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Recurrence or de novo infection of hepatitis C virus (HCV) after liver transplantation (LT) has been associated with progressive
graft hepatitis that can be improved by treatment with novel direct-acting antivirals. Cases of rejection episodes have been described
during and after HCV treatment. The evolution of innate and adaptive immune response during and after cure of HCV LT is unknown. We studied 74 protein biomarkers in the plasma of LT patients receiving antiviral therapy. In addition, deep immune phenotyping of both the myeloid and lymphoid immune cell subsets in peripheral blood mononuclear cells was performed. We found
that LT patients with active HCV infection displayed distinct alterations of inflammatory protein biomarkers, such as C-X-Cmotif
chemokine 10 (CXCL10), caspase 8, C-C motif chemokine 20 (CCL20), CCL19, interferon γ, CUB domain-containing protein
1 (CDCP1), interleukin (IL) -18R1, CXCL11, CCL3, IL8, IL12B, tumor necrosis factor-β, CXCL6, osteoprotegerin, IL10,
fms-related tyrosine kinase 3 ligand, hepatocyte growth factor, urokinase-type plasminogen activator, neurotrophin-3, CCL4, IL6,
tumornecrosis factor receptor superfamily member 9, programmed death ligand 1, IL18, and monocyte chemotactic protein 1,
and enrichment of peripheral immune cell subsets unlike patients without HCV infection who received transplants. Interestingly,
patients who cleared HCV after LT did not normalize the altered inflammatory milieu nor did the peripheral immune cell subsets
normalize to what would be seen in the absence of HCV recurrence. Overall, these data indicate that HCV-specific imprints on
inflammatory analytes and immune cell subsets after LT are not completely normalized by therapy-induced HCV elimination. This
is in line with the clinical observation that cure of HCV after LT did not trigger rejection episodes in many patients.
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Hepatitis C virus (HCV)–associated end-stage liver
diseases are major indications for liver transplantation (LT).(1) The recurrence of HCV after LT is
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domain-containing protein; CM, central memory; Cq, quantitation
cycle; CXCL, C-X-Cmotif chemokine; DAA, direct-acting antiviral;
DC, dendritic cell; EDTA, ethylene diamine tetraacetic acid; EM,
effector memory; FGF, fibroblast growth factor; Flt3L, Fmsrelated tyrosine kinase 3 ligand; GT, genotype; HCC, hepatocellular
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LT; HGF, hepatocyte growth factor; HLA, human leukocyte antigen;
IFN, interferon; IL, interleukin; LT, liver transplantation; MMP1,
matrixmetalloproteinase-1; MAIT, mucosal-associated invariant T
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ubiquitously observed in almost all patients who are
viremic at the time of LT.(2) The disease prognosis
following HCV recurrence or de novo infection has
been rapid, leading to fibrosis and cirrhosis in less
than 5 years and associated with worse outcomes compared with LTs performed for other indications.(3-5)
Fortunately, treatment with recently approved direct-
acting antiviral (DAA) regimens against HCV are
shown to be equally effective and safe as in patients
who did not receive transplants with almost all posttransplant patients achieving sustained virological
response (SVR).(6) Importantly, HCV treatment after
LT improved the outcome of graft hepatitis C.(7,8) Still,
it is not yet known to what extent a slightly higher risk
for disease progression persists despite viral clearance
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also after LT, as it has been suggested for patients with
HCV who do not receive transplants. In addition, a
few cases of graft rejection and HCV-associated histological changes have been described in the context of
HCV treatment after LT.(9-11)
As HCV has significant imprints on the immune
system,(12) there has been some debate as to what the
consequence of an HCV cure would be on the immune
system. We and others previously reported that several
of the innate and adaptive immune responses remain
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SCF, stem cell factor; SEM, standard error of the mean; SVR, sustained
virological response; SVR-LT, LT with cleared HCV after sustained
virological response; TGF-α, transforming growth factor α; TGF-
β-1, transforming growth factor β 1; TNFB, tumor necrosis factorbeta; TNFRSF9, tumornecrosis factor receptor superfamily member
9; TRAIL, tumor necrosis factor–related apoptosis-inducing ligand;
Tregs, regulatory T cells; t-SNE, t-distributed stochastic neighbor
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impaired despite the successful clearance of HCV.(13-16)
Nevertheless, some studies suggested that part of the
innate and adaptive immune responses may partially
recover after HCV elimination.(17,18) Subsequently,
there has been a concern that HCV clearance after LT
could increase the risk for rejection through revival of
the impaired immune responses and possible increase
of allo-reactive responses.(19)
Limited data discerning the immune profile of graft
hepatitis C and the subsequent attainment of therapy-
induced SVR on immune responses are available even
though this issue has repeatedly been addressed in the
pretransplant setting. We previously showed that regulatory T cells (Tregs) with an effector memory (EM)
phenotype are enriched in patients with HCV recurrence
after LT (HCV + LT) compared with patients who
received transplants in the absence of HCV infection,
and some Treg phenotypes could differentiate rejection
from graft hepatitis C.(20) However, the impact of a posttransplantation HCV cure on the overall immune compartment has not been addressed. Indeed, no other study
has probed broad immune cell parameters and inflammatory milieu in the context of post-LT antiviral therapy.
The aim of this study was to comprehensively characterize the immune cell compartment and inflammatory milieu after LT in patients receiving DAA therapy.
We set out to identify immune biomarkers that could
lead to further areas of investigation in graft hepatitis
C. Particularly, we aimed to define potential immune
correlates that could possibly lead to a better understanding and treatment/monitoring plan for patients
treated for HCV in the posttransplant setting.

Patients and Methods

PATIENT COHORTS AND SAMPLES

Overall, 49 patients with available peripheral blood
samples (n = 99) at Hannover Medical School were enrolled in this study. This included 25 LT patients who
were HCV-RNA positive (HCV + LT) and undergoing DAA therapy, 14 patients who were HCV-RNA
negative without the recurrence of the underlying liver
disease (non-HCV LT), and 10 healthy individuals.
Patients were recruited between 2013 and 2017.
All patients who received a transplant because of
HCV-related liver disease (HCV + LT) experienced
graft reinfection and received DAA therapy consisting of sofosbuvir + ribavirin, sofosbuvir combined
with either ledipasvir or daclatasvir ± ribavirin, or
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ombitasvir/paritaprevir/ritonavir + dasabuvir, and all
patients achieved SVR following therapy. The combined mean duration of treatment was 4.6 months.
Patients who underwent LT because of end-stage liver
diseases other than HCV infection (non-HCV LT) had
no recurrence of the initial underlying liver diseases.
Healthy volunteers were recruited at the Hannover
Medical School and University Hospital Essen.
All blood samples taken from LT patients were
taken at least 6 months after the date of transplantation. Patients received mainly calcineurin inhibitors
as the backbone immunosuppressant. None of the LT
patients included in this study experienced biopsy-
proven rejection at the time of blood collection and at
follow-up time points.

The baseline characteristics of patients as well as the
clinical parameters of the blood samples are provided
in Table 1.

ISOLATION OF PERIPHERAL
BLOOD MONONUCLEAR CELLS
AND ETHYLENE DIAMINE
TETRAACETIC ACID PLASMA
SAMPLES
Blood samples collected at regular intervals during routine
medical examinations were processed within 24 hours
of collection. For the HCV + LT group, blood samples
were collected at baseline, at the end of treatment, and

TABLE 1. Baseline Characteristics and Clinical Parameters of Patients
Healthy

HCV + LT

SVR-LT

Non-HCV LT

Number

10

25

25

14

Age, median, year

49

60

60

56

Sex, female

5

10

10

HCV GT

—

7
—

GT 1a/b

—

20

20

—

GT 3a/b

—

4

4

—

GT 2a/2C

—

1

1

—

Therapy

—

—

Ledipasvir/sofosbuvir ± ribavirin

—

10

10

—

Ombitasvir/paritaprevir/ritonavir + dasabuvir

—

4

4

—

Sofosbuvir/daclatasvir ± ribavirin

—

9

9

—

Sofosbuvir + ribavirin

—

2

2

—

Duration of treatment, months, mean (SD)

—

4.6 (2.1)

4.6 (2.1)

—

HLA A02 (positive)

4

11

11

—

Median duration after LT in years (range)

—

4.75 (0.6-19.9)

4.75 (0.6-19.9)

4 (1.9-9.7)

HCC before LT

—

14

14

2

Immune suppression

—
—

5

5

6
6

Cyclosporine A + mycophenolate
Tacrolimus + mycophenolate

—

12

12

Cyclosporine A + mycophenolate + prednisolone

—

4

4

2

Tacrolimus + prednisolone+ mycophenolate

—

4

4

—

—

62.5 (16.6)

51.4 (18)

31.5 (32.5)

6.5 (2.7)

4 (1.2)

2.3 (3.4)

—

924 (457)

954 (455)

1202 (438.3)

3.7 (1.4)

3.7 (1.4)

—

—

12.7 (8.0)

9.5 (4.7), n = 24

10.0 (4.4)

Immune suppression level/daily dose
Cyclosporine A level, µg/L, mean (SD)
Tacrolimus level, µg/L, mean (SD)
Mycophenolate daily dose, mg, mean (SD)
Prednisolone daily dose, mg, mean (SD)
Bilirubin, µmol/L, mean (SD)
Alanine aminotransferase, U/L, mean (SD)

—

54.6 (62.6)

22.3 (11.7) n = 24

16.6 (8.0)

Aspartate aminotransferase, U/L, mean (SD)
Platelet, Tsd./µL, mean (SD)

—
—

59.6 (63.6)
158.6 (65.8)

25.5 (11.1), n = 24
170.4 (70.3), n = 24

21.3 (5.7)
188.4 (38.2)

*Blood values and immune suppression levels were measured shortly before treatment and at the SVR time point at the time of blood
collection.
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after attainment of SVR (4 weeks after SVR, n = 4; 8
weeks after SVR, n = 1; 12 weeks after SVR, n = 14; 24
weeks after SVR, n = 4; and 56 weeks after SVR, n = 2).
Peripheral blood mononuclear cells (PBMCs) were isolated with a Ficoll density gradient technique as described
previously.(13) Isolated PBMCs were cryopreserved in
freezing medium consisting of 60% fetal bovine serum,
30% Roswell Park Memorial Institute (RPMI) 1640
medium, and 10% dimethyl sulfoxide and subsequently
stored in liquid nitrogen until further analyses. Paired
plasma samples were collected from ethylene diamine
tetraacetic acid (EDTA) Becton Dickinson vacutainer
tubes (Thermo Fisher Scientific, Waltham, MA) following centrifugation at 2000g for 10 minutes. The isolated plasma samples were stored at −20°C until further
analyses.

MULTIPARAMETRIC FLOW
CYTOMETRY AND IMMUNE
PHENOTYPING OF PBMCs

The staining of the PBMCs with fluorochrome-labeled
monoclonal antibodies and immune phenotyping were
performed as described previously.(21) Dead cells were
excluded with fixable viability dyes. For intracellular
staining, cells were fixed and permeabilized using forkhead box P3/transcription staining buffer set (eBioscience, San Diego, CA). A list of the fluorochrome-labeled
surface and intracellular monoclonal antibodies used
can be found in Supporting Table 1. Samples were
acquired using LSR Fortessa flow cytometer (BD
Biosciences, Franklin Lakes, NJ). Subsequently, the
samples were exported, and the data were analyzed
with FlowJo software versions 9.6 or 10.5.3 using either
conventional gatings or high-dimensional t-distributed
stochastic neighbor embedding (t-SNE). Equal event
numbers were downsampled in the analyzed samples
and concatenated prior to downstream t-SNE analyses
with publicly available FlowJo (Becton, Dickinson and
Company, Ashland, OR) plugins (Table 2).

QUANTIFICATION OF SOLUBLE
INFLAMMATORY MEDIATORS
AND PROTEINS BY PROXIMITY
EXTENSION ANALYSES ASSAY

Simultaneous quantification of 92 human protein biomarkers in plasma were conducted by proximity extension analysis assay (Olink, Uppsala, Sweden).(22)
The assay was performed as per the manufacturer’s
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instructions. Briefly, frozen EDTA plasma samples were
thawed, and 20 µL of each sample was sent to Olink for
Proseek inflammation panel analysis as per the manufacturer’s instructions. A pair of oligonucleotide-labeled
Proseek probes bound to the target protein in the plasma
sample were detected through a proximity-dependent
DNA polymerization event. This complex was subsequently detected and quantified using standard real-time
polymerase chain reaction. The Cq quantitation cycle
values from a DNA extension control were subtracted
from the measurement of Cq value, an interpolate control was corrected for, and finally a correction factor was
subtracted to yield a normalized protein expression value
that is log2 transformed. Finally, 74 proteins were detected above the limit of detection and passed the quality
control (Supporting Table 2). These protein biomarkers
were used for further analyses.

STATISTICAL ANALYSES
Data were analyzed using GraphPad prism V8.4.1
(GraphPad Software, La Jolla, CA). Statistical distribution and normality of samples were evaluated by the
D’Agostino and Pearson test and Kolmogorov-Smirnov
test. For 2-group comparisons, the parametric Student
t test or nonparametric Mann-Whitney U test was performed for samples with normal or without normal distributions, respectively. For comparisons with more than
2 groups, a 1-way analysis of variance (ANOVA) Tukey
multiple comparison test was performed. Principal component analysis (PCA) and heat maps were performed
using Qlucore omics explorer version 3.4.1 (Qlucore,
Lund, Sweden). Q values in PCA were kept at <0.2,
and fold changes in the heat maps were calculated as 2
to the power of the mean differences between the analyzed groups. The statistical test used for each graph is
indicated in the figure legend. In all cases, significance is
shown as *P < 0.05, **P < 0.01, and ***P < 0.001.

ETHICS STATEMENT
This study was a priori approved by the local ethics
committee of Hannover Medical School, Hannover,
Germany. Written informed consent was obtained
from all patients, and the study was conducted in accordance with the 1975 declaration of Helsinki.
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TABLE 2. Changes in Inflammatory Analytes During Antiviral Therapy
P < 0.001
CXCL10

P < 0.01

P < 0.05

IL18R1

CASP-8

IL8

MMP1

CXCL11

CCL20

TNFSF14

CCL25

CCL19

IL18

OPG

CDCP1

ST1A1

SLAMF1

IFNγ

CDCP1

LIF-R

IL10

CXCL1

IL10RB

PD-L1

HGF

FGF-23

4E-BP1

CST5

AXIN1

MCP1

SIRT2

uPA

ADA

Flt3L

EN-RAGE

CXCL5

IL15RA

IL7

CCL3

IL10RA

OSM

CCL23

MCP2

CD8A

TNFB

NT-3

CXCL9

MCP3

CXCL6

MCP4

STAMBP

CCL28

TNFRSF9

DNER

CD244

TWEAK

TGF-α

CCL11

VEGFA

FGF-21

CD40

MMP10

IL12B

FGF-19

TNF

TRANCE

CD6

SCF

Not Significant

Not Significant

LAP TGF-β-1
CX3CL1
CD5
TRAIL
IL17A
CSF-1
IL6
GDNF
CCL4

Results

HCV REINFECTION AFTER LT
DISTINCTLY UPREGULATES
SEVERAL INFLAMMATORY
ANALYTES UNLIKE LT WITHOUT
ACTIVE HCV INFECTION

HCV reinfection in LT patients may largely alter inflammatory mediators and proteins, subsequently influencing the immune response toward the graft and

its survival.(23) In this regard, we compared the inflammatory analytes between patients with repercussions of
HCV infection following liver transplantation (HCV
+ LT) and LT patients who were HCV RNA negative without a recurrence of the underlying liver disease
(non-HCV LT). Interestingly, most of the inflammatory mediators and proteins were differentially expressed
between the HCV + LT and non-HCV LT groups
(Fig. 1A), and both groups distinctly cluster together
in PCA model (Fig. 1B). LT patients with recurrent
HCV infection displayed significant upregulation of
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FIG. 1. Active HCV recurrence mediates the unique alterations in inflammatory analytes after LT. (A) Heat map summarizing 74
inflammatory analytes that display differential expression between HCV + LT (n = 25) and non-HCV LT (n = 14) patients. Markers are
ordered from highest to lowest based on fold-change values in HCV + LT. (B) PCA showing distinct clustering of HCV + LT patients
(blue) and non-HCV LT patients (yellow) based on the differential concentrations of the analyzed inflammatory mediators and proteins.
(C) Significantly upregulated inflammatory mediators and proteins in HCV + LT patients compared with non-HCV LT patients. Values
on the y axis represent the normalized protein expression values. Dashed lines in the violin plots show median values and quartiles.
*P < 0.05, **P < 0.01, and ***P < 0.001 by parametric/nonparametric t test.
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several inflammatory mediators compared with patients
without active HCV infection who received transplants.
Particularly, mediators such as C-X-C motif chemokine 10 (CXCL10), caspase 8 (CASP-8), C-C motif
chemokine 20 (CCL20), CCL19, interferon (IFN) γ,
CDCP1, interleukin (IL) 18R1, CUB domain-containing protein 1 (CDCP1), CCL3, IL8, IL12B, tumor
necrosis factor-beta, CXCL6, osteoprotegerin (OPG),
IL10, Flt3L, hepatocyte growth factor (HGF), urokinase-type plasminogen activator (uPA), neurotrophin-3,
CCL4, IL6, tumornecrosis factor receptor superfamily
member 9, programmed death ligand 1 (PD-L1), IL18,
and monocyte chemotactic protein (MCP) 1 were all
significantly elevated in patients with graft HCV infection compared with those without (Fig. 1C). These data
affirm that a multitude of inflammatory mediators and
proteins are uniquely upregulated on graft hepatitis C
and that this mainly is driven by the active recurrence or
reinfection of HCV rather than the LT alone.

POST-LT HCV CLEARANCE
REDUCES FEW OF THE ELEVATED
INFLAMMATORY MEDIATORS BUT
FALLS SHORT OF NORMALIZING
TO LEVELS SEEN WITHOUT
ACTIVE HCV REINFECTION
In light of our observation that the presence of active
HCV infection is largely influencing the inflammatory
milieu, we further questioned how therapy-induced
elimination of HCV would affect this phenomenon.
Importantly, HCV clearance led to significant reduction of some of the upregulated mediators, including
CXCL10, CASP-8, CCL20, CCL19, CDCP1, IFNγ,
IL-18R1, CXCL11, IL10, and PD-L1 (Fig. 2A,C).
However, the remaining mediators did not display
any significant alterations following HCV clearance
(Fig. 2A,C). We then directed our investigation to see
if the reduced mediators in LT with cleared HCV after
SVR (SVR-LT) could be normalized to the level seen
in LT patients without active HCV infection. Notably,
majority of the reduced mediators following HCV
clearance were still upregulated compared with the
same mediators in non-HCV LT patients (Fig. 2B,C).
Of note, treatment duration had no meaningful effect
on the findings (data not shown). In sum, despite the
fact that HCV clearance leads to a reduction in some of
the upregulated mediators during graft HCV, the virus

clearance still falls short to normalize these mediators to
what would be seen in the absence of HCV recurrence.

DISTINCT ALTERATIONS OF
MYELOID AND LYMPHOID
IMMUNE CELL SUBSETS ON HCV
REINFECTION AFTER LT
Following our observation that active HCV infection
leads to significant alterations in inflammatory mediators and proteins, we further investigated how this influences peripheral immune cell subsets in the same group
of patients. To address this, we employed broad multiparametric flow cytometry panels, and the obtained data
were analyzed by conventional gatings (Supporting Fig.
1) as well as t-SNE. We observed a significant enrichment of classic monocytes, myeloid-derived dendritic
cells (mDC), and EM clusters of differentiation (CD)
4+ and CD8+ T cells in HCV + LT patients compared
with healthy controls (Fig. 3A,B). Meanwhile, mucosal-
associated invariant T cells (MAITs), γδ T cells, Tregs,
B cells, and naïve CD4+ and CD8+ T cells were significantly reduced in HCV + LT patients compared with
healthy controls (Fig. 3A-C). There was no difference
in the detailed phenotypes of Tregs and natural killer
(NK) cells as well as other immune cell subsets (data
not shown). Surprisingly, unlike the broad alterations
seen in inflammatory analytes between the HCV +
LT and non-HCV LT groups, only minor changes were
observed when we compared peripheral immune cell
subsets between LT patients with or without HCV infection. Here, the HCV + LT group showed a reduced
frequency of MAITs and increased nonclassical monocytes, whereas all other immune cells did not show a
significant difference between the HCV + LT and non-
HCV LT groups (Fig. 3D). Collectively, these data indicate that HCV reinfection after LT is not only associated
with alterations in inflammatory milieu but also distinct
alterations in peripheral immune cell subsets.

THERAPY-INDUCED CLEARANCE
OF HCV AFTER LT DOES
NOT SIGNIFICANTLY ALTER
FREQUENCY OF BOTH THE
INNATE AND ADAPTIVE IMMUNE
CELLS
We finally asked if therapy-induced elimination of
HCV after LT would lead to a reversion of the frequency

Original Article

|

893

Aregay et al.

Liver Transplantation, June 2021

FIG. 2. HCV clearance after LT does not normalize the altered inflammatory analytes to the levels seen without active HCV recurrence.
(A) Summary of inflammatory analytes that showed significant and nonsignificant alterations in patients who achieved therapy-induced
SVR after LT (SVR-LT). (B) Heat map displaying differential expressions of all the analyzed markers in HCV + LT patients after
SVR-LT compared with non-HCV LT patients. Markers are ordered from highest to lowest based on fold-change values in SVR-LT.
(C) Representative expression levels of significantly and nonsignificantly reduced inflammatory analytes in HCV + LT and SVR-LT
compared with the concentration of the same mediators in non-HCV LT patients. Values on the y axis represent the normalized protein
expression values. *P < 0.05, **P < 0.01, and ***P < 0.001 by 1-way ANOVA with the Dunnett or Tukey multiple comparison test.
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FIG. 3. Post-LT HCV recurrence leads to distinct alterations of both innate and adaptive immune cell subsets. Frequencies of peripheral
immune cell subsets of the total CD45+ live leukocytes were identified by conventional gating. (A) Distribution (mean ± SEM) of
the frequencies of the depicted immune cell subsets between HCV + LT patients (n = 18) and healthy individuals (n = 10). The y axis
denotes log (10) fold-change frequencies for the indicated immune cell subsets. (B) Significantly altered immune cell subsets between
HCV + LT patients and healthy individuals. (C) The t-SNE analyses on 10,000 live CD45+ downsampled cells were performed for the
indicated cell types between HCV + LT patients and healthy individuals. Residual t-SNE plot showing the differences in immune cell
composition in HCV + LT patients and healthy individuals (left) and t-SNE plot depicting the indicated immune cell subsets (right)
are shown. (D) Comparison of the frequencies of the indicated immune cell subsets between HCV + LT (n = 18) and non-HCV LT
(n = 14). Horizontal bars represent mean and SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 by parametric/nonparametric t test and 1-
way ANOVA.
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FIG. 4. Therapy-induced clearance of HCV following LT does not significantly alter frequencies of both the innate and adaptive immune
cells. (A) Spider plot summarizing the changes in frequencies of the analyzed immune cell subsets and their phenotypes during therapy-
induced HCV clearance. Values indicated are relative frequencies of each immune cell adjusted to therapy start. (B) Comparison of the
indicated immune cell subsets before and at follow-up after HCV clearance. Horizontal bars represent mean and SEM.

of some of the altered peripheral immune cell subsets.
This is important because the possible resurrection of
some of the immune cells after HCV clearance might
well bear the risk of inducing unwanted outcomes including rejection episodes in the long run. Importantly,
none of the altered immune cells in the HCV + LT
patients were significantly reconstituted despite achieving therapy-induced SVR (Fig. 4A,B). Indeed, some
of the immune cells showed a pattern to be decreasing
or increasing after HCV clearance, but none reached a
significance level (Fig. 4B). In summary, we report that
HCV reinfection after LT leads to distinct alterations
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in the peripheral immune cell subsets as well as the inflammatory milieu that remain largely irreversible.

Discussion

In this study, we discerned upon the impact post-LT
HCV reinfection and the clearance thereof has on immune responses and the inflammatory milieu. We identified possible immune biomarkers that could lead to
further areas of investigation and aid in the better planning of treatment of HCV in the posttransplant setting.
The data set presented here is robust, representing the
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broadest immunological study, to our knowledge, performed on LT patients with HCV reinfection during
antiviral therapy with properly defined controls. We
hereby unveil that (1) HCV reinfection after LT drives
distinct and broad alterations in inflammatory milieu
as well as subsequent shifts in peripheral immune cell
subsets, (2) these alterations are mainly mediated by
infection with HCV rather than the LT itself, and (3)
therapy-mediated clearance of HCV after LT does not
normalize the altered inflammatory analytes nor does it
reconstitute the altered peripheral immune cell subsets.
The initial and not trivial observation was that,
upon the screening of 74 mediators, a multitude of
inflammatory mediators and proteins are uniquely
altered in the post-LT setting and active HCV reinfection. We show that the observed alterations are mainly
driven by the active presence of HCV after LT instead
of the LT itself. It is worth mentioning that beyond
the recruitment of immune cells, inflammatory mediators including cytokines and chemokines play major
roles in the natural history of HCV infection and may
serve as prognostic markers for the rapid progression
of fibrosis after LT.(24,25) This might be the case in our
study for the family of chemokines such as the C-C
motif (ie, CCL20, CCL19, CCL3, CCL2 [MCP-1],
CCL4, CCL25) and C-X-C motif (such as CXCL10,
CXCL11, CXCL6, CXCL9, CX3CL1) chemokines
as these might be associated with a bad prognosis of
the graft. For instance, CXCL10 (IFN inducible
protein-10) has been repeatedly implicated in HCV-
induced severe liver fibrosis in both nonimmunosuppressed(14,26-29) and immunosuppressed patients.(24) In
addition, a family of chemokine and cytokine receptors
that were upregulated in the HCV + LT patients in
our study were also implicated with a bad prognosis of
the liver after HCV infection.(30) Of note, some of the
altered inflammatory mediators may also have direct
proviral effects for HCV recurrence and could serve as
potential therapeutic targets as described previously.(31)
Other proteins such as OPG and urokinase-type plasminogen activator (uPA) that we showed to be altered
in the HCV + LT patients might also serve as biomarkers for predicting the severity of liver disease as
reported previously in the pretransplant setting.(32,33)
Importantly, 1 mediator that was uniquely upregulated in the HCV + LT patients compared with all
other controls was CASP-8, a proapoptotic protein that
may induce apoptosis of the infected hepatocytes. Of
note, apoptosis of hepatocytes is 1 of the ways of leading to liver cirrhosis, and HCV proteins could directly
be involved in apoptosis.(34) In the context of LT,

immunosuppression may facilitate the HCV-mediated
apoptosis of hepatocytes and the subsequent liver fibrosis by impairing the immune control of HCV.(35)
Most of the inflammatory mediators are known to
recruit innate and adaptive immune cells expressing
receptors for the ligands on these mediators. The cellular interactions between immune effector cells, monocytes, dendritic cells (DCs), and hepatic stellate cells
combined with soluble immune mediators are believed
to determine the outcome of liver injury and the development of liver fibrosis.(36) We observed a distinct
enrichment of classical and CD16+ monocytes as well
as mDCs in the HCV + LT patients. Meanwhile, a
reciprocal significant reduction in MAITs, Tregs, B
cells, and γδ T cells was observed in this study. We
previously showed that immune suppressants such
as cyclosporine could impact the phenotype of DC
subsets,(37) and DCs may act as regulatory cells after
organ transplantation through IL10 secretion and chemotaxis.(38) Classical monocytes were also previously
shown to be rapidly recruited during LT, possibly
through MCP1.(39) In addition, the observed simultaneous upregulation of macrophage or DC attractants
such as myeloid progenitor inhibitory factor 1 and
MCP2 further corroborate the distinct enrichments of
monocyte and DC subsets in the HCV + LT patients.
The overall reduction in MAITs, Tregs, B cells, and
γδ T cells in the HCV + LT patients could be associated with immune suppression(38,40) or the impact
of HCV infection as described previously.(15,16,41,42)
The reduced frequency of Tregs in the circulation of
HCV + LT patients in this study might be attributed
to a reciprocal infiltration of liver resident Tregs.(43-47)
Our group has previously demonstrated that Treg
phenotypes such as the expression of human leukocyte antigen – DR isotope may differentiate rejection
from recurrent HCV infection.(20) However, we could
not study this further in this study because none of the
patients experienced biopsy-proven rejection episodes.
There has been a concern that a possible restoration
of some of the immune cells after HCV clearance could
also bear the risk of inducing unwanted sequelae, including rejection episodes in the long run.(9,10,48) There is
limited literature that addresses the repercussions of
HCV elimination on immune response in the posttransplantation setting. Importantly, we showed for the first
time in this study that the therapy-induced clearance of
HCV after LT does not significantly normalize a larger
fraction of the altered inflammatory analytes in HCV
+ LT patients. Nonetheless, few of the upregulated
mediators (such as IL10, CXCL11, and PD-L1) were
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significantly restored despite majority of the mediators
were not normalized to what would be seen in patients
who received transplants without HCV recurrence.
These findings were not correlated with patients’ human
leukocyte antigen (HLA) A02 status or HCV genotype
(GT; data not shown). In a similar manner, the clearance
of HCV did not lead to significant reconstitutions of the
analyzed peripheral immune cell subsets. Previously our
group also reported the lack of restoration of the adaptive and innate arms of immune responses following
HCV clearance in patients who did not receive transplants.(13-16) These observations are in line with the clinical observation that a cure of HCV after transplantation
did not trigger rejection episodes in many patients.
Of note, in addition to HCV infection, some residual
inflammation attributed to other viral infections, level
of immunosuppression, marked liver fibrosis as well as
additional comorbidities could also influence the level
of inflammatory analytes observed. It is worth mentioning that none of the patients included in this study
experienced additional viral infections such as cytomegalovirus, hepatitis E virus, or Epstein-Barr virus infection during the study period. Serum levels of individual
immune suppressants did not differ significantly between
patient groups. However, it needs to be mentioned that
the HCV + LT patients experienced some additional
comorbidities during the study period, including type 2
diabetes mellitus, chronic kidney disease, and ischemic
type biliary lesions. The possible impact (or the lack
thereof ) of some of these comorbidities on the observed
findings is not to be ruled out. Furthermore, the presence of marked liver fibrosis before or after HCV therapy might have influenced the inflammatory milieu.
Unfortunately, in most of the HCV + LT patients, standardized biopsy or elastography data were not available,
and we could not clearly delineate liver stiffness.
This study has obvious strengths and limitations. It
is the broadest study conducted thus far in LT patients
with recurrent HCV and in the context of novel antiviral
therapies. Quite a broad array of immunological readouts
were investigated. However, we acknowledge that the
number of investigated patients within each subgroup
was limited and patient groups were heterogeneous,
although the overall numbers of patients investigated
were extensive. We also acknowledge that we could not
analyze patients who were chronically HCV infected
before transplant and achieved SVR but still required
LT as a result of end-stage liver diseases. We did not
investigate virus-specific CD8+ T cells and their functionalities in this study because of the limited numbers
of cells obtained. Longitudinal follow-up studies should
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aid in understanding how the altered immune mediators
would be associated with the graft prognosis in the long
run. Analyses of liver biopsies should follow this study
because the relative abundance of the assessed peripheral
immune cells might well differ inside the liver.
In summary, we comprehensively probed the
immune cell compartment and inflammatory milieu in
LT patients with HCV reinfection under antiviral therapy. We identified the potential immune correlates that
could trigger additional areas of investigation and aid
in the better planning of treatment for HCV infection
in the posttransplant setting. Importantly, we unveil a
first-hand investigation that imprints of graft hepatitis C on immune cell distributions and inflammatory
milieu persist despite achieving therapy-induced SVR.

REFERENCES
1) Brown RS. Hepatitis C and liver transplantation. Nature 2005;436:
973-978.
2) Ciesek S, Wedemeyer H. Immunosuppression, liver injury and
post-transplant HCV recurrence. J Viral Hepat 2012;19:1-8.
3) Bhamidimarri KR, Satapathy SK, Martin P. Hepatitis C
virus and liver transplantation. Gastroenterol Hepatol (N Y)
2017;13:214-220.
4) Forman LM, Lewis JD, Berlin JA, Feldman HI, Lucey MR. The
association between hepatitis C infection and survival after orthotopic liver transplantation. Gastroenterology 2002;122:889-896.
5) Firpi RJ, Clark V, Soldevila-Pico C, Morelli G, Cabrera R, Levy
C, et al. The natural history of hepatitis C cirrhosis after liver
transplantation. Liver Transpl 2009;15:1063-1071.
6) Ciesek S, Proske V, Otto B, Pischke S, Costa R, Luthgehetmann
M, et al. Efficacy and safety of sofosbuvir/ledipasvir for the treatment of patients with hepatitis C virus re-infection after liver
transplantation. Transpl Infect Dis 2016;18:326-332.
7) Crespo G, Trota N, Londoño MC, Mauro E, Baliellas C, Castells
L, et al. The efficacy of direct anti-HCV drugs improves early
post-liver transplant survival and induces significant changes in
waiting list composition. J Hepatol 2018;69:11-17.
8) Belli LS, Perricone G, Adam R, Cortesi PA, Strazzabosco M,
Facchetti R, et al. Impact of DAAs on liver transplantation: major
effects on the evolution of indications and results. An ELITA
study based on the ELTR registry. J Hepatol 2018;69:810-817.
9) Saxena V, Khungar V, Verna EC, Levitsky J, Brown RS, Jr., Hassan
MA, et al. Safety and efficacy of current direct-acting antiviral regimens in kidney and liver transplant recipients with hepatitis C: results
from the HCV-TARGET study. Hepatology 2017;66:1090-1101.
10) Brown RS, Jr., O’Leary JG, Reddy KR, Kuo A, Morelli GJ, Burton
JR, Jr., et al. Interferon-free therapy for genotype 1 hepatitis C in liver
transplant recipients: real-world experience from the hepatitis C therapeutic registry and research network. Liver Transpl 2016;22:24-33.
11) Whitcomb E, Choi WT, Jerome KR, Cook L, Landis C, Ahn
J, et al. Biopsy specimens from allograft liver contain histologic
features of hepatitis C virus infection after virus eradication. Clin
Gastroenterol Hepatol 2017;15:1279-1285.
12) Rehermann B, Thimme R. Insights from antiviral therapy
into immune responses to hepatitis B and C virus infection.
Gastroenterology 2019;156:369-383.
13) Aregay A, Owusu Sekyere S, Deterding K, Port K, Dietz J,
Berkowski C, et al. Elimination of hepatitis C virus has limited

Liver Transplantation, Vol. 27, No. 6, 2021Aregay et al.

14)

15)

16)

17)
18)

19)

20)
21)

22)

23)

24)

25)
26)

27)

28)

29)

30)

impact on the functional and mitochondrial impairment of HCV-
specific CD8+ T cell responses. J Hepatol 2019;71:889-899.
Hengst J, Falk CS, Schlaphoff V, Deterding K, Manns MP, Cornberg
M, et al. Direct-acting antiviral-induced hepatitis C virus clearance
does not completely restore the altered cytokine and chemokine milieu
in patients with chronic hepatitis C. J Infect Dis 2016;214:1965-1974.
Hengst J, Strunz B, Deterding K, Ljunggren HG, Leeansyah E,
Manns MP, et al. Nonreversible MAIT cell-dysfunction in chronic
hepatitis C virus infection despite successful interferon-free therapy. Eur J Immunol 2016;46:2204-2210.
Strunz B, Hengst J, Deterding K, Manns MP, Cornberg M,
Ljunggren HG, et al. Chronic hepatitis C virus infection irreversibly impacts human natural killer cell repertoire diversity. Nat
Commun 2018;9:2275.
Martin B, Hennecke N, Lohmann V, Kayser A, Neumann-
Haefelin C, Kukolj G, et al. Restoration of HCV-specific CD8+ T
cell function by interferon-free therapy. J Hepatol 2014;61:538-543.
Holmes JA, Carlton-Smith C, Kim AY, Dumas EO, Brown J,
Gustafson JL, et al. Dynamic changes in innate immune responses
during direct-acting antiviral therapy for HCV infection. J Viral
Hepat 2019;26:362-372.
Bohne F, Londoño MC, Benítez C, Miquel R, Martínez-Llordella
M, Russo C, et al. HCV-induced immune responses influence the
development of operational tolerance after liver transplantation in
humans. Sci Transl Med 2014;6:242ra81.
Gronert Alvarez A, Fytili P, Suneetha PV, Kraft AR, Brauner C,
Schlue J, et al. Comprehensive phenotyping of regulatory T cells
after liver transplantation. Liver Transpl 2015;21:381-395.
Aregay A, Dirks M, Schlaphoff V, Owusu Sekyere S, Haag K, Falk
CS, et al. Systemic inflammation and immune cell phenotypes
are associated with neuro-psychiatric symptoms in patients with
chronic inflammatory liver diseases. Liver Int 2018;38:2317-2328.
Assarsson E, Lundberg M, Holmquist G, Bjorkesten J, Thorsen
SB, Ekman D, et al. Homogenous 96-plex PEA immunoassay exhibiting high sensitivity, specificity, and excellent scalability. PLoS
One 2014;9:e95192.
Owusu Sekyere S, Suneetha PV, Hardtke S, Falk CS, Hengst J,
Manns MP, et al. Type I interferon elevates co-regulatory receptor
expression on CMV- and EBV-specific CD8 T cells in chronic
hepatitis C. Front Immunol 2015;6:270.
Berres ML, Trautwein C, Schmeding M, Eurich D, Tacke F,
Bahra M, et al. Serum chemokine CXC ligand 10 (CXCL10) predicts fibrosis progression after liver transplantation for hepatitis C
infection. Hepatology 2011;53:596-603.
Vionnet J, Sánchez-Fueyo A. Biomarkers of immune tolerance in
liver transplantation. Hum Immunol 2018;79:388-394.
Zeremski M, Dimova R, Astemborski J, Thomas DL, Talal AH.
CXCL9 and CXCL10 chemokines as predictors of liver fibrosis in
a cohort of primarily African-American injection drug users with
chronic hepatitis C. J Infect Dis 2011;204:832-836.
Wasmuth HE, Lammert F, Zaldivar MM, Weiskirchen
R, Hellerbrand C, Scholten D, et al. Antifibrotic effects of
CXCL9 and its receptor CXCR3 in livers of mice and humans.
Gastroenterology 2009;137:309-319, 19.e1-3.
Zeremski M, Dimova R, Brown Q, Jacobson IM, Markatou M,
Talal AH. Peripheral CXCR3-associated chemokines as biomarkers of fibrosis in chronic hepatitis C virus infection. J Infect Dis
2009;200:1774-1780.
Romero AI, Lagging M, Westin J, Dhillon AP, Dustin LB,
Pawlotsky JM, et al. Interferon (IFN)-gamma-inducible protein-10:
association with histological results, viral kinetics, and outcome
during treatment with pegylated IFN-alpha 2a and ribavirin for
chronic hepatitis C virus infection. J Infect Dis 2006;194:895-903.
Friedman BH, Wolf JH, Wang L, Putt ME, Shaked A, Christie
JD, et al. Serum cytokine profiles associated with early allograft

31)

32)
33)

34)
35)

36)
37)
38)
39)
40)

41)
42)

43)

44)
45)
46)

47)
48)

dysfunction in patients undergoing liver transplantation. Liver
Transpl 2012;18:166-176.
Van ND, Falk CS, Sandmann L, Vondran FW, Helfritz F,
Wedemeyer H, et al. Modulation of HCV reinfection after orthotopic liver transplantation by fibroblast growth factor-2 and other
non-interferon mediators. Gut 2016;65:1015-1023.
Fábrega E, Orive A, García-Suarez C, García-Unzueta M,
Antonio Amado J, Pons-Romero F. Osteoprotegerin and RANKL
in alcoholic liver cirrhosis. Liver Int 2005;25:305-310.
Lupberger J, Croonenborghs T, Roca Suarez AA, Van Renne N,
Jühling F, Oudot MA, et al. Combined analysis of metabolomes,
proteomes, and transcriptomes of hepatitis C virus-infected cells
and liver to identify pathways associated with disease development.
Gastroenterology 2019;157:537-551.e9.
Silberstein E, Ulitzky L, Lima LA, Cehan N, Teixeira-Carvalho
A, Roingeard P, et al. HCV-mediated apoptosis of hepatocytes in
culture and viral pathogenesis. PLoS One 2016;11:e0155708.
Lim EJ, Chin R, Nachbur U, Silke J, Jia Z, Angus PW, et al.
Hepatitis C-induced hepatocyte apoptosis following liver transplantation is enhanced by immunosuppressive agents. J Viral
Hepat 2016;23:730-743.
Pellicoro A, Ramachandran P, Iredale JP, Fallowfield JA. Liver fibrosis and repair: immune regulation of wound healing in a solid
organ. Nat Rev Immunol 2014;14:181-194.
Ciesek S, Ringe BP, Strassburg CP, Klempnauer J, Manns MP,
Wedemeyer H, et al. Effects of cyclosporine on human dendritic
cell subsets. Transplant Proc 2005;37:20-24.
Huang H, Lu Y, Zhou T, Gu G, Xia Q. Innate immune cells
in immune tolerance after liver transplantation. Front Immunol
2018;9:2401.
Robertson F, Male V, Wright G, Fuller B, Davidson B.
Recruitment of inflammatory monocytes after liver transplantation
and correlation with clinical outcome. Lancet 2017;389:S84.
Renand A, Habes S, Mosnier JF, Auble H, Judor JP, Vince N,
et al. Immune alterations in patients with type 1 autoimmune
hepatitis persist upon standard immunosuppressive treatment.
Hepatol Commun 2018;2:968-981.
Collister M, Ellison C, Li Q, Minuk GY, Rempel JD, Kung SK.
The influence of hepatitis C viral loads on natural killer cell function. Gastroenterol Res 2019;12:8-15.
Eberhard JM, Kummer S, Hartjen P, Hufner A, Diedrich T,
Degen O, et al. Reduced CD161(+) MAIT cell frequencies in
HCV and HIV/HCV co-infection: is the liver the heart of the
matter? J Hepatol 2016;65:1261-1263.
Taubert R, Danger R, Londoño MC, Christakoudi S, Martinez-
Picola M, Rimola A, et al. Hepatic infiltrates in operational
tolerant patients after liver transplantation show enrichment of
regulatory T cells before proinflammatory genes are downregulated. Am J Transplant 2016;16:1285-1293.
Whitehouse GP, Hope A, Sanchez-Fueyo A. Regulatory T-cell
therapy in liver transplantation. Transpl Int 2017;30:776-784.
Taubert R, Pischke S, Schlue J, Wedemeyer H, Noyan F, Heim A,
et al. Enrichment of regulatory T cells in acutely rejected human
liver allografts. Am J Transplant 2012;12:3425-3436.
Baumann AK, Schlue J, Noyan F, Hardtke-Wolenski M, Lehner
F, Barg-Hock H, et al. Preferential accumulation of T helper cells
but not cytotoxic T cells characterizes benign subclinical rejection
of human liver allografts. Liver Transpl 2016;22:943-955.
He Q, Fan H, Li JQ, Qi HZ. Decreased circulating
CD4+CD25highFoxp3+ T cells during acute rejection in liver
transplant patients. Transplant Proc 2011;43:1696-1700.
Yosry A, Gamal Eldeen H, Medhat E, Mehrez M, Zayed N,
Elakel W, et al. Efficacy and safety of sofosbuvir-based therapy in
hepatitis C virus recurrence post living donor liver transplant: a real
life Egyptian experience. J Med Virol 2019;91:668-676.

Original Article

|

899

