in inde-

pendent studies, potentially enables risk stratification of people

with PSC in the future. Considering the elevated risk for
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hepatobiliary malignancies in people with PSC and the function

of BACH2 in suppressing transcription factors of the AP-1 family,

which are key molecules in tumorigenesis, our data should stim-

ulate research into the effects of rs56258221 in cholangiocytes.

Our study provides evidence for the previously imputed func-

tion of miR4464 in regulating BACH2 protein expression. More-

over, we link the autoimmunity-associated polymorphism

rs56258221 to dysregulation of CD4+ TN by shifting the balance

of TH17 and TREG toward pro-inflammatory TH17 subsets. In

addition, CD8+ T cells were found to be more activated in SNP

carriers, but the mechanism was not linked to changes in

BACH2 protein levels and remains to be elucidated. The data

presented here should fuel more studies investigating the effects

of disease-associated risk variants that, although mostly located

in non-coding regions, may have an impact on cellular function

and possibly on disease phenotype.

Limitations of the study
Limitations of our study include the fact that genetic polymor-

phisms occur in linkage disequilibrium, which complicates the

annotation of a functional outcome to one specific polymor-

phism, especially when working with human material. Notably,

rs56258221 is in high linkage disequilibrium with rs72928038,

which is an intronic BACH2-SNP that has recently been linked

to a reduced expression of BACH2 protein and a more activated

T cell phenotype of CD8+ T cells in particular.40,41 Our findings on

CD4+ T cells are complementary to this study and suggest that

the examined SNPs do affect a wide range of different T cell sub-

sets. In addition, we report on a potentially more severe pheno-

type of PSC in SNP carriers vs. non-carriers. However, given the

lack of validated surrogate biomarkers in PSC42 and the variable

disease course, the presented clinical data are based on a rather

limited number of genotyped participants and should be inter-

preted with caution. To generate robust clinical data, controlled

multi-centre studies are needed. Overall, rs56258221 represents

only one of many polymorphisms contributing to the genetic risk

in PSC.Moreover, as is true formostmiRNAs,miR4464 has a va-

riety of targets other than BACH2.25 Therefore, we cannot

exclude transfected miR4464 to target other molecules in vitro.
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Brilliant Violet 605TM anti-human CD103 (clone: Ber-ACT8) BioLegend Cat: 350218; RRID: AB_2564283

PE/DazzleTM anti-human CD11c (clone: 3.9) BioLegend Cat: 301641; RRID: AB_2564082

PE/Cyanine7 anti-human CD123 (clone: 6H6) BioLegend Cat: 306010; RRID: AB_493576

Brilliant Violet 650TM anti-human CD127 (clone: A019D5) BioLegend Cat: 351326; RRID: AB_2562095

Brilliant Violet 711TM anti-human CD14 (clone: M5E2) BioLegend Cat: 301838; RRID: AB_2562909

Brilliant Violet 605TM anti-human CD16 (clone: 9G8) BioLegend Cat: 302039; RRID: AB_2561354

APC/Cyanine7 anti-human CD16 (clone: 3G8) BioLegend Cat: 302018; RRID: AB_314218

PerCP/Cyanine5.5 anti-human CD160 (clone: BY55) BioLegend Cat: 341210; RRID: AB_2562874
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APC/Cyanine7 anti-human CD27 (clone: O323) BioLegend Cat: 302816; RRID: AB_571977
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Brilliant Violet 650TM anti-human CD3 (clone: OKT3) BioLegend Cat: 317324; RRID: AB_2563352

Alexa Fluor� 488 anti-human CD38 (clone: HIT2) BioLegend Cat: 303512; RRID: AB_493088

PE/Cyanine7 anti-human CD39 (clone: A1) BioLegend Cat: 328212; RRID: AB_2099950

Alexa Fluor� 700 anti-human CD4 (clone: OKT4) BioLegend Cat: 317426; RRID: AB_571943

PE/DazzleTM 594 anti-human CD4 (clone: RPA-T4) BioLegend Cat: 300548; RRID: AB_2563566

PE/Cyanine7 anti-human CD43 (clone: CD43-10G7) BioLegend Cat: 343208; RRID: AB_2563698

PE anti-human CD44 (clone: 338808) BioLegend Cat: 338808; RRID: AB_2076578

Brilliant Violet 785TM anti-human CD45 (clone: HI30) BioLegend Cat: 304048; RRID: AB_2563129

Brilliant Violet 711TM anti-human CD45RA (clone: HI100) BioLegend Cat: 304138; RRID: AB_2563815

PE/Cyanine7 anti-human CD49a (clone: TS2/7) BioLegend Cat: 328312; RRID: AB_2566272

FITC anti-human CD49b (clone: P1E6-C5) BioLegend Cat: 359306; RRID: AB_2562531

PE anti-human CD49d (clone: 9F10) BioLegend Cat: 304303; RRID: AB_314429

Brilliant Violet 421TM anti-human CD56 (clone: HCD56) BioLegend Cat: 318328; RRID: AB_11218798
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Brilliant Violet 510TM anti-human CD62L (clone: DREG-56) BioLegend Cat: 304843; RRID: AB_2617002
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PerCP/Cyanine5.5 anti-human CD69 (clone: FN50) BioLegend Cat: 310926; RRID: AB_2074956

APC/Cyanine7 anti-human CD69 (clone: FN50) BioLegend Cat: 310914; RRID: AB_314849

PE anti-human CD73 (clone: AD2) BioLegend Cat: 344004; RRID: AB_2298698

Brilliant Violet 510TM anti-human CD8a (clone: RPA-T8) BioLegend Cat: 301048; RRID: AB_2561942

PE/DazzleTM 594 anti-human CD8a (clone: HIT8a) BioLegend Cat: 300930; RRID: AB_2629639

Alexa Fluor� 700 anti-human CD8a (clone: RPA-T8) BioLegend Cat: 301028; RRID: AB_493745

PE anti-human CD8b (clone: 2ST8.5H7) BD Biosciences Cat: 641057; RRID: AB_1645747

Alexa Fluor� 647 anti-human FOXP3 (clone: 259D) BioLegend Cat: 320214; RRID: AB_492984

FITC anti-human Granzyme B (clone: GB11) BioLegend Cat: 515403; RRID: AB_2114575

FITC anti-human HLA-DR (clone: L243) BioLegend Cat: 307604; RRID: AB_314682

APC/Cyanine7 anti-human IFN-g (clone: 4S.B3) BioLegend Cat: 502530; RRID: AB_10663412

PE anti-human IL-10 (clone: JES3-9D7) BioLegend Cat: 501404; RRID: AB_315170

Brilliant Violet 711TM anti-human IL-17A (clone: BL168) BioLegend Cat: 512328; RRID: AB_2563888

PE/Cyanine7 anti-human IL-4 (clone: MP4-25D2) BioLegend Cat: 500824; RRID: AB_2126746

FITC anti-human/mouse integrin b7 (clone: FIB27) BioLegend Cat: 121010; RRID: AB_2129310

PE anti-human IgD (clone: IA6-2) BioLegend Cat: 348203; RRID: AB_10550096

PE-CyTM7 anti-auman TCRg/d (clone: 11F2) BD Biosciences Cat: 655410; RRID: AB_2870377

Brilliant Violet 650TM anti-human TNF-a (clone: MAb11) BioLegend Cat: 502938; RRID: AB_2562741

APC anti-human TCR Va7.2 (clone: 3C10) BioLegend Cat: 351708; RRID: AB_10933246

FITC anti-human TCR delta (clone: TS-1) Invitrogen Cat: TCR2055; RRID: AB_223619

APC anti-human TCR Vd2 (clone: 123R3) Miltenyi Biotec Cat: 130-095-803; RRID: AB_10831200

FITC anti-human TCR-Vg9 (clone: IMMU 360) BeckmanCoulter Cat: IM1463; RRID: AB_130871

CITEseq: TotalSeqTM-C0063 anti-human

CD45RA (clone: HI100)

BioLegend Cat: 304163; RRID: AB_2800764

CITEseq: TotalSeqTM-C0087 anti-human

CD45RO (clone: UCHL1)

BioLegend Cat: 304259; RRID: AB_2800766

CITEseq: TotalSeqTM-C0147 anti-human

CD62L (clone: DREG-56)

BioLegend Cat: 304851; RRID: AB_2800770

CITEseq: TotalSeqTM-C0148 anti-human

CD197 (clone: G043H7)

BioLegend Cat: 353251; RRID: AB_2800943

CITEseq: TotalSeqTM-C0124 anti-human

CD31 (clone: WM59)

BioLegend Cat: 303139; RRID: AB_2800757

CITEseq: TotalSeqTM-C0154 anti-human

CD27 (clone: O323)

BioLegend Cat: 302853; RRID: AB_2800747

CITEseq: TotalSeqTM-C0386 anti-human

CD28 (clone: CD28.2)

BioLegend Cat: 302963; RRID: AB_2800751

CITEseq: TotalSeqTM-C0156 anti-human

CD95 (clone: DX2)

BioLegend Cat: 305651; RRID: AB_2800787

CITEseq: TotalSeqTM-C0246 anti-human

CD122 (clone: TU27)

BioLegend Cat: 339021; RRID: AB_2814240

CITEseq: TotalSeqTM-C0140 anti-human

CD183 (clone: G025H7)

BioLegend Cat: 353747; RRID: AB_2800949

CITEseq: TotalSeqTM-C0185 anti-human

CD11a (clone: TS2/4)

BioLegend Cat: 350617; RRID: AB_2800935

CITEseq: TotalSeqTM-C0576 anti-human

CD49d (clone: 9F10)

BioLegend Cat: 304345; RRID: AB_2814137

CITEseq: TotalSeqTM-C0390 anti-human

CD127 (clone: A019D5)

BioLegend Cat: 351356; RRID: AB_2800937

CITEseq: TotalSeqTM-C0085 anti-human

CD25 (clone: BC96)

BioLegend Cat: 302649; RRID: AB_2800745
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CITEseq: TotalSeqTM-C0159 anti-human

HLA-DR (clone: L243)

BioLegend Cat: 307663; RRID: AB_2800795

CITEseq: TotalSeqTM-C0901 anti-human

GARP (clone: 7B11)

BioLegend Cat: 352517; RRID: AB_2819994

CITEseq: TotalSeqTM-C0176 anti-human

CD39 (clone: A1)

BioLegend Cat: 328237; RRID: AB_2800853

CITEseq: TotalSeqTM-C0577 anti-human

CD73 (clone: AD2)

BioLegend Cat: 344031; RRID: AB_2800916

CITEseq: TotalSeqTM-C0151 anti-human

CD152 (clone: BNI3)

BioLegend Cat: 369621; RRID: AB_2801015

CITEseq: TotalSeqTM-C0360 anti-human

CD357 (clone: 108-17)

BioLegend Cat: 371227; RRID: AB_2810583

CITEseq: TotalSeqTM-C0171 anti-human

CD278 (clone: C398.4A)

BioLegend Cat: 313553; RRID: AB_2800823

CITEseq: TotalSeqTM-C0071 anti-human

CD194 (clone: L291H4)

BioLegend Cat: 359425; RRID: AB_2800988

CITEseq: TotalSeqTM-C0143 anti-human

CD196 (clone: G034E3)

BioLegend Cat: 353440; RRID: AB_2810563

CITEseq: TotalSeqTM-C0141 anti-human

CD195 (clone: J418F1)

BioLegend Cat: 359137; RRID: AB_2810570

CITEseq: TotalSeqTM-C0366 anti-human

CD184 (clone: 12G5)

BioLegend Cat: 306533; RRID: AB_2800791

CITEseq: TotalSeqTM-C0144 anti-human

CD185 (clone: J252D4)

BioLegend Cat: 356939; RRID: AB_2800968

CITEseq: TotalSeqTM-C0125 anti-human

CD44 (clone: BJ18)

BioLegend Cat: 338827; RRID: AB_2800900

CITEseq: TotalSeqTM-C0146 anti-human

CD69 (clone: FN50)

BioLegend Cat: 310951; RRID: AB_2800810

CITEseq: TotalSeqTM-C0149 anti-human

CD161 (clone: HP-3G10)

BioLegend Cat: 339947; RRID: AB_2810532

CITEseq: TotalSeqTM-C0581 anti-human

TCR Va7.2 (clone: 3C10)

BioLegend Cat: 351735; RRID: AB_2810556

CITEseq: TotalSeqTM-C0088 anti-human

CD279 (clone: EH12.2H7)

BioLegend Cat: 329963; RRID: AB_2800862

CITEseq: TotalSeqTM-C0378 anti-mouse

CD223 (clone: C9B7W)

BioLegend Cat: 125237; RRID: AB_2832450

CITEseq: TotalSeqTM-C0250 anti-mouse/human

KLRG1 (clone: 2F1/KLRG1)

BioLegend Cat: 138433; RRID: AB_2800649

CITEseq: TotalSeqTM-C0168 anti-human

CD57 (clone: QA17A04)

BioLegend Cat: 393321; RRID: AB_2801030

CITEseq: TotalSeqTM-C0169 anti-human

CD366 (clone: F38-2E2)

BioLegend Cat: 345049; RRID: AB_2800925

CITEseq: TotalSeqTM-C0089 anti-human

TIGIT (clone: A15153G)

BioLegend Cat: 372729; RRID: AB_2801021

CITEseq: TotalSeqTM-C0139 anti-human

TCR g/d (clone: B1)

BioLegend Cat: 331231; RRID: AB_2814199

CITEseq: TotalSeqTM-C0584 anti-human

TCR Va24-Ja18 (clone: 6B11)

BioLegend Cat: 342925; RRID: AB_2810539

Western Blot Antibody: BACH2 Cell Signaling Technology Cat: 80775; RRID: AB_2799961

Western Blot Antibody: beta-Actin (C4) Cell Signaling Technology Cat: SC-47778; RRID: AB_626632

anti-human CD3 antibody; clone: OKT3 BioLegend Cat: 317302; RRID: AB_571927

anti-huamn CD28 antibody; clone: CD28.1 BioLegend Cat: 302934; RRID: AB_2616667
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anti-human IL-4 antibody Miltenyi Biotech Cat: 130-095-753;

RRID: AB_10831210

anti-human IFNg antibody Miltenyi Biotech Cat: 130-095-743;

RRID: AB_10830868

anti-human IL-12 antibody PeproTech Cat: 500-P154G;

RRID: AB_2929517

Biological samples

Human peripheral blood (german cohort) University Medical Center

Hamburg-Eppendorf

(I. Dept. of Medicine)

(Hamburg, Germany)

N/A

Liver tissue for bulk RNA seq University Medical Center

Hamburg-Eppendorf

(I. Dept. of Medicine)

(Hamburg, Germany)

N/A

Human peripheral blood (norwegian cohort) Norwegian PSC Center

(Oslo, Norway)

N/A

Chemicals, peptides, and recombinant proteins

IL-2 (cell culture) R&D Systems Cat: 202-IL-010

ATRA (cell culture) Sigma-Aldrich Cat: R2625

TGFb (cell culture) Miltenyi Biotech Cat: 130-095-066

IL-6 (research grade) Miltenyi Biotech Cat: 130-093-929

IL-1b (research grade) Miltenyi Biotech Cat: 130-095-374

IL-23 (research grade) Miltenyi Biotech Cat: 130-095-758

IL-7 Miltenyi Biotech Cat: 130-095-362

RPMI 1640 medium Gibco Cat: 11875093

Opti-MEM medium Gibco Cat: 31985070

Fetal calve serum (FCS/FBS) PAN Biotech Cat: P30-3033

1% Penicillin-Streptomycin Sigma Aldrich Cat: P4333

Fixable Viability Dye eFluor 506 ThermoFisher Cat: 65-0866-14

Bovine serum albumine (BSA) Carl Roth Cat: 0163.4

Phosphate buffered saline (PBS) Gibco Cat: 10010023

Phorbol 12-myristate 13-acetate (PMA) Sigma Aldrich Cat: P1585

Ionomycin Sigma Aldrich Cat: I24222

Brefeldin A BD Bioscience Cat: 55029

Critical commercial assays

TaqMan SNP Genotyping assay (rs56258221) ThermoFisher Cat: C__88670967_10

TaqMan SNP Genotyping assay (rs80060485) ThermoFisher Cat: C_103476844_10

TaqMan SNP Genotyping assay (rs4147359) ThermoFisher Cat: C___1841422_10

TaqMan SNP Genotyping assay (rs7426056) ThermoFisher Cat: C__29052378_10

CellTrace Violet Cell Proliferation Kit ThermoFisher Cat: C34557

DNA Blood Midi Kit Qiagen Cat: 51104

Ficoll-Paque PLUS density gradient media Cytiva Cat: 17144003

MACS: Naive CD4+ T cell Isolation Kit II, human MIltenyi Biotec Cat: 130-094-131

Foxp3/Transcription Factor Staining Buffer Set eBioscience/Invitrogen Cat: 00-5523-00

NucleoSpin RNA Kit Macherey-Nagel Cat: 740955.250

High-Capacity cDNA Reverse Transcription Kit Applied Biosystems Cat: 4368813

KAPA PROBE FAST 1PCR Kit KAPA Biosystems Cat: KK4715

HPRT housekeeper ThermoFisher Cat: Hs02800695_m1

Chromium Next GEM Single Cell 50 Reagent Kit v2 10x Genomics Cat: 1000265

Chromium Next GEM Chip K Single Cell Kit 10x Genomics Cat: 1000287

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Dynabeads MyOne SILAN ThermoFisher Cat: 37002D

TaqMan MicroRNA Cells-to-CT Kit ThermoFisher Cat: 4391848

TaqMan MicroRNA Assay for miR4464 ThermoFisher Cat: 463103_mat

TaqMan MicroRNA Control Assay (RNU48) ThermoFisher Cat: 001006

Amaxa Cell Line Nucleofactor Kit V Lonza Bioscience Cat: VCA-1003

Transit-X2-Dynamic delivery system Mirusbio Cat: MIR 6004

Dual-Luciferase Reporter Assay System Promega Cat: E1910

Deposited data

CITE-sequencing data This paper ArrayExpress: E-MTAB-14013

Bulk RNAseq data This paper ArrayExpress: E-MTAB-14103

Experimental models: Cell lines

HEK293T cells ATCC Cat: CRL-3216; RRID: CVCL_0063

Oligonucleotides

miR4464 (for transfection experiment) ThermoFisher ID: MC22259

non-binding (mock) miR ThermoFisher ID: 4464058

Recombinant DNA

BACH2-miR4464 tester plasmids This paper Table S4

pmiR-GLO dual luciferase reporter vector Promega Cat: E1330

Software and algorithms

FlowJo v10 https://www.flowjo.com RRID: SCR_008520

Graphpad Prism 9.3 https://www.graphpad.com RRID: SCR_002798

R 3.6.2 The R Foundation

https://www.r-project.org/

RRID: SCR_001905

Seurat 3.1 https://satijalab.org/seurat/ RRID: SCR_07322

Cellranger 3.0.2 10x Genomics

https://support.10xgenomics.

com/single-cell-gene-expression/

software/pipelines/latest/what-is-

cell-ranger

RRID: SCR_017344

tidyverse 2.0.0 https://www.tidyverse.org/ RRID: SCR_019186

Other

ViiA 7 Real-Time PCR System Applied Biosystems Cat: 4453536

LSRFortessa BD Biosciences RRID: SCR_018655

BD FACS Aria III BD Biosciences RRID: SCR_016695

Cytek Aurora Cytek Part Number: N7-00003

2100 Bioanalyzer Instrument Agilent Technologies RRID: SCR_018043

QuBit 3.0 Fluorometer ThermoFisher RRID: SCR_020311

NovaSeq6000 Illumina RRID: SCR_016387

Nucleofector 2b Device Lonza Bioscience RRID: SCR_022262

BioTek Synergy H1 microplate luminometer Agilent Cat: H1MG
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Christoph

Schramm (c.schramm@uke.de).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact with a completedMaterials Transfer Agreement.
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Data and code availability
d (Section 1: Data) Processed single-cell-sequencing data have been deposited at the ArrayExpress database (European Bioin-

formatics Institute) and are publicly available as of the date of publication. Accession numbers are listed in the key resources

table. Raw sequencing data reported in this study cannot be deposited in a public repository due to data privacy concerns.

Original western blot images and de-identified bulk RNAseq data will be shared by the lead contact upon request.

d (Section 2: Code) This paper does not report original code.

d (Section 3: Statement) Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANTS DETAILS

People with PSC and clinical data
We conducted a cross-sectional study in adult people (>18 years of age) with PSC either at the University Medical Centre Hamburg-

Eppendorf (Hamburg, Germany) (n = 210) or Oslo University Hospital Rikshospitalet (Oslo, Norway) (n = 138). Fresh blood samples

from people with PSC were collected via the YAEL outpatient service of the I. Department of Medicine. Gender and age matched

healthy blood donors (HD) were used as controls. Liver tissue for bulk RNAseq was obtained from people with PSC who had under-

gone biopsy at the I. Department of Medicine (University Medical Center Hamburg-Eppendorf). The biopsies were taken during mini-

laparoscopy by using TruCut needles. Immediatly after material extraction the tissue was preserved in liquid nitrogen.

All study participants provided written informed consent according to the ethical guidelines of the Institutional Review Board of the

medical faculty of the University of Hamburg (PV4081).

METHOD DETAILS

SNP genotyping
Genomic DNAwas isolated from peripheral venous blood or serum by using theQiagen DNABloodMidi Kit (Qiagen, NL) according to

the manufacturer’s instructions. TaqMan 50-nuclease assays were performed as 10 mL-reactions on 96-well plates using TaqMan

Genotyping Mastermix and predesigned TaqMan probes. Each run consisted of a 10 min hold cycle at 95�C, followed by 40 cycles

of 95�C for 15 s and 60�C for 1min. Cycling and detection of reporter signals (VIC/FAM) were performed using a ViiA 7 Real-Time PCR

System (Applied Biosystems, USA).

Isolation of PBMCs and CD4+ TN cells
Blood samples were collected in EDTA tubes and stored overnight at 4�C. Peripheral Blood Mononuclear Cells (PBMCs) were iso-

lated by density gradient centrifugation (Ficoll-Paque PLUS, Cytiva, UK). Subsequently, CD4+ TN cells were isolated from PBMCs

using the Naive CD4+ T cell Isolation Kit II, human (Miltenyi Biotec, GER) and purity was determined by flow cytometry (CD4+

CD197+ CD45RA+ cells). Only samples with a purity of R90% TN of total CD4+ were used for further experiments.

Immunophenotyping
Heparinized whole blood of people with PSC, PBC, IBD, NAFLD or healthy donors was stained with 8 different antibody cocktails for

30 min at room temperature. Afterward, RBC Lysis/Fixation solution (Biolegend, USA) was added and after 10 min cells were sub-

sequently washed two times with PBS. Stained cells were suspended in PBS containing 2% FCS and 0.01% NaN3. Samples were

measured using a BD LSRFortessa (BD Biosciences, USA) or Cytek Aurora (Cytek) Following analyses was performed using FlowJo

v10 (BD Biosciences, USA).

In vitro iTREG polarization assay
CD4+ TN cells were cultured in the presence of coated anti-CD3 (2 mg/mL, OKT3, Biolegend, USA), anti-CD28 (1 mg/mL, CD28.2,

Biolegend, USA), IL-2 (100 U/ml, R&D Systems, USA), all-trans retinoic acid (ATRA, 10 nM, Sigma Aldrich, GER) and TGF-b1

(7 ng/mL, Miltenyi Biotec, GER) in RPMI1640 medium (Gibco) containing 10% fetal calf serum (FCS) (PAN Biotech, GER) and 1%

Penicillin-Streptomycin (Sigma Aldrich, GER). On day 3, medium and cytokines were substituted. Cells were analyzed on day 6

by flow cytometry. Staining was performed by using the eBioscience Foxp3/Transcription Factor Staining Buffer Set (eBioscience,

USA). TREG were defined as CD4+ CD25+ CD127lo CD152+ Foxp3+ cells.

In vitro TH1 polarization assay
CD4+ TN cells were cultured in the presence of coated anti-CD3 (2 mg/mL, OKT3, Biolegend, USA), anti-CD28 (1 mg/mL, CD28.2, Bio-

legend, USA), anti-IL-4 (2.5 mg/mL, Miltenyi Biotec, GER), IL-2 (100 U/ml, R&D Systems, USA) and IL-12 (375 U/ml, Miltenyi Biotec,

GER) in RPMI1640 medium (Gibco, USA) containing 10% fetal calf serum (FCS) (PAN Biotech, GER) and 1% Penicillin-Streptomycin

(Sigma Aldrich, GER). On day 3, medium and cytokines were substituted. Cells were analyzed on day 6 by flow cytometry. Before

staining, cells were restimulated with Phorbol 12-myristate 13-acetate (50 ng/ml) (Sigma Aldrich), Ionomycin (1mg/ml) (Sigma Aldrich)
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and Brefelding A (1x) (BD Bioscience) for 4 h at 37�. Intracellular staining was performed by using the eBioscience Foxp3/

Transcription Factor Staining Buffer Set (eBioscience, USA). TH1 cells were defined as CD4+ TNFa+ IFNg+ cells.

In vitro TH17 polarization assay
CD4+ TN cells were cultured in the presence of coated anti-CD3 (2 mg/mL, OKT3, Biolegend, USA), anti-CD28 (1 mg/mL, CD28.2, Bio-

legend, USA), anti-IL-4 (2.5 mg/mL), anti-IFNg (1 mg/mL, bothMiltenyi Biotec, GER), anti-IL-12 (1 mg/mL, PeproTech, GER), IL-6, IL-1b

and IL-23 (all 30 ng/mL and all Miltenyi Biotec, GER) in RPMI1640 medium (Gibco, USA) containing 10% fetal calf serum (FCS) (PAN

Biotech, GER) and 1%Penicillin-Streptomycin (Sigma Aldrich, GER). On days 5 and 8, medium and cytokines were substituted. Cells

were analyzed on day 12 by flow cytometry. TH17 cells were defined as CD4+ IL-17A+ cells.

In vitro proliferation assay
Isolated CD4+ TN cells were stained with the CellTrace Violet Cell Proliferation Kit (ThermoFisher Scientific, USA) according to the

manufacturer’s protocol and cultured in the presence of coated anti-CD3 (2 mg/mL, OKT3, Biolegend, USA), anti-CD28 (1 mg/mL,

CD28.2, Biolegend, USA) and IL-7 (500 U/ml, Miltenyi Biotec, GER) in RPMI1640 medium (Gibco, USA) containing 10% fetal calf

serum (FCS) (PAN Biotech, GER) and 1% Penicillin-Streptomycin (Sigma Aldrich, GER). Cells were analyzed on day 6 by flow

cytometry.

Real-time qPCR
RNA was extracted using the NucleoSpin RNA Kit (Macherey-Nagel, GER) according to the manufacturer’s protocol. 0.7mg of ex-

tracted RNA was transcribed into cDNA using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, USA). qRT-

PCR was performed using KAPA PROBE FAST 1PCR Kit and KAPA PROBE FAST ROX low (KAPA Biosystems, UK). Expression

of target genes was normalized to the expression of hypoxanthin-guanine phosphoribosyltransferase (HPRT) (02800695_m1,

ThermoFisher Scientific, USA) as a housekeeper. Expression data was examined using the 2�DCt method.

FACS sorting and antibody staining for sequencing
Peripheral blood CD3+ T cells were isolated and FACS-sorted from previously cryopreserved peripheral blood mononuclear cells

(PBMCs). Previously frozen cells were thawed and diluted with 50 mL of RPMI containing 10% FCS (PAN Biotech, GER) and 1%

P/S (Sigma Aldrich, GER). After centrifugation, cells were washed with PBS and then stained with FITC-conjugated anti-CD3 anti-

body at a 1:200 dilution in combination with live/dead staining using Fixable Viability Dye eFluor 506 (Amcyan) (ThermoFisher Scien-

tific, USA) at a dilution of 1:2000. At the same time, cells were stainedwith oligo-conjugated antibodies for CITE-Seq using TotalSeq A

antibodies, (BioLegend, USA). Staining of cells was performed for 30 min on ice and after washing the cells, subsequent FACS-sort-

ing and utilization of the Chromium Single-Cell platform (10x Genomics, USA) was performed.

Preparation of scRNA-Seq and CITE-Seq libraries
The scRNA-Seq library was prepared using the Chromium Next GEM Single Cell 50 Reagent Kit v2, according to the manufacturer’s

instructions (10x Genomics, USA). FACS-sorted cells were washed once with PBS containing 0.04% bovine serum albumin (BSA)

and resuspended in PBS. 20,000 cells were used for GEM generation through the 10x Chromium Controller using the Chromium

Next GEM Chip K Single Cell Kit (10x Genomics, USA). Briefly, droplet preparation was followed by reverse transcription and cell

barcoding, the emulsions were resolved and cDNA was purified using Dynabeads MyOne SILANE (ThermoFisher Scientific, USA)

followed by a PCR amplification with additional use of a primer for amplification of antibody derived tags (ADTs). Amplified cDNA

was then used for construction of 50 gene expression library, V(D)J-library and ADT library using the dual index strategy following

themanufacturer’s instructions. Quality control and quantification of the generated libraries was conducted using a 2100 Bioanalyzer

Instrument (Agilent Technologies, USA) and a QuBit 3.0 Fluorometer (ThermoFisher Scientific, USA), respectively.

Sequencing
The libraries were sequenced on an Illumina NovaSeq6000 to a minimum sequencing depth of 20,000 reads per cell for gene expres-

sion library, as well as a minimum sequencing depth of 5,000 reads for TCR- and ADT-libraries using read lengths of 100 bp read 1

(26 cycles), 8bp i5 index (10 cycles), 8 bp i7 index (10 cycles), 100 bp read 2 (90 cycles).

scRNA-Seq: data processing
For the scRNA-Seq data, after demultiplexing, reads were aligned against the GRCh38 human reference genome (release 93) and

summarized using the Cellranger pipeline (version 3.0.2, 10x Genomics, USA). Further analysis steps were performed in R (version

3.6.2; The R Foundation for Statistical Computing, AUT).

scRNA-Seq: quality control and normalization
For each sample, genes not observed in at least 1% of all cells were dropped. Low quality or damaged cells were excluded using a

combination of multiple sample dependent quality measures: minimum UMI count (mean 1234, range 800–2000), minimum and

maximum number of expressed genes (mean 756, range 450–1000, and mean 2625, range 2500–3000 respectively), and
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mitochondrial transcript percentage (mean 6%, range 5–7.5%). Additionally, we filtered out doublet cell candidates using Scrublet

(41), adjusting its estimated doublet threshold as needed.

For normalization we used Seurat’s SCTransform (40) function. SCTransform combines the usual scRNAworkflow of data normal-

ization, identification of highly variable genes (HVG) and data scaling. Briefly, for each gene a regularized negative binomial regression

is performed and the resulting pearson residuals (regression residuals divided by expected standard deviation) represent a variance-

stabilizing transformation of the expression data that can be used as normalization for downstream analysis. HVGs are selected

based on the highest variance in the pearson residuals.

We opted not to correct for possible cell cycle influence during this process since visual inspection of the first two principal com-

ponents on cell cycle genes (cc.genes included in Seurat) did not show an obvious bias toward these genes. These steps resulted in

overall 8 (SNP-carrier and non-carrier, n = 4 each) samples and 56209 cells (SNP-carrier: 31014; non-carrier: 25195).

scRNA-Seq: ADT normalization
For each sample where ADT expression data was available, we applied feature-wise centered log ratio transformation implemented

in Seurat’s NormalizeData function.

scRNA-Seq: Dimension reduction, clustering and differential expression analysis
The batched corrected counts for all integration anchors were used as input for PCA. For UMAP embedding and graph-based shared

nearest neighbor clustering we used up to 20 principle components. We iteratively increased the clustering resolution parameter until

no additional clusters with biological meaningful cluster markers were detected. Cluster marker detection was performed by differ-

ential gene expression analysis for each cluster against all remaining cells using logistic regression on the sample-wise normalized

RNA matrices. We included the donor variable as covariate in the regression model and tested for significant differential expression

against a null model with likelihood ratio test.

Cluster labels were assigned using a combination of detected marker genes, ADT expression and UMAP overlay of the cell pop-

ulations identified by manual gating of the ADT expression.

We identified 16 clusters, the biggest clusters expectedly comprising naive CD4+ T cells (C0: CD4+ TN, C1: CD4
+ TN mature), iden-

tified by high expression of CCR7, SELL, TCF7 and FOXP1. Central memory CD4+ T cells (C2: CD4+ TCM) were identified by ICOS,

MAL, SELL, IL7R mRNA and CCR7 protein expression. A variety of different T Helper (TH) cell subtypes (C10: CD4+ TH1: CXCR3,

PRDM1, CD69, STAT1; C7: CD4+ TH2: GATA3, CD69, CCR4, TNFRSF4; C11: CD4+ TH17: KLRB1, CCR6, RORA, PRDM1) as well

as two clusters of regulatory T cells (C12: CD4+ TREG naive: FOXP3, FOXP1, IL2RA, SELL; C14: CD4+ TREG effector: FOXP3,

LGALS3, CTLA4, HLA-DRB1) (Figures S1H–S1I). Naive CD8+ T cells (C3: CD8+ TN) were identified by high expression of CCR7,

SELL, PECAM1, TCF7. Effector memory CD8+ T cells (C4: CD8+ TEM) were identified by the expression of KLRD1, NKG7, PRF1

and terminally differentiated CD8+ T cells (C5: CD8+ TC term. diff.) by the additional expression of CX3CR1 and ZEB2. Type-1 cyto-

toxic CD8+ T cells (C6: CD8+ TC1) were identified by the expression of CXCR3, KLRG1, EOMES and NK-like CD8+ T cells (C8: CD8+

TC NK-like) by GNLY, GZMB, FCGR3A. In addition, natural killer T cells (C9: NKT) were identified by similar markers as C8, but ex-

pressing CD4 instead of CD8. Other unconventional T cell subsets, as gamma delta T cells (C13: gd T cells) were identified by the high

expression of TRDV2, TRGV9, NKG7 and PRF1, whereas mucosa-associated invariant T cells (MAIT) were identified by the high

expression of KLRB1, CCR6, RORC and ZBTB16.

Western Blot
To determine protein levels of BACH2 in FACS-sorted TN cells, we washed cells and resuspended the pellet in glycerol-based lysis

buffer including protease inhibitors. After sonification, we determined the protein content and denaturated samples by addition of the

respective volume of 5x Laemmli buffer and subsequent heating to 95�C for 5 min. For gel electrophoresis, we used 12% SDS-gels

and used 10 mg total protein. For protein transfer on nitrocellulose membranes, we used the wet blotting system. After blocking steps

with 5% non-fat dried milk in TBST, we used antibodies against BACH2 (Cell Signaling Technology, USA) and beta-Actin (Cell

Signaling Technology, USA).

Detection of miRNAs
To detect miRNAs, we used the Cells-to-CT Kit (ThermoFisher Scientific, USA) on 105 or less FACS-sorted TN cells per reaction, ac-

cording to the manufacturer’s recommendations and using Single-Primer reactions. To detect the miRNAs of interest, we used

TaqMan-based probes against miR4464 (ThermoFisher Scientific, USA) and normalized its expression to ubiquitously expressed

RNU48 (ThermoFisher Scientific, USA).

Transfection of CD4+ TN with miR4464
For transfection of CD4+ TN from HD and people with PSC, we used freshly isolated CD4+ TN from peripheral blood, as described

above. We seeded 3x105 cells per well in 96-well plates, previously coated with 2 mg/mL anti-CD3 antibodies (clone OKT3, Bio-

legend, USA), and incubated the cells under serum-free conditions for 4 days in Opti-MEM (Gibco, USA) containing 1 mg/mL anti-

CD28 antibodies (clone CD28.1, Biolegend, USA). For transfection, we harvested the cells, counted them and used 2x106 or less cells

per transfection, using the Amaxa Cell Line Nucleofector Kit V (Lonza Bioscience, SUI) in combination with the Nucleofector 2b
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Device (Lonza Bioscience, SUI), according to themanufacturer’s protocol. For each transfection we usedmiR4464 ormock control at

1 nM. After transfection, we seeded the cells again into 96-well plates coated with 2 mg/mL anti-CD3 antibodies (clone OKT3, Bio-

legend, USA) in RPMI1640 medium (Gibco,USA) containing 10% fetal calf serum (PAN Biotech, GER), 1% Penicillin-Streptomycin

(Sigma Aldrich, GER) and 100 U/ml IL-2 (R&D Systems, USA). After 24 h, we changed to medium to iTREG polarizing conditions

and performed further culture and analyses as described above.

RNA sequencing and analyses
RNA quality was assessed using Bioanalyzer, and samples with and RNA integrity number >7 were included for RNA sequencing. Up

to 1ug RNA was used to synthesize mRNA libraries using TruSeq stranded mRNA library Preparation Kit (Illumina) on a Hiseq 4000

system (Illumina).

We used FastQC (version 0.11.5, Babraham Institute, United Kingdom) for a general quality check of the raw fastq files. TruSeq2-

PE adapter and low quality read trimming was performed with Trimmomatic43 (version 0.36) using the options ILLUMINACLIP:

TruSeq2-PE.fa:2:30:10:2:falseSLIDINGWINDOW:4:15. Subsequently, the reads were aligned against the ensemble 87 reference

genome and ensemble 87 reference annotation with STAR (version 2.7.3a).44 On average read depth for the 47 samples was

40.310.540 (range: 8.318.152–61.856.384) and on average 92.76% (range: 79.27%–95.88%) of the reads were uniquely mapped

to the reference genome. TPM were estimated using RSEM45 (v 1.3.0).

Further analysis was performed with R (version 1.2.1335, The R Foundation for Statistical Computing, Austria). To filter the data, a

threshold ofR10 counts in all samples was set. We used DESeq2 for normalization and differential gene expression analysis.46 Data

was inspected for possible confounding effects using PCA based on regularized logarithm transformed counts.

BACH2 tester plasmid
In order to generate the wild type plasmid, a fragment of the BACH2-30UTR containing the predicted miR4464 binding site (Fr1) was

created by PCR using primers Pr1 and Pr2 (Table S7). The predicted miR4464 binding site was obtained from the miRDB database

(25). The fragment carrying the mutated miR4464 site in the BACH2-30UTR sequence (Fr2) was created by two PCR reactions:

the first performed with Pr1 and Pr4 and the second performed with the product of the first PCR as forward primer and Pr2

(Table S7). The PCR products were then cloned into the pmirGLO dual luciferase reporter vector (Promega, USA) downstream the

firefly luciferase gene.

Dual-Glo luciferase assay
HEK293T cells were transfected with 40ng of wildtype or mutated plasmid together with 61,6nM of miR4464 (ThermoFisher Scien-

tific, USA) or control miR (ThermoFisher Scientific, USA) using Mirus transfection reagent (Transit-X2-Dynamic delivery system). After

48 h, cells were harvested for measuring luciferase activity as well as protein content. Luciferase activity was measured in a micro-

plate luminometer (Synergy H1 BioTek) using the Dual-Luciferase Reporter Assay System (Promega, USA) following the manufac-

turer’s protocol. The indicated values represent firefly luciferase activities normalized to the Renilla luciferase activities.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
Statistical analysis was performed using GraphPad Prism software Version 9.3 (GraphPad Software, USA). Differences between two

groups were analyzed by unpaired t-Test with Welch’s correction (normal distribution) or by Mann-Whitney test (no normal distribu-

tion). Differences between 3 groups or more were evaluated using the ordinary one-way ANOVA (normal distribution) or Kruskal-

Wallis test (no normal distribution). p-Values below 0.05 were considered statistically significant. Data is presented as median ±

interquartile range, unless otherwise stated. Categorial data (e.g., LTX-frequency) between two groups were analyzed using

contingency tables with Fisher’s exact test.
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