
Academic Editor: Masahiro Fujimuro

Received: 16 December 2024

Revised: 6 January 2025

Accepted: 8 January 2025

Published: 13 January 2025

Citation: Chung, Y.; Tsou, H.L.P.;

Heneghan, M.A.; Chokshi, S.; Riva, A.

Soluble Herpes Virus Entry Mediator

and Type II/III Interferons Are

Upregulated in Primary Biliary

Cholangitis. Int. J. Mol. Sci. 2025, 26,

605. https://doi.org/10.3390/

ijms26020605

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Soluble Herpes Virus Entry Mediator and Type II/III Interferons
Are Upregulated in Primary Biliary Cholangitis
Yooyun Chung 1,2,†, Hio Lam Phoebe Tsou 1,† , Michael A. Heneghan 1,2, Shilpa Chokshi 1,3,‡

and Antonio Riva 1,*,‡

1 The Roger Williams Institute of Liver Studies, School of Immunology and Microbial Sciences, Faculty of Life
Sciences and Medicine, King’s College London & Foundation for Liver Research, London SE5 9NT, UK

2 King’s College Hospital, London SE5 9RS, UK
3 Peninsula Medical School, Faculty of Health, University of Plymouth, Plymouth PL4 8AA, UK
* Correspondence: a.riva@researchinliver.org.uk
† Joint first authors.
‡ Joint senior authors.

Abstract: Bacterial translocation-induced inflammation and immune dysfunction are recog-
nised factors contributing to the pathogenesis of primary biliary cholangitis (PBC). How-
ever, the specific involvement of interferons (IFNs) and soluble checkpoints (sol-CRs) in
shaping the immune landscape in PBC patients remains unexplored. Furthermore, the
influence of ursodeoxycholic acid (UDC) on these immune mediators is unknown. Twenty-
eight cytokines and 14 sol-CRs were quantified by Luminex assays in plasma samples from
64 PBC patients and 10 healthy controls (HCs). D-lactate was measured as a marker of
bacterial translocation. The PBC subgroups were: 24 UDC responders (UDCRs), 18 UDC
non-responders (UDCNRs) and 22 patients with end-stage cirrhotic PBC (ESPBC). Soluble
herpes virus entry mediator (HVEM) was upregulated in the UDCR subgroup compared to
the HC group (p = 0.0404), with increased significance in the ESPBC subgroup (p < 0.0001).
There was a progressive increase in several sol-CRs, particularly soluble CD80, LAG3 and
CD137 in ESPBC patients. IFN-gamma was higher in the ESPBC subgroup compared to
the UDCR subgroup. Elevated IFN-gamma in the UDCNR subgroup compared to UDCR
was more significant on excluding patients with cirrhosis (p = 0.0056). Patients with ESPBC
expressed several pro-inflammatory cytokines including IL-6, TNF-alpha and CXCL10
compared to the HC group. IFN-lambda-3, but not IFN-lambda-2, was elevated in the
ESPBC subgroup compared to all other subgroups. D-lactate levels were equally elevated
in all PBC subgroups compared to the HC group. This study provides valuable insights
into the immune landscape of PBC, highlighting potential biomarkers and cytokine signa-
tures associated with disease severity and treatment response. Further investigation into
the mechanistic roles may pave the way for more targeted therapeutic interventions in
PBC management.

Keywords: primary biliary cholangitis; cirrhosis; soluble immune checkpoints; bacterial
translocation; HVEM; interferon lambda

1. Introduction
Primary biliary cholangitis (PBC) is a cholestatic autoimmune inflammatory disease

of smaller bile ducts characterised by the presence of antimitochondrial antibodies (AMA).
Histologically, there is CD4+ and CD8+ T-cell infiltration within the portal tracts and
progressive loss of intrahepatic bile ducts with progression to fibrosis and cirrhosis [1,2].
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Without treatment, chronic inflammation of the bile ducts progresses to decompensated
cirrhosis, the need for liver transplantation (LT), and increased mortality. It has a strong
female predominance (10:1 female:male) with peaks in the 5–6th decade [3]. The disease
course is heterogeneous and may cause significant symptom burden including pruritus
and fatigue.

The first-line therapy, ursodeoxycholic acid (UDC), improves transplant-free survival
but up to 40% of patients may have an inadequate biochemical response (BR) [1]. Obeti-
cholic acid (OCA) can be effective in almost 50% of UDC non-responders (UDCNRs) [4].
However, two-thirds of OCA-treated patients experience significant pruritus, requiring
antipruritogen medications or discontinuation of therapy [4]. A third of UDCNRs reach BR
with bezafibrate, which is used off-licence [5]. Immunosuppression and biologic therapy
have not been shown to be effective in PBC [6–9].

PBC is predominantly mediated by type-1 T helper (Th1) cells and their cytokines.
Activated T cells release IFN-γ, TNF-α and IL-4 which, together with macrophage-derived
IL-12, stimulate cytotoxic T cells and Th1 cells, with further release of IFN-γ. As the disease
progresses, there is a shift from this IL-12/Th1 axis to an IL-23/Th17 profile, characterised
by IL-23, IL-6, IL-17 and TGF-β [10–12]. PBC patients have higher serum levels of IFN-γ
and TGF-β than healthy controls [13,14], but therapeutic targeting of IFN-γ in PBC has not
demonstrated significant benefit, hinting at the need for novel approaches [8,15].

Checkpoint receptors (CRs) are integral to maintaining homeostasis of the immunoreg-
ulatory pathways [16], and their soluble forms, produced by alternative splicing or
ectodomain proteolytic shedding, can potentiate immunoregulatory actions [17,18]. Soluble
checkpoint receptors (sol-CRs) are dysregulated in autoimmune diseases and liver diseases
related to alcohol and viral hepatitis [18–21]. Sol-CRs and cytokine expression have been
implicated as prognostic tools and have a potential use as targeted immunomodulatory
therapy [22–25]. However, the expression and role of sol-CRs in PBC is not well defined.

The role of the gut–liver axis is being explored in PBC, with findings of reduced
diversity, different abundance of several genera, and fewer deconjugated and secondary
bile acids (BA) in the stool of untreated PBC patients [26,27]. D-lactate is a by-product of
carbohydrate metabolism by intestinal bacteria, and raised plasma levels indicate bacterial
translocation from the intestinal lumen to the systemic circulation [18,28–30]. Interestingly,
changes in the composition of the gut microbiota and intestinal barrier damage, which could
raise rates of mucosal bacterial translocation, may be associated with PBC development,
progression, prognosis, and response to treatment [31]. A role for type III interferons
(IFN-λ) in mucosal and immune modulation has been described in recent years [32–34],
but their contribution to PBC is unknown.

There is a need for both targeted therapeutic agents with fewer side effects and
prognostic biomarkers, which would allow risk stratification and personalised treatment
strategies in PBC. The aim of this observational study was to establish the role of sol-CRs,
cytokines and bacterial translocation in PBC patients, in association with PBC severity and
response to UDC.

2. Results
2.1. Patient Characteristics

The baseline characteristics of our PBC patients are shown in Table 1. PBC patients
were predominantly female (n = 62, 97% female). Age at diagnosis in the UDC responder
(UDCR) subgroup was significantly higher than in the UDCNR and end-stage PBC (ESPBC)
subgroups (p = 0.045). The duration of diagnosis and the age at which the samples were
taken for analysis were comparable between PBC subgroups. There was a high preva-
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lence of concomitant autoimmune disease, with the commonest being Sjögren’s or Sicca
syndrome, followed by hypothyroidism.

At the time of analysis, two UDCNR patients were on bezafibrate with non-response.
After the analysis, two patients received OCA (one achieved BR, one did not respond), four
patients received bezafibrate (three achieved BR, one did not respond) and three patients
went onto a clinical trial for PBC.

The ESPBC subgroup appeared distinct from the PBC subgroups according to treat-
ment response or disease stage in terms of liver biochemistry and liver prognostic scores.
As expected, patients with ESPBC had significantly higher bilirubin, AST, ALP, GGT, IgG
and INR compared to UDCRs and UDCNRs but also compared to non-cirrhotic (NC)
patients and patients with early cirrhosis (EC). The ESPBC subgroup had lower lymphocyte
counts, haemoglobin, platelets and albumin compared to all the other subgroups. This was
reflected in the liver prognostic scores, as ESPBC had higher ‘Child–Pugh’ (CP), ‘Model
for End-stage Liver Disease’ (MELD), ‘UK model for End-stage Liver Disease’ (UKELD),
‘Aspartate aminotransferase-to-Platelet Ratio Index’ (APRI) and ‘Albumin Bilirubin grade’
(ALBI) scores compared to all subgroups (p ≤ 0.0001). Creatinine and total white blood cell
counts (WCCs) were progressively lower in NC, EC and (significantly) in ESPBC patients.
IgM levels were equally elevated in both EC and ESPBC patients compared to NC. The
UDCR and UDCNR subgroups demonstrated no significant difference except for AST, and
there was no difference in the prognostic scores. Compared to the HC group, the PBC
cohort was older in age (p < 0.0001), with a stronger female predominance (p = 0.002) and
higher white ethnicity (p = 0.002).

2.2. Soluble Immune Checkpoint Receptors Are Upregulated in Advanced PBC

Overall, several sol-CRs progressively increased in concentration between UDCR, UD-
CNR, and ESPBC, particularly soluble CD80, LAG3, TIM3, CD137, IDO, BTLA, HVEM, and
PD-1 (Figure 1, Supplementary Table S1). Soluble HVEM was the only sol-CR to be upregu-
lated in all PBC subgroups compared to the HC group, including UDCR (p = 0.0404) and
increasingly more in UDCNR (p = 0.0332) and ESPBC (p < 0.0001) (Figure 1, Supplementary
Table S1). Soluble CD80, LAG3, TIM3, and CD137 were the most highly upregulated in
the ESPBC subgroup compared to the HC group (p < 0.0001, Figure 1, Supplementary
Table S1). Of note, no individual sol-CR was different between the UDCR and UDCNR
subgroups. In a subanalysis by stage of cirrhosis, levels of several sol-CRs were higher in
ESPBC patients compared to either NC or EC, but no differences were observed between
NC and EC patients (Supplementary Figure S1, Supplementary Table S1). Soluble PD-L1
was mostly undetectable.

2.3. Pro-Inflammatory Cytokines Are Upregulated in End-Stage PBC

The expression of several predominantly pro-inflammatory cytokines/chemokines
increased as the disease phenotype changed from UDCR to ESPBC, including IL-6, CXCL10,
IFN-λ3, TNF-α, and IFN-γ (Figure 2, Supplementary Table S1). All PBC subgroups accord-
ing to treatment response had upregulation of CCL2, IL-7, and IL-8 compared to the HC
group. Levels of CCL2 and IL-7 were significantly higher in the UDCR subgroup compared
to the HC group (p = 0.0003 for both), and this difference was maintained in the UDCNR
and ESPBC subgroups. Interestingly, IFN-λ3, but not IFN-λ2, was elevated in ESPBC
patients when compared to the other subgroups, and IFN-λ2 was mostly undetectable in
PBC patients and HCs. In a subanalysis by cirrhosis stage, no differences in cytokine levels
were observed between NC and EC patients (Supplementary Table S1).
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increased in ESPBC. Soluble CD80, LAG3, TIM3, and CD137 were the most highly upregulated sol-

CRs in EPBC compared to HC. All remaining sol-CRs except for PD-L1 were significantly higher in 
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significance. 

Figure 1. Soluble checkpoint expression in PBC according to treatment response. Soluble HVEM was
the only sol-CR to be upregulated in all PBC subgroups compared to HC and the significance increased
in ESPBC. Soluble CD80, LAG3, TIM3, and CD137 were the most highly upregulated sol-CRs in EPBC
compared to HC. All remaining sol-CRs except for PD-L1 were significantly higher in ESPBC. Soluble
PD-L1 was mostly undetectable and similar to controls. KWp, Kruskal–Wallis p-value. Boxplots
(median, IQR, ±all-value whiskers) ordered by decreasing group-wide statistical significance.

IFN-γ levels progressively increased as the disease phenotype changed from UDCR
to UDCNR (p = 0.0357) and ESPBC (p = 0.0015). In the ESPBC subgroup, elevated IFN-γ
was accompanied by increased CXCL10. IFN-γ levels were comparable in the UDCR and
HC groups, and IFN-γ was the only cytokine differentiating the UDCR subgroup from the
UDCNR subgroup (p = 0.0357). This signature was maintained also when considering only
non-cirrhotic/NC patients, suggesting a cirrhosis-independent role of IFN-γ in influencing
UDC response (MWp = 0.0056, Figure 3A). Amongst NC patients, most in the UDCR
subgroup had low or undetectable levels of IFN-γ but, surprisingly, IFN-γ levels could
discriminate two clear subsets of UDCNR patients: half (n = 7) with highly detectable
IFN-γ and half with undetectable levels. When we investigated whether other cytokines
were different between IFN-γ high and IFN-γ low NC UDCNR patients, we found that
IFN-γ-high patients also had detectable IL-33, whereas IL-33 was undetectable in the IFN-
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γ-low subset (MWp = 0.0047, Figure 3B). No clinical features were associated with this
peculiar difference in IFN-γ expression amongst NC UDCNR patients.
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Figure 2. Cytokine expression in PBC according to treatment response. Cytokine expression of
IL-6, CXCL10, TNF-α, IFN-λ3, and IFN-γ increased as disease progressed to ESPBC. IL-8, IL-7, and
CCL2 were elevated in PBC subgroups compared to the HC group. The following cytokines were
comparable across groups and are not included in this figure: IL-23, IL-2, Osteopontin, IL-33, IFN-α,
CCX3/MIP-1α, IFN-λ2, IL-17A, IL-15, IL-12p70, IL-4, GM-CSF, IL-13, IL-1α, IL-5, IL-1β, and IL-10.
KWp, Kruskal–Wallis p-value. Boxplots (median, IQR, ±all-value whiskers) ordered by decreasing
group-wide statistical significance.
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Table 1. Clinical features of primary biliary cholangitis patients and controls.

Healthy
Controls
(n = 10)

Overall
(n = 64) p-Value UDCR

(n = 24)
UDCNR
(n = 18)

ESPBC
(n = 22) p-Value Non-Cirrhosis

(n = 33)
Early Cirrhosis
(n = 9)

ESPBC
(n = 22) p-Value

Age at diagnosis (years) --- 45
(40.5–52.5) --- 49.5

(44–56.5)
43.5
(38–47)

43.5
(38–48) 0.045 47

(41.5–53.5)
44
(38–64.5)

43.5
(38–48) 0.283

Age at time of sample (years) 34
(25.8–43.3)

54.5
(48–60.5) <0.0001 57

(48–65.5)
51.5
(50–60)

53.5
(48–58) 0.473 55

(48.5–60.5)
56
(47–68.5)

53.5
(48–58) 0.717

Sex as self-declared F:M count (% F) 6:4 (60) 62:2 (97) 0.002 23:1 (96) 18:0 (100) 21:1 (95) 0.666 33:0 (100) 8:1 (89) 21:1 (95) 0.212

Weight (kg) --- 70
(63–82) --- 75

(67–86.8)
66.5
(63.9–80)

68
(55–77) 0.048 73

(64–86)
75
(58–86)

68
(55–77) 0.166

Ethnicity (counts)
Caucasian --- 40 0.002 10 11 19 0.028 17 4 19 0.021
Black --- --- --- --- --- --- --- ---
Asian 1 2 2 --- --- 2 --- ---
Mixed --- --- --- --- --- --- --- ---
Other --- 1 --- 1 --- --- 1 ---
Unknown 9 21 12 6 3 14 4 3

Autoimmune disease (counts)
Thyroid disease (%) --- 8 (13) --- 3 2 3 0.308 5 --- 3 0.598
Sjögren’s or Sicca (%) --- 10 (16) 3 4 3 6 1 3
IBD (%) --- 1 (2) 1 --- --- 1 --- ---
Rheumatoid arthritis (%) --- 5 (8) 2 3 --- 4 1 ---
Type 1 Diabetes (%) --- 1 (2) 1 --- --- 1 --- ---
Other (%) --- 7 (11) 6 1 --- 5 2 ---

WCC (109/L) --- 5.65
(4.62–6.92) --- 6.09

(5.34–7.30)
6.11
(4.46–7.49)

5.12
(3.37–5.74) 0.009 6.39

(5.34–7.68)
4.59
(3.51–6.60)

5.12
(3.37–5.74) 0.0014

Neutrophil (109/L) --- 3.32
(2.54–4.31) --- 3.58

(2.99–2.49)
3.54
(2.5–4.51)

2.92
(1.84–3.83) 0.131 3.83

(3.07–4.56)
2.70
(2.26–3.69)

2.92
(1.84–3.83) 0.0183

Lymphocyte (109/L) --- 1.64
(1.14–2.05) --- 1.98

(1.66–2.37)
1.63
(1.27–2.06)

1.21
(0.66–1.62) 0.0002 1.85

(1.54–2.25)
1.59
(1.14–2.03)

1.21
(0.66–1.62) 0.0002

Monocyte (109/L) --- 0.39
(0.31–0.46) --- 0.4

(0.32–0.48)
0.39
(0.30–0.51)

0.37
(0.21–0.42) 0.215 0.41

(0.32–0.48)
0.37
(0.25–0.51)

0.37
(0.21–0.42) 0.162

Eosinophil (109/L) --- 0.13
(0.08–0.21) --- 0.12

(0.09–0.19)
0.12
(0.07–0.25)

0.15
(0.08–0.23) 0.465 0.13

(0.08–0.20)
0.11
(0.05–0.25)

0.15
(0.08–0.23) 0.352

Basophil (109/L) --- 0.04
(0.02–0.06) --- 0.03

(0.02–0.04)
0.05
(0.03–0.06)

0.03
(0.02–0.05) 0.263 0.04

(0.03–0.06)
0.02
(0.02–0.04)

0.03
(0.02–0.05) 0.033

Haemoglobin (g/L) --- 128.5
(116.5–136) --- 135

(129–139)
128
(118–139)

117
(109–129) 0.0007 133

(128–139)
123
(116–141)

117
(109–129) 0.0008

Platelet (109/L) --- 194
(131–270.5) --- 216

(182–295)
244
(175–308)

131
(97–180) 0.0003 241

(192–309)
121
(80–276)

131
(97–180) <0.0001
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Table 1. Cont.

Healthy
Controls
(n = 10)

Overall
(n = 64) p-Value UDCR

(n = 24)
UDCNR
(n = 18)

ESPBC
(n = 22) p-Value Non-Cirrhosis

(n = 33)
Early Cirrhosis
(n = 9)

ESPBC
(n = 22) p-Value

INR --- 1.03
(0.98–1.12) --- 1.02

(0.99–1.04)
0.96
(0.90–1.00)

1.21
(1.09–1.38) <0.0001 1.00

(0.95–1.03)
1.02
(0.95–1.05)

1.21
(1.09–1.38) <0.0001

Sodium (mmol/L) --- 139
(137–141) --- 139.5

(138–141)
139.5
(138–141)

138.5
(136–139) 0.104 140

(138–142)
139
(136–141)

138.5
(136–139) 0.076

Creatinine (µmol/L) --- 62.5
(51–72) --- 65

(60–72)
63
(57–76)

49
(46–64) 0.004 64

(62–77)
60
(55–69)

49
(46–64) 0.002

Bilirubin (µmol/L) --- 12
(7–35) --- 7

(6–9)
12
(7–17)

59
(34–94) <0.0001 7

(6–10)
14
(7.5–26)

59
(34–94) <0.0001

ALT (IU/L) --- 34
(22–40) --- 23

(18–37)
38
(29–87)

48
(34–61) 0.032 29

(22–40)
30
(22–37)

48
(34–61) 0.648

AST (IU/L) --- 49
(30–101) --- 28

(21–35)
55
(35–92)

112
(68–156) <0.0001 34

(26–49)
45
(27–103)

112
(68–156) <0.0001

ALP (IU/L) --- 194
(124–348) --- 122

(104–139)
283
(198–390)

348
(175–530) <0.0001 142

(116–237)
190
(125–532)

348
(175–530) 0.0008

GGT (IU/L) --- 123
(45–375) --- 36

(19–70)
259
(216–517)

307
(94–480) <0.0001 65

(23–238)
211
(82–243)

307
(94–480) 0.011

Albumin (g/L) --- 41
(36–45) --- 44

(41–46)
43
(40–45)

34
(32–38) <0.0001 44

(42–46)
41
(38–45)

34
(32–38) <0.0001

IgM (g/L) --- 3.57
(2.56–4.79) --- 2.35

(1.3–3.64)
3.05
(2.28–4.61)

4.01
(2.69–6.42) 0.131 2.78

(1.60–3.45)
5.53
(3.42–8.05)

4.01
(2.69–6.42) 0.007

IgG (g/L) --- 16.97
(12.71–22.66) --- 14.63

(11.87–18.09)
12.9
(11.47–13.31)

21.53
(17.14–24.49) 0.001 12.59

(11.30–14.35)
13.68
(13.09–17.13)

21.53
(17.14–
24.49)

0.0005

Protein (g/L) --- 76
(72–79) --- 76

(73–79)
76.5
(71–80)

74.5
(71–78) 0.884 76

(73–80)
72
(69–81)

74.5
(71–78) 0.596

Child–Pugh score --- 5
(5–7) --- 5

(5–5)
5
(5–5)

8
(7–8) <0.0001 - 5

(5–5)
8
(7–8) <0.0001

MELD --- 7
(6–13) --- 7

(6–7)
6
(5–7)

13
(11–15) <0.0001 6

(6–7)
7
(7–8)

13
(11–15) <0.0001

UKELD --- 47
(45–51) --- 45

(43–47)
46
(44–48)

53
(51–54) <0.0001 45

(43–47)
47
(45–49)

53
(51–54) <0.0001



Int. J. Mol. Sci. 2025, 26, 605 8 of 19

Table 1. Cont.

Healthy
Controls
(n = 10)

Overall
(n = 64) p-Value UDCR

(n = 24)
UDCNR
(n = 18)

ESPBC
(n = 22) p-Value Non-Cirrhosis

(n = 33)
Early Cirrhosis
(n = 9)

ESPBC
(n = 22) p-Value

ALBI --- −2.84
(−3.20–−1.89) --- −3.18

(−3.34–−3.00)
−3.09
(−3.20–−2.65)

−1.67
(−1.91–−1.55) <0.0001 −3.12

(−3.35–−3.02)
−2.65
(−3.29–−2.36)

−1.67
(−1.91–
−1.55)

<0.0001

APRI --- 0.55
(0.28–1.41) --- 0.27

(0.17–0.39)
0.43
(0.28–0.89)

1.72
(1.16–2.32) <0.0001 0.28

(0.20–0.42)
0.69
(0.32–1.89)

1.72
(1.16–2.32) <0.0001

UDCA (mg/kg) --- 13
(11–15) --- 12

(10–13)
13
(12–15)

14
(11–16) 0.148 12

(11–14)
13
(11–16)

14
(11–16) 0.31

Time from diagnosis to sample (years) --- 8
(4–13) --- 5

(3–11)
9
(6–13)

10
(4–13) 0.188 6

(4–12)
9
(4–13)

10
(4–13) 0.558

ALBI = albumin bilirubin grade, ALP = alkaline phosphatase, ALT = Alanine aminotransferase, APRI = Aspartate aminotransferase-to-platelet ratio index, AST = Aspartate
aminotransferase, F = female, GGT = gamma-glutamyl transferase, IBD = inflammatory bowel disease, Ig = immunoglobulin, INR = international normalised ratio, M = male,
MELD = Model for end-stage liver disease, UDCA = ursodeoxycholic acid, UKELD = United Kingdom Model for End-Stage liver disease, WCC = white cell count. Unless indicated
differently, all the values are represented as “median (Q1–Q3)”.
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2.4. Bacterial Translocation Is Increased in Primary Biliary Cholangitis

D-lactate levels were equally elevated in all PBC subgroups when compared to the
HC group regardless of type of UDC response (KWp = 0.0002, Figure 4A) or stage of
cirrhosis (KWp < 0.0001, Figure 4B). In a subanalysis by cirrhosis stage, D-lactate levels
were comparably high in the UDCR and UDCNR subgroups in both NC and EC patients
(Supplementary Figure S2). When checking for bowel pathology amongst the PBC patients,
no patients were found to have active bowel disease at the time of analysis, and only two
patients had had a partial colectomy more than 10 years prior.
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2.5. Soluble Checkpoint Receptors and Cytokines Correlate with Liver Prognostic Scores

Soluble TIM3 and CD27 showed strong positive correlation with the majority of liver
prognostic scores (Figure 5) including the MELD, UKELD, ALBI and APRI scores; CD27
correlated also with the CP score. This was reflected in the biochemistry, as both sol-CRs
demonstrated negative correlations with haemoglobin, platelet count and albumin. Soluble
BTLA and CD80 positively correlated with the ALBI and APRI scores.
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The pro-inflammatory cytokine IFN-λ3 showed positive correlations with the CP and
MELD scores, whereas CXCL10 positively correlated with the CP in addition to the ALBI
and APRI scores (Figure 5).

Soluble HVEM was positively correlated with several other soluble immune check-
points, whereas D-lactate was only weakly correlated with few clinical and immune pa-
rameters (Figure 5).

2.6. HVEM Gene Expression Is Upregulated in Immune Cells from PBC Patients

Differential expression analysis of data extracted from publicly available GEO
datasets GSE119600 [35] and GSE93170 [36] showed that the expression of HVEM was
elevated in PBC patients compared to HCs in both whole-blood transcriptome (GSE119600,
MWp = 7.1 × 10−6; HC/PBC n = 47/90) and (to a lesser extent) in CD4+ T cells (GSE93170,
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MWp = 0.065; HC/PBC n = 6/6) (Figure 6). No significant difference in IFNL1, IFNL2 or
IFNL3 expression was detected between the two groups in the two datasets.
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Figure 6. GEO datasets. Gene expression levels of HVEM in PBC patients and healthy controls. Data
were extracted from two publicly available GEO datasets (GSE119600 [35] and GSE93170 [36]) and
analysed for differential expression. Lines and error bars: median and 1st–3rd quartiles. p-values:
Mann–Whitney U test.

3. Discussion
PBC has an unpredictable treatment response with limited therapeutic agents and

prognostic markers. In this study, we discovered that, amongst a general increase in cy-
tokines and sol-CR expression in PBC patients (primarily ESPBC), the type II/III interferon
system and soluble HVEM may play important roles in disease progression and response
to UDC treatment. IFN-γ was the only cytokine able to discriminate UDC responders and
non-responders independently of cirrhosis, and ESPBC patients displayed a selective upreg-
ulation of IFN-λ3, as IFN-λ2 was instead mostly undetectable in all groups. Furthermore,
soluble HVEM was the only sol-CR comparably raised in all PBC patients, including a
significant upregulation in the UDCR subgroup compared to the HC group, thus attaining
a role as biomarker of PBC. Finally, we found that PBC is also characterised by increased
bacterial translocation, independently of cirrhosis and of response to UDC. While IFN-γ
appears to be a possible marker of treatment response and IFN-λ3 selectively identifies
severe disease stages, soluble HVEM and bacterial translocation would thus appear to be
features of all stages of PBC.

IFN-γ displayed a stepwise increase as the disease phenotype changed from UDCR to
UDCNR and this difference was maintained on exclusion of patients with (early) cirrhosis.
Increase in IFN-γ was accompanied by elevated chemokines CCL2 and CXCL10, possibly
suggesting mobilisation of monocyte/macrophages and T cells. Furthermore, amongst
patients in the UDCNR subgroup, IFN-γ appeared to differentiate two subgroups of
patients, also featuring differential levels of IL-33 but no identifiable clinical differences
in parameters collected as part of routine patient care. In the Mdr2−/− murine model of
cholestasis, there was increased IFN-γ, CXCL10, and hepatic macrophages with elevated
CCL2 [37]. IFN-γ was mainly derived from CD8+ T cells and NK cells, and depletion of
T cells or NK cells reduced IFN-γ, which resulted in improved hepatic inflammation and
reduced CD8+ T-cell cytotoxicity, hepatic fibrosis, and CCL2 levels. Moreover, treatment
with anti-IFN-γ antibodies resulted in improved fibrosis. All IFNs rely on the JAK-STAT
pathway and a genome-wide association study identified the JAK-STAT pathway as a
therapeutic target for PBC [38]. Future trials using a JAK1/2 inhibitor may be more
beneficial in earlier stages of PBC before cirrhosis and assessment of treatment response
using markers of inflammation. The identification of two subsets of UDC non-responders,
based on IFN-γ detectability, is interesting per se and although we did not find any clinical
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correlations it would be interesting to perform longitudinal studies to investigate whether
this feature may be a prognostic factor for progression or differential types of treatment
responses in the longer term. The link between IFN-γ and IL-33 in UDCNR patients
is also of potential mechanistic interest, as IL-33 may be linked to local tissue-related
inflammation and may be important for intestinal/mucosal health, also playing a role in
type II inflammatory antiparasitic responses. Future studies should investigate and clarify
the link between IFN-γ and IL-33 as mechanistic and prognostic biomarkers in PBC.

In this study, IFN-λ3 was upregulated as the disease phenotype changed from UDCR
to ESPBC whereas IFN-λ2 levels remained comparable to those in the HC group. IFN-
λ subtypes 1–4 form the type III IFNs, whose receptors are predominantly expressed in
hepatocytes, barrier epithelial cells and immune cells, such as dendritic cells, NK cells and B
cells [34]. Type III IFNs have similar antiviral activity to type I IFNs, though type I receptors
are ubiquitously expressed. IFN-λ3 has been implicated in autoimmune and inflammatory
conditions [39,40]. In a study of 93 lupus patients, serum IFN-λ3, but not IFN-λ1 or 2, was
significantly higher in patients compared with controls. Serum IFN-λ3 correlated with the
severity of lupus activity, particularly with active serosal and cutaneous disease [40]. In a
similar way, our data demonstrated that IFN-λ3, but not IFN-λ2, is increasingly expressed
in ESPBC.

Single nucleotide polymorphisms (SNPs) in the IFN-λ3/4 genes have been identified
as risk factors for development of lupus, hepatic inflammation and subsequent liver fibrosis
in both viral hepatitis and non-alcohol-related fatty liver disease [41–45]. Investigation of
IFN-λ3/4 SNPs within PBC may identify potential biomarkers for susceptibility to PBC.
IFN-λ3 levels were recently found to prognosticate patients with COVID-19 infection [46]
and our data would support the evaluation of IFN-λ3 as a prognostic tool in PBC.

Moreover, therapeutic applications of IFN-λ3 may be appealing due to the selective
expression of its receptors, which makes type III IFNs possibly less prone to systemic side
effects compared to type I IFNs. IFN-λ3 has been engineered to increase the affinity for
its receptor and enhance its activity in vivo [47]. The selective increase in IFN-λ3 in PBC
would support future exploration of IFN-λ3 as a potential therapeutic target.

A novel finding of this study was that soluble HVEM is the only sol-CR to be upregu-
lated in UDCRs compared to HCs and this difference is also maintained at later stages of
disease, making soluble HVEM a PBC-wide biomarker. Soluble HVEM has been investi-
gated in liver disease of other aetiologies, including alcohol-related liver disease (ArLD)
and hepatitis B, but with mixed results [18–20]. In ArLD, soluble HVEM was downregu-
lated compared to levels in HCs [18,20], although another publication found its levels to be
higher in ArLD patients and linked to immune regulation [21].

HVEM is a member of the tumour necrosis factor (TNF) receptor superfamily and
has a role in herpes virus entry, T-cell activity and tumour immunity [48]. It is expressed
in several immune cells including CD4+ and CD8+ T cells, B cells, dendritic cells, and
NK cells, as well as in the liver, lungs, and intestinal epithelial cells [49]. HVEM has
multiple binding sites and ligands, including BTLA (co-inhibitory), CD160, and LIGHT
(co-stimulatory), whilst also having bidirectional activity [50]. Soluble HVEM is thought to
be produced through shedding of the ectodomain and its role is being explored in cancer
immunotherapy [51].

Both soluble and membrane HVEM bind to CD160, which is highly expressed on
NK cells, promoting cytotoxicity and inflammatory cytokine production [52]. Our data
also showed increased expression of several pro-inflammatory cytokines in ESPBC includ-
ing TNF-α, IL-6, and IFN-γ, although causal links between soluble HVEM and cytokine
expression could not be investigated in our study due to sample availability.
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In keeping with our study, soluble HVEM levels are elevated in other autoimmune
inflammatory conditions such as rheumatoid arthritis, psoriasis, and Behçet’s disease [49].
HVEM has been implicated in inflammatory bowel disease, where TNF is a key pro-
inflammatory cytokine. Soluble HVEM levels are increasingly upregulated in advanced
stages of breast, gastric, and hepatocellular carcinomas indicating a potential use of HVEM
as a prognostic marker [23,51,53]. In our data, soluble HVEM was the only sol-CR to be
elevated in the UDCR subgroup compared to the HC group and may have a role as a
prognostic tool in PBC.

In a recent study, soluble CD134, LAG3, PD-1, PD-L1, and TIM3 became increas-
ingly elevated in advanced stages (as defined by histological criteria) of untreated PBC
patients [54]. Soluble PD-L1 was almost undetectable in our PBC patients, in keeping
with the previous histology findings of membranous PD-L1 [13,55]. The patients in our
data were all treated with UDC at the time of assessment, which may account for this
difference. Another study focusing on autoimmune hepatitis (AIH)/PBC variants found
that the levels of expression of soluble LAG3, TIM3, CD86, and CD25 in AIH were higher
and could be differentiated from PBC [56]. Neither study quantified soluble HVEM. In
our data, soluble LAG3 and TIM3 were elevated in ESPBC, though we do not have AIH
patients for comparison. Soluble TIM3 has been implicated in ArLD as well as AIH [18,20].
Elevation in soluble TIM3 may be less specific to the aetiology and reflect the severity of
liver disease, which is in keeping with our data as soluble TIM3 correlated with the liver
prognostic scores.

D-lactate was equally elevated in PBC subgroups, indicating increased bacterial
translocation in all PBC patients. Comparably high values between patient subgroups were
also accountable for the apparent lack of clinical and immunological correlations involving
this bacterial translocation marker. There is increased gut permeability in PBC patients
compared to non-PBC liver disease, as demonstrated by oral sucrose and lactulose-mannitol
absorption in the gastroduodenum and intestine, respectively [57], possibly linked to IFN-
γ–associated effects on the intestinal epithelium [58–60]. Elevated bile acids in a cholestatic
mouse model were shown to upregulate hepatic macrophage inflammasomes, which in-
creased intestinal permeability [61]. This may have implications for the development of
liver disease. Repeated inoculation of BALB/c mice with bacteria led to portal inflamma-
tion and biliary epithelial damage, followed by portal tract fibrosis [62]. PBC patients have
been reported to have higher serum levels of gut endotoxins/lipopolysaccharide, with
increased expression of toll-like receptor (TLR) 4 and pro-inflammatory cytokines TNF-α,
IL-1β, IL-6, and IL-8 compared to non-PBC liver disease [10].

Targeting the gut–liver axis in cholestasis has been explored in animal models. Treat-
ment with antibiotics in a cholestatic mouse model led to reduced CD8+ and CD4+ T cells
and colony-forming units in the liver [63]. The probiotic Lactobacillus rhamnosus GG (LGG)
in cholestatic mice resulted in improved liver biochemistry and fibrosis via increased FXR–
FGF-15 signalling to suppress bile acid synthesis, as well as enriching the gut microbiota
with bacteria containing bile salt hydrolase [64]. Our data would support the modulation
of the gut–liver axis as a therapeutic target in PBC.

To validate the findings of this study, data on HVEM and IFNL genes from public
GEO datasets were analysed for differential expression between HCs and PBC patients.
Both datasets showed upregulation of HVEM in PBC patients compared to HCs, which is
consistent with our findings and strengthens the hypothesis that HVEM may play a role in
PBC immunopathogenesis. A possible limitation lies in the need to clarify the relationship
between gene transcription and production of soluble forms of immune checkpoints [65].
Current kits for the measurement of soluble immune checkpoints are unable to answer this
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question, and further molecular studies are therefore warranted, particularly in light of
published evidence demonstrating a possible biological role for soluble HVEM [21].

Neither dataset showed differences in IFNL gene expression, which contrasts with
our findings that IFN-λ3 was elevated in the ESPBC group when compared to other
subgroups. The biology of the IFN-λs is complicated by the interplay between several
genetic polymorphisms modulating gene expression and the relative balance between
different IFN-λ types [44,66]. Open questions remain in relation to the possible hepatic or
immune source of these cytokines, and published evidence points to the intestinal mucosa
as a possible target organ for this class of cytokines [32,33,67]. The link with mucosal
health is consistent with our data showing increased bacterial translocation in PBC patients,
compared to healthy controls, which strengthens the previously observed association with
cirrhosis in other aetiologies [18,29,30,68].

The limitations of this study include the cross-sectional design, which does not shed
light on the causal mechanisms of sol-CR and cytokines in PBC. However, the subgroups
according to treatment response and stage of PBC can give some indications to which
sol-CR and cytokines may be involved in the different treatment response or stages of
the disease. To explore this further, treatment-naïve cohorts, longitudinal follow-ups
and in vitro immune cell investigations, to analyse the changes in sol-CR and cytokine
expression and consequent immunomodulation, would provide valuable insight.

To conclude, IFN-γ levels increased as disease progressed and discriminated UDC
responders and non-responders independently of cirrhosis, whereas IFN-λ3 may have a
role in advanced PBC that is distinct to IFN-λ2. Soluble HVEM and bacterial translocation
were elevated in all PBC subgroups and increasingly upregulated as disease progressed.
These may serve as potential biomarkers and/or as novel therapeutic targets in PBC and
warrant further exploration.

4. Materials and Methods
4.1. Patients

Written informed consent was obtained from all patients in the study and the study
protocol conforms to the ethical guidelines of the Declaration of Helsinki (IRAS 244089,
REC 19/NW/0750). Plasma samples from 70 PBC patients recruited between 2012–2022
at King’s College Hospital were compared to 10 healthy controls (HCs). PBC diagnosis
was based on the European Association for the Study of the Liver (EASL) guidelines. All
patients in our cohort had positive AMA M2 subtype (+/− ANA) or liver biopsy consistent
with PBC. Liver disease of other aetiology and overlap syndromes with autoimmune
hepatitis (AIH) were excluded.

Clinical data on demographics, medications, comorbidities, duration of diagnosis,
autoantibody profiles, liver biochemistry, and presence of cirrhosis were extracted from
electronic medical records. Liver prognostic scores Child–Pugh (CP), Model for End-
stage liver disease (MELD), United Kingdom Model for End-Stage liver disease (UKELD),
albumin bilirubin grade (ALBI) and aspartate aminotransferase-to-platelet ratio index
(APRI) at time of the plasma sample collection were noted.

The PBC subgroups were classified according to Paris I criteria of treatment response
and stage of disease. The clinical response groups were UDC responder (UDCR, n = 24),
UDC non-responder (UDCNR, n = 18) and end-stage PBC prior to liver transplantation
(ESPBC, n = 22). Smaller subgroups included UDC intolerant (n = 4) and latent PBC (n = 2),
which were excluded from the analysis due to small subgroup size. According to the
stage of disease, there were 33 non-cirrhotic (NC) PBC patients (19 UDCR, 14 UDCNR);
9 early cirrhosis (EC) with Child–Pugh score A (5 UDCR, 4 UDCNR); and 22 advanced
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cirrhosis with ESPBC. All baseline demographic and clinical characteristics are summarised
in Table 1.

4.2. Plasma Isolation

Plasma samples were isolated from EDTA-anticoagulated whole blood by centrifuga-
tion at 939× g for 15 min and cryopreserved at −80 ◦C for subsequent analyses.

4.3. Luminex Assays for Soluble Immune Checkpoints and Cytokines

Luminex multiplex ELISAs were conducted to measure plasma levels of sol-CRs
and cytokines. The Immuno-Oncology Checkpoint 14-plex Human Procartaplex panel
1 (Thermo Fisher Scientific, Altrincham, UK) was used to measure sol-CRs BTLA, CD27,
CD28, CD80, CD137 (4-1BB), CD152 (CTLA4), GITR, HVEM, IDO, LAG3, PD-1, PD-L1,
PD-L2, and TIM3. A human Luminex 28-Plex Discovery Assay (Bio-Techne/R&D systems,
Abingdon-Oxford, United Kingdom) was used to measure the following cytokines: IL-1α,
IL-1β, IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12p70, IL-13, IL-15, IL-17A, IL-18,
IL-23, IL-33, IFN-α, IFN-γ, IFN-λ2 (IL-28A), IFN-λ3 (IL-28B), CCL2/MCP-1, CCL3/MIP-1α,
CCL4/MIP-1β, CXCL10/IP-10, GM-CSF, Osteopontin, and TNF-α. All the assays were
performed according to manufacturer’s instructions without any protocol modifications.
All the quantifications were evaluated with a MAGPix instrument with xPonent v4.2
software (LuminexCorp, Hertogenbosch, The Netherlands).

4.4. Plasma D-Lactate Quantification

Plasma D-lactate was quantified as a surrogate marker of bacterial translocation
using a colorimetric assay kit, following manufacturer’s instructions without any protocol
modifications (AbCam, Cambridge, UK).

4.5. GEO Datasets

Two publicly available GEO datasets, GSE119600 [35] and GSE93170 [36], were ac-
cessed and data on HVEM (TNFRSF14, also known as HVEM) and interferon lambda
(IFNL1, IFNL2, IFNL3) genes were extracted for differential expression analysis between
healthy controls and PBC in whole-blood transcriptome and CD4+ T cells, respectively.

4.6. Statistical Analysis

Group comparisons for continuous variables (including gene expression data from
the publicly available GEO datasets) were performed using the Mann–Whitney (MW) U
test or the Kruskal–Wallis (KW) test as appropriate. Dunn’s test was used for multiple
comparisons following a significant KW result, considering each comparison as stand-
alone. Comparisons for categorical variables were performed using the Chi-squared test
or Fisher’s exact test. Correlations were investigated by Spearman’s correlation analysis,
with Bonferroni correction for test multiplicity. Due to the strong sex dimorphism (‘sex’ as
assigned at birth) specific to PBC, it was not possible to perform sex-based comparisons or
analyses disaggregated by sex. Statistical significance was set at alpha = 0.05. Statistical
analyses were performed using IBM SPSS v28 (Armonk, NY, USA), GraphPad Prism 9 (San
Diego, CA, USA) and Microsoft Excel 365 (Redmond, WA, USA). Unless stated differently,
data are presented as median with interquartile range (Q1, Q3).

5. Conclusions
Amongst several soluble checkpoint receptors and pro-inflammatory cytokines that

were found to be elevated in patients with advanced/end-stage PBC (including soluble
CD80, soluble LAG3, soluble CD137, IL-6, TNF-α, and CXCL10), our key findings highlight
that IFN-γ levels increased as disease progressed and discriminated UDC responders and
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non-responders independently of cirrhosis, whereas elevated IFN-λ3 may have a role in
advanced PBC that is distinct from IFN-λ2. Soluble HVEM and bacterial translocation were
elevated in all PBC subgroups and increasingly upregulated as disease progressed.

This study provides valuable insights into the immune landscape of PBC, highlighting
potential biomarkers and cytokine signatures associated with disease severity and treat-
ment response. These may serve as novel therapeutic targets in PBC and warrant further
exploration for more targeted interventions in PBC management.
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