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ABSTRACT 

 

Role of interleukin-7 in radiation-induced lymphopenia 

 

Hwa Kyung Byun 

 

Department of Medicine 

The Graduate School, Yonsei University  

 

(Directed by Professor Jinsil Seong) 

 

Purpose: Local irradiation (IR) can lead to systemic lymphocyte depletion, 

which is associated with poor survival outcomes in cancer patients. 

Interleukin-7 (IL-7) plays an important role in lymphocyte homeostasis; 

however, its role in alleviating radiation-induced lymphopenia has not been 

explored. In this study, we aimed to assess the role of IL-7 in 

radiation-induced lymphopenia in patients with hepatocellular carcinoma. 

In addition, we established a radiation-induced lymphopenia animal model 

and evaluated the effect of exogenous IL-7 administration.  

Materials and Methods: First, 99 patients with hepatocellular carcinoma 

treated with RT in 2016–2018 were prospectively enrolled. Blood IL-7 

levels was assayed before and after RT. Acute severe lymphopenia (ASL) 

was defined as a TLC <200 cells/μL during radiotherapy (RT). Univariable 

and multivariable analyses were performed to identify the predictors of 

overall survival (OS) and ASL development, using Cox regression and 

logistic regression models, respectively.  

Next, C3H/HeN mice received IR of 30 Gy in 10 fractions at the right hind 

limbs. After IR, 10 mg/kg of IL-7 was injected subcutaneously. 

Lymphocyte subset counts and total lymphocyte count (TLC) in blood were 

measured. HCa-1 cells were inoculated subcutaneously into the right thighs 

of tumor mouse models, which underwent the same treatment.  

Results: Forty-one (41.4%) patients developed ASL. Patients with ASL had 

significantly poorer OS than those without (median, 12.0 vs. 23.2 months, 

p=.002); patients who recovered at 2 months showed better OS than those 
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who did not recover (median, 21.8 vs. 10.3 months; p=.042). ASL was an 

independent prognostic factor of poor OS (hazard ratio [HR], 1.98; 95% 

confidence interval [CI], 1.11–3.54, p=.020). Patients without ASL had 

significantly higher pre-RT IL-7 levels (3.02 pg/mL vs. 2.07 pg/mL; 

p=.009). On multivariable analysis, high pre-RT IL-7 levels were 

significantly negatively associated with ASL development (per 1 pg/mL 

increase: HR, 0.32; 95% CI, 0.15–0.68; p=.003). IL-7 level changes 

showed feedback response to ASL, with a higher ΔIL-7 (post-RT IL-7 

minus pre-RT IL-7; 0.48 pg/mL) in patients with ASL and a lower ΔIL-7 

(-0.64 pg/mL) in those without ASL (p<.001). Post-RT IL-7 levels were 

significantly positively correlated with the TLC at 2 months. 

In the naïve mouse model, TLC was decreased to 20% on day 2 and 

gradually recovered to the initial level over three weeks in the IR group, 

whereas it was markedly increased to 373% on week 1 in the IR+IL-7 

group. Similar trends were seen in CD3+, CD8+, CD4+, regulatory T cells, 

and CD19+ B cell counts. Similar findings were observed in tumor mouse 

model. T cell infiltration in pathologic specimens was greater in the IL-7 or 

IR+IL-7 groups than in the control or IR groups. Tumor growth was 

significantly suppressed in the IR group than in the control group, while the 

suppression was more heightened in the IR+IL-7 group. Median survival 

time was significantly longer in the IR+IL-7 group (not reached) than in the 

IR group (56 days; p=.0382), in IL-7 group (36 days; p=.0004), or in 

control group (36 days; p<.0001). 

Conclusion: IL-7 was associated with the development of and recovery 

from radiation-induced lymphopenia in cancer patients. Administration of 

exogenous IL-7 after IR not only restored the immune cell counts but also 

enhanced the anti-tumor effect. Exogenous IL-7 can be beneficial in 

overcoming radiation-induced lymphopenia and enhancing the treatment 

outcome in combination with radiotherapy, which needs validation through 

future clinical studies. 

__________________________________________________________ 

Keywords: radiation-induced lymphopenia, interleukin-7, acute severe 
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lymphocyte, radiotherapy, immunotherapy 
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Role of interleukin-7 in radiation-induced lymphopenia 

 

 

Hwa Kyung Byun 

 

Department of Medicine 

The Graduate School, Yonsei University  

 

 

(Directed by Professor Jinsil Seong) 
 

 

I. INTRODUCTION 

   

 Lymphocytes are critical elements that mediate antitumor immune 

responses. A decrease in the total lymphocyte count (TLC) and lymphocyte 

infiltration in pathologic specimens are associated with poor overall survival (OS) 

and progression-free survival (PFS) (1-9). Both CD8+ T cells and natural killer 

cells are critical mediators of the anti-tumor response owing to their ability to 

produce interferon-γ and directly kill the target cells (10, 11). Moreover, T 

lymphocytes contribute significantly to the efficacy of anti-cancer immunotherapy, 

including immune checkpoint inhibitors (12).  

 Lymphocytes and their precursors are very sensitive to ionizing radiation 

(13). The lethal dose required to decrease the surviving fraction of lymphocytes by 

50% and 90% is 2 Gy and 3 Gy, respectively (14). Although radiotherapy (RT) can 

induce lymphopenia by damaging the bone marrow, local RT to non-marrow 

organs, such as the liver, brain, esophagus, rectum, and pancreas, can also cause 

systemic lymphopenia by irradiating the circulating blood during a course of 

conventional fractionated RT (1-7). Therefore, a novel strategy is urgently needed 

to preserve the TLC during RT. Identifying factors associated with 

radiation-induced lymphopenia will be the first step in overcoming 

radiation-induced lymphopenia. However, very little is known about the 

physiological response to and physiological predictors of radiation-induced 

lymphopenia in patients with solid tumors.  
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 Interleukin-7 (IL-7) is a non-hematopoietic cell-derived cytokine with a 

central role in the homeostasis of lymphocytes (15, 16). In patients with 

lymphopenia, the circulating levels of IL-7 increase, thereby promoting 

lymphocyte development in the thymus and maintaining the homeostasis of naive 

and memory T cells in the periphery (17). Thus, IL-7 may be a potentially 

important cytokine for compensating for the decrease in the lymphocyte count 

during RT.  

 Exogenous IL-7 may be a strong and novel candidate for 

immunotherapy. Exogenous administration of IL-7 can increase circulating 

lymphocyte counts, thereby demonstrating a clear role for IL-7 in this 

immunoregulatory process. The T cell-expanding effect of exogenous IL-7 has 

been demonstrated in studies involving cancer or HIV-infected patients (18, 19). 

However, the effect of exogenous IL-7 on radiation-induced lymphopenia has not 

been well-investigated.  

 Currently, only a few studies have assessed the effect of IL-7 on the rapid 

depletion of lymphocytes during RT. Therefore, in this study, we aimed to identify 

the role of IL-7 expression on radiation-induced lymphopenia. In addition, we 

determined the risk factors and prognostic significance of radiation-induced 

lymphopenia using a prospective patient cohort. Furthermore, we developed a 

radiation-induced lymphopenia mouse model. Using this model, we demonstrated 

the changes in TLC and lymphocyte subtypes after IR and administration of 

exogeneous IL-7. We also demonstrated that the combination of IR and IL-7 

enhanced the anti-tumor effect. 

 

 

II. MATERIALS AND METHODS 

 

  1. Patient study  

    A. Study population 

 Patients with hepatocellular carcinoma who were treated with RT 

between July 2016 and October 2018 were recruited in the current prospective 



6 

 

cohort study. The protocol and any amendments to the methodology were 

reviewed and approved by the institutional review board prior to the initiation of 

the study (4-2017-0093). All patients provided informed consent before 

enrollment. In total, 99 patients were enrolled and evaluated.  

 The eligibility criteria were as follows: unresectable primary 

hepatocellular carcinoma treated with RT; age >20 years; Eastern Cooperative 

Oncology Group performance status score of 0–2; Child–Turcotte–Pugh 

classification A or B; normal liver volume >1000 cm3; distance between the liver 

and organs at risk ≥0.5 cm; adequate liver function (aspartate 

aminotransferase/alanine aminotransferase <5 × upper limit of the normal values, 

total bilirubin <3 mg/dl, albumin >2.5 g/dl, normal prothrombin time/partial 

thromboplastin time); adequate renal function (creatinine <1.8 mg/dl or creatinine 

clearance rate >50 ml/min); and bone marrow reserve (absolute neutrophil count 

≥1500/mm3, platelet count ≥50000/mm3, hemoglobin level >9 g/dl). Patients who 

had previously received RT to the upper abdomen were excluded. Patients who 

received stereotactic body RT were also excluded. Conventional RT was 

administered to all patients, at a median dose of 100 Gy (range, 60–100 Gy) with a 

median fractional dose of 4 Gy (range, 2.4–5 Gy) considering the gross tumor 

volume and a median dose of 60 Gy (range, 45–60 Gy) with a median fractional 

dose of 2.4 Gy (range, 1.8–3 Gy) considering the planning target volume (PTV).  

 A total of 66 patients received combined treatment: 63 patients received 

concurrent hepatic arterial infusion chemotherapy (500 mg/m2/day of 

5-fluorouracil) during the 1st and 5th week of RT, as described previously,(20) and 

3 patients received tegafur/uracil daily. The remaining 33 patients received only 

RT. 

 

B. Assessment of the TLC 

 Peripheral blood counts were regularly measured every week during RT 

and then every 1–3 months after RT for 1 year. The TLCs were recorded from the 

clinical complete blood count panel. The TLC data were classified according to 

the number of months from the initiation of RT. Lymphopenia was graded using 
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the Common Terminology Criteria for Adverse Events, version 4.03, where the 

TLC from the lower limit of the normal range to 800 cells/μL was considered 

grade 1 lymphopenia; 800–500 cells/μL, grade 2 lymphopenia; 500–200 cells/μL 

grade 3 lymphopenia; and <200 cells/μL, grade 4 lymphopenia. Acute severe 

lymphopenia (ASL) was defined as a TLC <200 cells/μL (grade 4 lymphopenia) 

during RT.  

 

C. IL-7 cytokine assays 

 For IL-7 assays, blood (5–10 mL) was collected in Vacutainer tubes (BD, 

Franklin Lakes, NJ) containing ethylenediaminetetraacetic acid using aseptic 

measures from patients with hepatocellular carcinoma before and after RT. The 

blood samples were centrifuged at 3000 rpm for 10 minutes at 4°C to separate the 

buffy coat and plasma. Additional centrifugation for 10 minutes was performed to 

obtain cell-free plasma; the plasma aliquots were immediately frozen at -80°C 

until further processing.  

 The plasma IL-7 concentrations were determined using a magnetic 

bead-based 6-plex immunoassay (customized Procartaplex, Thermo Scientific, 

USA). Briefly, standards at different concentrations and patient plasma samples 

were mixed with antibody-linked polystyrene beads in 96-well filter-bottom plates 

and incubated at room temperature for 2 hours on an orbital shaker at 500 rpm. 

The plate was inserted into a magnetic plate washer and washed twice, followed 

by incubation with a biotinylated detection antibody mixture for 30 minutes at 

room temperature on an orbital shaker at 500 rpm. The samples were washed 

twice and resuspended in streptavidin-PE. After incubation for 30 minutes at room 

temperature, two additional washes were performed, and the samples were 

resuspended in reading buffer. Each sample was measured in duplicate along with 

the standards (7-point dilutions) and buffer control. Plates were read on the 

Luminex MAGPIX®  System (Merck Millipore, Burlington, Massachusetts, USA) 

for quantitative analysis. The median fluorescence intensity of the analytes was 

detected using the flow-based MAGPIX®  System (Merck Millipore). Cytokine 

concentrations were calculated with Luminex xPONENT, Version 4.2, using a 
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standard curve derived with known reference concentrations supplied by the 

manufacturer. A five-parameter model was used to calculate the final 

concentrations via interpolation.  

 

D. Statistical analysis  

 An unpaired or paired t-test was used for statistical analysis. The OS or 

PFS rates were calculated from the time of initiation of RT using the 

Kaplan–Meier method and then compared using the log-rank test. Univariable and 

multivariable analyses were performed to identify the predictors of OS and 

development of ASL using Cox regression and logistic regression modeling, 

respectively. All tests were two-sided, and the significance level was set at p <.05. 

All statistical analyses were performed using SPSS Statistics 25.0 (IBM, Armonk, 

NY) and Prism 7 (GraphPad Software, La Jolla, CA).  

 

2 Animal study  

A. Mice and tumor cell lines 

 Seven-week old male C3H/HeN mice were purchased from Orientbio 

(Seongnam, Gyounggi, Republic of Korea). All mice were maintained in a specific 

pathogen-free facility of the Yonsei University Medical College guidelines, the 

Guide for the Care and Use of Laboratory Animals and the Guidelines and Policies 

for Rodent experiment provided by the Assessment and Accreditation of 

laboratory Animal Care (AAALAC). All mice were raised with free access to food 

and water under specific pathogen-free conditions in a room maintained on a 12 h 

light/dark cycle.  

 Murine hepatocellular carcinoma, HCa-1, was maintained in Dulbecco’s 

minimal essential medium (GIBCO, Carlsbad, CA) supplemented with 10% (v/v) 

fetal bovine serum (GIBCO), 100 U/ml penicillin and 100 µg/ml streptomycin 

(GIBCO) at 37°C in a humidified atmosphere of 5% CO2 and 95% air. 

 

B. Animal experimental design and X-ray irradiation 

HCa-1 cells (1 × 106) in 100 µL of phosphate-buffered saline (PBS) were 
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inoculated subcutaneously into the right thighs of mice, and IR was started when 

the tumor reached to 70 mm3 in mean volume.  

The right thighs of the naïve mice were irradiated using an X-Rad 320 

irradiator (Precision X-ray, North Branford, CT). Mice were treated 60 cm from 

the radiation source (SSD) with a dose rate of 150 cGy/min with 300 kVp X-rays, 

using 12.5 mA and an X-ray beam filter consisting of 2.0 mm Al.  

On the day of IR termination, 10 mg/kg of long-acting form of recombinant 

human IL-7 fused with hybrid Fc (rhIL-7-hyFc; Hyleukin-7, kind gift from 

Genexine, Korea) was injected subcutaneously (21). 

 

C. Tumor growth measurement and assessment of survival rate 

 Tumor volume was monitored and calculated as volume = π/6 × length × 

width × width. According to the IACUC (Institutional Animal Care and Use 

Committee) guidelines of the Yonsei University Health System, the maximum 

allowable size of tumors in mice is 3000 mm3 in volume. Mice were monitored to 

ensure their survival rate for 60 days’ period. The survival time was recorded to 

the date of death or sacrifice when the tumor reached 3000 mm3 in volume 

 

D. Lymphocyte subtypes 

 Complete blood count analysis was performed with 50 µL blood 

obtained by retro-bulbar sinus puncture using a multiparameter automated 

hematology analyser (Hemavet HV950FS, Drew Scientific Inc., Oxford, CT, USA).  

Whole blood obtained from mice by cardiac puncture was processed for 

separation of mononuclear cells. Heparinized whole blood was diluted 1∶2 with 

sterile PBS, layered over Ficoll-Hypaque (GE life sciences, Uppsala, Sweden) and 

centrifuged at 2000 rpm for 20 min at room temperature. The interphase layer of 

peripheral blood mononuclear cell (PBMCs) was isolated and the cells were 

washed in PBS and counted using a hemocytometer. PBMC were cryopreserved in 

freezing medium containing 10% DMSO in fetal bovine serum until further 

processing.  

Cryopreserved PMBC were thawed rapidly for assay in a 37ºC water 
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bath and resuspended in 10% RPMI and were removed debris by passing them 

through a 40 μm cell strainer (SPL Life Sciences, Gyeonggi-do, Korea). Single 

cell suspensions of PMBC from whole blood were stained with the following 

monoclonal antibodies: anti-CD45 Alexa four 700 (eBioscience, San Diego, CA, 

USA, 56-0451-82), anti-CD3 APC-eFlour 780 (eBioscience, 47-0032-82), 

anti-CD4 PE-eFlour 610 (eBioscience, 61-0042-82), anti-CD8a PerCP-eFlour 710 

(eBioscience, 46-0081-82), anti-CD19 PE (Biolegend, San Diego, CA, 

USA,115508) or anti-FoxP3 FITC (eBioscience, 11-5773-82). Single cell 

suspensions were stained using the Live/Dead Fixable Blue dead cell stain kit 

(Invitrogen, Garlsbad, CA, USA). The cells were washed once with staining buffer, 

and cells were incubated with anti-mouse CD16/32 (FcBlock, BD Biosciences, 

San Jose, CA, USA) mAb and surface cell marker staining for CD45, CD19, 

CD3e, CD4, and CD8 was performed for 20 min on ice. After incubation, cells 

were washed two times with staining buffer and fixed and permeabilized with 

eBioscienceTM FoxP3 Transcription Factor Staining buffer set (Thermo Fisher 

Scientific, MA, USA) for intracellular staining. After washing, cells were stained 

with fluorescent-labeled antibody against FoxP3 for 30 min on ice/dark. Cells 

were then washed twice and analyzed. Flow cytometry was performed using an 

LSR II instrument (BD Biosciences). The data were analyzed using FlowJo 

software (Treestar) using single color compensation controls and fluorescence 

minus one (FMO) to set gate margins. Gating strategies are presented in Fig. 1. 
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Fig. 1. Gating strategy to identify CD19+ B cells, CD8+ T cells CD4+ T cells, and 

regulatory T (Treg) cells. (A) Live cells were selected by excluding Live/Dead 

fixable blue-positive cells (side scatter (SSC)-A versus Live/Dead®  fixable blue). 

(B) Lymphocyte population (SSC-A versus forward scatter (FSC)-A) was selected 

and (C, D) doublets were excluded by sequential singlet gating (FSC-A versus 

FSC-H and FSC-W versus FSC-H). (E) Selection of CD45+ population was gated 

based on CD45 and FSC-A, and then (F) the CD45+ population was separated into 

CD3+ T cells and CD19+ B cells. (G) The CD3+ population was further separated 

into CD4+ T cells and CD8+ T cells. After gating for CD4+ T cells, (H) CD25 

versus Foxp3 expression was used to assess the proportions of CD4+CD25+Foxp3+ 

Treg cells. 

 

E. Enzyme-linked immunosorbent assay (ELISA) determination 

Whole mesenteric lymph nodes were harvested. Whole lysate was obtained by 

performing mechanical dissociation in 300 µL of sterile PBS, and was then 

transferred to a 1.7 mL microcentrifuge tube and centrifuged at 500 x g for 8 min 

at 4ºC. Supernatant was removed and transferred to a fresh microcentrifuge tube 

and stored at -70ºC until further processing. IL-7 levels were measured using an 

EILSA kit (RayBiotech, Peachtree Corners, GA, USA), following the 



12 

 

manufacturer’s protocol. Samples were measured in duplicates. 

 

F. Immunohistochemistry 

 Tumors were fixed in 4% neutral formalin for 48 h, and then 

paraffin-embedded, which was cut into 4-μm-thick sections. Slides were 

deparaffinized in xylene for 20 min, then rehydrated in alcohol series (100%, 95%, 

70% ethanol, and dH2O, 5 min each). Antigen retrieval was done in Tris-EDTA 

buffer at pH 9.0 for CD4 and CD8 and was done in citrate buffer at pH 6.0 for 

Foxp3 in a pressure cooker for 20 min, followed by cooling to room temperature. 

Slides were washed once in PBS for 5 min and incubated in 3% hydrogen 

peroxide for 10 min in order to reduce endogenous peroxidase activity. Slides 

were then washed two times with TBS (5 min each) and blocked in 5% BSA for 

30 min at room temperature. The primary antibody against CD8 (Abcam; 1:2000) 

and CD4 (Abcam; 1:1000) were incubated in a humidified chamber for 1 h at 

room temperature. Then, slides were washed three times with TBS for 5 min each, 

incubated with goat anti-rabbit HRP-labeled polymer (Dako,Copenhagen, 

Denmark; K4003) at room temperature for 20 min, and washed three times with 

TBS for 5 min each. Slides were developed with a DAB substrate chromogen 

system (Dako; K3468) for 5 min, rinsed in dH2O, and counterstained with 

hematoxylin solution (DAKO; K8008) for 10 min. Slides were dehydrated in 

dH2O and serial ethanol (70%, 95%, 100% ethanol) rinses of 5 min each, 

immersed in xylene for 10 min and mounted with Permanent mounting medium 

(Thermo Fisher Scientific; SP15-100) and imaged by light microscopy. 

 

G. Statistical analysis  

Two-tailed Mann-Whitney tests were used to compare the means for 

non-parametric data. For survival, Kaplan-Meier curves were analyzed based on 

log-rank (Mantel-cox) test. All statistical analyses were performed using Prism 7 

(GraphPad Software, La Jolla, CA). A p-value of 0.05 was considered significant. 
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III. RESULTS 

1. Patient study 

A. Patient characteristics 

 The patient, tumor, and treatment characteristics are summarized in Table 

1. The median tumor size was 6.5 cm (range, 1.3–21.0 cm), and the median PTV 

size was 588 cm3 (range, 37–5156 cm3). Two-thirds of the patients received 

concurrent chemotherapy during RT. Most patients (87.9%) had a Child-Pugh A 

score. The Barcelona Clinic Liver Cancer stage was A in 24 patients (24.2%), B in 

26 patients (26.3%), and C in 49 patients (49.5%).  

 

Table 1. Patient characteristics 

  n=99 

  N (%) 

Age, years, median (range) 61 (33–80) 

Sex 

    Male 78 (78.8) 

   Female 21 (21.2) 

Viral type 

    B-viral 72 (72.7) 

   C-viral 6 (6.1) 

   Non-B, non-C viral 21 (21.2) 

Child–Pugh class 

    A 87 (87.9) 

   B 12 (12.1) 

Liver cirrhosis 

    No 54 (54.5) 

   Yes 45 (45.5) 

Tumor size, cm, median (range) 6.5 (1.3–21.0) 

Number of tumors 

    One 44 (44.4) 

   Multiple 55 (55.6) 
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UICC stage 

    Stage II 27 (27.3) 

   Stage III 32 (32.3) 

   Stage IV 40 (40.4) 

BCLC stage 

    Stage A 24 (24.2) 

   Stage B 26 (26.3) 

   Stage C 49 (49.5) 

Portal vein thrombosis 

    No 52 (52.5) 

   Yes 47 (47.5) 

AFP, ng/mL, median (range) 71.13 (1.68–268407.8) 

PIVKA-II, mAU/mL, median (range) 1629 (15–75000) 

Previous treatment  

   No 51 (51.5) 

   Yes 48 (48.5) 

Combined treatment   

   Concurrent chemoradiotherapy 66 (66.7) 

   Radiotherapy alone 33 (33.3) 

Radiation dose, Gy, median (range) 100 (60–100) 

PTV size, cm3, median (range) 588 (37–5156) 

Abbreviations: UICC, Union for International Cancer Control; BCLC, Barcelona 

Clinic Liver Cancer; AFP, alpha-fetoprotein; PIVKA-II, protein induced by 

vitamin K absence-II; PTV, planning target volume  

 

B. TLC changes over time 

 The mean TLC decreased to 27% at 1 month after treatment, recovered 

to 103% of the baseline level at 2 months, and then remained low (60–70% of the 

initial level) from 3 months to 6 months (Fig. 2A). When compared to the mean 

baseline TLC (1120 cells/μL), the median TLC was significantly reduced at 1 

month after starting RT (304 cells/μL), and at 3 months (781 cells/μL), 4 months 
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(775 cells/μL), 5 months (686 cells/μL), and 6 months (752 cells/μL; all 

Bonferroni-adjusted p-values were <.001). The mean TLC at baseline and after 2 

months was not significantly different (1120 vs. 1158 cells/μL; 

Bonferroni-adjusted p>.999). During RT, 41 of 99 patients (41.4%) developed 

ASL, while 46 of 94 patients (46.5%) developed grade ≥1 lymphopenia at 2 

months after initiation of RT.  
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Fig. 2. (A) Changes in the total lymphocyte count (TLC) over time after 

radiotherapy (RT) start. (B) Overall survival (OS) according to the presence 

of acute severe lymphopenia (ASL). (C) Progression-free survival according 

to the presence of ASL. (D and E) OS according to the presence of ASL and 
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the recovery from lymphopenia 2 months after initiating radiotherapy. 

 

C. Effects of the development of and recovery from radiation-induced 

lymphopenia on survival outcomes 

 For all 99 patients, the median follow-up period was 20.5 months (range, 

2.8–42.2 months). The patients with ASL (n=41) had significantly poorer OS than 

those without ASL (n=58; median OS: 12.0 months vs. 23.2 months; 2-year OS: 

30.3% vs. 49.4%, p=.002; Fig. 2B). The patients with ASL tended to have poorer 

PFS than those without ASL (median PFS: 6.4 months vs. 8.5 months; 2-year PFS: 

8.1% vs. 20.1%, p=.085; Fig. 2C). Among the 41 patients with ASL, patients who 

recovered at 2 months after initiating RT (no grade ≥1 lymphopenia; n=20) had 

better OS than those who did not recover (n=21; median OS: 21.8 months vs. 10.3 

months; 2-year OS: 41.7% vs. 19.0%; p=.042, Fig. 2D). The patients who 

developed ASL but recovered thereafter had similar OS to those who initially had 

no ASL, while those who developed ASL and did not recover showed the poorest 

OS (Fig. 2E). 

 On univariable analyses, the presence of multiple tumors, Child-Pugh 

class B, presence of portal vein tumor thrombus, tumor size > 6.5 cm, Union for 

International Cancer Control stage III or IV, high alpha-fetoprotein level, 

concurrent chemoradiotherapy, and ASL were significant predictors of poorer OS 

(all p<.05). However, on multivariable analysis, only Child-Pugh class B (hazard 

ratio [HR], 2.19; 95% confidence interval [CI], 1.04–4.61; p=.039) and ASL (HR, 

1.98; 95% CI 1.11–3.54, p=.020) were significant predictors of poorer OS (Table 

2). 
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Table 2. Analysis of the factors associated with overall survival 

  Univariable analysis   Multivariable analysis 

Variable HR (95% CI) p-value   HR (95% CI) p-value 

Sex (male vs. female) 0.93 (0.52–1.68) 0.81 
   

Tumor number (one vs. multiple) 2.06 (1.25–3.42) 0.005 

 

1.75 (0.97–3.17) 0.062 

Liver cirrhosis (no vs. yes) 1.54 (0.95–2.48) 0.08 

   Child-Pugh class (A vs. B) 2.66 (1.37–5.15) 0.004 

 

2.19 (1.04–4.61) 0.039 

PVTT (no vs. yes) 1.76 (1.08–2.86) 0.022 

 

0.96 (0.51–1.80) 0.898 

Previous treatment (no vs. yes) 0.78 (0.48–1.26) 0.776 

 
  

Age (≤ 60 vs. > 60 years) 0.65 (0.40–1.05) 0.079 

   Tumor size (≤ 6.5 vs. > 6.5 cm) 1.77 (1.09–2.88) 0.021 

 

1.04 (0.54–1.98) 0.918 

UICC stage (I/II vs. III/IV) 2.28 (1.21–4.26) 0.01 

 

1.43 (0.66–3.10) 0.362 

AFP (per 1 ng/mL increased) 1.00 (1.00–1.00) 0.029 

 

1.00 (1.00–1.00) 0.256 

PIVKA-II (per 1 mAU/mL increased) 1.00 (1.00–1.00) 0.121 

   Combined therapy (RT alone vs. CCRT) 2.09 (1.17–3.73) 0.012 

 

1.38 (0.63–3.03) 0.421 

Total radiation dose (per 1 Gy increased) 1.00 (0.97–1.05) 0.766 

   Baseline lymphopenia (≤ 1000 cells/μL; no vs. 

yes) 
1.58 (0.98–2.56) 0.062 

   

ASL* (no vs. yes) 2.09 (1.29–3.37) 0.003   1.98 (1.11–3.54) 0.020 

Abbreviations: HR, hazard ratio; CI, confidence interval; PVTT, portal vein tumor thrombosis; UICC, Union for International 
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Cancer Control; AFP, alpha-fetoprotein; PIVKA-II, protein induced by vitamin K absence-II; CCRT, concurrent 

chemoradiotherapy; RT, radiotherapy; ASL, acute severe lymphopenia 

* ASL was defined as the total lymphocyte count <200 cells/μL during radiotherapy 
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D. Effects of IL-7 on the development of and recovery from 

radiation-induced lymphopenia 

 The median pre-RT IL-7 and post-RT IL-7 levels for all the patients were 

2.24 pg/mL (range, 0.24–9.79 pg/mL) and 2.20 pg/mL (range, 0.20–7.33 pg/mL), 

respectively. The pre-RT IL-7 level was significantly lower in patients who 

developed ASL than in those who did not (mean value: 2.07 pg/mL vs. 3.02 

pg/mL; p=.009; Fig. 3A), although it was not significantly different based on 

whether the patients had grade ≥1 lymphopenia before RT (mean value: 2.34 

pg/mL vs. 2.90 pg/mL; p=.126). The TLC nadir during RT was significantly 

positively correlated with the pre-RT IL-7 level (Fig. 3C). 

 The change in the IL-7 level during RT was associated with the 

development of lymphopenia during RT. The difference in the IL-7 levels before 

and after RT, i.e., post-RT IL-7 level minus pre-RT IL-7 level (ΔIL-7) was 

significantly higher in patients with ASL than in those without (mean value: 0.48 

pg/mL vs. -0.64 pg/mL; p<.001; Fig. 3B). The IL-7 level was significantly 

elevated during RT in the patients with ASL (mean value: pre-RT, 2.07 vs. 

post-RT, 2.55 pg/mL; p=.029; Fig. 3B), whereas it was significantly reduced 

during RT in those without ASL (pre-RT, 3.02 vs. post-RT, 2.37 pg/mL; p=.006; 

Fig. 3B). ΔIL-7 was significantly negatively correlated with the TLC nadir value 

during RT (Fig. 3D). The TLC at 2 months after the initiation of RT was 

significantly positively correlated with the post-RT IL-7 level (Fig. 3E).  
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Fig. 3. Relationship between interleukin-7 (IL-7) levels and radiation-induced 

lymphopenia. (A) Pre-RT IL-7 level according to the presence of acute severe 

lymphopenia (ASL). (B) Changes in the IL-7 level (ΔIL-7) according to the 

presence of ASL and changes in the IL-7 level among the patients with and 

without ASL. (C) The correlation between the pre-RT IL-7 level and total 

lymphocyte count (TLC) nadir during RT. (D) The correlation between the 

TLC nadir during RT and ΔIL-7. (E) The correlation between the post-RT 

IL-7 level and the TLC 2 months after initiating RT 

*, P<.05, **, P <.01; and ***, P <.001 

 

 On univariable analyses, high pre-RT IL-7 levels significantly reduced 

the risk of developing ASL (HR, 0.71; 95% CI, 0.54–0.93; p=.013). On 

multivariable analysis including factors that were significant in the univariable 

analyses, three factors were significantly associated with the development of ASL. 

Having grade ≥1 lymphopenia at baseline (HR, 32.91; 95% CI, 6.37–185.07; 

p<.001) and a large PTV size (per 100 cm3 increase: HR, 1.14; 95% CI, 1.02–1.28; 

p=.022) significantly increased ASL incidence, while a high pre-RT IL-7 level 

significantly decreased ASL incidence (per 1 pg/mL increase: HR, 0.32; 95% CI, 

0.15–0.68; p=.003; Table 3).  
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Table 3. Analysis of the factors affecting the development of ASL* 

  Univariable analysis   Multivariable analysis 

Variable HR (95% CI) p-value   HR (95% CI) p-value 

Sex (male vs. female) 0.84 (0.31–2.26) 0.728 
   

Tumor number (one vs. multiple) 1.23 (0.55–2.76) 0.616 
   

Liver cirrhosis (no vs. yes) 2.49 (1.10–5.65) 0.029 
 

1.17 (0.30–4.48) 0.824 

Child-Pugh class (A vs. B) 2.18 (0.64–7.43) 0.212 
   

PVTT (no vs. yes) 3.66 (1.58–8.51) 0.003 
 

0.79 (0.15–4.24) 0.787 

Previous treatment (no vs. yes) 0.37 (0.16–0.84) 0.018 
 

3.76 (0.44–31.99) 0.225 

Age (≤ 60 years vs. > 60 years) 0.32 (0.14–0.73) 0.007 
 

0.63 (0.16–2.56) 0.519 

Tumor size (≤ 6.5 cm vs. > 6.5 cm) 1.19 (1.09–1.30) <0.001 
 

4.46 (0.58–34.55) 0.153 

UICC stage (I/II vs. III/IV) 1.77 (1.07–2.93) 0.026 
 

6.94 (0.79–60.90) 0.081 

AFP (per 1 ng/mL increased) 1.00 (1.00–1.00) 0.157 
   

PIVKA-II (per 1 mAU/mL increased) 1.00 (1.00–1.00) 0.012 
 

1.00 (1.00–1.00) 0.472 

Combined therapy (RT alone vs. CCRT) 5.08 (1.85–13.92) 0.002 
 

1.92 (0.19–19.04) 0.576 

Total radiation dose (per 1 Gy increased) 1.03 (0.96–1.11) 0.395 
   

Grade 1 lymphopenia at baseline (no vs. yes) 10.80 (4.10–28.40) <0.001  32.91 (5.85–185.07) <0.001 

PTV size (per 100 cm3 increased) 1.08 (1.03–1.12) <0.001 
 

1.14 (1.02–1.28) 0.022 

Pre RT IL-7 (per 1 pg/mL increased) 0.71 (0.54–0.93) 0.013 
 

0.32 (0.15–0.68) 0.003 

Abbreviations: HR, hazard ratio; CI, confidence interval; ASL, acute severe lymphopenia; PVTT, portal vein tumor thrombosis; UICC, Union for International 

Cancer Control; AFP, alpha-fetoprotein; PIVKA-II, protein induced by vitamin K absence-II; CCRT, concurrent chemoradiotherapy; RT, radiotherapy; PTV, 

planning target volume 

* ASL was defined as the total lymphocyte count <200 cells/μL during radiotherapy
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As the pre-RT IL-7 level was a significant risk factor for ASL 

development, we classified the patients into the high pre-RT IL-7 and low pre-RT 

IL-7 groups using the median IL-7 value of 2.24 pg/mL (Table 4). The 

characteristics, except for tumor size and PTV size, were not significantly different 

between the two groups. The tumor size (median: 7.8 cm vs. 5.9 cm; p=.048) and 

PTV size (median: 1216 cm3 vs. 500 cm3; p=.031) were significantly greater in the 

high pre-RT IL-7 group. The tumor size and the pre-RT IL-7 level were 

significantly positively correlated. Although the PTV size, an independent risk 

factor for ASL development, was significantly greater in the high pre-RT IL-7 

group, ASL developed significantly less often in the high pre-RT IL-7 group. A 

total of 27 of 50 patients (54%) in the low pre-RT IL-7 group and 14 of 49 patients 

(29%) in the high pre-RT IL-7 group developed ASL (p=.010).  

 

Table 4. Patient characteristics according to the pre-RT IL-7 levels  

  
Low pre-RT IL-7 

(≤2.24 pg/mL), n (%) 

High pre-RT IL-7 

(>2.24 pg/mL), n (%) 
P 

Age, years, median 

(range) 
58 (41-80) 62 (33-80) 0.617 

Sex 
   

   Male 36 (72) 42 (85.7) 0.095 

   Female 14 (28) 7 (14.3) 
 

Viral type 
   

   B-viral 39 (78) 33 (67.3) 0.432 

   C-viral 3 (6) 3 (6.1) 
 

   Non-B, non-C 

viral 
8 (16) 13 (26.5) 

 

Child–Pugh class 
   

   A 47 (94) 40 (81.6) 0.059 

   B 3 (6) 9 (18.4) 
 

Liver cirrhosis 
   

   No 24 (48) 30 (61.2) 0.186 
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   Yes 26 (52) 19 (38.8) 
 

Tumor size, cm, 

median (range) 
5.9 (1.5-20) 7.8 (1.3-21) 0.048 

Number of tumors 
   

   One 25 (50) 19 (38.8) 0.261 

   Multiple 25 (50) 30 (61.2) 
 

UICC stage 
   

   Stage II 17 (34) 10 (20.4) 0.171 

   Stage III 17 (34) 15 (30.6) 
 

   Stage IV 16 (32) 24 (49) 
 

BCLC stage 
   

   Stage A 15 (30) 9 (18.4) 0.401 

   Stage B 12 (24) 14 (28.6) 
 

   Stage C 23 (46) 26 (53.1) 
 

Portal vein thrombosis 
   

   No 27 (54) 25 (51) 0.767 

   Yes 23 (46) 24 (49) 
 

AFP, ng/mL, median 

(range) 
81.1 (1.9-268407.8) 38.7 (1.68-120000) 0.477 

PIVKA-II, mAU/mL, 

median (range) 
568.5 (15-75000) 1920 (15-75000) 0.398 

Previous treatment 
   

   No 27 (54) 24 (49) 0.617 

   Yes 23 (46) 25 (51) 
 

Combined treatment 
   

   Concurrent 

chemoradiotherapy 
15 (30) 18 (36.7) 0.477 

   Radiotherapy 

alone 
35 (70) 31 (63.3) 

 

Highest prescribed 

radiation dose, Gy, 
100 (75-100) 100 (60-100) 0.203 
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median (range) 

PTV size, cm3, median 

(range) 
500 (37-5156) 1216 (38-4477) 0.031 

 

Abbreviations: RT, radiotherapy; IL-7, interleukin-7; UICC, Union for 

International Cancer Control; BCLC, Barcelona Clinic Liver Cancer; AFP, 

alpha-fetoprotein; PIVKA-II, protein induced by vitamin K absence-II; PTV, 

planning target volume 

 

2. Animal study  

A. Local IR to the peripheral site can induce systemic PBMC depletion in the 

radiation-induced lymphopenia mouse model 

We first established a radiation-induced lymphopenia mouse model. To 

assess whether local IR to the peripheral site can induce systemic depletion of 

lymphocytes in the blood, we performed IR on the right hind limb of mice (Fig. 

4A). To determine the optimal IR regimen, we examined two IR regimens, 

including 3 Gy x 10 fractions, (fractionated IR; FIR) and 15 Gy x 1 fraction 

(single IR; SIR), which had similar biologically effective doses (37.5 Gy and 39 

Gy, respectively, using α/β=10). On day 2 after the last treatment, PBMC counts in 

the peripheral blood markedly decreased; the median PBMC count was 2600 

cells/μL in the control group, while it was 805 cells/μL and 422 cells/μL in the SIR 

and FIR groups, respectively (Fig. 4B). Our data demonstrated that although the 

biologically effective doses were similar between the two regimens, FIR induced 

more serious radiation-induced lymphopenia compared to SIR. Thus, in the 

subsequent studies, we decided to use the IR schedule of FIR (3 Gy x 10 fractions), 

which maximized radiation-induced lymphopenia. 
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Fig. 4. Irradiation (IR) of the peripheral site induces depletion of peripheral blood 

mononuclear cells (PBMCs). (A) Single IR (SIR, 15 Gy x 1 fraction) or 

fractionated IR (FIR, 3 Gy x 10 fractions) was delivered to the right hind limbs of 

naïve mice. PBMC counts were assessed on day 2. (B) PBMC counts according to 

the IR schedule, showing increased depletion in PBMC in the FIR group. ***, 

P<.001; 2-tailed Mann Whitney test; data are represented as mean ± s.e. 

 

B. Administration of IL-7 after IR in a naive mouse model results in changes 

in lymphocyte counts 

To further examine radiation-induced lymphopenia and determine 

whether administration of IL-7 can restore TLC after IR, we analyzed TLC and 

lymphocyte subset counts at various time points after IR and administration of 

IL-7 (10 mg/kg) on the day of IR termination in naïve mouse (Fig. 5A). TLC was 

analyzed using the complete blood count test in the following four groups after IR: 

control, IR alone, IL-7 alone, and IR+IL-7 groups (Fig. 5B). In the IR alone group, 

TLC was decreased from day 2 to week 2 after the last treatment. In the IR+IL-7 

group, TLC was decreased on day 2 but was rapidly restored on week 1 and week 

2 after IR. IL-7 alone group showed no decrease in TLC but showed substantial 

increase in TLC on week 1. To examine the response of each lymphocyte subtype 

to IR or IL-7, we analyzed the lymphocyte subset counts using flow cytometry in 

the IR alone and IR+IL-7 groups (Fig. 5C). In the IR group, CD45+ cell count in 
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the peripheral blood was markedly decreased to 20% of the baseline level on day 2. 

CD45+ cell count was gradually increased over three weeks after IR. In contrast, in 

the IR+IL-7 group, CD45+ cell count was slightly decreased on day 2 (85% of 

baseline level) but markedly increased on week 1 (373% of baseline level) after IR. 

The CD8+ T, CD4+ T, and B cell counts showed similar patterns to that of CD45+ 

cell count. The counts of all lymphocyte subsets were greater in the IR+IL-7 group 

than in the IR alone group at any time point after IR. Taken together, our data 

demonstrated a depletion in TLC after local IR, which was universal to all 

lymphocyte subsets. Moreover, our data suggest that administration of IL-7 after 

IR promotes rapid restoration of TLC, which was also a universal phenomenon in 

all lymphocyte subsets.  

To test whether recovery from lymphopenia after IR is associated with a 

compensatory increase in IL-7, we quantified the endogenous cytokine level from 

its primary source (lymph nodes) using a sensitive ELISA. Mesenteric lymph 

nodes were used because they were outside the IR field and not directly affected 

by IR. Endogenous IL-7 levels were indeed inversely correlated with CD45+ cell 

counts after IR with or without the combination with IL-7 (Fig. 5D). These results 

showed a compensatory feedback response of IL-7 to TLC after IR, which implies 

that IL-7 is a critical cytokine for lymphocyte homeostasis even when subjected to 

IR.  
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Fig. 5. Irradiation (IR) of the peripheral site in naïve mice induces depletion in 

lymphocytes, whereas administration of IL-7 after IR increases the lymphocyte 

count. (A) IR (3 Gy x 10 fractions) was delivered to the right hind limb of naive 

mice. On the same day as the end of IR, 10 mg/kg of IL-7 was injected 

subcutaneously. Lymphocyte assessment and lymph node harvest were performed 

on day 2, week 1, week 2, and week 3 after the last treatment. (B) Complete blood 
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count analysis of total lymphocyte counts. (C) Lymphocyte subset counts after 

treatment showing rapid restoration of lymphocytes in an IR+IL-7 group in all 

lymphocyte subsets. (D) Endogenous IL-7 level and total lymphocyte counts 

showing inverse correlation. Data are represented as mean ± s.e. 

 

C. Administration of IL-7 after IR in a tumor-bearing mouse model results in 

changes in lymphocyte counts 

 To examine whether the effects observed in the naïve mouse model 

might be influenced by the presence of a tumor, we next conducted similar 

experiments in tumor-bearing mice (Fig. 6A). Lymphocyte subset counts were 

analyzed in the four groups (control, IR, IL-7, and IR+IL-7) on week 1 and week 3 

after IR (Fig. 6B). In week 1, lymphocyte counts were lower in the IR group than 

in the control group, whereas they were higher in IL-7 and IR+IL-7 groups. 

IR+IL-7 group had significantly higher CD45+ cell, B cell, CD8+ T cell, and Treg 

cell counts than the IR alone group. On week 3, variations in lymphocyte counts 

between the treatment groups were diminished. The data showed depletion of 

lymphocyte counts after IR and their restoration after administration of IL-7 to the 

tumor mouse model. Taken together, we consistently observed recovery from 

radiation-induced lymphopenia after administration of IL-7 with or without the 

existence of a tumor.  

Consistent with the results obtained in the naïve mouse model, the 

endogenous IL-7 levels were inversely correlated with the CD45+ cell counts. The 

compensatory feedback response of endogenous IL-7 to TLC was also seen in the 

tumor mouse model similar to that observed in the naïve mouse model (Fig. 6C). 
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Fig. 6. Irradiation (IR) of the peripheral site in tumor-bearing mice induces 

depletion of lymphocyte count, whereas administration of IL-7 after IR increases 

the lymphocyte count. (A) IR (3 Gy x 10 fractions) was delivered to the right hind 

limb of tumor-bearing mice. On the same day as the end of IR, 10 mg/kg of IL-7 

was injected subcutaneously. Lymphocyte assessment and lymph node harvest 

were conducted on week 1 and week 3 after the last treatment. (B) Lymphocyte 
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subset counts after treatment. (C) Endogenous IL-7 level and total lymphocyte 

counts showing inverse correlation. (B) *, P<.05 and **, P <.01; 2-tailed Mann 

Whitney test; data are represented as mean ± s.e. 

 

D. Administration of IL-7 promotes the infiltration of lymphocytes into the 

tumors 

To examine whether the increase in lymphocytes in blood after 

administration of IL-7 leads to increase in lymphocyte infiltration into the tumor, 

CD4+ T cells and CD8+ T cells were examined immunohistochemically. The 

infiltration magnitude of CD4+ T cells and CD 8+ T cells was found to be higher in 

the IL-7 or IR+IL-7 groups than in the control or IR groups (Fig. 7).  
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Fig. 7. Representative images of immunohistochemical CD8 and CD4 staining of 

paraffin-embedded HCa-1 tumor tissue sections. Infiltration of CD8+ T cells and 

CD4+ T cells in the tumor was much higher in the IL-7 or IR+IL-7 groups than in 

the control or IR groups. Arrowhead indicates infiltrating lymphocyte subsets.  

 

E. IL-7 in combination with IR suppresses tumor growth 

Low TLC in blood or low tumor-infiltrating lymphocytes in pathologic specimens 

have been correlated with poor treatment outcomes and survival rates in various 

types of cancer(1, 3-6, 8, 22-24). Thus, we hypothesized that elevation of TLC 

using IL-7 would improve the clinical outcome. We examined whether 

administration of IL-7 enhances the anti-tumor efficacy of IR in vivo. Treatment 

with IL-7 alone resulted in slight reduction in tumor growth that was not 

statistically significant. Treatment with IR alone resulted in significant reduction 

in tumor growth. Combined treatment with IR and IL-7 resulted in significantly 

higher reduction in tumor growth (Fig. 8A). The average tumor volumes in 

RT+IL7 group on the last day (day 36) were 649 mm3, whereas they were 2061 

mm3, 2651 mm3, and 2997 mm3 in the IR, IL-7, and control groups, respectively. 

Survival time was significantly longer in the combination group (mean survival 

time [MST], not reached) than in the IR alone group (MST, 45 days, 95% CI, 

42–48 days; p=.0382), the IL-7 alone group (MST, 25 days, 95% CI, 18–32 days; 

p=.0004), or the control group (MST, 25 days, 95% CI, 12–38 days; p<.0001, Fig 

8B).  
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Fig. 8. Response of HCa-1 tumor to treatment. (A) Tumor growth in different 

groups of tumor-bearing mice. Statistical analysis was performed on day 36. (B) 

Survival curve in response to different treatments. Stand-alone asterisks denote 

significance when compared with the control. *, P<.05, **, P <.01; and ***, P 

<.001; (A) Two-tailed Mann Whitney test; (B) Log-rank (Mantel-Cox) test; data 

are represented as mean ± s.e. 

 

 

IV. DISCUSSION 

 

 In patient study, we confirmed the previous findings that peripheral local 

RT can induce systemic lymphopenia, and radiation-induced lymphopenia can 

have detrimental effects on the survival outcomes.(1-7) As most previous studies 

reported these findings using retrospective data, our findings are meaningful 

because we obtained these results using a prospective cohort that was treated with 

a well-controlled blood test protocol and treatment schedule. In addition, we 

newly found the association between the IL-7 level and radiation-induced 

lymphopenia in the current study. High IL-7 levels before RT had a protective 

effect on radiation-induced lymphopenia. Moreover, high IL-7 levels after RT 

affected lymphocyte recovery.  

In animal study, we established a radiation-induced lymphopenia mouse 

model by irradiating the hind limb and showed that local IR results in systemic 

depletion in lymphocytes. In addition, we first demonstrated that an administration 

of IL-7 reversed radiation-induced lymphopenia. Notably, to the best of our 

knowledge, our study is the first to demonstrate that a combination therapy of IR 

and IL-7 enhances the anti-tumor effect. 

 Emerging evidence has suggested that radiation-induced lymphopenia 

has detrimental effects on the OS, PFS, or pathologic responses in patients with 

various types of cancer.(1-7) T lymphocytes are critical mediators of antitumor 

immune responses and contribute significantly to the efficacy of anti-cancer 

immunotherapy including immune checkpoint inhibitors.(11, 12) As circulatory 
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lymphocytes eventually infiltrate tumors, preserving the optimal lymphocyte count 

in blood may be essential to achieve successful treatment outcomes. Therefore, a 

novel strategy to prevent and reverse radiation-induced lymphopenia is urgently 

needed.  

To develop those strategies, risk factors of radiation-induced 

lymphopenia need to be identified. Previous studies identified various RT-related 

risk factors—such as photon-based RT—rather than proton-based RT,(25) brain 

volume receiving 25 Gy,(26) and conventional RT, rather than stereotactic body 

RT.(5, 27) A previous mathematical model demonstrated that large PTV size and 

multiple fractionation are important risk factors of radiation-induced lymphopenia 

because the chance of circulating blood receiving radiation becomes greater as the 

PTV size and the number of fractionation increase.(28) In our previous study, we 

retrospectively evaluated 920 patients with hepatocellular carcinoma who received 

RT.(6) In that study, we found that a low baseline TLC, large PTV size, and 

multiple fractionations were risk factors of developing radiation-induced 

lymphopenia. In the current study that used an independent prospective cohort, a 

low baseline TLC and large PTV size were risk factors of ASL, confirming our 

previous finding.(6) Because most patients received 25-fraction regimens, we 

were unable to determine the influence of fractionation in the current study.  

 In the current study, we identified IL-7 levels as a significant factor 

predicting the development of and recovery from radiation-induced lymphopenia. 

To the best of our knowledge, the current study is among the earliest studies to 

evaluate the association between IL-7 levels and radiation-induced lymphopenia. 

In the current study, patients who did not develop ASL had significantly higher 

IL-7 levels (Fig. 2A and 2C). On multivariable analysis, a high pre-RT IL-7 level 

was independently associated with a lower risk of ASL (HR, 0.32; 95% CI, 

0.15–0.68; Table 3). When patients were divided according to the pre-RT IL-7 

level, the high pre-RT IL-7 group had significantly larger tumors and 

consequently, larger PTV sizes than the low pre-RT IL-7 group (Table 4). 

Considering the PTV size as a risk factor for ASL, as shown in other studies (3, 6, 

28, 29) and in the current study, the high pre-RT IL-7 group was expected to have 
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ASL. Interestingly, the high pre-RT IL-7 group had ASL significantly less often 

(29% vs. 54%; p=.010). Thus, it can be suggested that IL-7 might have a 

protective effect on radiation-induced lymphopenia.  

We observed a complementary feedback response of IL-7 on TLC 

changes during RT. ΔIL-7 was negatively associated with the TLC during RT (Fig. 

2D). ΔIL-7 had a positive value among the patients with ASL, whereas it had a 

negative value among those without ASL (Fig. 2B). This finding is contrary to the 

findings obtained by Ellsworth et al.(30) In their study, patients with high-grade 

glioma treated with concurrent chemoradiotherapy showed lymphocyte depletion 

but no increase in IL-7 levels. However, the number of patients was small in the 

previous study (n=11). In addition, IL-7 levels were not stratified according to the 

presence of lymphopenia. These discrepancies might have led to the different 

interpretation about the role of IL-7 in radiation-induced lymphopenia.  

 The administration of exogenous IL-7 before RT can be a good option to 

prevent the decline in the TLC during RT, particularly in patients with a high 

chance of developing ASL during RT because of a large PTV size, multiple 

fractionation, or low baseline TLC. The effect of exogenous IL-7 on increasing the 

number of T lymphocytes has been demonstrated in earlier studies of HIV-infected 

patients and patients with melanoma or sarcoma.(18, 19) Currently, clinical studies 

are being conducted regarding the effect of exogenous IL-7 to restore the TLC 

after RT.(31) Furthermore, IL-7 can be administered after RT for lymphocyte 

recovery based on the finding that a high IL-7 level after RT was associated with 

lymphocyte recovery (Fig 2E). Lymphocyte recovery after RT is important 

because the recovery mitigated the poor survival outcomes, despite the 

development of ASL during RT (Fig 1E). A previous study also showed that rapid 

recovery is associated with improved outcomes compared to the failure to recover 

in patients treated with immune checkpoint inhibitors.(32) In some patients, IL-7 

is not secreted despite the low TLC during RT, as can be observed in the left lower 

part of Fig. 2D; this may be attributed to the lack of feedback mechanisms. 

Accordingly, those patients may be good candidates who might benefit from the 

administration of exogenous IL-7 after RT. 
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We hypothesized that the administration of exogenous IL-7 after IR 

would reverse radiation-induced lymphopenia, considering that the 

lymphocyte-increasing effect of IL-7 has been demonstrated in HIV and cancer 

patients(18, 19). The administration of exogenous IL-7 to the mouse model indeed 

promoted the rapid recovery from lymphopenia after IR. This effect was not 

compromised in the tumor-bearing mouse model. Our results suggest that the 

administration of exogenous IL-7 can be a novel strategy to overcome 

radiation-induced lymphopenia.  

Peripheral TLC is a potent marker representing systemic immune status 

and its correlation with post-radiotherapy survival has been shown in multiple 

tumor types(33). We hypothesized that the reversal of radiation-induced 

lymphopenia using exogenous IL-7 would improve the treatment outcome. Our 

experiment demonstrated that the combination of IR and IL-7 substantially inhibits 

tumor growth. This anti-tumor effect of the combination treatment was 

significantly greater than the effect of IR alone. Moreover, the overall survival was 

significantly improved with the combination treatment. Considering that 

approximately 50 percent of all cancer patients receive radiotherapy during the 

course of the disease, this novel strategy to enhance the therapeutic efficacy of 

radiotherapy would have direct clinical implications.  

Our experiment showed an increase in T cells not only in the peripheral 

blood but also in pathologic tumor specimens in IL-7 administered groups. Arina 

et al.(34) showed newly infiltrating T cells after IR by separating them from the 

pre-existent T cells, which suggests that circulatory lymphocytes infiltrate the 

tumor sites after IR. Our results may provide additional information suggesting 

that an increase in T cells in blood is associated with the increase in 

tumor-infiltrating CD4+ and CD8+ T cells after IR. The association between the 

tumor-infiltrating lymphocyte population and treatment outcome have been 

demonstrated in many studies(8, 22, 23). Particularly, the presence of CD8+ 

tumor-infiltrating lymphocytes is a well-established predictor of better overall 

survival(35, 36). Thus, enhanced tumor control by administration of IL-7 in this 

study may be attributed to an increase in tumor-infiltrating lymphocytes. 
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Piotrowski et al.(37) showed that focal IR to the brain can induce 

systemic lymphopenia in a mouse model. In this study, we used a different site, a 

hind limb, and IR schedule, which resulted in marked systemic lymphopenia, 

which is consistent with the findings of that study. This result showed that 

radiation-induced lymphopenia is a universal phenomenon regardless of the 

treatment site. Moreover, the model used in our study makes it easier to create a 

tumor xenograft model than the previous model using brain IR. The mouse model 

used in this study will also be useful in future studies to better understand the 

mechanism of radiation-induced lymphopenia and develop strategies for its 

treatment. 

 The limitation of patient study is that the type of tumor was confined to 

hepatocellular carcinoma. However, compared with other types of tumors, 

hepatocellular carcinoma has a unique feature with regard to RT-related 

lymphopenia; it is a hypervascular tumor and its location in the liver harbors a 

very rich blood circulation. This leads to a greater amount of blood being exposed 

to radiation, which can maximize the radiation effect and cause lymphopenia.(6). 

Thus, we confined the cohort to patients who received RT to the liver area to 

assess the physiological response and predictors of radiation-induced 

lymphopenia.  

The limitation of animal study is that TLC over time after IR shows 

different patterns in mice and humans. In a mouse model, TLC reduces rapidly 

after IR, which is then recovered on week 3. Piotrowski et al.(37) also showed that 

the TLC reduced but recovered subsequently after brain IR in mouse model. In 

contrast, our previous study of patients with hepatocellular carcinoma showed that 

although TLC partially recovered after rapid decrease following IR, TLC remained 

lower than the baseline level until 12 months (6). Other clinical studies also 

showed that radiation-induced lymphopenia is chronic after radiotherapy in 

humans(1, 38). However, whether this discrepancy between mice and humans 

would affect the anti-tumor efficacy of IL-7 needs to be evaluated in the future. 

 

V. CONCLUSION 
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 In conclusion, we provided some of the earliest evidence that IL-7 levels 

are strongly associated with the prevention of and recovery from radiation-induced 

lymphopenia. radiation-induced lymphopenia and no recovery were associated 

with poor treatment outcomes. Thus, exogenous IL-7 may be a promising novel 

agent to overcome radiation-induced lymphopenia and to enhance the therapeutic 

effect. In addition, our study provides the first experimental evidence of reversal 

of radiation-induced lymphopenia upon IL-7 administration after IR, and the 

efficacy of IL-7 combined with IR in enhancing the anti-tumor effect. Our findings 

have direct clinical implications and provide significant insights into the 

development of therapeutic strategies for radiation-induced lymphopenia and 

enhancement of the therapeutic efficacy of radiotherapy in cancer patients. 
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ABSTRACT (IN KOREAN) 

 

방사선조사에 의해 유도된 림프구 감소증에서 인터루킨 7의 역할 

 

<지도교수 성 진 실> 

 

연세대학교 대학원 의학과 

 

변 화 경 

 

목적 : 국소 방사선 요법은 전신적인 림프구 감소로 이어질 수 

있으며, 이는 암 환자의 생존률에 안 좋은 영향을 미치는 

것으로 알려져 있다. 인터루킨 7은 림프구의 항상성에서 중요한 

역할을 한다. 그러나 인터루킨 7이 방사선 유발 림프구 

감소증을 회복시킬수 있는지 여부는 아직 연구되지 않았다. 

우리는 본 연구에서 간암 환자에서 방사선유발 림프구 감소증에 

대한 IL-7의 역할을 알아보고자 했다. 또한 방사선 유발 림프구 

감소증 동물 모델을 확립하여 외인성 인터루킨 7이 미치는 

영향을 확인하였다.  

대상 및 방법: 2016-2018년에 방사선치료를 시행한 간세포 

암종 환자 99 명을 전향적으로 등록하여 방사선치료 전후에 

혈액 인터루킨 7을 수준을 분석하였다. 급성 중증 림프구 

감소증은 방사선치료 동안 총 림프구 수 <200 세포/μL로 

정의되었다. 콕스 회귀 및 로지스틱 회귀 모델을 사용하여 전체 

생존율 및 급성 중증 림프구 감소증에 대한 예측 인자를 찾기 

위해 단변량 및 다변량 분석을 수행했다. 

동물 모델을 확립하기 위하여 C3H/HeN 마우스의 오른쪽 

다리에 방사선 3 Gy를 10회 조사하였다. 방사선치료 후에 10 

mg/kg의 인터루킨 7을 피하 주사 하였다. 총 림프구 수와 

림프구 아형의 숫자를 혈액에서 측정하였다. 종양 마우스 

모델의 경우, HCa-1 세포를 마우스의 오른쪽 허벅지에 피하로 
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접종하였고 동일한 치료를 하였다.  

결과 : 41 명 (41.4 %)의 환자가 급성 중증 림프구 감소증이 

발생했다. 급성 중증 림프구 감소증이 발생한 환자는 발생하지 

않은 환자보다 생존율이 유의하게 감소되었다(중앙값, 12.0개월 

대 23.2 개월, 유의수준 0.002). 림프구 감소증이 2개월 

시점에서 회복된 환자는 회복되지 않은 환자보다 우수한 

생존율을 보였다(중앙값, 21.8개월 대 10.3 개월; 유의수준 

0.042). 급성 중증 림프구 감소증은 생존율에 대한 독립적인 

예후 인자였다 (위험도 1.98, 95% 신뢰 구간 1.11-3.54, 

유의수준 0.020). 급성 중증 림프구 감소증이 없는 환자는 

방사선치료 전 인터루킨 7이 유의하게 더 높았다 (3.02 pg/mL 

대 2.07 pg/mL; 유의수준 0.009). 다변량 분석에서, 높은 

방사선치료 전 인터루킨 7은 급성 중증 림프구 감소증 발생과 

음의 상관관계가 있었다(1pg/mL 증가 당, 위험도 0.32, 95% 

신뢰구간, 0.15–0.68, 유의수준 0.003). 인터루킨 7 변화는 급성 

중증 림프구 감소증에 대한 피드백 반응으로 나타났다. 급성 

중증 림프구 감소증에 있는 경우 인터루킨 7의 변화량이 

컸고(0.48 pg/mL) 없는 경우에 작았다 (-0.64 pg/mL, 유의수준 

0.001). 방사선치료 후 인터루킨 7은 2 개월째의 총 림프구 

수와 유의한 양의 상관관계가 있었다.  

마우스 모델에 방사선치료를 시행했을 때 총 림프구 수가 2 

일에 처음의 20 %로 현저하게 감소하고 3 주에 걸쳐 점차 

회복되는 것을 관찰하였다. 병합치료(방사선치료 및 인터루킨 

7) 군에서는 총 림프구 수는 1 주차에서 기준선 수준의 

373 %로 급증하였고 3 주에 걸쳐 점차 감소하였다. CD3+, 

CD19+ B, CD8+ T, CD4+ T 및 Treg 세포에서도 유사한 

경향이 관찰되었다. 종양 마우스에서도 같은 경향성을 

관찰하였다. 면역조직염색을 했을 때 종양세포에서 T세포 

침윤은 인터루킨 7 또는 병합치료 군 및 대조군 또는 

방사선치료 군에서 더 컸다. 대조군에 비해 방사선치료 군에서 
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종양 성장이 유의하게 억제되었으며, 병합치료군에서 더욱 

유의하게 억제되었다. 중앙 생존 기간은 방사선치료 군 (56일, 

95% 신뢰구간 53-59일, 유의수준 0.0382), 인터루킨 7 군 

(36일, 95% 신뢰구간 29-43일, 유의수준 0.0004), 및 대조군 

(36일, 95% 신뢰구간  23-49일, 유의수준 <0.0001)보다 

병합치료 (도달하지 않음)에서 유의하게 길었다.  

 

결론: 인터루킨 7은 암 환자에서 방사선치료로 유발된 림프구 

감소증의 발생과 회복과 관련이 있었다. 마우스 모델에서  

방사선치료 후에 외인성 인터루킨 7을 투여한 결과 림프구 

수를 증가시킬뿐만 아니라 항종양 효과를 보였다. 외인성 

인터루킨 6은 방사선 유발 림프구감소증을 회복시킬 뿐만 

아니라 방사선치료와 병합했을 때 치료성적을 향상시킬 수 있다. 

이 연구 결과는 앞으로 임상적 연구에서 검증이 필요할 것이다.  

 

__________________________________________________________ 

핵심되는 말 : 방사선 유발 림프구 감소증, 인터루킨 7, 급성 

중증 림프구 감소증, 총 림프구 수, 간세포 암종, 림프구, 

방사선치료, 면역치료 

 

 


