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Introduction
Hepatocellular carcinoma (HCC) is the most common primary liver cancer and the second leading 
cause of  cancer-related death worldwide (1, 2). HCC arises from liver cirrhosis, with chronic infec-
tion by hepatitis B or C viruses as the leading cause, followed by other etiologies of  cirrhosis, such 
as alcohol consumption and fatty liver disease associated with metabolic defect. Treatment options 
for advanced HCC are limited, rendering it a serious therapeutic challenge (3). Angiogenesis is one 
of  the prerequisites of  HCC progression, recurrence, and metastasis. Proangiogenic signaling through 
RAF/MEK/ERK cascade is critically important in angiogenesis and subsequent progression of  HCC. 
Phosphorylated ERK (p-ERK), the key downstream component of  this signal transduction pathway, is 
targeted by the oral multikinase inhibitor sorafenib, which is the mainstay of  treatment for patients with 
HCC. Regorafenib, ramucirumab, cabozantinib, and lenvatinib are newly approved targeted antiangio-
genic agents for the treatment of  advanced HCC (4). Although sorafenib treatment results in improved 

BACKGROUND. Sorafenib has been shown to reduce the extent of immunosuppression in patients 
with hepatocellular carcinoma (HCC). The rationale of this investigation was to identify biomarkers 
that can predict treatment efficacy of sorafenib in HCC patients and to unravel the mechanism 
by which sorafenib impedes immune suppression mediated by distinct immunosuppressive cell 
subsets.

METHODS. With informed consent, blood samples were collected from 30 patients with advanced 
HCC, at baseline and 2 time points after initiation of sorafenib treatment. The frequency of PD-1+ T 
cells, ERK2 phosphorylation on flt-3+ Tregs and MDSCs, and T effector cell function were quantified 
by using flow cytometry.

RESULTS. Elevated levels of CD8+Ki67+ T cells producing IFN-γ were associated with improved 
progression-free survival and overall survival (OS). High frequencies of these T cells were correlated 
with significantly reduced risk of death over time. Patients with an increased pretreatment T 
effector/Treg ratio showed significant improvement in OS. ERK+flt-3+ Tregs and MDSCs were 
significantly decreased after sorafenib therapy. Increased numbers of baseline flt-3+p-ERK+ MDSCs 
were associated with survival benefit of patients.
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therapy resulting in survival benefit. The immune modulation resulted from sorafenib-mediated 
blockade of signaling through the VEGF/VEGFR/flt-3 pathway, affecting ERK phosphorylation. 
These insights may help identify patients who likely would benefit from VEGFR antagonism and 
inform efforts to improve the efficacy of sorafenib in combination with immunotherapy.
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progression-free survival (PFS) and overall survival (OS), treatment-associated toxicities are frequent, 
requiring dose interruptions and dose reductions for the majority of  the patients. Conventional clini-
copathological diagnostic tools used are inadequate to identify patients who will benefit from therapy. 
Therefore, there is an urgent need to develop novel biomarkers for predicting the prognosis of  HCC 
patients undergoing sorafenib therapy.

Although the current immunotherapeutic approaches in patients with HCC have resulted in a favor-
able outcome, the relatively low response rates emphasize the strong immunosuppressive barriers that 
need to be circumvented by complementary immune-stimulatory approaches (5, 6). We and others have 
reported multiple redundant immunosuppressive mechanisms acting in concert to cause subversion of  
antitumor immunity in patients with advanced HCC (7, 8). Further, multipronged targeted depletion 
of  suppressor cells resulted in the restoration of  granzyme B production and proliferation of  T cells (9, 
10). Recently, we have also demonstrated that sorafenib treatment in patients with HCC beneficially 
reduces the extent of  immune suppression caused by Tregs and programmed cell death-1–positive (PD-
1+) T cells, which correlated with OS (11). However, the effect of  sorafenib treatment on cytotoxic T 
cell function from the perspective of  HCC patient survival has not been elucidated. The role of  VEGF 
in increasing immune checkpoint receptor PD-1 on tumor-specific T cells and downregulation of  these 
receptors by blockade of  the VEGF/VEGFR pathway has been clearly demonstrated in a mouse tumor 
model of  colon cancer (12). Importantly, we have shown that blockade of  the VEGF/VEGR2 path-
way by using anti-VEGF antibody or in vitro exposure to sorafenib could decrease the frequency of  
PD-1+ T cells in patients with HCC (11). The rationale of  our current investigation was to elucidate the 
molecular mechanism by which sorafenib impedes immune suppression mediated by distinct immune 
cell subsets in the suppressive network. ERK is a key molecule in the signaling cascade of  Tregs and 
myeloid-derived suppressor cell (MDSC) activation, and signaling via Fms-related tyrosine kinase 3 (flt-
3) has been shown to be vital for the proliferation and expansion of  human Tregs (13). Recently, it has 
been reported that sorafenib inhibits ERK activation and proliferation of  flt-3–mutant acute myeloid 
leukemia cells (14, 15). We reasoned that ERK phosphorylation on flt-3+ Tregs and MDSCs could be 
central to understanding the immunomodulatory action of  sorafenib, and we therefore measured the 
levels of  ERK phosphorylation on flt-3+ Tregs and MDSCs of  patients at the initiation of  sorafenib 
treatment and multiple time points after treatment.

Furthermore, we hypothesized that if  sorafenib impedes immunosuppressive mechanisms, it could 
enhance antitumor cytotoxicity of  the patient’s own effector T cells. Therefore, in this study, we exam-
ined whether reduction in the levels of  immunosuppressive cell subsets following sorafenib treatment 
translates to a concomitant increase in T effector cell function and whether this is a functional biomark-
er of  clinical benefit. The modulation of  the immunosuppressive cell subsets and T cell function was 
measured serially during sorafenib therapy to determine whether improvement in immune function 
was sustained, which was the secondary scientific objective. Our study is the first to our knowledge 
to demonstrate the augmented cytotoxic potential of  effector T cells following sorafenib treatment in 
patients with HCC. The field is rapidly evolving, with a number of  antiangiogenic and immune check-
point inhibitors being evaluated, making this work more relevant, with the potential to be translated to 
clinical practice and aid patient selection with a potentially novel and noninvasive immune biomarker 
of  sorafenib efficacy.

Our studies suggest that treatment with sorafenib may delay tumor growth and metastases in 
patients with HCC not only by inhibiting angiogenesis but also by suppressing immunosuppressive cell 
subsets with concomitant activation of  functional cytolytic T lymphocytes (CTL) producing IFN-γ and 
granzyme B. Our findings implicate sorafenib-mediated blockade of  the VEGF/VEGFR/flt-3 signaling 
pathway, including ERK activation in immune suppressor cells, as a key molecular event in the immune 
modulation observed in patients with HCC benefiting from this therapy.

Results
Patient characteristics. We enrolled 39 patients for the study between November 2013 and May 2017 at Ros-
well Park Comprehensive Cancer Center, and 30 patients were evaluable for all biomarker endpoints (Fig-
ure 1). Clinical characteristics of  patients are summarized in Table 1.

Clinical outcomes. Median 6-month PFS (primary endpoint for biomarkers) for Child-Pugh Class A 
and B was 0.42 (0.22–0.60) and 0.29 (0.09–0.52); median OS for Child-Pugh A and B was 9.2 (2.5–21.6) 

https://doi.org/10.1172/jci.insight.130116


3insight.jci.org   https://doi.org/10.1172/jci.insight.130116

C L I N I C A L  M E D I C I N E

months and 4.6 (1.3–11.3) months, respectively. No clinical predictors were significant at P value less than 
0.05 in this small data set in predicting outcomes. These clinical outcomes in all 30 patients with paired 
biomarker samples were used for correlation with immune biomarkers as shown below. Study status and 
survival in relation to Child-Pugh score are summarized in Supplemental Tables 1 and 2, respectively; sup-
plemental material available online with this article; https://doi.org/10.1172/jci.insight.130116DS1). No 
meaningful changes were seen in viral titers of  patients with elevated titers at baseline, consistent with what 
others have reported, and no patients were on antivirals during sorafenib treatment (16).

Reduction in the frequency and number of  Tregs and MDSCs following sorafenib treatment is associated with down-
regulation of  ERK phosphorylation. The levels of  circulating CD4+Foxp3+ T cells and CD14−HLADR−CD-
11b+CD33+ MDSCs in patients with HCC were measured by flow cytometry before sorafenib therapy as 
well as at early (28–35 days) and late treatment (160 days) stages (Figure 2, A and D). Statistically significant 
reduction in the frequency (7.3% vs. 5.5%, P = 0.001, Figure 2B) and absolute number (9537 vs. 7603, P = 
0.05, Figure 2C) of  CD4+Foxp3+ Tregs and in the frequency (6% vs. 4.3% P = 0.001, Figure 2E) and absolute 
number (5836 vs. 4350, P = 0.01, Figure 2F) of  CD14−HLADR−CD11b+CD33+ MDSCs was observed in 
blood samples collected at 28–35 days of  sorafenib treatment as compared with pretreatment levels. Decreas-
es in Tregs (7.3% vs. 5.7% P = 0.01, Figure 2B; 9537 vs. 6591, P = 0.05, Figure 2C) and MDSCs (6% vs. 3.8%, 
P = 0.001, Figure 2E; 5836 vs. 3727, P = 0.01, Figure 2F) were sustained up to after 160 days of  treatment and 
were also statistically significant compared with baseline values. Further decreases in frequencies and absolute 
numbers did not occur beyond that measured at 28–35 days of  treatment, except for the absolute number of  
MDSCs, which further decreased significantly (Figure 2, B, C, E, and F).

Figure 1. Description of cohorts for biomarker study. We recruited 39 patients for the study. Radiographically, 
biochemically, or biopsy-proven, measurable HCC that was not previously treated with systemic therapy and was Child-
Pugh Class A or B were the eligibility criteria. The observation period for each patient was the time from the start of 
therapy with sorafenib to withdrawal of consent, death, or the last visit. Of the 39, 30 patients met eligibility criteria. 
One pretreatment and 2 posttreatment blood samples were collected for the biomarker study. Patients were nonevalu-
able for the primary biomarker endpoint if they provided fewer than 2 biomarker samples or came off the study before 
response assessment. Of 30 eligible patients, 22 provided 3 blood samples for biomarker study and 8 provided 2 blood 
samples. Response, dosing, and toxicity information were collected in a database, and deidentified biomarker data 
were analyzed in a blind fashion. PFS, progression-free survival.
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In addition to the decline in Treg frequencies and 
absolute numbers, importantly, there was a significant 
increase in the ratios of  both CD4+CD127+ (5.1 vs. 7.4, 
P = 0.001, Figure 2G) and CD8+CD127+ (6.1 vs. 8.6,  
P = 0.001, Figure 2H) effector T cells (Teffs) to Tregs 
after sorafenib treatment. Enhancement in the ratios of  
CD4+ Teffs and CD8+ Teffs to Tregs was sustained for 
a long period after sorafenib treatment (5.1 vs. 7.9, P = 
0.01, Figure 2G; 6.1 vs. 8.6, P = 0.05, Figure 2H). Mit-
igation of  Tregs and MDSCs and subsequent enhance-
ment in the Teff/Treg ratio following sorafenib therapy 
that were long-lasting likely contribute to antitumor 
immune responses in these patients.

Coupled with diminution of  Tregs and the MDSC 
population, a significant reduction in the levels of  ERK 
phosphorylation was observed on flt-3+ Tregs and 
MDSCs after sorafenib treatment. We found that the 
frequency (65.5% vs. 50.5%, P = 0.001, Figure 2, I and 
J) and absolute number (383.5 vs. 233, P = 0.06, Fig-
ure 2K) of  flt-3+ p-ERK+ Tregs and frequency (87.1% 
vs. 73.9%, P = 0.001, Figure 2, L and M) and absolute 
number (396 vs. 244.7, P = 0.01, Figure 2N) of  flt-3+p-
ERK+ MDSCs were significantly decreased in samples 
collected 28–35 days after initiation of  sorafenib treat-
ment. Decreased ERK phosphorylation levels on Tregs 
(65.5% vs. 37.62%, P = 0.001, Figure 2J; 383.5 vs. 169.4, 
P = 0.01, Figure 2K) and MDSCs (87.1% vs. 70.5%, P 
= 0.001, Figure 2M; 396 vs. 176, P = 0.01, Figure 2N) 
were also monitored at the second follow-up measure-
ment after 160 days of  sorafenib treatment. p-ERK is a 
key downstream target of  sorafenib and could therefore 

serve as a potential biomarker of  its efficacy. Our studies show that signaling via flt-3 receptor on Tregs and 
MDSCs is inhibited by sorafenib, resulting in the downregulation of  ERK phosphorylation, implicating this 
as a potential mechanism by which sorafenib inhibits suppressive Tregs and MDSCs in patients with HCC. 
Eight of  thirty patients had died before the second posttreatment blood draw (160 days), and immune pro-
files of  these patients at 28–35 days combined with surviving patients (n = 22 + 8) have been summarized 
in Supplemental Figure 1. A comparison of  the peripheral blood immune cell population with intrahepatic 
immune cell subsets could not be performed in this small cohort of  30 patients with advanced disease who 
presented with poor liver function because tumor biopsies for translational studies could have affected their 
current standard of  care or quality of  life. We acknowledge this as a limitation of  our study.

Reduction in Foxp3+ Tregs coexpressing CTLA-4 and neuritin after sorafenib treatment. Our characterization 
of  the pre- and posttreatment HCC patient samples demonstrated that the frequency of  Foxp3+CTLA-4+ 
Tregs was significantly reduced after sorafenib therapy (4.3% vs. 3.5%, P = 0.01, Figure 3, A and B). 
However, absolute number of  Foxp3+CTLA-4+ Tregs did not show any significant decrease (Figure 3C). 
In addition to reducing the frequency of  Tregs expressing CTLA-4, in a subset of  patients, sorafenib 
treatment also decreased the frequency of  Tregs coexpressing the neurotrophic factor known as neuritin 
on their surface (40.5% vs. 24.5%, P = 0.01, Supplemental Figure 2, A and B), a molecule implicated as 
a Treg-associated factor and relevant to an activated Treg phenotype. The frequency of  neuritin+ Tregs 
in HCC patients’ pretreatment samples was also significantly higher than age-matched healthy subjects 
(40.5% vs. 14.3%, P = 0.001, Supplemental Figure 2B). Thus, neuritin may be an additional marker of  
Tregs responsible for dampening antitumor immunity in HCC patients who are also susceptible to ther-
apeutic disruption of  VEGF/VEGFR signaling.

Reduction in T cell exhaustion following treatment with sorafenib. We further examined the expression levels 
of  immune checkpoint receptor PD-1, a molecular signature of  T cell exhaustion on activated T cells, 

Table 1. Baseline characteristics of patients treated with sorafenib (n = 30)

Median age, years 65 (56–84)
Sex
 Male 26 (87%)
 Female 4 (13%)
Race
 White 25 (83%)
 African American 4 (13%)
 Hispanic 1 (3%)
Median weight (kg) 79 (51–171)
Median height (cm) 174 (152–187)
Median BSA 1.9 (1.5–3.0)
Cause of disease
 Alcohol 11 (37%)
 Hepatitis C virus 16 (53%)
 Hepatitis B virus 2 (7%)
 Nonalcoholic steatohepatitis 2 (7%)
 Other 6 (20%)
ECOG performance status
 0 8 (27%)
 1 21 (70%)
 2 1 (3%)
Barcelona-Clinic Liver Cancer stage
 B 8 (27%)
 C 22 (73%)
Child-Pugh liver function class
 A 20 (67%)
 B 10 (33%)
Macrovascular invasion 18 (60%)
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Figure 2. Reduction in immunosuppres-
sive cell subsets after sorafenib therapy. 
Frequencies of various immune T cell 
subsets were calculated on live CD3+CD4+ or 
CD3+CD8+ T cell populations and MDSCs are 
CD14−HLA–DR−CD11b+CD33+. Absolute num-
ber is cells per milliliter. (A) Representative 
histogram offset showing the frequency 
of CD4+Foxp3+ Tregs measured at pretreat-
ment and after 28–35 days and 160 days 
of sorafenib treatment. (B) Frequency and 
(C) absolute numbers of CD4+Foxp3+ Tregs 
pretreatment and after 28–35 days and 160 
days (n = 22). (D) Representative histogram 
offset showing frequency of CD11b+CD33+ 
MDSCs measured at pretreatment and 
after 28–35 days and 160 days of sorafenib 
treatment. (E) Frequency and (F) absolute 
numbers of MDSCs pretreatment and after 
28–35 days and 160 days (n = 22). (G) Ratio 
of CD4+CD127+ T cells to CD4+Foxp3+ T cells 
(CD4+CD127+ T cells/CD4+Foxp3+ T cells) 
pretreatment and after 28–35 days and 
160 days (n = 22). (H) Ratio of CD8+CD127+ 
T cells to CD4+Foxp3+ T cells pretreatment 
and after 28–35 days and 160 days (n = 
22). (I) Representative histogram offset, 
showing frequency of Foxp3+flt-3+p-ERK+ 
Tregs measured at pretreatment and after 
28–35 days and 160 days of sorafenib 
treatment. (J) Frequency and (K) abso-
lute numbers of Foxp3+flt-3+p-ERK+ Tregs 
measured at pretreatment and after 28–35 
days and 160 days of sorafenib treatment (n 
= 22). (L) Representative histogram offset, 
showing frequency of flt-3+p-ERK+ MDSCs 
measured at pretreatment and after 28–35 
days and 160 days of sorafenib treatment. 
(M) Frequency and (N) absolute numbers of 
flt-3+p-ERK+ MDSCs pretreatment, 28 –35 
days, and 160 days (n = 22). Each symbol 
represents an individual HCC patient. Error 
bars represent mean ± standard deviation 
(SD). ****P < 0.0001; ***P < 0.001; **P < 
0.01; *P < 0.05; paired t test.

https://doi.org/10.1172/jci.insight.130116
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during sorafenib treatment in patients with HCC. A significant reduction in the frequency (31.5% vs. 26%, 
P = 0.001, Figure 3, D and E) as well as absolute number (13,508 vs. 10,460, P = 0.01, Figure 3F) of  
CD4+Ki67+PD-1+ T cells and in the frequency (29.8% vs. 21%, P = 0.001, Figure 3, G and H) and absolute 
number (5025 vs. 3643, P = 0.01, Figure 3I) of  CD8+Ki67+PD-1+ T cells was observed 28–35 days after 
sorafenib treatment as compared with pretreatment levels. Of  note, the frequency of  CD4+PD1+ T cells 
(31.5% vs. 23.6%, P = 0.001, Figure 3E) and CD8+PD1+ T cells (29.8% vs. 20.5%, P = 0.001, Figure 3H) 
remained significantly low in the follow-up blood samples collected after 160 days of  treatment, demon-
strating that sorafenib-mediated downregulation of  this inhibitory checkpoint on T cells was sustained for 
a prolonged period. Profiles of  immune checkpoint receptors at 28–35 days of  8 patients who had died 
before the second posttreatment blood draw (160 days) combined with surviving patients (n = 22 + 8) have 

Figure 3. Decrease in T cell exhaustion markers after sorafenib treatment. Immunophenotypic analysis of T cells was performed after stimulation of 
PBMCs in vitro using anti–CD3/CD28 at pretreatment and after 28–35 days and 160 days of sorafenib treatment by multicolor flow cytometry. Frequencies 
of various immune cell subsets were calculated on live CD3+CD4+ or CD3+CD8+ T cell populations, and absolute number is cells per milliliter. (A) Represen-
tative histogram offset showing frequency of Foxp3+CTLA-4+ Tregs measured at pretreatment and after 28–35 days and 160 days of sorafenib treatment. 
(B) Frequency and (C) absolute numbers of Foxp3+CTLA-4+ Tregs pretreatment, 28–35 days, and 160 days (n = 22). (D) Representative histogram offset 
showing frequency of CD4+Ki67+PD-1+ T cells measured at pretreatment and after 28–35 days and 160 days of sorafenib treatment. (E) Frequency and (F) 
absolute number of CD4+Ki67+PD-1+ T cells pretreatment, 28–35 days, and 160 days (n = 22). (G) Representative histogram offset showing frequency of 
CD8+Ki67+PD-1+ T cells measured at pretreatment and after 28–35 days and 160 days of sorafenib treatment. (H) Frequency and (I) absolute number of 
CD8+Ki67+PD-1+ T cells pretreatment, 28–35 days, and 160 days (n = 22). Each symbol represents an individual HCC patient. Error bars represent mean ± 
standard deviation (SD). ****P < 0.0001; ***P < 0.001; **P < 0.01; paired t test.

https://doi.org/10.1172/jci.insight.130116


7insight.jci.org   https://doi.org/10.1172/jci.insight.130116

C L I N I C A L  M E D I C I N E

been summarized in Supplemental Figure 3. Our results underscore that immune checkpoint inhibitor 
therapy combined with sorafenib could generate a synergistic effect and may favor better clinical outcome 
in patients with HCC.

In addition to Foxp3+ Tregs, expression of  neuritin has also been linked to anergic CD8+ and CD4+ 
T cell populations. We found that in patients with HCC, the frequency of  CD4+PD-1+ T cells coex-
pressing neuritin was significantly higher than in normal healthy subjects, suggesting a role for these 
cells in liver cancer–associated immune dysfunction (33% vs. 21.3%, P = 0.05, Supplemental Figure 
2, C and D). Notably, these cells were significantly reduced after sorafenib treatment (33% vs. 19.6%, 
P = 0.05, Supplemental Figure 2D). Neuritin expression on CD8+PD-1+ T cells was similarly reduced 
after sorafenib therapy (35.3% vs. 17.8%, P = 0.01, Supplemental Figure 2, E and F). This decline in 
PD-1+neuritin+ T cells, potentially exhausted or anergic populations capable of  attenuating antitumor 

Figure 4. Effect of sorafenib treatment on Teffs. PBMCs from patients with HCC were stimulated with anti–CD3/CD28 in vitro for 48 hours and immuno-
phenotypic analysis was performed. Frequencies of various immune cell subsets were calculated on live CD3+CD4+ or CD3+CD8+ T cell populations, and 
absolute number is cells per milliliter. (A) Representative histogram offset showing frequency of CD4+Ki67+IFN-γ+ T cells measured at different time 
points of sorafenib treatment. (B) Frequencies and (C) absolute number of CD4+Ki67+IFN-γ+ T cells pretreatment, 28–35 days, and 160 days (n = 22). (D) 
Representative histogram offset showing frequency of CD8+IFN-γ+ T cells measured at different time points of sorafenib treatment. (E) Frequencies and 
(F) absolute number of CD8+Ki67+IFN-γ+ T cells pretreatment, 28–35 days, and 160 days (n = 22). (G) Representative histogram offset showing frequency 
of CD8+Ki67+GRB+ T cells measured at different time points of sorafenib treatment. (H) Frequencies and (I) absolute number of CD8+Ki67+GRB+ T cells 
pretreatment, 28–35 days, and 160 days (n = 22). Each symbol represents an individual HCC patient. Error bars represent mean ± standard deviation (SD). 
****P < 0.0001; ***P < 0.001; **P < 0.01; paired t test.
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immune responses in HCC, may be partly attributed to a hitherto-unanticipated susceptibility of  these 
populations to VEGFR signaling antagonism.

Enhanced IFN-γ production and proliferation of  effector CD4+ and CD8+ T cells in patients treated with sorafenib. 
Teff proliferation and IFN-γ production were evaluated at 3 time points during sorafenib treatment: before 
treatment initiation and at 28–35 days and 160 days after commencement of  treatment. Stimulation of  
PBMCs in vitro using anti–CD3/CD28 resulted in the generation of  significantly increased frequency 
(7.9% vs. 15.3%, P = 0.001, Figure 4, A and B) as well as absolute number of  CD4+Ki67+IFN-γ+ T cells 
(3101 vs. 8314, P = 0.001, Figure 4C) and significantly high frequency (9.9% vs. 17.5%, P = 0.001, Figure 
4, D and E) and absolute number of  CD8+Ki67+IFN-γ+ T cells (1094 vs. 3731, P = 0.001, Figure 4F) after 
28–35 days of  sorafenib treatment as compared with the pretreatment sample. We observed significantly 
higher frequencies as well as absolute numbers of  proliferating CD4+Ki67+ (7.9% vs. 16.7%, P = 0.001, Fig-
ure 4B; 3101 vs. 10,865, P = 0.001, Figure 4C) and CD8+Ki67+ T cells (9.9% vs. 18.2%, P = 0.001, Figure 
4E; 1094 vs. 4353, P = 0.001, Figure 4F) producing IFN-γ even at a later stage of  treatment in surviving 
patients, highlighting the durability of  the sorafenib-induced immune modulatory effect in HCC. Profiles 
of  T cell IFN-γ production by 8 patients who had passed away before the second posttreatment blood draw 
combined with surviving patients (n = 22 + 8) have been summarized in Supplemental Figure 4.

Increased expression of  granzyme B by proliferating cytotoxic T cells in patients treated with sorafenib. Further, we 
investigated the expression of  granzyme B, a mediator of  target cell lysis by CTLs in cell-mediated immune 
responses, at different time intervals during the course of  treatment. Activated CD8+ T cells showed a sig-

Figure 5. Kaplan-Meier plots showing both the predictive immune correlates of response to and efficacy of sorafenib treatment in patients with 
HCC. Plots A–C show the correlation between CD8+Ki67+IFN-γ+ T cells before sorafenib treatment (baseline values) and patient survival. The association 
between CD8+Ki67+IFN-γ+ T cells and OS or PFS was calculated as described in Methods. (A) Absolute numbers of baseline values of CD8+Ki67+IFN-γ+ T cells 
and OS. (B) Frequency of CD8+Ki67+IFN-γ+ T cells at baseline and PFS. (C) Absolute numbers of CD8+Ki67+IFN-γ+ T cells and PFS. (D) Log change in absolute 
numbers of CD8+Ki67+IFN-γ+ T cells (log of the ratio [post/pre] and PFS).
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nificant increase in the frequency as well as absolute numbers of  Ki67+granzyme B+ CTLs in blood samples 
collected 28–35 days (27.2% vs. 46.6%, P = 0.001, Figure 4, G and H; 2870 vs. 6631, P = 0.01, Figure 4I) 
and 160 days (27.2% vs. 48.4%, P = 0.001, Figure 4H; 2870 vs. 10,910, P = 0.001, Figure 4I) after initiation 
of  sorafenib treatment as compared with pretreatment samples. Profiles of  granzyme B+CD8+ T cells at 
28–35 days from 8 patients who had died before the second posttreatment blood draw combined with sur-
viving patients (n = 22 + 8) are summarized in Supplemental Figure 4.

Predictive and prognostic immune correlates of  survival in patients with HCC. OS of  patients was significantly 
affected by the absolute numbers of  IFN-γ–producing CD8+Ki67+ T cells before treatment initiation (log-
rank P = 0.01, Figure 5A). Both the frequencies and absolute numbers of  this phenotype showed significant 
association with PFS (log-rank P = 0.005, Figure 5B; log-rank P = 0.003, Figure 5C). Furthermore, patients 
with an increase in the absolute numbers of  this phenotype quantified after sorafenib therapy had improved 
PFS (log-rank P = 0.03, Figure 5D). Importantly, high frequencies of  CD8+Ki67+IFN-γ+ T cells were also 
associated with significantly reduced risk of  death over time (hazard ratio = 0.33; P = 0.005). Collectively, 
our results highlight that CD8+Ki67+ T cells producing IFN-γ may represent a key immune subset defining 
response to sorafenib treatment.

Patients with high pretreatment Teff/Treg ratio achieved significant improvement in OS (log-rank P = 
0.03, Figure 6A). In corroboration of  this finding, we also show that patients with low numbers of  baseline 
Foxp3+CTLA-4+ Tregs had improved PFS (log-rank P = 0.007, Figure 6B).

Pretreatment levels of  the absolute number of  flt-3+p-ERK+ MDSCs showed significant correla-
tion with PFS of  patients (log-rank P = 0.02, Figure 6C). In concordance with earlier studies reporting 
increased responsiveness of  HCC patients with high baseline p-ERK+ tumors to sorafenib treatment, our 
HCC patients with increased numbers of  baseline p-ERK+ MDSCs may be more susceptible to VEGFR 
signaling antagonism. Although there are multiple strategies that tumor cells use, MDSCs are a key driver 

Figure 6. Kaplan-Meier plots showing the base-
line immune correlates predictive of response to 
sorafenib treatment in patients with HCC. Plots A–C 
show the correlation between immune parameters 
before sorafenib treatment and patient outcome. 
The association between immune markers and OS 
or PFS was calculated as described in Methods. (A) 
Ratio of CD4+CD127+ T cells/CD4+Foxp3+ Tregs and 
OS. (B) Absolute numbers of CD4+Foxp3+CTLA-4+ T 
cells and PFS. (C) Absolute numbers of flt-3+p-ERK+ 
MDSCs and PFS.
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of  tumor-mediated immune evasion, and targeting MDSCs in immunotherapy appears to be a promising 
strategy with clinical relevance for patients with HCC.

Discussion
Even though presently sorafenib remains the gold standard of  treatment for advanced, unresectable HCC 
and provides modest improvement in survival, treatment options for HCC are increasing, and patient selec-
tion will soon be a clinical challenge. Based on preclinical and human studies, sorafenib in addition to hav-
ing an antiangiogenic property has been shown to beneficially modulate the extent of  the immunosuppres-
sive network in patients with HCC (11). The rationale of  the present study was to delineate the molecular 
events responsible for the beneficial immune modulation mediated by sorafenib and to interrogate whether 
reduction in immunosuppressive cell subsets translates into concomitant improvement in cell-mediated 
immune function measured as enhanced proliferation and IFN-γ and granzyme B production by CTLs. 
These biomarkers with strong predictive and prognostic value either at pretreatment or early treatment 
could have translational potential for selecting individualized treatment options for patients or providing 
justification for prolonged sorafenib treatment.

The decrease in the frequency and absolute number of  redundant immunosuppressive phenotypes 
observed in patients after sorafenib therapy further supports our earlier report on patients with HCC treated 
with sorafenib (11). Immunomodulatory properties of  sorafenib have been studied using mouse tumor 
models of  HCC. Based on these studies, sorafenib has been shown to reduce PD-1+CD8+ T cell number 
and inhibit proliferation and suppressive properties of  Tregs and MDSCs (17, 18). In patients with HCC 
treated with sorafenib, a significant reduction in the number of  tumor-infiltrating Tregs in the liver tissue 
with concomitant downregulation of  TGF-β has been reported; a subpharmacological dose of  sorafenib 
in vitro has been shown to enhance Teff  proliferation and IL-2 production with downmodulation of  Treg 
function (19, 20). By using paired pre- and posttreatment samples at 2 time points from patients with HCC, 
we performed a comprehensive analysis of  the dynamic levels of  circulating immunosuppressive cell sub-
sets. The serial monitoring of  suppressive phenotypes, Tregs, MDSCs, and inhibitory checkpoints during 
treatment revealed that sorafenib’s immune-modulating effects were sustained over 160 days when second 
follow-up measurements were made.

In the present study, a significant reduction in the levels of  ERK phosphorylation was noted in flt-
3+ Tregs and MDSCs after sorafenib treatment. Patients with a higher number of  baseline flt-3+p-ERK+ 
MDSCs achieved improvement in PFS; these patients appeared to be more responsive to sorafenib-me-
diated intervention in the VEGF/VEGFR signaling pathway. Susceptibility of  flt-3+p-ERK+ MDSCs to 
sorafenib therapy supports the potential link between VEGF signaling and MDSCs, a suppressor cell subset 
well known for the subversion of  antitumor immunity through induction of  Tregs and inhibitory cytokines. 
Sorafenib is an inhibitor of  several serine and threonine kinases, such as RAF, and tyrosine kinases, includ-
ing VEGFRs. Sorafenib has been shown to block ERK activity and proliferation of  flt-3–mutant acute 
myeloid leukemia cells (14, 15) and reduce ERK phosphorylation of  endothelial progenitor cells from 
patients with HCC (21). Activated ERK is a key downstream component of  this signaling cascade that 
sorafenib is targeting. In a phase II study using tumor biopsies from patients with HCC (22) and another 
recent study using an HCC patient–derived xenograft model, it has been shown that tumors with high base-
line p-ERK levels are more responsive to sorafenib treatment (23).

The inherent tolerogenic nature of  the liver likely impedes an effective antitumor immune response to 
eliminate hepatic tumor cells at an early stage of  development. Additionally, immune surveillance in HCC 
is subverted by immunosuppressive cytokines IL-10 and TGF-β, which are upregulated with concomitant 
downregulation of  proinflammatory IFN-γ levels (8). The immune checkpoint receptor PD-1 is a major 
contributor to the subversion of  antitumor immunity in the hepatic microenvironment and has become a 
novel therapeutic target for HCC. Clinical trials validating the therapeutic potential of  checkpoint inhibitors 
blocking the PD-1 axis either alone or in combination with sorafenib are underway in patients with HCC, 
and nivolumab showed a manageable safety profile with durable objective responses in a subset of  patients 
and was approved by the FDA for second-line therapy following failure of  sorafenib (6, 24, 25). Although 
the comparative, randomized phase III trial of  nivolumab versus sorafenib as first-line therapy (CheckMate 
459) is complete and will report soon, our finding that sorafenib treatment results in sustained reductions of  
PD-1+ T cells in patients with HCC suggests that a combination of  PD-1 blockade and sorafenib could have 
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a synergistic effect in patients with HCC and potentially may lead to a better outcome in those patients who 
develop sorafenib resistance after long-term exposure. This theory has been validated in a small 23-patient 
study combining atezolizumab and bevacizumab reported at ASCO 2018 (26). VEGF-induced upregula-
tion of  PD-1 expression on tumor-specific T cells and mitigation of  PD-1 expression by intervention in the 
VEGF/VEGFR pathway have been demonstrated in a mouse model of  colon cancer (12). Our studies in 
a different cohort of  22 patients with HCC have shown that a decrease in the expression levels of  PD-1 on 
T cells after sorafenib treatment is associated with survival benefit, and blockade of  the VEGF/VEGR2 
pathway or exposure to sorafenib in vitro reduces PD-1 expression levels on T cells (11). These studies pro-
vide insight into the appropriate molecular-targeted agent that may be used in combination with immune 
checkpoint inhibitors for the treatment of  HCC.

Consistent with our hypothesis, reduction of  additive suppressive phenotypes after sorafenib treatment 
was associated with reinvigoration of  antitumor immune responses in patients. In the current study, the 
reversal of  T cell exhaustion was reflected by marked reduction in the expression levels of  coinhibitory 
receptors PD-1 and CTLA-4 on T cells following 4 weeks of  treatment that was sustained over a prolonged 
period. Decreased number of  baseline Tregs coexpressing checkpoint receptor CTLA-4 showed significant 
correlation with improvement in PFS. Tregs coexpressing markers of  activation or immune checkpoints 
have been reported to be associated with worse prognosis in many cancers (27). Recently, using a clinically 
relevant mouse xenograft model of  HCC, it has been shown that treatment with tyrosine kinase inhibitor 
sunitinib resulted in the priming of  antitumor immune response by significantly decreasing Treg frequency 
(28). An important aspect of  our mechanistic study was that we also performed a comprehensive analysis 
on kinetics of  T cell function by using paired samples from patients at 3 time points. In the current study, 
we also observed a significant sorafenib-mediated reduction in the frequency of  circulating neuritin+ Tregs, a 
subpopulation enriched in patients with HCC relative to healthy donors. The gene encoding this neurotroph-
in (Nrn1) has been reported by several groups to be among those upregulated in Tregs relative to convention-
al T cell populations (29–32) or on Tregs under the control of  their canonical transcription factor, Foxp3 (32, 
33). Moreover, neuritin expression was recently noted among a subset of  Tregs with an activated phenotype 
(34, 35). Although the role of  neuritin in Treg biology remains to be fully defined, its expression on Tregs 
that are enriched in patients with HCC supports the notion that this molecule may indeed be a marker for 
human Tregs participating in the suppression of  effective antitumor immunity in this deadly cancer type. 
Additionally, the apparent susceptibility of  neuritin-expressing Tregs to sorafenib therapy further suggests a 
link among this factor, VEGF signaling in Tregs, and a subset of  suppressor cells now widely appreciated to 
be tumor abetting (i.e., activated Tregs) (34, 36, 37). Recently, neuritin expression was also reported among 
anergic CD8+ and CD4+ T cells (38, 39). In line with a role for this molecule in the dysfunctional T cell 
response to liver cancer, we found a prominent population of  T cells coexpressing neuritin and the exhaus-
tion/anergy marker PD-1. Notably, these cells were significantly reduced in patients with HCC by sorafenib 
therapy. Our findings call attention to the potential role of  neuritin in Treg- and exhaustion-driven immune 
tolerance in HCC, and they encourage further exploration of  the factor as a potentially novel therapeutic 
target in the silencing of  Tregs in the cancer setting.

Studies based on gene expression profiles in a cohort of  956 patients with HCC have demonstrated 
that 25% of  these patients express enrichment of  signatures identifying CD8+ T cells, IFN-signaling genes, 
and markers of  cytolytic activity. Furthermore, this group of  patients had improved OS (40). Sorafenib has 
been shown to enhance graft versus leukemia activity through activation of  CD8+CD107+IFN-γ+ T cells in 
patients with flt-3 ITD mutant acute myeloid leukemia cells (41). In the above paper, authors have shown 
that the activation of  CD8+CD107+IFN-γ+ T cells by sorafenib is mediated via reduced ATF4 expression, 
causing activation of  the IRF7/IL-15 axis in leukemia cells leading to metabolic reprogramming of  leuke-
mia-reactive T cells. In the current study, concomitant with an inhibitory effect on multiple suppressive cell 
subsets, we demonstrate that sorafenib treatment in patients with HCC resulted in the functional restoration 
of  Teffs, evidenced by enhancement in the Teff/Treg ratio and increased IFN-γ and granzyme B production 
by CD4+ and CD8+ T cells following T cell receptor ligation. A further aspect of  T cell functionality, namely 
the proliferative capacity of  T cells upon TCR ligation, was also enhanced following sorafenib treatment. Of  
clinical relevance, increased frequencies or absolute numbers of  CD8+Ki67+IFN-γ+ T cells were associated 
with significantly improved survival of  the patients with HCC. Importantly, high frequencies of  CD8+Ki67+ 
T cells producing IFN-γ were implicated in significantly lowering risk of  death over time.

Consistent with our data, earlier studies have also shown the inhibitory effect of  sorafenib on ERK 
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phosphorylation and proliferation of  flt-3–mutant leukemia cells (14, 15). Tyrosine kinase inhibitors, 
such as dasatinib and imatinib, have been shown to impede immune escape mechanisms in patients with 
CML by downregulation of  MDSCs, simultaneously increasing T cell IFN-γ production (42). In another 
study, dasatinib treatment increased the number of  granzyme B–producing CD4+ and CD8+ memory T 
cells in patients with CML, which functionally differentiated into Th1-type T cells capable of  producing 
IFN-γ (43). In our study, we observed high baseline Teff/Treg ratio significantly affected OS of  patients. 
High Treg/Teff  ratios in the tumor microenvironment have been reported to be associated with poor 
prognosis in different types of  malignancies (27). In patients with gastrointestinal stromal tumor (GIST) 
treated with imatinib, greater intratumoral CD8+ T cell/Treg ratio was correlated with sensitivity of  
tumors to imatinib and IDO expression. Thus CD8+ T cells were thought to be critical to the antitumor 
effects of  targeted therapy in GIST (44).

In conclusion, our studies reveal the central role of  CD8+ T cells in this targeted therapy for liver cancer, 
and they suggest that CD8+Ki67+IFN-γ+ cells may be a viable immune biomarker for the treatment efficacy 
of  sorafenib in patients with HCC. Furthermore, we show that a high baseline CD4+ Teff/Treg ratio may 
be a biomarker of  prognostic significance in HCC. Importantly, our results provide the scientific rationale 
for combining sorafenib with checkpoint inhibitors. Such a regimen should be capable of  both targeting 
tumor angiogenesis and downregulating suppressor cell phenotypes, an “off-target” effect of  sorafenib on 
the immune system. With several recent successful studies of  targeted antiangiogenic agents (ramucirumab, 
cabozantinib, lenvatinib) and effective treatment for hepatitis C, the HCC landscape is rapidly changing (4). 
Biomarkers that help predict benefit and reduce exposure to toxic therapies would have a significant effect 
on cost, quality of  life, and patient survival. These agents can potentially synergize to reignite antitumor 
immunity in patients with HCC and improve the magnitude and durability of  antitumor responses, and 
appropriate biomarkers may aid selections of  therapy sequence and be paradigm changing for this disease.

Methods
This study was based on a clinical trial (NCT02072486) conducted in patients with advanced HCC 
at the Roswell Park Comprehensive Cancer Center (RPCCC) enrolled between November 3, 2013, 
and November 24, 2017. The study included patients with (a) radiographically, biochemically, or biop-
sy-proven, measurable HCC (b) that was previously not treated with systemic therapy for advanced 
disease of  (c) Child-Pugh Class A or B who were deemed candidates for sorafenib therapy. Starting 
dose and dose adjustments were made according to the package insert. The observation period for each 
patient was the time from the start of  therapy with sorafenib to withdrawal of  consent, death, or the 
last visit. Response, dosing, and toxicity information were collected in a database, and deidentified bio-
marker data were analyzed in blinded fashion and entered into the database for statistical analysis. No 
interim data analyses for safety monitoring were planned because treatment was the standard of  care. 
The final analysis occurred after the last patient had been in the study for 6 months or was lost to fol-
low-up or died. Patients were nonevaluable for the primary biomarker endpoint if  they provided fewer 
than 2 biomarker samples or came off  the study before response assessment. Efficacy endpoints of  OS, 
time to progression, PFS, response rate, and stable disease rate were defined by RECIST based on CT 
or other equivalent radiographic method at baseline and at follow-up visits every 8 weeks. Common 
Terminology Criteria for Adverse Events grade, action taken, and outcome were recorded.

Patients. Over a 4-year period, 39 eligible patients were consented, 30 of  which were evaluable for all 
biomarker endpoints, and all treated patients were included in the toxicity assessment.

Biomarker analysis. Heparinized peripheral blood samples were obtained from patients with HCC 
before the initiation of  treatment and after 28–35 days and 160 days of  sorafenib treatment. PBMCs 
were isolated by Ficoll-Paque density gradient centrifugation and cryopreserved (8). Functional studies 
on T cells were carried out after in vitro stimulation of  PBMCs in the presence of  1 μg/mL anti-CD3 
antibody (clone OKT3; BD Biosciences) and 0.5 μg/mL anti-CD28 antibody (clone CD28.2; Invitro-
gen) in 96-well, round-bottom plates. After 72 hours of  stimulation, harvested cells were subjected to 
surface staining with fixable viability stain FVS V450, APC-H7 anti-CD3, PercP anti-CD4, V500 anti-
CD8 (all from BD Biosciences), and PE-Cy7 PD-1 (Biolegend). Intracellular staining for Alexa Fluor 
488 Ki67, PE IFN-γ, and Alexa Fluor 700 granzyme B was carried out after fixation and permeabiliza-
tion of  cells, and samples were acquired on an LSRII flow cytometer (BD Biosciences) (45). Data were 
analyzed using FlowJo 10.03 (Tree Star Inc.). Frequency and phenotype of  Tregs, MDSCs, and PD-1+ 
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T cells were determined by polychromic flow cytometry as described before (8, 45).
Statistics. This study was a nonrandomized longitudinal study of  biomarker changes from baseline 

to days 28–35 and day 160 following sorafenib therapy in 30 subjects. The primary endpoints were PFS 
and OS as a function of  baseline biomarker levels and changes from baseline to days 28–35. Biomarker 
values were dichotomized for baseline values as above or below the median and above or below the 
median log change scores. Comparisons between the 2 strata were carried out using a log-rank test, 
tested at α = 0.05 (2 sided). Differences in mean biomarker changes over time were examined using a 
paired t test at α = 0.05 (2 sided). P values of  less than 0.05 were considered significant. A time-varying 
Cox regression model was used to examine biomarker changes across the longitudinal time points in 
terms of  relative risk of  death over time.

Study approval. The study protocol (I 238913) was approved by the Roswell Park Institutional 
Review Board. Every patient signed an informed consent document in a manner consistent with the 
World Medical Association’s Declaration of  Helsinki and RPCCC standards to be included in this pro-
spective, open-label biomarker study.
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