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Abstract 

Background About 25% of patients with acute hepatitis C virus (HCV) infection show spontaneous clearance 
within the first six months of infection but may remain at risk of inflammaging, aging, and liver and non‑liver disease 
complications. This study evaluated the differences in the plasma levels of immune checkpoints (ICs) and senescence‑
associated secretory phenotype (SASP) biomarkers between patients who had spontaneously eliminated HCV infec‑
tion (SC group) and individuals without evidence of HCV infection (C group).

Methods We performed a multicenter retrospective study of 56 individuals: 32 in the SC and 24 in the C groups. ICs 
and SASP proteins were analyzed using a Luminex 200TM analyzer. The statistical analysis used Generalized Linear 
Models with gamma distribution (log‑link) adjusted by significant variables and sex.

Results 13 ICs (BTLA, CD137(4‑1BB), CD27, CD28, CD80, GITR, HVEM, IDO, LAG‑3, PD‑1, PD‑L1, PD‑L2, and TIM‑3) 
and 13 SASP proteins (EGF, Eotaxin, IL‑1alpha, IL‑1RA, IL‑8, IL‑13, IL‑18, IP‑10, SDF‑1alpha, HGF, beta‑NGF, PLGF‑1, 
and SCF) were significantly higher in SC group after approximately more than two years of HCV clearance. After strati‑
fying by sex, differences remained significant for males, which showed higher levels for 13 ICs and 4 SASP proteins 
in SC. While only PD‑L2 was significantly higher in SC women, and no differences in SASP were found.

Conclusions Higher plasma levels of different IC and SASP proteins were found in individuals after more than two 
years of HCV clearance, mainly in men. Alterations in these molecules might be associated with an increased risk 
of developing liver and non‑hepatic diseases.
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Background
Hepatitis C virus (HCV) infection is a major global 
health issue, being a risk factor for liver fibrosis, cirrho-
sis, hepatic decompensation, hepatocellular carcinoma 
(HCC), and death [1]. About 25% of individuals show 
spontaneous clearance (SC) during acute HCV infection 
within the first six months [2]. Factors associated with 
higher HCV spontaneous resolution rates are known, 
such as some host and viral factors, including interleukin 
(IL) 28 CC genotype [2], young age [3], female sex [4], and 
HCV genotype 1 [2], among others. However, the risk of 
inflammation-induced aging (inflammaging), aging, and 
disease complications related to HCV infection after SC 
has not been thoroughly investigated. Knowledge of HCV 
clearance is limited due to the typically asymptomatic 
nature of the initial infection and the highly marginalized 
nature of specific at-risk populations, such as intravenous 
drug users. This circumstance results in a limited number 
of studies in people who have experienced SC, due to the 
small number of cases identified. Studying the HCV foot-
print in patients after SC will improve knowledge of the 
sequelae of an acute HCV infection in hosts and deter-
mine if these individuals require closer monitoring after 
HCV clearance.

Both acute and chronic HCV infections induce ROS 
generation, DNA damage, telomere shortening, epige-
netic modifications of DNA and histones, upregulation of 
several immune checkpoint (IC) proteins, and induction 
of senescence-associated secretory phenotype (SASP) 
[5, 6]. The upregulation of several IC proteins can drive 
effector immune T cells into a state known as “exhaus-
tion” [6, 7]. This state is characterized by sustained 
expression of ICs, reduced T cell effector function, and 
poor recall responses, leading to limited HCV clear-
ance, the persistence of HCV, and disease progression 
related to hepatitis C. In addition, this “exhaustion” can 
itself drive immune-related adverse events (irAEs), which 
have proven to be difficult to predict, both in severity and 
timing [8, 9]. In regards to SASP, it is characterized by 
sustained expression of a combination of inflammatory 
factors such as several ILs, proteases, and growth factors, 
among others, [10] leading to the development of long-
term sequelae such as chronic autoimmune disorders 
and cancers [5, 11]. However, there are no previous stud-
ies describing the long-term impact on the IC and SASP 
proteins in patients who spontaneously cleared HCV 
infection in the past.

This study evaluated the differences in IC and SASP 
biomarkers plasma levels between patients who had 
spontaneously eliminated HCV infection more than two 
years previously and a control group with no evidence of 
prior HCV infection.

Results
Patient characteristics
Characteristics of the 56 individuals stratified by pre-
vious HCV infection status (SC and C groups) are pre-
sented in Table  1. The median age was 53, 48.2% were 
males (biological sex and gender were coincident in all 
individuals), and BMI was 25.3 kg/m2, with no significant 
differences between the groups, although we lack com-
plete clinical information for all individuals. Regarding 
the  IFN-λ4  genotype  (rs12979860), 58.2% of individuals 
showed a favorable CC genotype. The SC group showed 
significantly higher values of AST (p-value = 0.004), 
ALT (p-value = 0.011), FIB4 (p-value = 0.001), and APRI 
(p-value = 0.001) indexes (Table  1). The median time 
since HCV clearance was three years. The characteris-
tics of men (n = 27) and women (n = 29) are displayed in 
Table 2. No statistically significant differences were found 
for age, BMI, and IFN-λ4 genotype (rs12979860) for both 
male and female individuals. Regarding liver and meta-
bolic markers, the SC group showed significantly higher 
FIB4 and APRI indices values for both males and females. 
AST was also significantly higher in the SC male group.

The biochemical characteristics of the SC and C groups 
are shown in Additional file 1. Biochemical data was also 
stratified by sex.

ICs biomarkers comparison between SC and C groups
Adjusted GLM models showed significantly higher levels 
of 13 ICs proteins in the SC group compared to C group 
(Fig.  1A; full description in Additional file  2): BTLA 
(aAMR = 1.35; q = 0.004), CD137(4-1BB) (aAMR = 1.46; 
q = 0.002), CD27 (aAMR = 1.44; q = 0.022), CD28 
(aAMR = 1.39; q = 0.048), CD80 (aAMR = 1.47; q = 0.007), 
GITR (aAMR = 1.55; q = 0.003), HVEM (aAMR = 1.38; 
q = 0.003) IDO (aAMR = 1.47; q = 0.006), LAG-3 
(aAMR = 1.44; q = 0.019), PD-1 (aAMR = 1.46; q = 0.004), 
PD-L1 (aAMR = 1.36; q = 0.024), PD-L2 (aAMR = 1.82; 
q < 0.001), and TIM-3 (aAMR = 1.49; q = 0.003).

After stratifying by sex, adjusted GLM models for 
males showed significantly higher levels of 13 IC pro-
teins in the SC group compared to the C group (Fig. 1B; 
full description in Additional file  3), 11 of which were 
common with the comparison of all groups: BTLA 
(q = 0.014), CD137(4-1BB) (q = 0.017), CD80 (q = 0.031), 
GITR (q = 0.014), HVEM (q = 0.018) IDO (q = 0.014), 
LAG-3 (q = 0.014), PD-1 (q = 0.014), PD-L1 (q = 0.032), 
PD-L2 (q = 0.014), TIM-3 (q = 0.059); and two of them, 
were only significant for the male comparison: arginase 
(q = 0.097), and Siglec-9 (q = 0.014). For females, only 
PD-L2 (q < 0.001) showed significantly higher levels in the 
SC group compared to the C group (Fig. 1C; full descrip-
tion in Additional file 4).
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SASP biomarkers comparison between SC and C groups
Adjusted GLM models showed significantly higher lev-
els of 13 SASP proteins in the SC group compared to the 
C group (Fig. 2A; full description in Additional file 5): 
EGF (aAMR = 1.29; q = 0.063), eotaxin (aAMR = 1.58; 
q = 0.063), IL-1alpha (aAMR = 1.22; q = 0.081), IL-1RA 
(aAMR = 1.29; q = 0.060), IL-8 (aAMR = 1.17; q = 0.081), 
IL-13 (aAMR = 1.24; q = 0.063), IL-18 (aAMR = 1.45; 
q = 0.060) IP-10 (aAMR = 1.50; q = 0.063), SDF-
1alpha (aAMR = 1.24; q = 0.060), HGF (aAMR = 1.29; 

q = 0.060), beta-NGF (aAMR = 1.14; q = 0.060), PLGF-1 
(aAMR = 1.40; q = 0.060), and SCF (aAMR = 1.31; 
q = 0.060).

After stratifying by sex, adjusted GLM models for 
males showed significantly higher levels of four SASP 
proteins in the SC group compared to the C group 
(Fig.  2B; full description in Additional file  6): IFN-
gamma (q = 0.087), IL-18 (q = 0.028), IP-10 (q = 0.087), 
and SCF (q = 0.044). Except for IFN-gamma, the rest 
of the SASP proteins were also significant in all indi-
viduals. For females, no significant differences in 

Table 1 Clinical and epidemiological characteristics of 56 individuals stratified by HCV infection status

Statistics: The values are expressed as the absolute number (percentage) and median (interquartile range). p‑values were calculated by the Chi‑square test and the 
Mann–Whitney U test

Abbreviations: ALT alanine transaminase, APRI AST to platelet ratio index, AST aspartate transaminase, BMI body mass index, C control, FIB4 fibrosis‑4 index, GGT  
gamma‑glutamyl transferase, HOMA IR homeostatic model assessment for insulin resistance, METS IR metabolic score for insulin resistance, SC spontaneous clearance, 
TyG triglyceride glucose index

All SC C p

No 56 32 (57.1%) 24 (42.9%)

Age (years) 53 (47–59) 55 (47–60) 51 (47–58) 0.289

Sex (male) 27 (48.2%) 16 (50.0%) 11 (45.8%) 0.969

BMI (kg/m2) (n = 34) 25.3 (22.8–28.0) 25.0 (23.2–27.5) 25.3 (22.5–28.4) 0.985

Smoker (n = 22) –

 Never – – 11 (50.0%)

 Previous (> 6 months) – – 7 (31.8%)

 Current – – 4 (18.2%)

Route of transmission (n = 9) –

 Intravenous drug user – 6 (66.7%) –

 Medical and Aesthetic procedures – 2 (22.2%) –

 Work accident – 1 (11.1%) –

Time from clearance (years) (n = 23) – 3.0 (2.0–11.5) – –

IFN-λ4 genotype (rs12979860) (n = 55) 0.802

 CC 32 (58.2%) 19 (61.3%) 13 (54.2%)

 CT 18 (32.7%) 9 (29.0%) 9 (37.5%)

 TT 5 (9.1%) 3 (9.7%) 2 (8.3%)

Stage of liver fibrosis (n = 9) –

 F0 – 1 (11.1%) –

 F1 – 7 (77.8%) –

 F2 – 1 (11.1%) –

 F3 – 0 (0.0%) –

 F4 – 0 (0.0%) –

Liver markers
 FIB4 (n = 46) 1.2 (1.0–1.5) 1.4 (1.2–2.0) 1.0 (0.8–1.2) 0.001
 APRI (n = 48) 0.3 (0.2–0.4) 0.3 (0.3–0.4) 0.2 (0.2–0.3) 0.001
 AST (mg/dL) (n = 54) 21.0 (16.3–29.5) 24.0 (18.5–36.5) 19.0 (15.0–21.0) 0.004
 ALT (mg/dL) (n = 54) 19.5 (15.0–31.8) 25.5 (17.8–34.5) 15.0 (13.0–21.8) 0.011
 GGT (mg/dL) (n = 53) 22.0 (14.0–39.0) 24.0 (16.0–56.0) 21.0 (13.3–30.3) 0.138

Metabolic syndrome markers
 TyG (n = 46) 8.3 (8.1–8.7) 8.4 (8.2–8.7) 8.3 (8.0–8.7) 0.542

 METS IR (n = 32) 33.1 (27.9–41.2) 32.8 (29.2–36.1) 33.4 (27.8–42.2) 0.742
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SASP levels were found between the SC and C groups 
(Fig. 2C; full description in Additional file 7).

Figure  3 summarizes the comparison groups and 
the significant results obtained for the GLM statistical 
analysis of IC and SASP proteins.

ICs and SASP biomarkers comparison between males 
and females within SC and C groups
For both SC and C groups, adjusted GLM models showed 
a trend to lower ICs levels in males compared to females, 

but no significant differences were found for the SC 
group; E-Cadherin (aAMR = 0.44; q-value = 0.005) and 
Siglec-9 (aAMR = 0.48; q = 0.005) were significant for C 
group (Additional file 8). For SASP proteins, GLM mod-
els showed no significant differences between males vs. 
females within SC and C groups (Additional file 9).

Correlation analysis between IC and SASP proteins
Since most of the statistically significant differences for 
IC/SASP proteins between SC and C groups were found 

Table 2 Clinical and epidemiological characteristics of 27 male and 29 female individuals stratified by HCV infection status

Statistics: The values are expressed as the absolute number (percentage) and median (interquartile range). p‑values were calculated by the Chi‑square test and the 
Mann–Whitney U test

Abbreviations: ALT alanine transaminase, APRI AST to platelet ratio index, AST aspartate transaminase, BMI body mass index, C control, FIB4 fibrosis‑4 index, GGT  
gamma‑glutamyl transferase, HCV hepatitis C virus, HCV-RNA viral load of hepatitis C, HOMA IR homeostatic model assessment for insulin resistance, METS IR metabolic 
score for insulin resistance, SC spontaneous clearance, TyG triglyceride glucose index

Male Female

All SC HC p All SC HC p

No 27 16 (59.3%) 11 (40.7%) 29 16 (37.2%) 13 (30.2%)

Age (years) 53 (49–58) 55 (51–59) 51 (48–54) 0.373 52 (46–60) 54 (47–62) 49 (44–59) 0.496

BMI (kg/m2) (n = 16) 26.4 (25.4–30.6) 25.6 (24.2–26.9) 26.4 (25.8–30.8) 0.441 22.9 (21.1–25.7) 23.0 (20.2–27.8) 22.8 (21.3–24.4) 0.999

Smoker (n = 9) – –

 Never – – 3 (33.3%) – – 8 (61.5%)

 Previous (> 6 months) – – 5 (55.6%) – – 2 (15.4%)

 Current – – 1 (11.1%) – – 3 (23.1%)

Route of transmission
(n = 3)

– –

 Intravenous drug user – 3 (100.0%) – – 3 (50.0%) –

 Medical and Aesthetic 
procedures

– 0 (0.0%) – – 2 (33.3%) –

 Work accident – 0 (0.0%) – – 1 (16.7%) –

Time from clearance (years) 
(n = 14)

– 2.3 (1.3–3.8) – – – 9.0 (4.0–28.0) – –

IFN-λ4 genotype (rs12979860) 0.589 0.363

 CC 17 (63.0%) 11(68.8%) 6 (54.5%) 15 (53.6%) 8 (53.3%) 7 (53.8%)

 CT 7 (25.9%) 4 (25.0%) 3 (27.3%) 11 (39.3%) 5 (33.3%) 6 (46.2%)

 TT 3 (11.1%) 1 (6.2%) 2 (18.2%) 2 (7.1%) 2 (13.3%) 0 (0.0%)

Stage of liver fibrosis
(n = 3)

– –

 F0 – 1 (33.3%) – – 0 (0.0%) –

 F1 – 2 (66.7%) – – 5 (83.3%) –

 F2 – 0 (0.0%) – – 1 (16.7%) –

 F3 – 0 (0.0%) – – 0 (0.0%) –

 F4 – 0 (0.0%) – – 0 (0.0%) –

Liver markers
 FIB4 (n = 21) 1.2 (1.0–1.4) 1.3 (1.2–2.0) 1.0 (0.9–1.1) 0.006 1.2 (0.9–1.5) 1.5 (1.0–1.6) 1.0 (0.8–1.2) 0.038
 APRI (n = 21) 0.3 (0.2–0.4) 0.4 (0.3–0.5) 0.2 (0.2–0.3) 0.020 0.3 (0.2–0.3) 0.3 (0.2–0.4) 0.2 (0.2–0.3) 0.023
 AST (mg/dL) (n = 25) 24.0 (19.0–33.0) 28.0 (24.0–38.5) 19.0 (15.5–22.3) 0.008 19.0 (16.0–24.0) 21.5 (16.0–27.8) 19.0 (15.0–20.0) 0.187

 ALT (mg/dL) (n = 26) 27.0 (17.3–37.5) 28.5 (22.5–40.8) 19.0 (14.0–25.5) 0.065 17.5 (13.8–25.0) 19.0 (17.0–28.8) 15.0 (11.8–17.5) 0.053

 GGT (mg/dL) (n = 25) 28.0 (22.0–39.0) 30.0 (22.0–56.0) 28.0 (26.0–33.3) 0.803 15.5 (11.0–34.0) 19.5 (13.3–54.8) 13.5 (10.8–17.8) 0.148

Metabolic syndrome markers
 TyG (n = 21) 8.5 (8.2–8.7) 8.5 (8.1–8.6) 8.7 (8.4–8.9) 0.173 8.2 (7.9–8.5) 8.4 (8.3–8.7) 8.1 (7.9–8.2) 0.060

 METS IR (n = 14) 37.1 (33.7–46.0) 33.7 (32.6–39.7) 40.3 (36.8–46.0) 0.454 28.1 (25.9–34.6) 29.2 (24.4–36.1) 28.0 (26.0–30.1) 0.849
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in men, we studied the correlation between IC and SASP 
proteins in this subgroup (Additional file 10). Significant 
positive correlations were found for most IC with SASP 
proteins (Additional file  10A). When stratified by HCV 
infection status, males who spontaneously cleared HCV 
infection also showed many significant positive IC-SASP 
correlations (Additional file 10B). In contrast, fewer sig-
nificant positive correlations were found for men in the C 
group (Additional file 10C).

Discussion
This study describes higher plasma levels of 13 IC and 
13 SASP biomarkers in individuals who spontaneously 
cleared HCV infection after a long period since HCV 
infection (more than two years) compared to a control 

group without evidence of previous HCV infection. 
Additionally, we observed a clear sex bias as all differ-
ences were mainly found in men, either between or 
within study groups. This immune dysregulation might 
be associated with an increased risk of developing liver 
and non-hepatic diseases in the future, especially in men.

HCV infection is a potent inducer of ICs and SASP 
proteins, which increase during acute and chronic HCV 
infection [5, 6]. The sustained elevation of ICs and SASP 
proteins induces a state of inflammaging and immunose-
nescence, respectively [12–15], which may persist as 
residual effects after HCV clearance [16, 17]. In addition, 
it is reasonable to assume that inflammaging and immu-
nosenescence also occur in extrahepatic locations. Thus 
HCV patients might be at risk of developing diseases 

Fig. 1 Comparison of plasma immune checkpoints between subjects who spontaneously cleared HCV versus the control group: A All individuals, 
B Male individuals, C Female individuals. Statistics: Data were calculated by Generalized Linear Models (GLM) with a gamma distribution (log‑link) 
adjusted by those clinical variables selected following a stepwise method from age, sex, IFN-λ4 genotype (rs12979860), and aspartate transaminase 
(AST) for A), and by sex, IFN-λ4 genotype (rs12979860), and aspartate transaminase (AST) for B) and C), (see Results Section). The q‑values 
represent p‑values corrected for multiple testing using the False Discovery Rate (FDR). Significant differences are shown in bold. Abbreviations: 
AMR, arithmetic mean ratio; aAMR, adjusted AMR; 95%CI, 95% of confidence interval; q, corrected level of significance; BTLA, B and T lymphocyte 
attenuator; CD, cluster of differentiation; GITR, glucocorticoid‑induced TNFR‑related; HVEM, herpesvirus entry mediator; IDO, indoleamine 
2,3‑dioxygenase; LAG‑3, lymphocyte activation gene‑3; PD‑1, programmed cell death protein 1; PD‑L1, programmed death‑ligand 1; PD‑L2, 
programmed death‑ligand 2; TIM‑3, T‑cell immunoglobulin and mucin‑domain containing‑3; MICA, MHC class I chain‑related gene A; MICB, MHC 
class I chain‑related gene B; NT5E, ecto‑5′‑nucleotidase; PVR, poliovirus receptor; Siglec, sialic acid‑binding immunoglobulin‑type lectin; ULBP, 
human ligand for binding protein
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such as kidney disease, cardiovascular disease (CVD), 
cancer, and irAEs, among others [5, 8, 9, 11].

Following chronic HCV infection, many studies have 
shown that only partial restoration of many immune 
functions is achieved after HCV clearance with DAAs 
[17–20], underscoring the importance of monitoring 
the status of inflammaging and immunosenescence in 
patients during and after chronic HCV infection. How-
ever, there is limited information on the long-term 
impact of acute HCV infection. Our results showed that 
individuals who experienced spontaneous HCV clear-
ance showed higher plasma levels of ICs than those 
without evidence of previous HCV infection, and these 
levels remained elevated for more than two years follow-
ing HCV clearance. The increase of IC levels is a mecha-
nism to negatively regulate the magnitude and duration 
of effector T cells following an acute viral infection. 

IC levels are downregulated following viral clearance 
[21, 22]; however, there is little information on whether 
the levels normalize over time after SC. In this context, 
our data suggest that they remain elevated long after 
HCV clearance, which could be associated with T-cell 
exhaustion.

These results align with previous studies in chim-
panzee models, where PD-1 on HCV-specific CD8 + T 
cells showed sustained expression as late as seven years 
after spontaneous viral clearance [23]. In addition, 
PD-1 expression in HCV-specific CD4 + T cells showed 
increased levels in either HCV acute, chronic or sponta-
neous clearers individuals compared to individuals who 
have never been infected, being specially higher during 
acute and chronic infection [24]. Other ex-vivo studies 
have also observed increased PD-1 levels in HCV-spe-
cific CD4 + T cells after the elimination of chronic HCV 

Fig. 2 Comparison of senescence‑associated secretory phenotype (SASP) proteins between subjects who spontaneously cleared HCV 
versus the control group: A All individuals, B Male individuals, C Female individuals. Statistics: Data were calculated by Generalized Linear 
Models (GLM) with a gamma distribution (log‑link) adjusted by those clinical variables selected following a stepwise method from age, sex, 
IFN-λ4 genotype (rs12979860), and aspartate transaminase (AST) for A), and by sex, IFN-λ4 genotype (rs12979860), and aspartate transaminase (AST) 
for B) and C)(see Results Section). The q‑values represent p‑values corrected for multiple testing using the False Discovery Rate (FDR). Significant 
differences are shown in bold. Abbreviations: AMR, arithmetic mean ratio; aAMR, adjusted AMR; 95%CI, 95% of confidence interval; q, corrected 
level of significance; EGF, epidermal growth factor; GRO‑alpha/KC, chemokine growth‑regulated protein alpha; GM‑CSF, granulocyte–macrophage 
colony‑stimulating factor; IFN, interferon; IL, interleukin; MCP‑1, C–C motif chemokine ligand 2; RANTES, C–C motif chemokine ligand 5; SDF‑1alpha, 
stromal cell‑derived factor 1alpha; FGF‑2, fibroblast growth factor 2; HGF, hepatocyte growth factor; Beta‑NGF, nerve growth factor β; PLGF‑1, 
placental growth factor; SCF, skp, cullin, F‑box containing complex; TNF, tumoral necrosis factor
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infection [25]. Alternatively, it has been described that 
BTLA exhibits high expression in patients irrespective 
of their HCV infection status (acute, chronic, or sponta-
neously resolved), without significant differences among 
them [24]. Ex-vivo studies have observed that HCV-
specific CD4 + T cells increased BTLA expression dur-
ing the chronic phase of the HCV infection, maintaining 
high levels during the course of therapy with DAAs [26]. 
These ex-vivo studies have been focused on the expres-
sion levels of surface HCV-specific CD4 + T cells, lack-
ing a global view of the whole organism. However, our 
study analysed the protein levels in plasma, reflecting the 
expression levels of different cell populations as a whole. 
Even so, our results are in line with previous studies in 
HCV-specific CD4 + T cells.

Our results indicate that BTLA remains elevated for 
more than two years following HCV clearance.

On the other hand, viral-induced senescence has been 
previously described for various viruses as a mechanism 
to limit viral replication [27]. However, little is known 
about its behavior after HCV resolution. Senescent cells 
secrete SASP proteins, producing a pro-inflammatory 
and pro-proliferative microenvironment that might 
contribute to liver disease progression and associated 
complications [28]. We observed that SASP proteins 
remained elevated after a long-time following resolu-
tion of HCV. The increase of these senescence markers 
has been mainly studied in chronic hepatitis C patients, 
where they increase with fibrosis progression [28]. But 
to our knowledge, there was no previous knowledge 

of plasma SASP levels in SC individuals. Our results 
showed 13 SASP proteins elevated in the SC group, 
such as eotaxin, a pro-inflammatory cytokine associated 
with liver fibrosis progression [29]. IP-10 (also known as 
CXCL10) – which stimulates monocytes, natural killer, 
and causes T-cell migration – is increased in patients 
with tissue damage and extrahepatic manifestations 
[29–31]. Thus, the senescence profile seems to be only 
partially restored two years after spontaneous viral clear-
ance, similar to the observed after HCV treatment [32]. 
Therefore, the increased levels of ICs and SASP proteins 
observed in individuals who spontaneously cleared HCV 
infection after a long period could be potential biomark-
ers for future comorbidities or HCV-related diseases in 
these individuals.

Interestingly, our data revealed a substantial sex 
bias as all differences were predominantly observed in 
men. Therefore, male individuals who spontaneously 
cleared HCV maintained higher levels of both ICs and 
SASP proteins after a long period since HCV clear-
ance, suggesting a higher risk of future liver and non-
liver disease complications. Males usually show higher 
viral load, reduced viral clearance, and increased liver 
fibrosis progression [33]. In our study, we observed a 
higher prevalence of drug users in males, but the route 
of transmission was documented only in a small pro-
portion of patients (less than 30% of the individuals), 
therefore this variable could not be further explored. 
Sex-based differences in immune responses result 
from a complex interaction between sex-specific genes, 

Fig. 3 Study design flowchart. Significant immune checkpoints (ICs) and senescence‑associated secretory phenotype (SASP) proteins 
between subjects who spontaneously cleared HCV versus the control group are shown: A) All individuals, B) Male individuals, C) Female 
individuals. Statistics: Data were calculated by Generalized Linear Models (GLM) with a gamma distribution (log‑link) adjusted by those clinical 
variables selected following a stepwise method from age, sex, IFN-λ4 genotype (rs12979860), and aspartate transaminase (AST) for A), and by sex, 
IFN-λ4genotype (rs12979860), and aspartate transaminase (AST) for B) and C), (see Results Section). Abbreviations: ICs, immune checkpoints; SASP, 
senescence‑associated secretory phenotype; SC, spontaneous clearance; C, control
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environment, and hormonal milieu. However, the effect 
of sex on ICs expression and function is still unknown. 
We found higher plasma levels of arginase, siglec-9, and 
IFN-gamma that were significant exclusively in males. 
Arginase, a driver for immune suppression since it 
catabolizes arginine, an amino acid required for T cell 
activation and proliferation [34], is increased in chronic 
hepatitis C patients with cirrhosis, chronic liver dis-
ease, and HCC [35]. IFN-gamma, an inflammatory 
cytokine that plays an essential role in modulating the 
immune response, has also been increased in chronic 
hepatitis C patients, which might lead to inflammaging, 
fibrosis, and autoimmune diseases [36].

Limited data is available after acute HCV infection, but 
HCV-induced changes may persist after viral eradica-
tion, and some senescence changes in SC individuals may 
persist a substantial duration after HCV resolution, simi-
lar to chronic hepatitis C patients, where some changes 
seem irreversible [37].

On the other hand, we did not observe differences 
between female SC and control individuals for SASP 
markers and only one for ICs, suggesting a reduced risk 
of developing long-term sequelae due to an acute HCV 
infection. The sex bias may be attributed to sex-based 
differences in immunity [2], which result in women 
experiencing a lower burden of infections [38], as well 
as a higher prevalence of several autoimmune diseases 
[38]. Most of these differences have a genetic origin as 
the X-chromosome encodes essential genes in modulat-
ing innate and adaptive immunity. Additionally, sex hor-
mones such as estrogen are protective against genotoxic 
stress and SASP-related inflammation [39]. In this regard, 
PD-L2 was the only IC significantly different between SC 
and C females, whose plasma levels were even higher 
than SC males. PD-L2, the second ligand of PD-1, is 
involved in dampening the host immune response [40] 
plays essential role in autoimmune diseases, cancer, and 
chronic viral infections. A previous report has identified 
an elevated expression of PD-L2 in hepatocytes infected 
by HCV [41]. Thus, the increase of PD-L2 expression in 
women responding to HCV acute infection could be one 
key factor in HCV clearance and remain elevated over 
the long term. The implications of an elevated PD-L2 in 
plasma are unclear, but some reports point to a better 
prognostic value in different cancers.

Additionally, we explored the correlation between ICs 
and SASP markers profiles in HCV infection. Viral infec-
tions are one of the most important drivers of premature 
aging [5, 42], known as viral-induced senescence (VIS). 
Both inflammaging and immunosenescence processes are 
involved in a vicious cycle that impairs the functioning of 
the aging immune system. On the one hand, senescent 
cells are characterized by a pro-inflammatory profile, 

leading to inflammaging, which drives altered adaptive 
immune responses, contributing to immunosenescence 
[12–15]. Our results support this, as we observed sig-
nificant positive correlations between most ICs and SASP 
proteins, such as IFN-gamma and IL-18, which showed 
a larger number of significant positive correlations with 
ICs. During viral infections, IL-18 [43] promotes T-cell 
activation, which is vital for HCV clearance. These cells 
secrete pro-inflammatory cytokines such as IFN-gamma 
[44] that can promote long-term stimulation leading to T 
cell exhaustion after HCV infection [45]. T-cell exhaus-
tion can also be caused by long-term overexpression 
of ICs to modulate pro-inflammatory cytokine secre-
tion and normalize immune function. Therefore, as we 
observed higher plasma levels of ICs and SASP in male 
SC individuals, these individuals might remain at risk of 
developing immune-metabolic events. Further studies 
should be developed in the future to associate these alter-
ations with the possible development of metabolic asso-
ciated fatty liver disease (MAFLD), especially in men.

We have an insufficient knowledge about the transmis-
sion pathways of most patients. Since the SC group was 
obtained from a population-based HCV screening in 
general population, clinical data on the acute phase or 
additional information such as the route of transmission 
were not available (unknown) for most of the individuals. 
An additional source of senescence is drug abuse [46], 
which can strongly contribute to a senescence accelerat-
ing factors. As we have an insufficient knowledge about 
the transmission pathways of most patients, drug abuse 
would be a source of heterogeneity not considered. Drug 
use also interferes with the immune response mediated 
by antibodies and decreases the production of ILs and 
IFN-γ, although different effects are observed depending 
of the type of substance [47, 48]. In the case of cocaine, 
multiple negative effect on immune system have been 
described, such as the decrease in cytokine formation, 
lymphocyte proliferation, natural killer cell activity and 
antibody formation, among others [49]. Other drugs, 
such as morphine [50], heroin [51] or methamphetamine 
[52], destabilize IFN-mediated innate immunity. In any 
case, drug use inhibits host immunity, which is related 
with an increased susceptibility to infections [47, 48]. 
To our knowledge, there are no long-term studies on the 
potential impact of previous drug abuse on the immune 
system and neither on an accelerated senescence, which 
remain uncertain but cannot be discarded. Thus, as we 
have no information about the transmission pathways of 
most patients due to they did not report a possible route 
of infection, our results should be interpreted with cau-
tion. More studies would be needed to corroborate our 
findings and evaluate their long-term impact on SC 
patients.
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Our results could be valuable for the design of a con-
trolled human infection model (CHIM) for HCV vaccine 
development, which requires careful consideration [53]. 
In the absence of an immune competent animal model 
for HCV, this concept proposes to deliberately infect 
healthy human volunteers with HCV for testing the effi-
cacy of candidate vaccines [54, 55], to accelerate devel-
opment, reduce costs, and allow the selection of more 
promising candidates, among others. However, scarce 
data are available about the impact of an acute HCV 
infection in general population, thus although mortal-
ity rate is comparable [56], extensive studies regarding 
additional complications such as cancer or senescence-
related events have not been approached yet.

Therefore, our study could be borne in mind for the use 
of CHIM studies, as HCV-related clinical sequelae may 
not only occur years after HCV chronic infection. For 
that reason, before HCV CHIM become real, additional 
longitudinal studies should be performed in SC individu-
als to confirm the absence of long-term harm associated 
with HCV self-limited infection.

To correctly interpret our data, note that this is a pre-
liminary study with a limited sample size, which might 
have limited the possibility of finding additional statisti-
cal significance differences of reduced estimates. This is 
a retrospective study that may have introduced biases. 
However, we controlled for the most relevant variables by 
including them as covariates in the GLM models. We have 
applied the FDR correction to limit false-positive results.

Additional putative confounders related to senescence 
such as diet or physical activity could not be recorded. 
Therefore, we could not control for these variables by 
including them as covariates in the GLM. In addition, 
the cohort is homogeneous, excluding individuals with 
advanced fibrosis, hepatic decompensation, alcohol-
induced liver injury, active HBV or HIV coinfection, 
opportunistic infections, and other concomitant diseases 
such as diabetes, neoplasia, or autoimmune diseases.

Conclusions
Higher plasma levels of different IC and SASP proteins 
were found in individuals after a long time from HCV 
clearance, compared to the control group. These differ-
ences were mainly found in men, whose alterations might 
be associated with an increased risk of developing liver 
and non-hepatic diseases.

Methods
Study subjects
We conducted a multicenter retrospective study across 
three Public Spanish Hospitals in Spain: Hospital Uni-
versitario Virgen de Valme (Sevilla), Hospital Universi-
tario Marqués de Valdecilla (Santander), and Hospital 

Universitario Infanta Leonor (Madrid). Fifty-six individu-
als were included, of which: i) 32 individuals were acutely 
infected with HCV and experienced SC after HCV 
infection with at least six months of follow-up since 
diagnosis from 2014 to 2017 (SC group: undetectable 
HCV-RNA viral load and positive HCV antibodies); and 
ii) 24 individuals with no evidence of prior HCV infec-
tion voluntarily recruited from the Centro Nacional de 
Microbiología (CNM) (Madrid) (C group: negative HCV 
antibodies).

The SC individuals were recruited in 2016 for a popu-
lation-based HCV screening in general population [57]. 
Subjects with positive anti-HCV and negative PCR were 
invited to self-report a brief questionnaire and to take a 
biological sample. Individuals who met inclusion criteria, 
provided written informed consent, and had an available 
plasma sample were included in the study.

Exclusion criteria were: i) individuals below 18  years 
old; ii) previous HCV treatment; iii) hepatitis B virus 
(HBV) or HIV active infection; iv) active drug or alcohol 
addiction, and v) clinical evidence of hepatic decompen-
sation, alcohol-induced liver injury, opportunistic infec-
tions, and other concomitant diseases such as diabetes, 
neoplasia, or autoimmune disease, among others.

The study was approved by the Research Ethics Com-
mittee of the Institute of Health Carlos III (CEI PI 
11_2015-V4) and was conducted following the Declara-
tion of Helsinki. All participants signed a written consent 
to participate in the study.

Clinical data and samples
Clinical and epidemiological characteristics were col-
lected from medical records. The liver stiffness meas-
urement (LSM) was assessed by transient elastometry 
(FibroScan®, Echosens, Paris, France) and expressed in 
kilopascals (kPa). Subjects were stratified according to 
cut-offs of LSM: < 7.1 kPa (F0–F1: absence or mild fibro-
sis) and 7.1–9.4  kPa (F2: significant fibrosis). The time 
between acute infection and clearance, was estimated 
from the first year they reported risk behaviours, such 
as sharing needles and other injection paraphernalia in 
those individuals with a history of intravenous drug use 
(IDU), sexual risk behaviour, blood transfusion or medi-
cal procedure, among others.

Peripheral blood samples were collected in ethylen-
ediaminetetraacetic acid tubes and processed within 4 h 
of extraction. Plasma was clarified and stored at -80ºC 
until samples were transferred to the National Center for 
Microbiology for subsequent analysis.

Outcome variable
The outcome variable was the HCV infection status 
(SC group versus C group) and sex. Additionally, sex 
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were confirmed by PCR as previously described by [58]. 
Primer sequences and PCR conditions were included in 
Additional file 11.

Multiplex immunoassays
Immuno-Oncology Checkpoint Human ProcartaPlex™ 
Panel 1 and Panel 2 (Invitrogen™) were used to measure 
28 plasma-soluble ICs using a Luminex 200™ analyzer 
(Luminex Corporation, Austin, TX, United States). Panel 
1 included 14 ICs that play a crucial role in the regula-
tion of T cells, leading to either T cell exhaustion [B and 
T lymphocyte attenuator (BTLA), cluster of differentia-
tion 80 (CD80), CD152(CTLA4), indoleamine 2,3-dioxy-
genase (IDO), lymphocyte activation gene-3 (LAG-3), 
programmed cell death protein 1(PD-1), programmed 
death-ligand 1 (PD-L1), programmed death-ligand 2 
(PD-L2), and T-cell immunoglobulin and mucin-domain 
containing-3 (TIM-3)] or stimulation [CD27, CD28, 
CD137(4-1BB), glucocorticoid-induced TNFR-related 
(GITR), and herpesvirus entry mediator (HVEM)]. Panel 
2 included ICs that regulate NK cell activation by the bal-
ance of inhibitory [MHC class I chain-related gene A 
(MICA), MHC class I chain-related gene B (MICB), per-
forin, human ligand for binding protein 1 (ULBP-1), human 
ligand for binding protein 3 (ULBP-3), ABD human ligand 
for binding protein 4 (ULBP-4)] and activating signals 
[Arginase-1, NT5E(CD73), Tactile(CD96), E-Cadherin, 
Nectin-2(CD112), PVR(CD155), Siglec-7, and Siglec-9].

Additionally, 26 senescence-associated secretory phe-
notype (SASP) biomarkers were also evaluated using 
the Luminex 200™ system (Luminex Corporation, 
Austin, TX, United States): epidermal growth factor 
(EGF), eotaxin, chemokine growth-regulated protein 
alpha (GRO-alpha/KC), granulocyte–macrophage col-
ony-stimulating factor (GM-CSF), interferon-gamma 
(IFN-gamma), IL-1 beta, IL-1alpha, IL-1RA, IL-2, 
IL-6, IL-7, IL-8(CXCL10), IL-13, IL-15, IL-18, C-X-C 
motif chemokine ligand 10 (IP-10(CXCL10)), C–C 
motif chemokine ligand 2 (MCP-1(CCL2)), C–C motif 
chemokine ligand 5 (RANTES), stromal cell-derived fac-
tor 1-alpha (SDF-1alpha(CXCL12)), fibroblast growth 
factor 2 (FGF-2), hepatocyte growth factor (HGF), nerve 
growth factor beta (Beta-NGF), placental growth factor 
(PIGF-1), skp, cullin, F-box containing complex (SCF), 
tumor necrosis factor (TNF) alpha, and TNF-beta.

The measured raw fluorescence intensity (FI) values (arbi-
trary units, a.u.) were used as previously described [59].

Statistical analysis
For the descriptive study, quantitative variables (clinical 
and epidemiological variables) were expressed as median 
(interquartile range, IQR), and categorical variables were 
shown as absolute count (percentage). Independent 

groups were compared using the Mann–Whitney U and 
Chi-square tests for quantitative and categorical vari-
ables, respectively. Generalized Linear Models (GLM) 
with gamma distribution (log-link) were used to esti-
mate differences in the ICs and SASP biomarkers levels 
between SC and C groups. This test provides the arith-
metic mean ratio (AMR), the 95% of confidence inter-
val (95% CI), and its level of significance. Moreover, we 
adjusted the GLM models for the main available epide-
miological and clinical characteristics (age, sex, IFN-
λ4  genotype  (rs12979860), and aspartate transaminase 
(AST)). These covariates were previously selected by 
a stepwise method (forward), where at each step, the 
covariates were considered to enter according to the low-
est AKAike information criteria (AIC) for that specific 
model. Fibrosis-4 index (FIB4) and AST to platelet ratio 
index (APRI) were not considered covariates in the GLM 
models because AST was used to calculate these scores. 
Likewise, alanine transaminase (ALT) was not considered 
because of its collinearity with AST.

Additionally, differences were estimated between sex 
for each study group. In this case, GLM models were also 
adjusted for the same epidemiological and clinical char-
acteristics using a stepwise method (forward). The time 
from clearance was also included as covariate when anal-
yses were performed by sex within the SC group.

Correlation between significant ICs and SASP proteins 
was performed using the Spearman correlation test. Those 
suitable correlations (r > 0.5 or r < -0.5) with a significance 
value (p < 0.05; q-value < 0.10) were considered relevant.

All p-values were corrected for multiple testing by 
using the Benjamini and Hochberg procedure. The sig-
nificance level was defined as p-value < 0.05 (two-tailed) 
and q-value < 0.10. The statistical analysis was done with 
R statistical package (R version 4.2.0. R Foundation for 
Statistical Computing, Vienna, Austria).

Abbreviations
ALT  Alanine transaminase
AIC  AKAike information criteria
APRI  AST to platelet ratio index
AST  Aspartate transaminase
Beta‑NGF  Nerve growth factor beta
BMI  Body mass index
BTLA  B and T lymphocyte attenuator
C  Control
CD  Cluster of differentiation
CNM  Centro Nacional de Microbiología
CVD  Cardiovascular disease
FIB4  Fibrosis‑4 index
GGT   Gamma‑glutamyl transferase
GITR  Glucocorticoid‑induced TNFR‑related
GLM  Generalized Linear Models
HCC  Hepatocellular carcinoma
HBV  Hepatitis B virus
HCV  Hepatitis C virus
HVEM  Herpesvirus entry mediator
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IC  Immune checkpoint
IDO  Indoleamine 2,3‑dioxygenase
IFN‑gamma  Interferon‑gamma
IL  Interleukin
IP‑10  C‑X‑C motif chemokine ligand 10
irAEs  Immune‑related adverse events
IQR  Interquartile range
FGF‑2  Fibroblast growth factor 2
FI  Fluorescence intensity
HGF  Hepatocyte growth factor
HOMA IR  Homeostatic model assessment for insulin resistance
LAG‑3  Lymphocyte activation gene‑3
MAFLD  Metabolic associated fatty liver disease
MCP‑1  C‑C motif chemokine ligand 2
METS IR  Metabolic score for insulin resistance
MICA  MHC class I chain‑related gene A
MICB  MHC class I chain‑related gene B
PD‑1  Programmed cell death protein 1
PD‑L1  Programmed death‑ligand 1
PD‑L2  Programmed death‑ligand 2
PIGF‑1  Placental growth factor
TNF  Tumor necrosis factor
TIM‑3   T‑cell immunoglobulin and mucin‑domain containing‑3
TyG  Triglyceride glucose index
RANTES  C‑C motif chemokine ligand 5
SASP  Senescence‑associated secretory phenotype
SC  Spontaneous clearance
SCF  F‑box containing complex
SDF‑1alpha  Stromal cell‑derived factor 1‑alpha
ULBP‑1  Human ligand for binding protein 1
ULBP‑3  Human ligand for binding protein 3
ULBP‑4  Human ligand for binding protein 4
VIS  Viral‑induced senescence
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