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W Check for updates

Cirrhosis is amajor cause of morbidity and mortality; however, there are
no approved therapies except orthotopic liver transplantation. Preclinical
studies showed that bone-marrow-derived macrophage injections reduce
inflammation, resolve fibrosis and stimulate liver regeneration.Ina

multicenter, open-label, parallel-group, phase 2 randomized controlled trial
(ISRCTN10368050) in n = 51adult patients with compensated cirrhosis and
Model for End-Stage Liver Disease (MELD) score =10 and <17, we evaluated
the efficacy of autologous monocyte-derived macrophage therapy (n=27)
compared to standard medical care (n =24). The primary endpoint

was the difference in baseline to day 90 change in MELD score (AMELD)
between treatment and control groups (AAMELD). Secondary endpoints
included adverse clinical outcomes, non-invasive fibrosis biomarkers and
health-related quality of life (HRQoL) at 90 d, 180 d and 360 d. The AAMELD
between day 0 and day 90 in the treatment group compared to controls was
-0.87 (95% confidenceinterval: -1.79,0.0; P= 0.06); therefore, the primary

endpoint was not met. During 360-d follow-up, five of 24 participants
inthe control group developed a total of 10 severe adverse events,

four of which were liver related, and three deaths (two liver related),
whereas no liver-related severe adverse events or deaths occurred in the
treatment group. Although no differences were observed in biomarkers

or HRQoL, exploratory analysis showed anti-inflammatory serum cytokine
profiles after macrophage infusion. This study reinforces the safety

and potential efficacy of macrophage therapy in cirrhosis, supporting
further investigation.

Liver disease causes two million deaths per year worldwide (represent-
ingoneinevery25deaths). Most deaths are related to complications of
cirrhosis, including hepatocellular carcinoma (HCC)'. Globally,in 2017,
there were 10.6 million prevalent cases of decompensated cirrhosis and
112 million prevalent cases of compensated cirrhosis. Steatotic liver dis-
ease (SLD), whichencompasses both metabolic dysfunction-associated
steatoticliver disease (MASLD) and alcohol-related liver disease (ALD),
and chronicviral hepatitis represent the dominant etiologies of chronic
liver disease (CLD).

Cirrhosis is end-stage scarring (fibrosis) that can be caused by any
form of chronic liver injury and is characterized by disruption of the
normalliver architecture, organ dysfunction and high blood pressure
in the portal vein and its branches (portal hypertension)*. Hepatic
decompensation represents a clear inflection point in the trajectory
of CLD, with median survival dropping from over 12 years in patients
with compensated cirrhosis to approximately 2 years for patients with
decompensated cirrhosis’. In addition to the risk of life-threatening
complications, such as ascites, variceal hemorrhage and hepatic
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encephalopathy, cirrhosis is associated with a significant reduction
in health-related quality of life (HRQoL) for patients and increased
psycho-social burden onrelatives and carers®.

There are no approved medicines for the treatment of cirrho-
sis”. Successful etiological treatment, such as antiviral therapy or
sustained alcohol abstinence, can induce substantial fibrosis regres-
sion in patients with cirrhosis® with potential improvement in portal
hypertension®?, liver function and even ‘recompensation’ of decom-
pensated cirrhosis ">. However, for patients with cirrhosis in whom
cure or suppression of the primary disease is not possible, standard
medical care is limited to the use of non-selective beta-blockers to
mitigate risk of decompensation and death', treatment of incident
cirrhosis-related complications and liver transplantationifindicated.
Duetotheinexorableincreasein the burden of end-stage liver disease
(ESLD) and an ongoing shortage of donor organs for liver transplan-
tation, alternative treatment strategies, such as cell therapies, are
being explored.

Previous cell therapy approaches for patients with CLD, includ-
ing hepatocyte transplantation and infusion of mesenchymal stem
cells or hematopoietic lineages to stimulate liver regeneration
and/or augment liver functional reserve, have demonstrated vari-
able outcomes, particularly in patients with established cirrhosis™*.
However, preclinical studies have shown that bone-marrow-derived
macrophageinjections canreduceliver fibrosis while stimulating tissue
regeneration and improving biochemical function”’*, We previously
demonstrated the safety of peripheral infusion of ex vivo matured
autologous monocyte-derived macrophages in patients with com-
pensated cirrhosis in a phase 1 dose-escalation trial”. Additionally,
although uncontrolled, secondary endpoint measurements sug-
gested potential effects on liver function. Here we report the findings
of a multicenter, phase 2 randomized controlled trial of autologous
monocyte-derived macrophage therapy, compared to standard medi-
cal care, in adult patients with compensated cirrhosis.

Results

Baseline participant characteristics

Seventy-one participants, recruited from three centers (Royal Infirmary
of Edinburgh, Edinburgh, UK; Ninewells Hospital, Dundee, UK; Glasgow
RoyalInfirmary, Glasgow, UK), underwent screening as presented in the
CONSORT diagram (Fig.1) between17 September 2017 and 26 Novem-
ber 2021, with the last patient completing follow-up on 24 August 2022.
There were20 screeningfailures, and 51individuals were randomized,
three of whom received the triple-infusion investigational medicinal
product (IMP) regimen, with all subsequent participants receiving a
single infusion. A single participant dropped out from the treatment
arm due to vascular access problems before apheresis. Baseline par-
ticipant characteristics are summarized in Table 1.

Manufacture of cell therapy product

Although the study population overall was relatively heterogeneous,
the manufactured cell product generated from peripheral monocytes
was homogeneous, irrespective of individual or etiological variance
(Extended Data Figs.1and 2). Males donated significantly more leu-
kocytes (P=0.0398) and a corresponding number of CD14" cells
(P=0.0069). CD14 selection performance was highly reproducible
across all donations. There was a high degree of variability in the con-
version efficiency of CD14" to final product macrophages. We found
highly homogeneous expression of CD14 and CD16 ininfused product
between alcohol-related and non-alcohol-related liver disease groups.
Cell products also showed homogeneous upregulation of CD163 and
CD169 scavenger molecules between disease etiologies. Relative
expression of CCR2 is reduced in macrophages from the high levels
seeninmonocytesinboth groups. The MAcrophage Therapy for liver
CirrHosis (MATCHO1) product s, therefore, highly comparable across
trial donors with respect to surface protein expression.
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Fig.1| CONSORT diagram of the participant flow. The diagram s split by triple-
infusion, single-infusion and control groups.

Primary endpoint

Here we present data for all patients who received cell treatment (one
or three infusions) versus control patients. In extended data, we pre-
sent the subanalysis for patients who received only a single infusion
versus control.

Asdescribedin the statistical analysis plan, the primary endpoint
was the change in Model for End-Stage Liver Disease (AMELD) score
assessed using atwo-sample ¢-test (with Welch correction for unequal
variance). The mean baseline MELD was 11.89 (s.d. + 1.77) in the cell
treatment group and12.00 (s.d. £ 1.79) in the control group (P = 0.80).
Atday 90, MELD intheinfusion treatment group was 11.43 (s.d. + 2.00),
and MELD in the control group was12.40 (s.d. + 3.15). This corresponds
to a change in MELD of —0.48 (s.d. £ 1.10) versus +0.39 (s.d. £1.94) in
the treatment and control arms, respectively. Overall, the AAMELD
between day 0 and day 90 in the treatment group compared to controls
was —0.87 (95% confidence interval (Cl): -1.79, 0.0; P= 0.06) (Fig. 2a).
No clear cell dose-response or etiology-specific effect was observed
(Fig.2b). Asummary of outcomesis presented for the participants who
received macrophage infusion (one or three infusions) versus control
(Table 2) or one macrophage infusion versus control (Extended Data
Table 1). In Extended Data Fig. 3, we show the overall change in MELD
forindividual patients to day 360.

In Supplementary Fig. 1, we show individual changes in MELD
score from baseline to day 360 for patients stratified by dominant
CLD etiology.

Secondary endpoints

Safety and clinical outcomes. All participants within the control
group completed the entire follow-up schedule. Inthose randomized
to celltreatment, one patient was unable to undergo peripheral venous
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Table 1| Baseline demographics and clinical characteristics of trial participants

Single infusion Control Total P
N(n=24) % N(n=24) % N(n=48) %
Sex Male 16 67 14 58 30 63 0.7661
Age Mean (s.d.) 57.8 (10.6) 60.7 (7.6) 59.3(9.2) 0.2938
Height (cm) Mean (s.d.) 169.7 (9.5) 170.6 (9.7) 170.1(9.5) 0.7395
Demographic data Weight (kg) Mean (s.d.) 86.9 (19.7) 93.7 (19.4) 90.3 (19.6) 0.2395
BMI Mean (s.d.) 29.9 (5.3) 32.2(6.8) 31.1(6.1) 01976
AFP (UL™) Median (Q1, Q3) 3.5(25,5.0) 3.0(3.0,5.0) 3.0(3.0,5.0) 0.8806
VCTE (kPa) Mean (s.d.) 33.0 (15.7) (n=19) 40.6 (18.3) (n=18) 36.7(17.2) (n=37) 01822
Albumin (gl™) Mean (s.d.) 34.6 (3.8) 31.5(5.2) 331(4.7) 0.0246
ALT (UL Mean (s.d.) 32.0 (16.0) 37.7(27.3) 34.8(22.3) 0.3862
Bilirubin (umoll™) Mean (s.d.) 33.0(14.3) 36.1(14.5) 346 (14.3) 0.4675
Laboratory data INR Mean (s.d.) 1.3(01) 1.2(0.2) 1.3(0.2) 0.0938
Creatinine (umoll™) Mean (s.d.) 73.8(19.4) 83.9(25.1) 78.9(22.8) 01282
MELD Mean (s.d.) 11.8(1.8) 12.0(1.7) 1.9 (1.7) 0.8053
Platelets (10° 1) Mean (s.d.) 96.2(53.4) 15.3 (41.5) (n=23) 105.5 (48.4) (n=47) 0773
ALD 13 54 12 50 25 52 1.0000
MASLD 7 29 8 33 15 31 1.0000
PBC 1 4 3 13 4 8 0.6085
Dominant etiology — -
Liver disease Cryptogenic cirrhosis 1 4 1 4 2 4 1.0000
Hemochromatosis 1 4 0 1 2 1.0000
Hepatitis C virus 1 4 (] 1 2 1.0000
Other etiologies for  Yes 7 29 1 4 8 17 0.0479
this liver disease
Ascites 10 42 10 42 20 42 1.0000
Spontaneous bacterial 1 4 (] 1 2 1.0000
peritonitis
Encephalopathy 7 29 8 88 15 31 1.0000
Liver
Variceal bleeding 7 29 8 & 15 31 1.0000
Other liver complications 1 4 6 25 7 15 0.0972
Any previous hepatic 15 63 14 58 29 60 1.0000
decompensation
Mi 1 4 1 4 2 4 1.0000
Past medical history
. Cerebrovascular accident 0 1 4 1 2 1.0000
Cardiovascular
Other cardiovascular 2 8 4 17 6 13 0.6662
complications
Asthma 4 17 2 8 6 13 0.6662
COPD (0] 2 8 2 4 0.4894
Other Type 2 diabetes 9 38 10 42 19 40 1.0000
IBD 1 4 4 17 5 10 0.3475
Other rheumatologic 1 4 1 4 2 4 1.0000
conditions
Current use 8 33 9 38 17 35 1.0000
1-10 units 1 4 2 8 3 6
11-14 units 1 4 1 4 2 4
Weekly intake
15-21 units 0 1 4 1 2
Less frequently 6 25 5 21 n 23
Alcohol use
<6months 0 1 4 1 2
1-12months 4 17 4 17 8 17
Abstinence 1-2years 0 2 8 2 4
duration
>2years n 46 8 33 19 40
Missing 1 4 0 1 2

Data include dominant etiology, comorbidities, recorded alcohol usage and periods of abstinence. Significance was computed using two-sided, two-sample t-tests or non-parametric

equivalent, as appropriate. AFP, a-fetoprotein; BMI, body mass index; COPD, chronic obstructive pulmonary disease; IBD, inflammatory bowel disease; MI, myocardial infarction.
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participants). Box plots are defined as first to third quartile (Q1, Q3), with center
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line representing the median. Whiskers extend to the lowest/highest values no
further than 1.5 IQR from Q1/Q3, as appropriate. b, Plot of total cell dose (n x 10°)
versus AMELD. Participants are color coded by dominant etiology (ALD, MASLD
or Other). This plot includes all participants who received at least one infusion.

cannulation and was subsequently withdrawn from the study. There
were no transfusion-associated reactions during or after administra-
tion of the macrophage infusions or in the 12-h post-infusion observa-
tion period. Overall, no dose-toxicity relationships were identified in
the treatment group.

Within the 360-d follow-up period, a total of 291 adverse events
(AEs) wererecorded (Table 3a). Inthe control group (n = 24), atotal of
104 AEs occurred in 23 participants, whereas, in the treatment group
(n=27,threetripleinfusions, 23 single infusions and one withdrawal),
atotal of 187 AEs occurred in 26 participants.

Within the 360-d follow-up period, in the control group, five par-
ticipants experienced a total of 10 severe adverse events (SAEs), four
of whichwereliver-related SAEs. There were three deaths in the control
group, two of which were related to decompensated liver disease and
one of which was precipitated by coronavirus disease 2019 (COVID-19).

Withinthe 360-d follow-up period, in the treatment group (single
or triple infusion), only one SAE occurred that was not considered as
aclinical event. No liver-related SAEs or deaths occurred in the cell
treatment group (Table 3b).

We compared the proportion of participantsin the single-infusion
group (proportion of individuals in the cell group withan AE = 0.95833)
with one or more AEs against the proportion of participants in the
control group (proportion of individuals in the control group withan
AE =0.95833). There was no evidence of a difference in the proportions
(P=1.000, Fisher’s exact test due to small counts).

Enhanced liver fibrosis test. Assessment of changes in enhanced liver
fibrosis (ELF) from baseline to day 90 in participants who received a
treatment (triple and single infusion) showed a point estimate of 0.36
(95%Cl: -0.24t0 0.9, P=0.23) (Table 2), and participants whoreceived
asingle macrophageinfusion versus controls showed a point estimate
0f 0.3 (95% Cl: —0.33t0 0.9, P=0.34). No differences were observed in
any of the individual ELF components (Extended Data Table 1).

PRO-C3 and C3M biomarkers. Using a two-sample ¢-test assuming
equal variance in those who received treatment (triple or single infu-
sion), no difference was observed from baselineto day 90 in either the
typelll collagen formation biomarker PRO-C3 (mean difference of 0.17
(-4.48t04.8),P=0.94) or the typelll collagen degradation biomarker
C3M (meandifference of -0.68 (-2.90t01.5), P= 0.54) (Table 2). In par-
ticipants who received a single macrophage infusion versus controls,
no difference was observed from baseline to day 90 in either PRO-C3

(meandifference of 0.38 (-4.57t0 5.33) P=0.87) or C3M (mean differ-
ence of -0.48 (-2.85t01.89) P=0.68) (Extended Data Table 1).

United Kingdom Model for End-Stage Liver Disease score. The
baseline to day 90 change in the United Kingdom Model for End-Stage
Liver Disease (UKELD) score, comparing treatment (triple infusion or
single infusion) with control groups using two-sample ¢-test showed
no significant difference (-0.30 (95% Cl: -1.58 to 0.9, P = 0.64)), and
comparing single cell infusion to control groups using two-sample
t-test also showed no significant difference (-0.36 (95% CI: -1.7 to
0.99,P=0.59)).

Vibration-controlled transient elastography. Vibration-controlled
transient elastography (VCTE) was undertaken longitudinally at speci-
fied study visits, and comparisons to baseline were made in patients
with a complete set of measurements (28 patients in total; single
(n=15) and triple (n=1) infusions versus control (n =12)). Liver stiff-
ness readings were technically valid (with interquartile range (IQR)/
median <30% at all timepoints (day 0, day 90, day 180 and day 360)).
At day 90, AVCTE showed an increase in liver stiffness in patients in
the macrophage-treated group (mean +5.76 kPa, s.d. £19.17) and a
decrease in those in the control group (mean -5.35 kPa, s.d. + 9.03),
although this difference was not statistically significant (¢-test,
P=0.0536). Overall, liver stiffness decreased in both groups after
day 90. Repeated ANOVA with timepoint and treatment as factors
showed no interaction (P=0.7976) but a significant effect of time-
point (P=0.0090). Pairwise post hoc tests showed a significant dif-
ference in AVCTE at day 360 between macrophage-treated patients
(mean +3.22 kPa, s.d. £19.72) and those in the control group
(mean-12.71kPa, s.d. +16.86) (P= 0.0268) (Supplementary Fig. 2).

Multiparametric magnetic resonance imaging. No significant dif-
ference was observed between baseline and day 90 multiparametric
liver magnetic resonance imaging (MRI) measurements (Wilcoxon
rank-sum exact test; corrected T1 (AcT1) P=0.9170, AT2* P=0.9012
and proton density fat fraction (APDFF) P=0.5978) (Supplementary
Fig.3 and Supplementary Tables1-3).

Anti-inflammatory and pro-inflammatory cytokine data. Measure-
ments of anti-inflammatory and pro-inflammatory cytokines were
taken at specified study visits (day 0, day 28, day 90 and day 360).
Repeated ANOVA with timepoint and treatment as factors showed
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Table 2 | Summary of primary and secondary outcome measures

Single or triple infusion Control Difference in change
Baseline 90d (n=26) Baseline to 90-d Baseline (n=24) 90d (n=24) Baseline to 90-d
(n=27) change (n=26) change (n=24)
Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean 95%CI P Test

MELD 11.89 177 11.43 2.00 -0.48 110 12.00 179 1240 315 0.39 194 -0.87 (179, 0.04) 0.0601  Unequal

UKELD 50.97 2.05 50.61 234 -0.39 249 50.93 1.90 50.84 213 -0.09 197 -0.30 (-1.58,0.98) 0.639 Equal

Albumin 3419 397 33.96 3.67 -0.38 242 3154 517 3461 313 -017 233 062 (-0.71,1.95) 0.33 Equal

ALT 3359 16.13 33.00 17.63 -112 9.51 3767 2734 3417 263 =35 7.58 2.38 (-2.53,7.30) 033 Equal

Bilirubin 3385 1379 3188 1499 -215 8.69 36.08 1447 3513 16.08 -0.96 7.90 -1.20 (-5.93,3.54) 0.6141 Equal

INR 1.30 015 1.26 015 -0.03 007 122 017 124 0.20 0.02 0.08 0.0861 Fisher’s
exact

Creatinine 7259 1859 7258 2059 019 6.94 83.88 2510 9246 4738 858 3412 8.39 (5.86,10.92) 0.2255 Equal

ELF 11.55 1.07 172 0.90 0.27 0.88 12.33 0.99 1224 143 -0.09 1.22 0.36 (-0.24,0.96) 0.2328 Equal

VCTE 3412 1543 3851(n=19) 18.84 597(n=19) 1782 4062(n=18) 1829 3146 1518 -773 969 1369 (3.97,2342) 0.0074 Unequal

C3M 1560 4.89 156.37(n=25) 5.32 -0.53(n=25) 3.26 1710(n=23) 7.92 17n 7.66 0.15 (n=23) 4.37 -068 (-2.90,1.55) 0.5444 Equal

Pro-C3 2953 14.83 2478(n=25) 10.92 -3.82(n=25) 840 36.35(n=23) 2047 3323 2167 -3.99(n=23) 751 017 (-4.48,4.81) 0.9426 Equal

Data are included for all patients (single and triple infusions) versus controls. Significance was computed using two-sided, two-sample t-tests, controlling for equal variance as indicated.
Significance for INR was computed using two-sided Fisher’s exact test. ALT, alanine aminotransferase.

no significant interaction for any cytokines. Cytokines showing a
significant effect of treatment were subjected to subsequent post
hoc pairwise testing. Interleukin (IL)-15 and IL-13 were significantly
higher in macrophage-treated patients at day 90 (P=3.88 x 107
and P=3.96 x107, respectively), and IL-1B was significantly lower in
macrophage-treated patients at day 90 (P=2.04 x 107?) (Fig. 3). How-
ever, in all cases, the effect was not sustained beyond this timepoint.
Median log fold changes compared to baseline are summarized in
Extended Data Fig. 4; full cytokine panel data are provided in Supple-
mentary Tables1and 2.

HRQoL assessment. Chronic liver disease questionnaire (CLDQ)
scores were compared in participants with a complete set of meas-
urements (day 0, day 90, day 180 and day 360). Cronbach’s a com-
puted on domain means at each timepoint indicated high reliability
of CLDQ scores (all participants >0.88; control participants >0.87; all
macrophage-treated participants >0.89; single macrophage infusion
participants >0.88). No difference was observed in the baseline to
day 90 change for all macrophage-treated participants (P= 0.1610).
Likewise, no difference was observed in the baseline to day 90 change
intotal CLDQscore for participants who received a single macrophage
infusion compared to controls (Wilcoxon rank-sum test with continuity
correction; P=0.3354). Repeated ANOVA with timepoint and treatment
as factors showed no significant interaction for any CLDQ domain.
Pairwise post hoc tests showed a significant difference between
treatment groups at baseline (day 0) in the abdominal symptoms
domain (P=3.09 x 107?), with control patients scoring higher than
macrophage-treated patients (mean 6.51 versus 5.64). However, we
found no significant differences at subsequent timepoints (Supple-
mentary Fig.4 and Supplementary Table 3).

Discussion
Hepatic decompensation heralds the development of multiorgan dys-
function, including portal hypertension, splanchnic vasodilation, left
ventricularimpairment and systemic immune dysfunction. Inflamma-
tory mediators may underpin and potentiate nitric oxide-mediated
capillary dysfunction, directimmunocytopathy and induce signifi-
cant metabolic derangement with redistribution of essential nutrient
precursors®.

For patients with cirrhosis in whom etiological therapy is unsuc-
cessful or not possible, treatment options remain limited. Although
numerous agents have been evaluated in clinical trials, there are no

approved pharmacological therapies for reversing fibrosis or stimu-
lating liver regeneration in the cirrhotic liver. Liver transplantation
remains the only curative option for those with end-stage cirrhosis.
Unfortunately, a substantial proportion of those referred for liver
transplant assessment are ineligible, and, in the UK, approximately
12% die annually while on the waiting list”. Similarly, orthotopic liver
transplantation carries substantial risk of morbidity and mortality,
especially inrelation to the need for lifelong immunosuppression.

Previous celltherapy studies used mesenchymal stem cells, hemat-
opoieticstem cellsand heterogenous cell populations, which included
pro-inflammatory and pro-fibrotic cell lineages. Despite promising
preclinical studies, randomized controlled trials of cell therapies in
cirrhosis have, so far, been disappointing.

Macrophages have been shownto have apivotalroleintheregres-
sion of organ fibrosis***, Beyond their role in fibrosis, macrophages
orchestrate signaling to the liver epithelial compartment and have
pleiotropic effects on liver regeneration'*.

This has led to their testing as a cell therapy in preclinical mod-
els of liver fibrosis'®** and acute liver injury*°. Monocyte-derived
macrophages were developed as a Good Manufacturing Practice
(GMP)-compatible cell therapy for human studies, and it was shown
that monocytes from patients with cirrhosis could be differentiated
ex vivo into macrophages with a similar phenotype to those from
healthy volunteers®*,

This prompted their testing in a phase 1 safety study of autolo-
gous macrophage therapy in cirrhosis, which demonstrated safety
and, in this uncontrolled study, improvements in non-invasive tests
of hepatic fibrosis in some participants after treatment, including
transient elastography and serum biomarkers (ELF, PRO-C3 and C3M)®.
These non-invasive tests were also examined in the present phase 2
randomized controlled trial. However, despite the promising phase 1
results, we did not observe significantimprovements in these markers
inthe phase 2 study, although we note the relatively small sample size
and challenge with use in cirrhosis, for which their utility is less clear®>*,

The MELD score, and particularly the change in MELD score
(AMELD), predicts 3-month mortality in cirrhosis®. However, being a
composite score, itis susceptible to fluctuationsin any of its constitu-
ent elements. It was assumed that a AMELD of 1 point would represent
a clinically meaningful change over the relatively short 90-d primary
outcome interval. Itis, however, recognized that liver remodeling is
notarapid or linear process, and substantial fibrosis regression would
likely take far longer than 90 d to occur.
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Table 3 | AEs and SAEs within MATCHO1 cohort

(a) Summary of treatment-emergent AEs and SAEs

Single infusion Control Total

(n=24) %° (n=24) %° (n=48) %°
Participants with AEs 23 96 23 96 46 96
Participants with AE defined as clinical event 5 21 5 21 10 21
Number of AEs 139 104 243
Number of AEs defined as clinical event 5 8 13
Participants with SAE 1 5 21 6 13
Participant with SAE defined as clinical event 0 o] 3 13 3 6
Number of SAEs 1 10 M
Number of SAEs defined as clinical event 0 3 3

Infusion (triple or single) Control Total

N(n=27) %? N(n=24) % N(n=51) %
Participants with AEs 26 96 23 96 49 96
Participants with AE defined as clinical event 5 19 5 21 10 20
Number of AEs 187 104 291
Number of AEs defined as clinical event 5 8 13
Participants with SAE 1 5 21 6 12
Participants with SAE defined as clinical event 0 0 3 13 3 6
Number of SAEs 1 10 n
Number of SAEs defined as clinical event 0 S 3

(b) Breakdown of SAEs within the MATCHOI1 clinical trial cohort

Treatment group (n=27)

Control group (n=24)

Total SAEs (events) 1

10 (five persons)

Overview

Collapse/alcohol intoxication

Ascites with AKI-HRS
Encephalopathy
Death

Esophageal neoplasia

dACLD
HRS-AKI
COVID-19 pneumonitis

STEMI
Femoral artery pseudoaneurysm
Soft tissue infection

Choledocholithiasis
ERCP procedure

Deaths 0

3 (one patient with esophageal neoplasia was withdrawn on
compassionate grounds before trial end)
- Esophageal neoplasia
- Decompensated liver disease
« COVID-19 pneumonitis and decompensated liver disease

AllL AEs and SAEs, including ascribed clinical causality, as recorded in the MATCHO1 trial cohort. °Percentages are provided where appropriate. dACLD, decompensated advanced chronic liver
disease; ERCP, endoscopic retrograde cholangiopancreatography; HRS-AKI, hepatorenal syndrome-acute kidney injury; STEMI, ST-elevation myocardial infarction. Note: no SAEs or clinical

events were observed in the three participants who received three infusions.

This trial did not achieve the primary MELD score endpoint. A
difference was observed in the number of incident clinical outcomes
betweenthe treatment and control groups, despite exhibiting similar
disease severity profiles at baseline. Although this trial lacked the sta-
tistical power to discern differences between the groups, there were
more SAEs, including deaths, in the control group compared to those
who underwent treatment.

In total, there were four incident liver-related events in two indi-
viduals in the control group. There was a further hospital admission
for a hepatobiliary complication. Furthermore, in the control group,
there were three deaths, two of which were associated with liver decom-
pensation. In contrast, there were no liver-related SAEs or deathsin the

treatment group. The only recorded SAE within the treatment group
related to alcohol misuse in an individual who returned to harmful
alcohol consumption and was admitted to hospital intoxicated and
hypothermic. Although not statistically significant, itisaninteresting
observation, given the well-matched study arms and relative stability
of the population at baseline.

This study can be contrasted with another phase 2 randomized
controlled trial of cell therapy for liver cirrhosis (the REALISTIC study),
with MELD scoresin the range of11-15.5 (ref. 15), that compared stand-
ard medical care (control) versus granulocyte colony-stimulating
factor (G-CSF) alone versus G-CSF followed by leukapheresis and intra-
venous infusion of three doses of CD133" hematopoietic stemcells. In
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Fig. 3| Longitudinal cytokine measurements. Box plots of anti-inflammatory
and pro-inflammatory cytokines with significant effects due to macrophage
treatment, split by timepoint and treatment. Control (CTRL) group: n=23

participants (except d360 in all cytokines n =21). CELLS group: n =26
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participants. Repeated ANOVA, two-sided, with pairwise two-sided post hoc
tests. Box plots are defined as first to third quartile (Q1, Q3), with center line
representing the median. Whiskers extend to the lowest/highest values no

further than1.5x IQR from Q1/Q3, as appropriate. d, day.

this study, neither G-CSF nor G-CSF plus hemopoietic stem cell infusion
improved liver dysfunction, and there was an increased frequency of
AEs compared to standard medical care.

Designing clinical trials for cell therapies presents a unique set
of challenges compared to traditional pharmaceutical trials, espe-
cially in patients with ESLD. Specificissuesinclude product variability
and standardization, the complexity of mechanisms of action, safety
considerations and the regulatory landscape. Trial protocols for cell
therapies are often complex, and recruitment and retention is difficult
duetostringententry criteria and significant dropout rates related to
intensive long-term follow-up and the precarious nature of ESLD, which
isassociated with significant morbidity and mortality.

Notably, no concerning safety signals emerged in MATCHO1,
with no indications of macrophage activation syndrome or other
pro-inflammatory sequelae in the short or medium term. Further-
more, no excess cases of cancer (including HCC) were recorded in the
macrophage-treated group up to the day 360 timepoint. A long-term
observational study extension will continue to monitor for clinical
events forafurther 36 months, of which an18-monthinterim analysis
hasbeen presented™.

VCTE increased in the treatment group at day 56 after infusion
of macrophages; however, this returned to baseline by the end of
the follow-up period. We previously published on preclinical mod-
els of fibrotic liver disease in mice, whereby peripherally infused
monocyte-derived macrophages migrate to, and localize within, the
liver scar, where ongoing recruitment of circulating progenitor cells
and liver-resident macrophages resultinatransient pro-inflammatory
phenotype, which may partly explain some of the transient increase
inapparent liver stiffness measure (LSM)'¢. Notably, however, there s
evidence of significant intra-individual and inter-operator variability
that may explain some of the variance, particularly in patients with
established cirrhosis, compared to less-established fibrotic disease.
Therefore, we would caution against over-interpretation of VCTE within
this context™?%,

We acknowledge several limitationsinherent in this study. Regard-
ing the trial design, it was considered unethical to undertake apheresis
with reinfusion of a sham product to maintain participant blinding,
necessitating an open-label design, which represents a limitation in
this context. We also acknowledge the limitation that the open-label
design necessitated accessors and staff being similarly unblinded.
However, it is important to highlight that those participants in the
control arm received extensive monitoring/follow-up according to
the trial protocol, exceeding the level of care typically provided in

real-world settings. The trial’'s modest sample size is also a potential
limitation, whereby significant outliers in either group could lead to
overestimation or underestimation of true efficacy.

Regarding the etiology of liver disease between groups, allocation
was by minimization with a random component to ensure a random
allocation, and etiology was afactor in that minimization. The groups
considered for etiology were ‘ALD’, ‘"MASLD’ (the two major causes
of cirrhosis in UK secondary care) and ‘Other’, and, based on this, we
are balanced as far as possible. We recognize that there is a relative
imbalanceinthe ‘Other’ etiology. However, there was not a significant
imbalance in the number of participants with primary biliary cholan-
gitis (PBC).

Additionally, the trial protocol lacked an objective assessment of
alcoholintake (such as measurement of alcohol metabolites), relying
on self-reported data from individual participants. This might result
in underreporting of alcohol consumption, particularly in individu-
als with previously diagnosed ALD, which represented the leading
etiology within the study cohort. Additionally, there is a confounding
risk associated with alcohol consumption, as it might increase portal
pressure even in cases where alcohol is not the primary etiology. One
SAEwas related to alcoholintoxicationinapatient with known ALD, but
underreported and covert alcohol use remains a challenging variable
to objectively control forin clinical trials.

Although the MELD score was chosen based on previous studies,
its suitability may be compromised in the context of ashort follow-up
interval. Although the study population mainly comprised patients
with ALD and MASLD, which are the dominant CLD etiologies in
Western countries, some participants had other liver conditions,
including cholestatic diseases and viral hepatitis. Such heterogene-
ity might introduce an additional source of variation as distinct CLD
etiologies exhibit different natural history profiles. Additionally, the
potential effect of multiple (that s, coexistent) CLD etiologies was not
accounted for, which could impact the risk of decompensation and
mortality associated with synergistic pathologies. Despite the relative
heterogeneity in CLD etiology, the manufacturing process yielded a
uniform cell product, maintaining a consistent quantity of progenitor
monocytes. Although specific cell concentrationinfluences were not
observed, variables such as volume of distribution and disease etiol-
ogy probably contribute to variations in optimizing cell concentra-
tions crucial for maximum efficacy, especially with multiple dosing
schedules. The study population also exhibited limited geographical
and ethnicdiversity, predominantly comprising individuals of White
Scottish descent.
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Although the original trial protocol was designed to deliver
three macrophage infusions, this was amended to a single-infusion
regimen based on a pragmatic approach to recruitment and to limit
the intensity of follow-up, which otherwise might have been exces-
sively burdensome for participants. This change was approved by
the trial steering committee and involved a substantial protocol
amendment. Finally, as this study did notinclude pre-treatment and
post-treatment liver biopsies, there was limited scope to investigate
the mechanism of action of macrophage treatment. Nevertheless,
we did observe significant (and durable) changes in circulating
cytokine profiles between treatment and control participants. IL-15
levels were increased in macrophage-treated participants compared
to controls. Notably, IL-15Ra signaling in hepatic stellate cells was
shown to mediate a direct anti-fibrotic effect in mice®. In contrast,
systemic levels of the potent pro-inflammatory cytokine IL1p were
reduced after macrophage infusion. The IL-1superfamily is a group of
immunomodulatory cytokines with multiple pleiotropic effects. IL13
isa potent pro-inflammatory moiety involved directly and indirectly
in potentiating fibrogenesis*° as part of activation of the inflamma-
some and represents a target for numerous liver pharmacotherapies.
Serum IL-13 was increased in macrophage-treated patients versus
controls; this anti-inflammatory cytokine also induces an ‘M2 like'
phenotype in macrophages®.

Therefore, observed differences in all-cause (and, to a lesser
extent, liver-related) outcomes after macrophage therapy are likely
related to the modulation of immune dysfunction. Indeed, the
importance of cirrhosis-associated immune dysfunction (CAID) is
increasingly recognized and contributes to disease progression and
multisystem consequences*.

Inconclusion, this study reinforces the safety of autologous mac-
rophage cell therapy in patients with compensated cirrhosis, suggests
its therapeutic potential and supports further development of mac-
rophage treatments in ESLD. Further trials are needed, particularly
emphasizing the beneficial effects on clinical outcomes and elucidating
the duration of response. Clearly, novel therapies are urgently needed
for advanced CLD. This study builds upon growing understanding of
the role of macrophages in liver repair and provides a potential new
therapeutic approach for liver disease.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butionsand competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/5s41591-024-03406-8.

References

1. Devarbhavi, H. et al. Global burden of liver disease: 2023 update.
J. Hepatol. 79, 516-537 (2023).

2. Huang, D. Q. et al. Global epidemiology of cirrhosis—aetiology,
trends and predictions. Nat. Rev. Gastroenterol. Hepatol. 20,
388-398 (2023).

3. Brennan, P. N. et al. Progress is impossible without change:
understanding the evolving nomenclature of steatotic
liver disease and its effect on hepatology practice. Lancet
Gastroenterol. Hepatol. 9, 577-582 (2024).

4. Pellicoro, A., Ramachandran, P., Iredale, J. P. & Fallowfield, J. A.
Liver fibrosis and repair: immune regulation of wound healing in a
solid organ. Nat. Rev. Immunol. 14, 181-194 (2014).

5.  D’Amico, G., Garcia-Tsao, G. & Pagliaro, L. Natural history and
prognostic indicators of survival in cirrhosis: a systematic review
of 118 studies. J. Hepatol. 44, 217-231(2006).

6. Afendy, A. et al. Predictors of health-related quality of life in
patients with chronic liver disease. Ailment. Pharmacol. Ther. 30,
469-476 (2009).

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Fallowfield, J. A., Jimenez-Ramos, M. & Robertson, A. Emerging
synthetic drugs for the treatment of liver cirrhosis. Expert Opin.
Emerg. Drugs 26, 149-163 (2021).

Marcellin, P. et al. Regression of cirrhosis during treatment with
tenofovir disoproxil fumarate for chronic hepatitis B: a 5-year
open-label follow-up study. Lancet 381, 468-475 (2013).
Manosuthi, W. et al. Clinical characteristics and treatment
outcomes among patients with tuberculosis in Bangkok and
Nonthaburi, Thailand. Southeast Asian J. Trop. Med. Public Health
43,1426-1436 (2012).

Vorobioff, J. et al. Prognostic value of hepatic venous pressure
gradient measurements in alcoholic cirrhosis: a 10-year
prospective study. Gastroenterology 111, 701-709 (1996).

Pose, E. et al. A notable proportion of liver transplant candidates
with alcohol-related cirrhosis can be delisted because of clinical
improvement. J. Hepatol. 75, 275-283 (2021).

Pascasio, J. M. et al. Clinical outcomes of patients undergoing
antiviral therapy while awaiting liver transplantation. J. Hepatol.
67,1168-1176 (2017).

Yao, F. Y., Terrault, N. A., Freise, C., Maslow, L. & Bass, N. M.
Lamivudine treatment is beneficial in patients with severely
decompensated cirrhosis and actively replicating hepatitis B
infection awaiting liver transplantation: a comparative study using
a matched, untreated cohort. Hepatology 34, 411-416 (2001).
Villanueva, C. et al. Carvedilol reduces the risk of
decompensation and mortality in patients with compensated
cirrhosis in a competing-risk meta-analysis. J. Hepatol. 77,
1014-1025 (2022).

Newsome, P. N. et al. Granulocyte colony-stimulating factor and
autologous CD133-positive stem-cell therapy in liver cirrhosis
(REALISTIC): an open-label, randomised, controlled phase 2 trial.
Lancet Gastroenterol. Hepatol. 3, 25-36 (2018).

Forbes, S. J., Gupta, S. & Dhawan, A. Cell therapy for liver
disease: from liver transplantation to cell factory. J. Hepatol. 62,
$157-S169 (2015).

Bird, T. G. et al. Bone marrow injection stimulates hepatic ductular
reactions in the absence of injury via macrophage-mediated
TWEAK signaling. Proc. Natl Acad. Sci. USA 110, 6542-6547 (2013).
Thomas, J. A. et al. Macrophage therapy for murine liver fibrosis
recruits host effector cells improving fibrosis, regeneration, and
function. Hepatology 53, 2003-2015 (2011).

Moroni, F. et al. Safety profile of autologous macrophage therapy
for liver cirrhosis. Nat. Med. 25, 1560-1565 (2019).

Arroyo, V. et al. The systemic inflammation hypothesis: towards a
new paradigm of acute decompensation and multiorgan failure in
cirrhosis. J. Hepatol. 74, 670-685 (2021).

Neuberger, J. Liver transplantation in the United Kingdom.

Liver Transplant. 22, 1129-1135 (2016).

Duffield, J. S. et al. Selective depletion of macrophages reveals
distinct, opposing roles during liver injury and repair. J. Clin.
Invest. 115, 56-65 (2005).

Fallowfield, J. A. et al. Scar-associated macrophages are a major
source of hepatic matrix metalloproteinase-13 and facilitate

the resolution of murine hepatic fibrosis. J. Immunol. 178,
5288-5295 (2007).

Ramachandran, P. et al. Differential Ly-6C expression identifies
the recruited macrophage phenotype, which orchestrates the
regression of murine liver fibrosis. Proc. Natl Acad. Sci. USA 109,
E3186-E3195 (2012).

Gibbons, M. A. et al. Ly6C" monocytes direct alternatively
activated profibrotic macrophage regulation of lung fibrosis.
Am. J. Respir. Crit. Care Med. 184, 569-581 (2011).

Boulter, L. et al. Macrophage-derived Wnt opposes Notch
signaling to specify hepatic progenitor cell fate in chronic liver
disease. Nat. Med. 18, 572-579 (2012).

Nature Medicine | Volume 31| March 2025 | 979-987

986


http://www.nature.com/naturemedicine
https://doi.org/10.1038/s41591-024-03406-8

Article

https://doi.org/10.1038/s41591-024-03406-8

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Dai, H. et al. Chimeric antigen receptor-modified macrophages
ameliorate liver fibrosis in preclinical models. J. Hepatol. 80,
913-927 (2024).

Pouyanfard, S. et al. Human induced pluripotent stem
cell-derived macrophages ameliorate liver fibrosis. Stem Cells 39,
1701-1717 (2021).

Haideri, S. S. et al. Injection of embryonic stem cell derived
macrophages ameliorates fibrosis in a murine model of liver
injury. NPJ Regen. Med 2,14 (2017).

Starkey Lewis, P. et al. Alternatively activated macrophages
promote resolution of necrosis following acute liver injury.

J. Hepatol. 73, 349-360 (2020).

Fraser, A. R. et al. Development, functional characterization and
validation of methodology for GMP-compliant manufacture of
phagocytic macrophages: a novel cellular therapeutic for liver
cirrhosis. Cytotherapy 19, 1113-1124 (2017).

Moore, J. K. et al. Phenotypic and functional characterization

of macrophages with therapeutic potential generated from
human cirrhotic monocytes in a cohort study. Cytotherapy 17,
1604-1616 (2015).

Mozes, F. E. et al. Performance of non-invasive tests and
histology for the prediction of clinical outcomes in patients with
non-alcoholic fatty liver disease: an individual participant data
meta-analysis. Lancet Gastroenterol. Hepatol. 8, 704-713 (2023).
Selvaraj, E. A. et al. Diagnostic accuracy of elastography and
magnetic resonance imaging in patients with NAFLD: a systematic
review and meta-analysis. J. Hepatol. 75, 770-785 (2021).

Huo, T. I et al. Evaluation of the increase in model for end-stage
liver disease (DeltaMELD) score over time as a prognostic
predictor in patients with advanced cirrhosis: risk factor analysis
and comparison with initial MELD and Child-Turcotte-Pugh score.
J. Hepatol. 42, 826-832 (2005).

Brennan, P. et al. Beneficial effects of autologous macrophage
therapy on clinical outcomes in patients with compensated
cirrhosis: extended follow-up data from a randomized controlled
phase 2 trial. J. Hepatol. 80, S81(2024).

37.

38.

39.

40.

Bradley, C. R. et al. Variability of noninvasive MRI and biological
markers in compensated cirrhosis: insights for assessing disease
progression. Eur. Radiol. Exp. 6, 52 (2022).

Pierce, T. T. et al. Reproducibility and repeatability of US
shear-wave and transient elastography in nonalcoholic fatty liver
disease. Radiology 312, €233094 (2024).

Jiao, J. et al. Interleukin-15 receptor o on hepatic stellate

cells regulates hepatic fibrogenesis in mice. J. Hepatol. 65,
344-353 (2016).

Gieling, R. G., Wallace, K. & Han, Y.-P. Interleukin-1 participates

in the progression from liver injury to fibrosis. Am. J. Physiol.
Gastrointest. Liver Physiol. 296, G1324-G1331(2009).

41. Scott, T. E. et al. IL-4 and IL-13 induce equivalent expression of
traditional M2 markers and modulation of reactive oxygen species
in human macrophages. Sci. Rep. 13, 19589 (2023).

42. Albillos, A. et al. Cirrhosis-associated immune dysfunction. Nat.

Rev. Gastroenterol. Hepatol. 19, 112-134 (2022).

Publisher’s note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,

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

© The Author(s) 2025

Paul N. Brennan ® 2, Mark MacMillan ® 2, Thomas Manship?, Francesca Moroni®, Alison Glover®, Debbie Troland?,
lain MacPherson', Catriona Graham®, Rhona Aird ®2, Scott I. K. Semple’, David M. Morris’, Alasdair R. Fraser ®?,
Chloe Pass®, Neil W. A. McGowan®, Marc L. Turner®, Lynn Manson®, Neil J. Lachlan, John F. Dillon®’,

Alastair M. Kilpatrick ®2, John D. M. Campbell®, Jonathan A. Fallowfield ® ° & Stuart J. Forbes ® **

'Division of Molecular and Clinical Medicine, University of Dundee, Dundee, UK. 2Centre for Regenerative Medicine, Institute for Regeneration and
Repair, University of Edinburgh, Edinburgh, UK. *Edinburgh Transplant Centre, Royal Infirmary of Edinburgh, Edinburgh, UK. “Aberdeen Royal Infirmary,
Aberdeen, UK. *Scottish National Blood Transfusion Service (SNBTS), Edinburgh, UK. ®Wellcome Trust Clinical Research Facility, University of Edinburgh,
Edinburgh, UK. "Centre for Cardiovascular Science, University of Edinburgh, Edinburgh, UK. 8Glasgow Royal Infirmary, Glasgow, UK. °Centre for

Inflammation Research, Institute for Regeneration and Repair, University of Edinburgh, Edinburgh, UK.

e-mail: stuart.forbes@ed.ac.uk

Nature Medicine | Volume 31| March 2025 | 979-987

987


http://www.nature.com/naturemedicine
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:stuart.forbes@ed.ac.uk
http://orcid.org/0000-0001-8368-1478
http://orcid.org/0000-0001-9102-1680
http://orcid.org/0000-0002-1014-8063
http://orcid.org/0000-0001-7822-650X
http://orcid.org/0000-0002-2164-4476
http://orcid.org/0000-0002-4795-8799
http://orcid.org/0000-0002-5741-1471
http://orcid.org/0000-0003-3715-2561

Article

https://doi.org/10.1038/s41591-024-03406-8

Methods

Regulatory approvals

The MATCHOL1 trial was approved by the Scotland A Research Ethics
Committee (reference 15/SS/0121), the National Health Service (NHS)
Lothian Research and Development Department and the United King-
dom Medicines and Healthcare products Regulatory Agency (MHRA).
The trial was registered in the International Standard Randomized
Controlled Trial registry (ISRCTN10368050) and the European Clinical
Trial Database (EudraCT reference 2015-000963-15).

Study design and participants

This was a multicenter, open-label, parallel-group, phase 2 ran-
domized controlled trial to evaluate the efficacy of autologous
monocyte-derived macrophage therapy, compared to standard medi-
cal care, in a population of male and female adults with compensated
cirrhosis. The full study protocol was previously published as an open
accessarticle®.

Inclusion criteriaincluded the following: age 18-75 years (inclu-
sive) at time of screening; etiology—one or more of ALD, MASLD, PBC,
cryptogenic cirrhosis, hemochromatosis, al-antitrypsin deficiency
and hepatitis C virus (if sustained viral response); diagnosis of cir-
rhosis—invasive or non-invasive criteria defined as one of previous
histology confirming characteristic features of cirrhosis, transient
elastography > 15 kPa and clinical and/or radiological features that,
inthe opinion of the investigator, correlate with a diagnosis of cirrho-
sis; and MELD score 10 and <17 at time of randomization. Exclusion
criteria included the following: refusal or inability to give written
informed consent; other causes of CLD not listed in the inclusion
criteria (clinicaljudgmentacceptable); portal hypertensive bleeding—
active hemorrhage within 3 months requiring hospitalization (unless
varices eradicated); presence of ascites —unless, in the opinion of the
investigator, ascites is minimal (grade 1); hepatic encephalopathy—
current or requiring hospitalization for treatment in the preceding
3 months; HCC or previous treatment of HCC; previous solid organ
transplantation or use of immunosuppressive agents; any situation
that, in the investigator’s opinion, may interfere with optimal study
participation; presence of clinically relevant acute illness that may
preclude on the basis of safety; presence or history of cancer, with
the exception of adequately treated localized skin carcinoma, in situ
cervical cancer or solid malignancy excised in total, with no recurrence
(5-year interval); pregnancy or breast feeding; current enrollmentin
aninterventional study; allergy to corticosteroids; and use of immu-
nomodulatory therapy (including calcineurininhibitors, thiopurines
or methotrexate).

The initial trial protocol stipulated the administration of three
infusions within the treatment arm. However, the requirement for
repeated apheresis proceduresimposed substantial demands on these
participants. This presented a challenge to completing the trial within
thescheduled timeframe. Consequently, after obtaining approval from
the trial steering committee, the sponsor and the data monitoring
committee, a revised single-infusion protocol was implemented. By
the time of this modification, three participants had already received
the triple-infusion regimen; the remaining 23 participants received a
single infusion.

Leukapheresis and cell manufacture

Participants underwentastandard leukapheresis protocol at the Scot-
tish National Blood Transfusion Service (SNBTS) apheresis center in
the Royal Infirmary of Edinburgh. Fractional blood material was then
transported to the GMP facility at the Centre for Regenerative Medicine
(Edinburgh, UK), and cell manufacture was performed as previously
described™. These ex vivo matured autologous monocyte-derived mac-
rophages exhibit a mature phenotype (CD14"/high 25F9 expression)
plusthe retention of high levels of markers associated with tissue repair
and inflammation resolution (CD206, CD163 and CD169).

Participantsrandomized to the treatmentarmreceived aninfusion
of the maximum yielded cellular concentration, up to a maximum of
1x10° cells (day 0). If it was not possible to achieve 1 x 10° macrophages
per treatment, participants were reinfused with the quantity obtained,
with the minimum cell concentrationbeing 1.25 x 108 cells as stipulated
inthe product release criteria designated by the MHRA.

Randomization, minimization and blinding

This study employed a bespoke online randomization system devel-
oped by the Edinburgh Clinical Trials Unit to determine patient alloca-
tion. Participants were assigned to receive either standard medical care
orafresh dose of autologous macrophages at the maximum achievable
dose in al:1ratio based on a minimization algorithm using the key
variable etiology of disease: ALD, MASLD or Other. To ensure that the
allocation was random, participants were assigned to the group that
minimized imbalance with a probability of 0.8. If a participant fell into
two or more strata, then the dominant etiology (as determined by the
treating physician) was used. Due to the nature of the intervention,
neither participants nor staff could be blinded to the allocation of treat-
ment. For some of the secondary endpoints, we maintained blinding of
assessors, including those processing samples for serum biomarkers
and analyzing imaging data.

Study endpoints and assessments

Primary endpoint. The MELD score was originally devised to predict
survivalin patients with complications of portal hypertension under-
going elective placement of transjugular intrahepatic portosystemic
shunt (TIPSS). The algorithm is based on serum creatinine, bilirubin
and international normalized ratio (INR):

MELD(Original, Pre — 2016) = (0.957 x In(Serum creatinine)
+0.378 x In(Serum bilirubin) + 1.120 X In(INR) + 0.643) x 10.

MELD scores were calculated at screening, randomization,
cell infusion (day 0), safety visits (day 7 and day 14) and follow-up
visits (day 28, day 56, day 90, day 180 and day 360). The relative
change in MELD between those in the treatment group and the
control group at baseline (day 0) and day 90 (AMELD 90 d) was
the primary endpoint.

Clinical events. Regarding incident events occurring between study
visits, patients were instructed to contact the Clinical Research Facil-
ity at any time if any new symptoms developed. In addition, at each
study visit, the investigator asked participants about any AEs that may
have occurred since the previous visit, details of which would then be
recordedinthe casereportformand captured onthe clinical database
management system.

Serum fibrosis markers. The ELF testis a clinically validated immuno-
assay comprising the serum-derived biomarkers hyaluronicacid (HA),
tissue inhibitor of metalloproteinase 1 (TIMP1) and amino-terminal
propeptide of type Il procollagen (PIIINP). The use of ELF and other
non-invasive tests is recommended by the European Association for
the Study of the Liver for risk stratification of patients with CLD**. ELF
also has utility for prognostication, monitoring disease progression
and treatment response.Indeed, achangein ELF score of 0.5 correlates
with a single stage change in the Ishak fibrosis staging system*. ELF
tests were performed at screening (if passed), day 28, day 56, day 90,
day180 and day 360 by iQur Ltd.

During extracellular matrix turnover, proteolytically cleaved
matrix degradation fragments (or neoepitopes) are released into the
systemic circulation. PRO-C3 and C3M are serum biomarkers that
detect the formation and degradation of fibrillar type Ill collagen,
respectively. Notably, PRO-C3 is an independent predictor of clinical
outcomes in patients with advanced liver disease*®. Fasting serum
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PRO-C3 and C3M levels were measured at screening (if passed), day
28 and day 90 by Nordic Bioscience.

UKELD score. The UKELD score, devised to predict the survival of
patientslisted for liver transplantation in the UK", incorporates routine
biochemical and hematological indices, including bilirubin, albumin,
sodiumand INR:

UKELD Score = 5.395 x In(INR) + 1.485 x In(creatinine, pmol/L)
+3.13 x In(bilirubin, pmol/L) — 81.565 x In(sodium, mmol/L) + 435

UKELD scores were calculated at screening, randomization, day
0, day 7, day 14, day 28, day 56, day 90, day 180 and day 360.

VCTE. FibroScan (Echosens) is a well-validated, non-invasive tool for
liver fibrosis (VCTE), liver fat (controlled attenuation parameter (CAP))
and portal hypertension assessment. Furthermore, serial changes
in liver stiffness by VCTE can predict the risk of clinical outcomes in
patients with compensated advanced CLD*®. FibroScan examinations
were performed by trained operators at screening (if passed), day 90,
day 180 and day 360, according to the manufacturer’s instructions.

Multiparametric MRI. LiverMultiScan (Perspectum) is a CE/
CA-marked, FDA 510(k)-cleared, multiparametric liver MRI tool that
quantifies fat (PDFF), iron content and fibroinflammatory activity (cT1).
LiverMultiScanis sensitive to dynamic changes in disease activity and
is prognostic of clinical outcomes®.

MRIscans were performed in asubset of n =23 patients (cell recipi-
entsn =10, controlsn=13) atscreening (if passed) and day 90 according
to the following protocol. After initial localization, a three-dimensional
T1-weighted volumetric interpolated breath-hold examination (VIBE)
with fat saturation was acquired to allow liver volume/segmentation.
Sixty-four slices with an effective slice width of 3 mm were acquired. A
single two-dimensional (2D) slice (6.0 mm) breath-held T2*-weighted
multi-gradientechowas thenselected through the center of the liver at
isocenter to calculate a T2* map of the liver. Asingle 2D slice (9.0 mm)
breath-held modified Look-Lockerinversion recovery (MOLLI) was then
acquiredin the same anatomical position atisocenter to calculate T1of
theliver. Finally, five slices (10 mmwith aslice spacing of 5mm) of a2D
multi-gradientecho were acquiredin the IDEAL configuration centered
onthe T1/T2*slice and were used to calculate the PDFF of the liver.

HRQoL. Impairment of HRQoL is described in most patients with
advanced CLD. The CLDQ, which includes 29 items divided into six
quality-oflife-domains (fatigue, activity, emotional function, abdomi-
nal symptoms, systemic symptoms and worry)*°, was performed at
randomization, day 90, day 180 and day 360.

Statistical analysis

Sample size. To detect a difference in the baseline to 90-d change in
MELD score of1s.d. using atwo-sided, two-sample test with a 5% level
of significance, a sample size of 23 per group to detect the same level
of difference with 90% power was required.

Primary endpoint. The baseline to 90-d change in MELD score was
compared in the two treatment arms using a two-sided two-sample
t-test. MELD scores calculated for each participant throughout the
trialwere used to calculate anarea under the curve (AUC), and this was
compared across the groups using atwo-sample ¢-test.

Secondary endpoints. The baseline to 90-d changes in secondary
endpoint measures were compared between treatment arms using a
two-sided two-sample ¢-test or non-parametric equivalent as appro-
priate. Changes over the 1-year study period were used to calculate
an AUC for each participant and compared across the groups using

a two-sample ¢-test or non-parametric equivalent as appropriate.
Repeated ANOVA with time and treatment as factors was used to com-
pare VCTE data, CLDQ scores and cytokine measurements, followed
by pairwise post hoc testing as appropriate.

Safety assessments. The number of participants experiencing SAEs
and AEs in each of the two treatment arms was expressed as propor-
tions. The difference in proportions was compared using a binomial
test, and data were presented along with the 95% CI.

Allanalyses were carried out on an intention-to-treat basis.

Unless stated, numerical dataare expressed as mean + s.d. Pvalues
ofless than 0.05 were considered statistically significant. Welch’s cor-
rection was applied for groups with unequal variances. We used SAS
software version 9.4 (SAS Institute) and R version 4.2.3 (R Core Team)
for all statistical analyses.

We primarily present analysis for all cell infusions (that is, patients
receiving one or three infusions) versus control and, for completeness,
include analysis of single infusion versus control.

Trial oversight

The MATCHOI trial was an investigator-led study, funded by the Medi-
calResearch Council (reference MR/M007588/1) and sponsored by the
Academic and Clinical Central Office for Research and Development
(ACCORD) for NHS Lothian/University of Edinburgh. All study-related
documents were designed by the trial team with input from ACCORD,
anindependent statistician (C.G.) and the SNBTS team. All participants
enrolledin the study gave written informed consent, and the trial was
conductedinaccordance withtheethical principles of the Declaration
of Helsinki and the International Council for Harmonization Guide-
lines for Good Clinical Practice. Trial oversight was provided by a trial
steering committee and anindependent datamonitoring committee.

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

Data availability

Datainthe main manuscript (and extended and Supplementary Infor-
mation files) are presented where possible in aggregated form. Any
datapresentedtoillustrate individual patient performance have been
de-identified and include only analysis of performance within the trial
(suchasMELD score). The datasets generated and/or analyzed during
the current study are available from the corresponding author (S.).F.)
upon reasonable request, although restrictions may apply due to
patient privacy and the General Data Protection Regulation.
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Extended Data Fig. 1| Isolation of monocytes and manufacturing of the as a percentage of input CD14+ monocytes. ns = no significant difference by
MATCHO1 product. a-d, Process robustness for manufacturing of the MATCHO1 two-sided unpaired t-test. e-f, Phenotype of macrophages in final manufactured
product. All products manufactured in the 23-participant single-dose group product for infusion, compared between alcohol and non-alcohol-related liver
and the 3-participant triple-dose group. a-b Leukapheresis starting material disease groups, 19 consecutive participants from single dose series. Two-sided
(a, Total Nucleated Cell (TNC) collected from steady state leukapheresis from unpaired ¢-tests. e, Expression of CD14 and CD16 in infused product between
male and female participants * p = 0.0398; b, CD14+ monocyte content in steady alcoholand non-alcohol-related liver disease groups. f, Change in relative
state leukapheresis ** p = 0.0069). Two-sided unpaired ¢-test. c-d, Performance expression of CD163, CD169 and CCR2 molecules on final product macrophages,
inmanufacturing process (c, yield of CD14+ cells from the CliniMACS Prodigy compared to input monocytes. In all panels, bars represent group means.

selection procedure; d, final process yield of manufactured product for infusion,
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Extended DataFig. 2 | Intra-patient robustness of macrophage manufacturing
process. Three participants (P1, P2, P3) donated leukapheresis three times at
monthly intervals and received infusions of freshly manufactured macrophages.
a, The total leukocyte content and the b, CD14 content of each donation
remained constant between each donation timepoint. ¢, CD14+selection

efficiency and d, conversion to macrophages in the final product remained
constant between each donation and comparable to the main group (Extended
DataFig.1). e, Accordingly, the participants received infusions of comparable
numbers of macrophages on each occasion, even though the product was
manufactured ina unique production run per product.
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Extended Data Fig. 3 | Plot of the baseline to day 360 changes in MELD score (AMELD). Individual line plots are shown for each participant. Treatment allocation is
separated into participants that received three cell infusions, single cell infusions and control (standard of care).
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cytokines, compared to day O, in treated and untreated groups.
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Extended Data Table 1| Summary of primary and secondary outcome data

Single infusion Control Difference in change

Baseline 90 Day Baseline to Baseline 90 Day Baseline to

(n=24) (n=23) 90 day change (n=23) (n=24) (n=24) 90 day change (n=24)

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean 95% CI P Test
MELD 11.85 1.75 1143 202 -0.44 1.15 12.00 1.79 1240 3.15 0.39 1.94 -0.84 (-1.77, 0.10) 0.0788 Unequal
UKELD 50.98 1.97 50.57 2.46 -0.44 2.58 50.93 1.90 50.84 2.13 -0.09 1.97 -0.36 (-1.70, 0.99) 0.5958 equal
Albumin 3458 3.76 29.00 4.36 -2.00 3.00 31.54 517 3461 3.13 -0.17 233 0.83 (-0.52,2.17) 0.2221 equal
ALT 32.00 15.96 32.22 18.37 -0.30 9.80 37.67 27.34 3417 26.30 -3.50 7.58 3.20 (-1.94,8.33) 0.2165 equal
Bilirubin 33.04 14.29 32.09 1591 -1.13 8.70 36.08 14.47 3513 16.08 -0.96 7.90 -0.17 (-5.05,4.71) 0.9437 equal
INR 1.30 0.14 126 0.15 -0.04 0.07 1.22 017 124 0.20 0.02 0.08 0.0291* Fishers exact
Creatinine 73.83 19.38 73.83 21.62 0.17 7.39 83.88 25.10 92.46 47.38 8.58 34.12 8.41 (5.74, 11.10) 0.2538 equal
ELF 11.62 1.11 1172 092 0.21 0.90 12.33 0.99 1224 143 -0.09 1.22 0.30 (-0.33,0.93) 0.3376 equal
VCTE (Snzzgg) 15.25 39.18 19.15 6.68 18.06 ?r?:?g) 18.29 31.46 15.18 -7.73 9.69 14.40 (4.35, 24.46) 0.0067 Unequal
C3M 15.70 5.10 (1:’:;;) 5.53 (23232) 3.43 (1n7=;g) 7.92 1711 7.66 ?nlgfi) 4.37 -0.48 (-2.85, 1.89) 0.6848 equal
Pro-C3 29.3  14.62 (2:222) 10.38 (2:6212) 8.92 ?:::232) 20.47 33.23 21.67 22:92%) 7.51 0.38 (-4.57,5.33) 0.8784 equal

Overview of the primary and secondary outcomes for single-infusion patients versus controls. Values shown are baseline, day 90 and baseline to day 90 change for each outcome measure in
both single-infusion and control groups. Significance was computed using two-sided, two-sample t-tests, controlling for equal variance as indicated. Significance for INR was computed using
two-sided Fisher’s exact test. MELD, model for end-stage liver disease; UKELD, United Kingdom model for end-stage liver disease; ALT, alanine aminotransferase; INR, international normalized

ratio; ELF, enhanced liver fibrosis test; VCTE, vibration controlled transient elastography.
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Policy information about clinical studies
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Clinical trial registration ISRCTN10368050 and EudraCT Reference: 2015-000963-15

Study protocol Previously published, PMID 34750149
Data collection Standard template with bespoke secure data management system (REDCAP)
Outcomes As described within the statistical analysis plan, the primary endpoint was the AMELD assessed using a two-sample t-test (with Welch

correction for unequal variance).

The relevant secondary endpoints included assessment of the changes from DO to D90 for Enhanced Liver Function (ELF) test, PRO-
C3, C3M, UKELD score, vibration controlled transient elastography (VCTE), multiparametric MRI scanning and quality of life
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