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Summary
Background: Hepatitis B virus (HBV)- specific CD8+ cell response restoration during 
nucleos(t)ide analogue (NUC) treatment could lead to off- treatment HBV control in 
e- antigen- negative chronic hepatitis B (CHBe(−)).
Aim: To predict this response with variables involved in T- cell exhaustion for use as a 
treatment stopping tool.
Methods: In NUC- treated CHBe(−) patients, we considered a functional response in 
cases with HBV- specific CD8+ cells against core and polymerase HBV epitopes able 
to proliferate and secrete type I cytokines after antigen encounter. We performed a 
logistic regression model (LRM) to predict the likelihood of developing this response, 
based on patient age (subrogate of infection length), HBsAg level, NUC therapy start-
ing point and duration (antigenic pressure). We discontinued treatment and assessed 
HBV DNA dynamics, HBsAg decline and loss during off- treatment follow- up accord-
ing to LRM likelihood.
Results: We developed an LRM that predicted the presence of a proliferative type 
I cytokine- secreting CD8+ cell response, which correlated positively with treatment 
duration and negatively with treatment initiation after the age of 40 years and with 
age adjusted by HBsAg level. We observed a positive correlation between LRM prob-
ability and intensity of proliferation, number of epitopes with the functional pro-
liferating response and type I cytokine secretion level. Off- treatment, HBsAg loss, 
HBsAg decline >50% and HBV control were more frequent in the group with >90% 
LRM probability.
Conclusions: Short- term low- level antigen exposure and early long- term NUC treat-
ment influence the restoration of a functional HBV- specific CD8+ cell response. 
Based on these predictors, a high likelihood of detecting this response at treatment 
withdrawal is associated with off- treatment HBV control and HBsAg decline and loss.
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1  | INTRODUC TION

Hepatitis B virus (HBV)- specific CD8+ cell response is essential for 
natural infection control but these cells become exhausted and de-
leted during chronic hepatitis B (CHB) due to continuous antigen 
(Ag)- specific stimulation.1- 3 In persistent viral infections, both infec-
tion length and antigenic load correlate with the induction of T- cell 
exhaustion.4,5 Therefore, strategies focused on decreasing the dura-
tion and level of Ag exposure could promote restoration of this re-
sponse and subsequent functional cure.6 Long- term CHB treatment 
with nucleos(t)ide analogues (NUC) could lead to this goal by a slow 
progressive decrease in HBV covalently closed circular (ccc) DNA 
level and antigenemia.7,8 These changes could help restore HBV- 
specific CD8+ cell response,9 which could subsequently reduce the 
level of cccDNA,10 promoting hepatitis B surface antigen (HBsAg) 
clearance or entry into an inactive carrier state.11 After a prolonged 
period of NUC treatment, several clinical studies have shown that 
HBsAg loss can be achieved after stopping the medication, whereas, 
this hardly ever occurs while on treatment.12- 14 Still, there are cur-
rently no clear stopping rules for NUC- treated e- Ag negative (e(−)) 
CHB15, although the status of the adaptive immune response could 
be considered a promising predictor of HBV control.16,17

Patient age, NUC treatment duration and end of treatment 
HBsAg level are predictors of relapse after treatment stops,18 
probably due to their impact on the adaptive immune response. 
Nevertheless, the relationship between these variables and the 
quality of HBV- specific CD8+ cell response and their subsequent 
role in HBV control has not yet been addressed in NUC- treated 
CHBe(−). To assess this issue, we developed a predictive multi-
variate logistic regression model (LRM) to forecast, during NUC 
treatment, the presence of a functional HBV- specific CD8+ cell 
response against different HBV immunodominant human leuco-
cyte antigen (HLA)- A2 restricted epitopes, based on patient age, 
HBsAg level, NUC treatment duration and age at treatment ini-
tiation. Afterwards, in a cohort of CHBe(−) patients treated with 
NUC, we analysed HBV control, HBsAg loss and HBsAg decline by 
>50% during off- treatment follow- up as a function of the proba-
bility (prob) of detecting a restored response at the time of treat-
ment discontinuation, according to the developed model.

2  | MATERIAL S AND METHODS

2.1 | Patients and study design

For an initial cross- sectional study, 41 HLA- A2+ CHBe(−) patients on 
NUC treatment were recruited from the Translational Hepatology 
Unit HBV database at Guadalajara University Hospital (Spain) 
(Table 1). All enlisted cases were Caucasians, born in Mediterranean 
countries. We excluded patients co- infected with hepatitis C, hep-
atitis D, human immunodeficiency virus or cirrhosis. Clinical diag-
nosis and treatment indication were performed according to the 
European Association for the Study of the Liver (EASL) guidelines.14 

At recruitment, we recorded age, sex, country of origin, estimated 
moments of HBV transmission, type of prescribed NUC, treatment 
duration, age at treatment start, alanine aminotransferase (ALT) (IU/
ml), HBV DNA (IU/ml) and HBsAg (IU/ml) levels. Heparinised blood 
and serum samples were drawn for immunological and virological 
testing. Retrospectively, we also registered liver fibrosis (by tran-
sient hepatic elastography with FibroScan- 402 device [Echosens, 
France] or liver biopsy), ALT and HBV DNA levels at the time of treat-
ment indication.

Patient age was considered as a surrogate of HBV infection du-
ration since in the Mediterranean basin, the infection is usually ac-
quired during childhood through horizontal transmission.19,20 Those 
cases with a known time of infection after 18 years of age were ex-
cluded from the study.

First, we performed a multivariate cross- sectional analysis to de-
velop a predictive LRM to forecast the presence of a functional pe-
ripheral HBV- specific CD8+ cell response against HBV- core18- 27 and 
- polymerase (pol)455– 63 in NUC- treated HLA- A2+ CHBe(−) patients. We 
considered a functional anti- HBV cytotoxic T- cell response, in those 
cases with proliferating type I cytokine- secreting HBV- specific CD8+ 
cells against core and polymerase.11 Variables potentially involved in 
T- cell exhaustion were included in the model. Specifically, the effect 
of antigenic exposure on HBV- specific CD8+ cells was estimated by 
the product of patient age (decades) and HBsAg log (IU/ml) level, the 
NUC therapy starting point (before or after the age of 40 years) and 
treatment duration (years). Patient age was adjusted by HBsAg level to 
control the interaction between these two variables, in order to define 
the effect of infection duration on immunological response, according 
to the level of HBsAg. Therefore, this generated variable would repre-
sent the level of antigenic pressure to which HBV- specific CD8+ cells 
would have been subjected during infection, assuming that HBsAg 
level is fairly stable throughout the infection in CHBe(−).21

Secondly, we compared the functional features of HBV- specific 
CD8+ cells according to the probability level of having a functional 
response, calculated by the LRM. The value of the LRM defines 
the probability of having a functional response but it could be also 
considered as a score of the exhaustion level of HBV- specific CD8+ 
cell response. Table 1 summarises the main demographic and clin-
ical characteristics of the enlisted cases as a function of the LRM 
probability.

Finally, we discontinued NUC treatment in a cohort of 22 CHBe(−) 
patients with liver fibrosis <F3 and more than 3.5 years of therapy to 
assess the utility of the LRM as a treatment stopping tool. We carried 
out a longitudinal study to evaluate the HBV control, HBsAg loss and 
the rate of >50% HBsAg decline without the need for retreatment, 
according to the LRM likelihood of detecting a functional response. 
Table 2 summarises the baseline characteristics of this longitudinal 
cohort. This group of CHBe(−) patients underwent off- treatment fol-
low- up every 3 months for a median period of 36 months until the 
presence of an event (HBsAg loss or retreatment). HBsAg, HBV DNA 
and ALT levels were tested at each appointment and a liver transient 
elastography was performed at the end of the follow- up. Treatment 
was reintroduced according to the FINITE study criteria.12
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The Research Ethical Committee of the Guadalajara University 
Hospital (Spain) approved the study protocol. All the patients en-
rolled in the study gave written informed consent. The study pro-
tocol conformed to the ethical guidelines of the 1975 Declaration 
of Helsinki. Full materials and methods regarding the assessment of 
virological parameters, immune responses and statistical analysis 
are available in Supplementary Material.

3  | RESULTS

3.1 | Quantification of interferon- γ and tumour 
necrosis factor- α on T- cell culture supernatants

Based on the report by Rivino et al., we defined an HLA- A2+ 
CHBe(−) patient with an HBV- specific CD8+ functional response, 

potentially capable of controlling the virus, as those cases with 
proliferative HBVcore18- 27 and HBVpol455- 63- specific CD8+ 
cells able to secrete interferon (IFN)- γ and/or tumour necro-
sis factor (TNF)- α after Ag encounter. Due to the T- cell recep-
tor downregulation after Ag- specific stimulation, we could not 
test in the whole cohort for cytokine secretion at the single- cell 
level by phycoerythrin- conjugated HLA- A2/peptide pentameric 
complex (pentamer) staining and intracellular cytokine staining 
(ICS). For this reason, in cases with visible HBVcore18- 27 CD8+ 
pentamer+ cells after restimulation, we analysed whether IFN- γ 
mean fluorescence intensity by ICS correlated with the cy-
tokine level measured by enzyme- linked immunosorbent assay 
(ELISA) in supernatants of cell cultures challenged with HBV- 
core18- 27 peptide. We observed a significant positive correla-
tion between these two assays (Figure 1A) that encouraged us 
to use the ELISA assay to estimate the ability of HBV- specific 

Prob. of functional HBV- specific CD8+ cell 
responsea

<0.5 (n = 28) ≥0.5 (n = 13) p value All (n = 41)

Age (years) 46 (39– 56) 50 (42– 53) N.S.b 46 (41– 56)

Male sex (N/%) 14/50 8/61 N.S.b 22/54

Mediterranean origin (N/%) 28/100 13/100 N.S.b 41/100

Spain 14/50 10/77 24/59

Romania 14/50 3/23 17/41

Pre- treatment status

ALT (IU/ml) 63 (46– 83) 62 (58– 68) N.S.c 63 (47– 74)

HBV DNA (IU/ml) [log scale] 5.7 (4.7– 6.6) 4.6 (4.4– 6.2) N.S.c 5.4 (4,6– 6.5)

Liver fibrosis (N/%)

F0– F1 15/53 8/63 23/56

F2– F3 13/47 5/37 N.S.b 18/44

NUC treatment duration 
(years)

5.1 (1.5– 6.4) 9 (6.6– 13.7) <0.001c 6.3 (3.7– 8.7)

Age at NUC treatment start 
(years)

43.7 (35– 48) 37.0 (34– 44) N.S.c 41.7 (34– 47)

NUC type (N/%)

Tenofovir 23/82 9/70 N.S.b 32/80

Entecavir 4/14 0/0 4/10

Lam. → Adef. → Tenofovir 0/0 3/23 3/7

Lam. → Tenofovir 1/3 1/7 2/5

Status at study recruitment

ALT (IU/ml) 26 (21– 31) 23 (18– 33) N.S.c 25 (20– 31)

HBV DNA (IU/ml) (log scale) 0 (0– 1.5) 0 (0– 0) 0.003c 0 (0– 1.3)

HBsAg (IU/ml) (log scale) 3.7 (3.2– 4.1) 2.4 (0.6– 3.4) 0.001c 3.5 (2.6– 4)

Note: Data are expressed as frequency distribution for categorical variables and as median plus 
quartiles one and three (Q1– Q3) for quantitative variables.
Abbreviations: Adef., adefovir; Lam, lamivudine; N.A., non- applicable; NUC, nucleos(t)ide analogue; 
N.S., non- significant; Prob, probability.
aProbability is calculated according to the predictive logistic regression model developed in the study.
bChi- square test.
cMann– Whitney U test.

TA B L E  1   Demographic and clinical 
features of patients enrolled in the study
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CD8+ cells to secrete type I cytokines in the entire NUC- treated 
CHBe(−) cohort. Those cases without expansion were taken as 
controls to define the cytokine production by bystander activa-
tion. According to the upper limit of the cytokine concentration 
in the non- expansion group, we defined a supernatant cytokine 
level >150 pg/ml as the cut- off point for considering a CD8+ cell 
culture with positive expansion as a functional type I cytokine- 
secreting response after HBV- Ag encounter (Figure 1B). Those 
cases with HBV- specific CD8+ cell expansion but with a super-
natant cytokine level ≤150 pg/ml were considered as having par-
tial exhaustion grade II or full exhaustion, according to Wherry’s 
model for hierarchical loss of T- cell function during chronic viral 
infection.4 IFN- γ secretion >150 pg/ml was observed in 90% and 
61% of pol455- 63 and core18- 27 T- cell cultures with Ag- specific ex-
pansion respectively. TNFα level>150 pg/ml was detected in 55% 
of pol455- 63 and 61% of core18- 27 T- cell cultures with Ag- specific 
proliferation (Figure 1B).

3.2 | Predictive model to forecast the presence of a 
peripheral functional HBV- specific CD8+ cell response 
in NUC- treated CHBe(−)

In a cohort of HLA- A2+ CHBe(−) patients on NUC treatment (Table 1), 
we developed a predictive multivariate LRM to forecast the prob-
ability of detecting a functional HBV- core18- 27 and - pol455- 63- specific 
CD8+ cell response, able to proliferate and to secrete IFN- γ and/or 
TNF- α, as a function of patient’s age adjusted by the HBsAg level 
(Patient age (Decades) × log HBsAg (IU∕ml)), age at NUC therapy 
initiation and duration of NUC treatment. A functional response was 
considered when HBV- specific CD8+ cells had an expansion >0.1% 
out of total CD8+ cells after Ag encounter, aggrouped in a cluster 
form, and the IFN- γ and/or TNF- α level in culture supernatants was 
above the level due to bystander activation (Figure 1B). The model 
significantly predicted the likelihood of detecting a functional cy-
totoxic T- cell response against at least these two HBV epitopes, 

Prob. of functional HBV- specific CD8+ cell 
detection at treatment stopa

>0.9 (n = 7) ≤0.9 (n = 15) p value

Age (years) 44 (38– 53) 45 (35– 53) N.S.c

Male sex (%) 70 53 N.S.b

NUC treatment duration (years) 10 (9.5– 11) 6 (4.5– 7.5) 0.002c

Age at NUC treatment start (years) 32.3 (29– 44) 37.1 (30– 44) N.S.c

HBsAg (IU/ml) [log scale] 2.8 (2.2– 3.3) 3.6 (3.2– 4.1) 0.012c

HBsAg (IU/ml) > 3 logs (n/N) (3/7) (13/15) 0.034b

Follow- up (months) 30 (6– 36) 30 (18– 36) N.S.c

HLA- A2 (%) 43 73 N.S.c

Liver fibrosis (%)

F1 43 80 N.S.b

F2 57 20

Prob. of functional HBV- specific CD8+ cell  
response (%)

98 (97– 99) 35 (18– 69) <0.001c

Status at follow- up end (n/N), (%) 0.036b

Retreatment 1/7 (14%) 5/15 (33%) N.S.b

HBV DNA < 20,000 IU/ml and ALT <2 × ULN [GZ] 3/7 (43%) 4/15 (27%) N.S.b

HBV DNA ≤2000 IU/ml & ALT <2 × ULN [IC] 0/7 (0%) 6/15 (40%) N.S.b

HBsAg loss 3/7 (43%) 0/15 (0%) 0.006b

HBsAb seroconversion 2/7 (29%) 0/15 (0%) 0.019b

HBsAg decline >50% and no retreatment (n/N), (%) 6/7 (86%) 3/15 (20%) 0.004b

Liver stiffness at the end of follow- up (KPa) 4.4 (3.8– 6.8) 5.1 (4.3– 5.7) N.S.c

Note: Data are expressed as frequency distribution for categorical variables and as median plus 
quartiles one and three (Q1– Q3) for quantitative variables.
Abbreviations: GZ, grey zone; IC, inactive carrier; N.S., non- significant; Prob., probability; ULN, 
upper limit normal.
aProbability is calculated according to the predictive logistic regression model developed in the 
study.
bChi- square test.
cMann– Whitney U test.

TA B L E  2   Baseline characteristics and 
outcomes of the eAg(−) chronic hepatitis 
B cohort undergoing NUC treatment 
discontinuation
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explaining ≈76% of the observed variability (Figure 2A). Patient age 
adjusted by the level of HBsAg negatively correlated with detection 
of functional cells, with an odds ratio (OR) of 1.5 (1/0.649) for non- 
detection of functional cells for every one- decade increase in age ad-
justed by HBsAg level (Figure 2A, Figure S1). In addition, initiation of 
NUC treatment after the age of 40 years was also negatively associ-
ated with the presence of proliferative cytokine- secreting cells with 
an OR of 27 (1/0.036) for the absence of these functional cells rela-
tive to cases aged less than 40 years at treatment start (Figure 2A, 
Figure S1). In contrast, NUC treatment duration correlated positively 
with the detection of functional CD8+ cells, with an OR of 1.9 for 
the detection of these cells per year of treatment (Figure 2A, Figure 
S1). The overall accuracy of the derivation model to correctly clas-
sify functional and non- functional cases in our cohort, using 0.5 as a 

cut- off point was 85.4%, detecting 92% of cases without and, 73% of 
patients with functional response against both core and pol epitopes 
(Figure 2B). The area under the receiver operating characteristics 
(ROC) curve for the developed model was 0.95 (95% Confidence 
Interval [CI]: 0.84– 0.99) (Figure 2C). The jack- knife resampling strat-
egy internally validated the model with similar results across the 41 
models generated with n − 1 patient each. Although the 0.5 prob-
ability cut- off point showed an excellent positive predictive value 
(PPV) of 85% and a negative predictive value of 86%, the 0.90 cut- 
off point had a 100% PPV (Figure 2D). For this reason, we selected 
this point to split the patients into two groups to assess the clinical 
outcome after NUC treatment discontinuation, as will be discussed 
later. Figure 2E shows the resulting probabilities after the applica-
tion of the model to different hypothetical CHBe(−) patients, with 

F I G U R E  1   Strategy to detect proliferative type I cytokine- secreting HBVcore18– 27 and HBVpol455- 63 CD8+ cells. In NUC- treated chronic 
hepatitis B e- Ag negative: (A) Scatterplot showing the correlation between interferon (IFN)- γ mean fluorescence intensity in the whole pool 
of HBVcore18- 27 CD8+ cells tested by intracellular cytokine staining and IFN- γ concentration in CD8+ cell culture supernatant tested by 
enzyme- linked immunosorbent assay after 10- day Ag- specific stimulation. (B) Boxplot depicting the IFN- γ/tumour necrosis factor (TNF- α) 
level in CD8+ cell culture supernatant after 10- day Ag- specific in vitro challenge in cases with and without Ag- specific CD8+ cell expansion. 
Cases without expansion were used as a negative control to quantify the cytokine level due to bystander activation. The dashed line 
represents the cut- off level for an experiment to be considered as having type I cytokine- secreting cells after HBV- Ag- specific stimulation. 
IFN, interferon; MFI, mean fluorescence intensity; TNF, tumour necrosis factor. †Pearson correlation test. ‡ Mann– Whitney U test
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Predictive variables

(A)
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a wide range of values in the predictors. This “Metroticket” chart 
shows a decrease in the mean probability of detecting a functional 
response in relation to the initiation of NUC treatment after the age 
of 40 years and with increasing age and HBsAg levels. On the con-
trary, a prolonged NUC treatment results in a progressive increase in 
the probability of detecting functional cells.

3.3 | Features of peripheral HBV- specific CD8+ 
cells according to the predictive model probability of 
detecting a functional response

In the same HLA- A2+ NUC- treated CHBe(−) cohort, we described 
the frequency of cases with ex vivo peripheral core18- 27, pol455- 63 and 
envelope (env)183- 91- specific CD8+ cells and with proliferating type 
I cytokine- secreting cells after Ag- specific stimulation according to 
the LRM probability of detecting functional cells (<0.5 vs ≥0.5). In 
these two groups, we also analysed by flow cytometry the IFN- γ 
secretion and degranulation capacity of HBVcore18- 27- specific CD8+ 
cells after a 10- day- specific in vitro challenge. Almost all cases had 
no detectable response ex vivo or after stimulation against HBV- 
env183- 91 (Figure 3A,B– F), indicating the common deletion of this 
specificity during persistent HBV infection. The frequency of cases 
with directly ex vivo detectable pol455- 63-  and core18- 27- specific 
CD8+ cells was higher in NUC- treated CHBe(−) cases with prob ≥0.5 
than in those with prob <0.5. Globally, we found fewer cases with 
expansion after Ag encounter for pol (49%) than for core (68%) stim-
ulation. We also observed less commonly an intense proliferative 
functional response after Ag encounter for pol (36%) than for core 
epitope (54%), (p = 0.016, Wilcoxon test). Anyhow, those CHBe(−) 
cases with prob ≥0.5 had an expansion of functional HBV- specific 
CD8+ cells after stimulation with core18- 27 and pol455- 63 more fre-
quently and more intense than the group with less probability 
(Figure 3B– F). Eighty- five percent of CHBe(−) patients with prob 
≥0.5 exhibited a functional response against two HBV epitopes, 
whereas this was only observed in 14% of cases in the group with 
prob <0.5 (Figure 3C). Furthermore, we demonstrated a positive 
correlation between the probability of having a proliferating type I 

cytokine- secreting response and both the real number of epitopes 
with functional response (Figure 3D) and the intensity of the Ag- 
specific CD8+ cell proliferation (Figure 3E).

In the cases with expanding CD8+ cells after 10- day HBVcore18- 27 
in vitro challenge, the percentage of IFN- γ- secreting cells was 
slightly higher in the cohort with a probability of ≥0.5 but it did not 
reach statistical significance. Nevertheless, we found a positive cor-
relation between the mean fluorescence intensity level of IFN- γ se-
cretion by the whole pool of HBVcore18- 27- specific CD8+ cells tested 
by ICS and the LRM probability of having a functional response 
(Figure 4A,B). On the contrary, the degranulation capacity was pre-
served in all cases with expanding cells independently of the level of 
LRM probability (Figure 4A,B). We also observed a positive correla-
tion between the IFN- γ and TNF- α levels on the HBVcore18- 27 and 
HBVpol455- 463 culture supernatant after Ag- specific stimulation and 
the probability of detecting a functional response calculated by the 
LRM (Figure 5). This significant correlation translated into a higher 
IFN- γ and TNF- α level in HBVcore18- 27 and HBVpol455- 463 culture su-
pernatant in the group with LRM prob >90% of having a functional 
response (Figure 5), which has a 100% PPV of detecting functional 
cells (Figure 2D).

3.4 | Clinical application of the model

Although the model was developed to predict the presence of a 
functional cytotoxic T- cell response against HBV- specific HLA- A2- 
restricted epitopes, we assumed that in other haplotypes, there 
should also be specific CD8+ cells that would behave similar to HBV- 
pol455- 63-  and - core18- 27- specific CD8+ cells. Under this premise, we 
applied the predictive model to a cohort of NUC- treated CHBe(−) 
patients, candidates for NUC treatment withdrawal. In 22 cases 
(63% HLA- A2+) with liver fibrosis <F3 and NUC treatment dura-
tion >3.5 years, NUC treatment was discontinued (Table 2). In this 
selected cohort, treatment discontinuation was safe and effective, 
as only in six cases (27%, 95% CI: 7%– 47%), treatment had to be 
reintroduced according to FINITE criteria12 and neither severe ad-
verse events nor liver fibrosis worsening was observed after the 

F I G U R E  2   Logistic regression predictive model to forecast the probability of detecting a peripheral functional HBV- specific CD8+ 
cell response against core and pol epitopes during eAg(−) chronic hepatitis B treatment with nucleos(t)ide analogues. (A) Table with the 
coefficient values of the significant logistic regression model developed to predict the presence of functional HBV- specific CD8+ cell 
response against core18- 27 and pol455- 63, including as independent variables: patient age in decades, duration of treatment with nucleos(t)
ide analogues (NUC) in years, log HBsAg level (IU/ml) and NUC treatment initiation after the age of 40 years (positive vs negative). A 
functional response was considered in those cases with CD8+ cell proliferation and secretion of IFN- γ and/or TNF- α after HBVcore18- 27 
and polymerase455- 63- specific stimulation. (B) Accuracy of the model to classify patients with functional response in the study cohort, 
using 50% probability as the cut- off point. (C) The area under the receiver operating characteristic curve of the model. (D) Boxplots 
showing the probability distribution of detecting a functional response calculated by the predictive model in the groups with observed 
presence and absence of this kind of response. The dashed lines indicate the sensitivity (Sen), Specificity (Spec), Positive Predictive Value 
(PPV) and Negative Predictive Value (NPV), according to different cut- off points in the probability distribution of detecting functional 
cells. (E) “Metroticket” charts showing the mean probability of detecting peripheral functional HBV- specific CD8+ cell responses against 
HBVcore18- 27 and HBVpol455- 63 epitopes after applying the logistic regression model to a wide range of possible scenarios on the 
independent variables. AUROC, area under receiver operative characteristics; B, coefficient of the independent variables; CI, confidence 
interval; NUC, nucleos(t)ide analogue; OR, odds ratio; pol, polymerase; ROC, receiver operative characteristics; S.E., standard error; Sig, 
significance; Y/N, yes/no. †Chi- square test. ‡Mann– Whitney U test
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36- month follow- up (Table 2). Using the predictive LRM developed 
in this study, we split this cohort into two groups, based on the prob-
ability of detecting a peripheral functional HBV- specific CD8+ cell 
response against at least two HBV epitopes (>0.9 vs ≤0.9). Figure 6A 
shows the clinical outcomes of both cohorts during 36- month 
follow- up after NUC treatment discontinuation. The cohort with 
a >90% probability of detecting a functional response lost HBsAg 
in three out of seven patients and developed anti- HBs Ab in two 
out of seven cases (Table 2) while this did not occur in any case in 
the cohort with a probability ≤90% (Figure 6A,B). HBV control was 
achieved in 86% (6/7) of cases in the ≥90% prob group but only in 
66% (10/15) of patients in the <90% prob cohort (Table 2). In addi-
tion, the >90% probability patients showed a more rapid HBsAg de-
cline, with HBsAg decreasing >50% from baseline without the need 
for retreatment in six out of seven (86%) cases while this occurred 
in only 3 out of 15 patients (20%) in the cohort with probability ≤0.9 
(Figure 6B).

In two HLA- A2 prototypical cases, with high and low prob of de-
tecting a functional response according to the LRM, HBV- specific 
CD8+ cell expansion ability and IFN- γ/TNF- α secretion were tested 
longitudinally off- treatment to check whether LRM prob correlated 
with an actual T cell function restoration after treatment withdrawal. 
The low probability case had no proliferating HBV- specific CD8+ 
cells after NUC discontinuation at any point tested, whereas the 
high probability case had a functional response during the first- year 
follow- up, with increased proliferative capacity and cytokine secre-
tion after HBV DNA peak. This patient eventually developed HBsAb 
seroconversion after 2 years of stopping NUC treatment (Figure S2).

4  | DISCUSSION

NUC treatment is highly effective in inhibiting HBV replication and 
decreasing long- term liver damage.14 Loss of HBsAg is considered 
the hallmark of HBV functional cure.22 Nevertheless, this event 
rarely occurs during treatment and subsequently, CHBe(−) patients 
are subjected to lifelong therapy.14 In some cases, the restoration 
of HBV- specific cytotoxic T- cell response could be achieved dur-
ing treatment,11,16 which could lead to functional cure after treat-
ment discontinuation.12,17 Thus, the detection of a functional HBV 

multi- specific CD8+ cell pool could be considered a reasonable pre-
dictor of long- term HBV control after a finite therapy.11,17 However, 
experimental procedures to test for the presence of specific T- cell 
responses are complex, time consuming and not easy to apply in 
daily clinical practice. To surpass this issue, we developed a predic-
tive LRM to forecast the presence of this response, based on easy 
obtainable clinical variables, as a potential tool in the treatment 
withdrawal decision process.

As predictors of the functionality of HBV- specific cytotoxic 
T- cell response, we chose variables potentially involved in T- cell 
exhaustion. The level of antigenemia and the duration of Ag ex-
posure could be implicated in the impairment of Ag- specific T- cell 
function.4,23 On the other hand, a prolonged NUC treatment could 
progressively decrease the antigenic pressure,7,8 which could fa-
vour the restoration of the cellular response. However, delaying the 
initiation of treatment with NUC could decrease the likelihood of 
reaching this target due to the progressive deletion of these cells.5 
Although HBsAg level does not correlate accurately with cccDNA 
transcription in CHBeAg(−) patients,24 a low HBsAg level remains a 
good predictor of achieving functional cure, whereas a high level is a 
marker of potential relapse after NUC treatment discontinuation.18 
The HBsAg level in CHBe(−) patients show a slow but continuous 
decay throughout the patient’s life, with a median decline of about 
0.6 logs (IU/ml) between the third and the seventh decade of age.21 
Because of this slow dynamic, a spot HBsAg measurement could be 
a surrogate for global antigenic pressure. We considered these four 
previously described prognostic variables (infection length, HBsAg 
level, NUC treatment duration and age at treatment initiation) as a 
basis for carrying out a predictive model, defining the probability 
of developing a functional HBV- specific CD8+ cell response during 
NUC treatment in CHBe(−). In our model, we considered a positive 
result in the dependent variable (functional response) in those cases 
with a peripheral proliferating type I cytokine- secreting CD8+ cell 
response specific against core and pol epitopes, which could be po-
tentially able to achieve the functional HBV control as previously 
reported.11

The developed model significantly defined the probability of a 
patient having proliferative HBV- core18- 27-  and - pol455- 63- specific 
CD8+ cells with the ability to secrete type I cytokines. The model was 
developed with 41 cases and 15 events, which could seem initially 

F I G U R E  3   Peripheral ex vivo detectability and expansion ability of functional HBV- specific CD8+ cells after specific in vitro challenge 
according to the model probability of having a functional response against core and pol epitopes. Pie charts depicting the percentage of 
cases with (A) peripheral HBV- specific CD8+ cells detectable ex vivo and (B) with proliferating type I cytokine- secreting CD8+ cells after Ag 
encounter in eAg(−) chronic hepatitis B (CHBe(−)), according to the model probability of detecting a functional response against core and pol 
epitopes (≤0.5 vs >0.5). (C) Pie charts showing the percentage of cases with functional response against none, one or two HBV epitopes as a 
function of the model probability of detecting a functional response. (D) Boxplot chart showing the linear trend between the number of HBV 
epitopes with proliferating type I cytokine- secreting CD8+ cell response in NUC- treated CHBe(−) and the model probability. (E) Scatterplots 
depicting the correlation between the model probability of detecting a functional response and the intensity of HVB- specific CD8+ cell 
proliferation after a 10- day- specific in vitro challenge. (F) Representative dot plots showing the CD8+/pentamer+ cells frequency out of 
total CD8+ cells directly ex vivo and after Ag- specific expansion as a function of the model probability of detecting a functional response. 
CHB, chronic hepatitis B; env, envelope, e(−): e antigen- negative; Exp, expansion; HBV, hepatitis B virus; n.s., non- significant; LRM, logistic 
regression model; NUC, nucleos(t)ide analogue; Pent, pentamer; pol, polymerase; prob, probability. †Chi- square test. ‡Jonckheere- Terpstra 
test. §Spearman correlation test. ¶Expansion is given as the percentage of CD8+ Pentamer+ cells out of total CD8+ cells
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an insufficient sample size. Nevertheless, this predictive model ex-
plained ≈76% of the observed variability with a p value of <0.001. 
Discounting the observed statistically significant predictive model 

does not appear to be justified based only on the sample size as 
stated by Vittinghoff E. & McCulloch C.E.25 According to these au-
thors when a statistically significant association is found in a model 

F I G U R E  4   Type I cytokine secretion and degranulation capacity of HBVcore18- 27- specific CD8+ cells after a 10- day- specific in vitro 
challenge. In nucleos(t)ide analogue- treated eAg(−) chronic hepatitis B: (A) Boxplots showing the percentage of IFN- γ- secreting and CD107a- 
expressing HBV- core18- 27- pentamer+ CD8+ cells out of total CD8+ Pentamer+ cells and scatterplots depicting the correlation between 
interferon (IFN)γ/CD107a mean fluorescence intensity level in HBVcore18- 27- pantamer+ CD8+ cells and the model probability of detecting 
proliferating type I cytokine- secreting HBV- specific CD8+ cells. (B) Representative FACS dot plots and histograms showing the IFN- γ 
secretion and CD107a expression in CD8+/HBVcore18- 27- pentamer+ cells. The frequency of IFN- γ- secreting/CD107a- expressing CD8+/
pentamer+ out of total CD8+/pentamer+ cells is shown in the upper right quadrant of each dot plot. LRM, logistic regression model; MFI, 
mean fluorescence intensity; n.s., non- significant; Prob, probability. †Spearman correlation test. § Mann– Whitney U test
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with ≥5 events per variable (EPV), only a minor degree of caution 
should be taken to interpret the results, in particular for plausible 
and highly significant associations hypothesised a priori as it occurs 
in our study. In our cohort, we found 15 events and we included 
three variables in the model (NUC treatment duration [years], age at 
treatment start [<40 vs >40] and age [decades] × HBsAg log [IU/ml]), 
which means an EPV = 5. Therefore, although we should be cautious 
in the interpretation of the results, we should not expect severe 
problems with the model or at least they should be similar to those 
found in models with EPV ≥10.25 The duration of NUC treatment 
increased ≈two- fold the likelihood of having functional HBV- specific 
CD8+ cells per year of treatment. On the other hand, each decade 
increase in patient age adjusted by HBsAg level meant a ≈50% de-
crease in the possibility of having a functional response. Late initi-
ation of treatment was the worst prognostic factor for detecting a 
restored response. Initiation of NUC treatment after the age of 40 
years decreased ≈27- fold the chance of restoring an HBV- specific 
CD8+ cell response during NUC treatment.

Current clinical guidelines suggest discontinuing treatment in 
those CHBe(−) patients who have achieved complete virological sup-
pression for more than 3 years.14 Nevertheless, based on our mod-
el’s predictions, this minimum treatment duration (≈3.5 years) may 
not be sufficient in many cases to achieve HBV- specific cytotoxic 
T- cell restoration. Our model showed a 100% PPV of having a func-
tional response for a probability cut- off point >90%. According to 
this model and using this cut- off point to consider a case as having a 
functional HBV- specific CD8+ response, a prototypical CHBe(−) pa-
tient initiating treatment before 40 years with an HBsAg level of 3 
logs (IU/ml) would need about 6 years of NUC treatment to restore 
a functional response. In contrast, a patient starting treatment at the 
age 60 years with the same HBsAg level of 3 logs (IU/ml) would have 
a very low probability of having restored cells, even after 10 years 
of treatment. Based on our model, the minimum 3.5 years of NUC 
therapy length indicated by clinical guidelines14 would be enough 
to restore a functional HBV- specific CD8+ T- cell response in a pa-
tient starting NUC treatment before the age of 40 years and with an 
HBsAg level of 2 logs (IU/ml) at treatment discontinuation.

Previous studies have related advanced age, short treatment 
duration and high HBsAg level at end of treatment to relapse after 
treatment discontinuation.18,26 Our model links these three variables 
to a low probability of having a functional HBV- specific CD8+ cell 
response, which could explain the outcomes observed in these clini-
cal studies. The developed predictive LRM showed high accuracy in 
detecting those cases without HBV- specific CD8+ cell restoration 
during NUC treatment, which could make this model very useful to 
avoid ineffective treatment discontinuations. The accuracy in de-
tecting cases with functional cells was somewhat lower, perhaps due 
to the low correlation between antigenic pressure and HBsAg level 
as a consequence of HBV S gene integration into the host genome 
in CHBe(−).24 Therefore, we think that this model could be improved 
by using other markers of HBV antigenemia that better express the 
antigenic pressure such as the HBV core- related Ag or pre- genomic 
HBV RNA.27,28 Furthermore, detection of type I cytokine- secreting 

HBV- specific CD8+ cells could be improved by using a more sen-
sitive test than the enzyme- linked immunosorbent assay utilised in 
the study such as the enzyme- linked immunospot (ELISPOT) assay.29 
Another issue to note is that we only tested for the presence of a pe-
ripheral functional CD8+ T- cell response, assuming that the intrahe-
patic HBV- specific T- cell compartment would have similar functional 
behaviour, but this was not confirmed. However, the correlation be-
tween the peripheral compartment data and the clinical outcome 
after NUC treatment discontinuation suggests that intrahepatic 
T- cell functionality would also be correlated with peripheral pool 
effector abilities. In addition, another important issue, before using 
this model clinically, would be the need for its external validation.

Globally, pol- specific proliferating CD8+ T- cell response was less 
frequently observed than core- specific one, probably due to more 
severe exhaustion in the pol subset. This finding is in agreement with 
the recent report stating that the dysregulation of TCF1/Bcl2 ex-
pression limits the expansion capacity of pol- specific CD8+ cells in 
chronic patients.30 Nevertheless, a long- term NUC treatment was 
also able to restore pol- specific responses in our study. The proba-
bility level of detecting a functional response during NUC treatment 
according to our model correlated with the intensity of HBV- specific 
CD8+ cell expansion and with the level of type I cytokine secretion 
but not with the cytotoxic potential. Although we did not directly 
check granzyme- B and perforin expression, testing the CD107a level 
could be considered a reliable subrogate for the secretion of these 
cytolytic molecules. The observed preservation of cytolytic ability 
suggests that the most exhausted cells can lose non- cytolytic func-
tions, but they maintain the direct killing capability, as has been pre-
viously shown in murine lymphocytic choriomeningitis virus chronic 
infection.4

Finally, we tested whether our model’s predictions about the 
development of a functional core-  and pol- specific CD8+ cell re-
sponse would correlate with HBV control, HBsAg loss and HBsAg 
decline after treatment discontinuation. Previously, Rivino et al. 
demonstrated that the presence of residual PD- 1- expressing type 
I cytokine- secreting core-  and pol- specific T- cell responses were 
associated with viral control upon NUC therapy discontinuation.11 
Accordingly, we assumed that in cases with a high probability of 
developing a functional response during NUC therapy, the balance 
between the virus and the adaptive immune response could be mod-
ified during the treatment in favour of the T- cell response, allowing 
for indefinite HBV control by these cells after NUC discontinuation. 
According to EASL guidelines,14 we withdrew NUC treatment in a 
cohort of 22 patients with not- advanced liver fibrosis and more than 
3.5 years of therapy. Treatment discontinuation was safe, as only in 
a few cases treatment had to be restarted due to virus- dominating 
reactivations, but without neither severe adverse events nor liver 
fibrosis worsening.15,31

A high probability of detecting a functional HBV multi- specific 
CD8+ cell response was detected in 32% of CHBe(−) cases at the 
time of treatment discontinuation. This value was similar to the off- 
treatment sustained viral response reported in CHBe(−) at a 36- 
month follow- up in a recent meta- analysis.26 Both the group with 
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the highest probability of detecting functional cells and the group 
with the lowest probability were treated mostly with tenofovir. 
Cases that started treatment with first-  or second- generation NUC 

were switched to third- generation drugs after the appearance of 
tenofovir or entecavir. The timing of treatment with first-  or second- 
generation NUC was also considered to have a positive effect on 
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F I G U R E  5   Correlation between the probability of detecting a functional HBV- specific CD8+ response and type I cytokine secretion by 
HBV- specific CD8+ cells after Ag encounter. Scatterplots and boxplots depicting the relationship between the logistic regression model 
probability of detecting a functional HBV- specific CD8+ cell response and interferon- γ and tumour necrosis factor- α level in CD8+ cell 
culture supernatants after 10- day- specific in vitro challenge with HBVcore18- 27 or HBVpol455- 63 peptides. To compare the type I cytokine 
secretion according to the LRM level, the 90% probability cut- off point was chosen due to the 100% predictive positive value of this point 
for detection of a functional response. HBV, hepatitis B virus; LRM, logistic regression model probability;, MFI, mean fluorescence intensity; 
n.s., non- significant; pol, polymerase. †Spearman correlation test. ‡Mann– Whitney U test

F I G U R E  6   Follow- up of an eAg(−) chronic hepatitis B cohort after NUC therapy discontinuation according to the probability of the 
presence of a functional HBV- specific CD8+ cell response at the time of treatment withdrawal. (A) Dynamics of patient outcomes during 
off- treatment follow- up according to the probability level of detecting a functional HBV- specific CD8+ cell response at the time of treatment 
discontinuation, calculated using the predictive model developed in the study. (B) Kaplan– Meier curves showing the frequency of eAg(−) 
chronic hepatitis B cases with HBsAg loss and > 50% HBsAg decline with respect to baseline without need for retreatment, according to 
the level of probability of detecting peripheral functional HBV- specific CD8+ cells at discontinuation of treatment, based on the predictive 
model developed in the study. N, number of cases exposed during the different periods; M, month; Prob, probability. §HBV control 
comprises an inactive carrier and grey- zone status. †Chi- square test. ‡Log- rank test (Mantel- Cox)
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T- cell response, as has been previously shown.32,33 After treatment 
withdrawal, the cohort with a high probability of detecting func-
tional cells had a higher rate of HBsAg loss and a faster overall de-
cline in HBsAg level during the follow- up. In contrast, in the group 
with a low probability of having a functional HBV- specific CD8+ 
cell response, no cases developed HBsAg loss, and only a minority 
experienced a significant decline in HBsAg level. Therefore, our 
predictive LRM agrees with Rivino et al. findings,11 and it could be a 
good tool to select those cases with a high probability of having this 
type of response as candidates for NUC discontinuation. Moreover, 
due to this positive correlation between effector abilities and the 
model probability level, this LRM could also provide an approach 
to the degree of HBV- specific cytotoxic T- cell response exhaus-
tion from easily obtainable clinical data (prob >0.9: low exhaustion; 
prob 0.9– 0.5: intermediate exhaustion and prob <0.5: intense ex-
haustion). From a practical point of view, those cases with a high 
likelihood of having functional cells could stop treatment, whereas 
patients with a low probability, such as those starting treatment 
after the age of 40 years, should continue on- treatment. Patients 
with an intermediate likelihood could undergo a potential future 
test to rapidly assess the immune response against HBV, such as 
the QuantiFERON (QIAGEN, MD) used for CMV or tuberculosis.34

Our model’s predictions are consistent with previous reports 
stating the correlation between the intensity of HBV- specific CD8+ 
T- cell response and HBV control during persistent infection3 and 
the association between HBV- specific T- cell restoration and long- 
term NUC treatment.9 Moreover, another recent paper has also 
shown a relationship between the presence of functional HBV- 
specific T cells at treatment stop and a successful outcome after 
treatment withdrawal.17 Similarly, our LRM’s prediction of a high 
likelihood of a functional response correlates with the achieve-
ment of HBV control and functional cure. In line with our LRM 
estimations, it has recently been published that those cases with 
HBsAg loss after treatment withdrawal display less- exhausted T 
cells with higher levels of activation and proliferation.16 Therefore, 
our work and these previous studies11,16,17 support the correlation 
between functional cure after treatment withdrawal and resto-
ration of a functional HBV- specific CD8+ cell response. Finally, our 
LRM could also be useful for selecting those cases with a very low 
likelihood of achieving a functional response during NUC treat-
ment, as occurs with cases starting treatment after the age of 40 
years, to be candidates for potential synergic immunotherapeutic 
strategies to boost anti- HBV immune responses in combination 
with NUC therapy.35,36

Our LRM only predicts the restoration of an essential part of 
the immune response against HBV, which is the cytotoxic T- cell re-
sponse, but the HBV immune control is an orchestrated effort be-
tween many different cell types, such as CD4 T cells, B cells, innate 
cells and innate- like cells.37 Therefore, the development of a model 
capable of predicting the restoration of a global functional response 
against HBV, not only focused on the functional CD8+ T- cell re-
sponse, could be an even more powerful tool in the decision- making 
process for stopping NUC treatment.

To sum up, the restoration of a functional HBV multi- specific 
cytotoxic T- cell response can be achieved during NUC treatment in 
CHBe(−) patients from Mediterranean origin. Our model can predict 
the probability of detecting this response during treatment, based 
on the duration of infection (age) adjusted by HBsAg level, NUC 
therapy length and age at treatment initiation. According to our pre-
dictive model, a high likelihood of a functional HBV- specific CD8+ 
cell response at the time of treatment discontinuation translates 
into HBV control and a rapid decline and loss of HBsAg, which could 
be used as an NUC treatment stopping rule in daily clinical practice 
after validating these results.
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