
Abstract. Background/Aim: The aim of our study was to
investigate the pharmacokinetics (PK), tissue distribution
and toxicity of F11 antibody to semaphorin 3A in mouse
models and explore its anti-angiogenic and tumor-inhibitory
effect. Materials and Methods: Patient-derived xenograft
(PDX) models were established via subcutaneous
implantation of glioblastoma multiforme (GBM) cells and
treated with F11. Results: F11 significantly attenuated tumor
growth and angiogenesis in the GBM PDX model. Within the
range of administered doses, the PK of F11 in serum
demonstrated a linear fashion, consistent with general PK
profiles of soluble antigen-targeting antibodies. Additionally,
the clearance level was detected at between 4.63 and 
7.12 ml/d/kg, while the biological half-life was measured at
6.9 and 9.4 days. Tissue distribution of F11 in kidney, liver
and heart was consistent with previously reported antibody
patterns. However, the presence of F11 in the brain was an
interesting finding. Conclusion: Collectively, our results

revealed angiogenic and tumor-inhibitory effect of F11
antibody and its potential therapeutic use within a clinical
framework based on PK, biodistribution and toxicity
evaluation in mouse models.

Semaphorins are a family of membrane-bound and soluble
proteins that govern important cellular functions including
axonal guidance, cell–cell interaction, cell differentiation and
morphology (1-3). Semaphorin 3A (SEMA3A) provides a
potential plexin interaction site by binding to neuropilin-1
(NRP1), a main binding receptor of SEMA3A (4-6). Recent
studies have identified carcinogenic roles of SEMA3A (7, 8).
Autocrine SEMA3A is often overexpressed in glioblastoma
multiforme (GBM), one of the most malignant brain tumors,
and promotes tumor cell dispersal via regulation of substrate
adhesion (9). In pancreatic and hepatocellular carcinomas,
SEMA3A directly promotes tumor malignancy (10, 11) and
attracts tumor-associated macrophages to avascular regions in
order to both sustain and induce tumor progression (12, 13).
Administration of bevacizumab has been approved by the
United States Food and Drug Administration as a single agent
for the treatment of recurrent GBM, however, acquired
resistance remains a central barrier to long-term efficacy (14,
15). Previous studies have demonstrated that SEMA3A
promotes vascular permeabilization through activating vascular
endothelial growth factor (VEGF) signaling pathway and could
potentially be employed as a therapeutic target against ischemic
disease and cancer (16, 17). Moreover, SEMA3A accelerates
stabilization of VEGF-induced angiogenesis through
recruitment of NRP1-expressing monocytes (18). This
evidence highlights SEMA3A as an emerging target for tumor
growth inhibition via suppression of angiogenesis. Hence, we
screened anti-SEMA3A single-chain variable fragment using
synthetic antibody phage library and generated fully human
immunoglobulin (Ig) G1 monoclonal antibody to SEMA3A,
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F11, with selective binding affinity to both human and mouse
SEMA3A. We confirmed that the neutralizing effect of F11
directly confers inhibition of tumor growth and tumor-
associated macrophage distribution in GBM patient-derived
xenograft (PDX) models in our previous report (19).

SEMA3A is widely expressed in various non-neoplastic
cell types, including endothelial cells and epithelium (20,
21). Direct binding activity with normal tissues may largely
affect pharmacokinetics (PK) and toxicity of anti-SEMA3A.
However, the tissue distribution and toxicity of SEMA3A-
targeting agents remain relatively unexplored. Therefore, we
investigated F11 to analyze detailed biodistribution and
toxicity level in mouse models. The comprehensive
understanding of PK, tissue distribution, and toxicity profiles
of F11 in mice would be an important step towards clinical
trials and commercial development.

In order to gain insight into the PK, tissue distribution and
acute toxicity of F11, BALB/c mouse models were
administered F11 in a dose-escalation manner. Overall, we
present therapeutic efficacy of F11 as an anticancer agent
with neovascular inhibition in GBM PDX model and in vivo
profiling of PK, biodistribution and toxicity.

Materials and Methods
Pharmacokinetics study in BALB/c mice. For the PK study, female
BALB/c mice (6 weeksold, 18-20 g) were obtained from Orient Bio
Inc. (Seongnam, Korea). Mice were received a single intravenous
(i.v.) injection dose of 5 or 25 mg/kg of F11 (Samsung Medical
Center, Seoul, Korea) via tail vein injection (n=30/each dose). All
mouse experiments were performed according to the Association for
Assessment and Accreditation of Laboratory Animal Care-accredited
guidelines of the Laboratory Animal Research Center at the Samsung
Medical Center. Blood samples were acquired from three mice per
group via cardiac puncture. Serum samples were collected at various
time points (5 and 30 min, 1, 4 and 8 h; and 1, 4, 7, 14 and 22 d) after
F11 administration for measurement of PK parameters.

Analysis of F11 concentration in mouse serum. Serum samples were
analyzed for F11 concentration using sandwich enzyme-linked
immunosorbent assay (ELISA). Flat-bottom 96-well plates (Costar,
Washington, DC, USA) were coated with 1 μg/ml of AffiniPure
Goat Anti-Human IgG, Fcγ Fragment Specific (Jackson
Immunoresearch, West Grove, PA, USA) at 4˚C overnight. Next
day, the coated 96-well plates were blocked by 3% skim milk at
room-temperature for 1 h and the harvested mouse serum was added
into the 96-well plates. After washing using phosphate-buffered
saline with Tween-20 (0.1%), bound F11 in serum was detected
using Goat anti-Human IgG F(ab’)2 Secondary Antibody (Thermo
Fisher Scientific, Waltham, MA, USA). Triplicate serum samples
were analyzed through ELISA.

Tumor model. GBM specimens were obtained from patients
undergoing surgery at Samsung Medical Center (SMC) in accordance
with its Institutional Review Board. Patient-derived cells (PDCs) were
injected into the subcutaneous region of six-week-old female BALB/c
nude mice. The tumor-bearing mice were regrouped when the mass

volume reached an average of 150 mm3. F11 and phosphate-buffered
saline were administered via intravenous (i.v.) injection at 5 mg/kg,
twice a week, for 18 days. Mice with body weight loss greater than
20% were sacrificed. All mouse experiments were performed
according to the Association for Assessment and Accreditation of
Laboratory Animal Care-accredited guidelines of the Laboratory
Animal Research Center at the Samsung Medical Center.

Immunofluorescence analysis. Subcutaneous tumors from the mice
above were fixed in 5% paraformaldehyde and embedded in
paraffin. To evaluate the degree of tumor neoangiogenesis, paraffin
sections were stained with anti-CD31 (BD, Franklin Lakes, NJ,
USA, 553370). Alexa Fluor 594 goat anti-rat (Life Technology,
Carlsbad, CA, USA, A11007) was used for anti-CD31 detection in
mouse tumor tissue. 

Immunohistochemistry. In order to determine the F11 distribution in
vivo, brain, liver, kidney, spleen, and heart were isolated from mice
treated with F11 (5, 25, 200 mg/kg, i.v.). The resulting tissue
samples were fixed using 4% formaldehyde solution for 24 h prior
to paraffin embedding. The paraffin block was sectioned at 4 μm
thickness and tissue distribution of F11 was detected by
immunohistochemical staining. Goat anti-Human IgG F(ab’)2
Secondary Antibody (Thermo Fisher Scientific) was used for F11
detection in mouse tissues and the SEMA3A expression was
analyzed using anti-SEMA3A (Abcam, Cambridge, UK).

Serum chemistry. Mouse blood samples were collected in vacuum
tubes devoid of anticoagulants, allowing blood to clot in room
temperature for 1 h. After blood clot observation, the tubes were
centrifuged at 845 × g for 15 min and the serum layer was
separated. To evaluate acute toxicity after F11 treatment, serum
levels of glutamic pyruvic transaminase (GPT), glutamic oxaloacetic
transaminase (GOT), alanine aminotransferase (ALT), blood urea
nitrogen (BUN), and creatine were measured by Fuji DRI-Chem
7000i (Fuji, Tokyo, Japan). 

Statistical analysis. Statistical significance of differences was
evaluated by Student t-test. 
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Figure 1. Pharmacokinetics of antibody to semaphorin 3A (SEMA3A)
(F11). Serum F11 concentration versus time profile after intravenous
administration in BALB/c mice. Data are the mean pharmacokinetic
parameters of each group with three animals. 



Results

Analysis of F11 PK in BALB/c mice. We generated a F11
monoclonal antibody to SEMA3A as a potential therapeutic
antibody against GBM progression (19). The PK profiles of
F11 were assessed through administration of a single i.v.

bolus dose in BALB/c mice at 5 or 25 mg/kg (Figure 1). The
value of the area under the moment curve extrapolated to
infinity was increased 3.5-fold and the clearance rate also
increased in parallel with the administered dose, ranging
from 4.63 ml/d/kg at 5 mg/kg to 7.12 ml/d/kg at 25 mg/kg.
The biological half-life was measured as 6.93 days at 5
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Figure 2. F11 inhibits tumor growth through reducing vascularization in the tumor region. A: Mice bearing glioblastoma patient-derived cell (022T)
received intravenous injection with 5 mg/kg F11 twice per week. B: Confocal analysis of CD31 immunofluorescence staining in subcutaneous tumor
tissue of control and F11-treated mice. C: Mean vessel density and number of vessel in each group were measured; data are representative of at
least five independent fields. Significantly different at *p<0.05 and ***p<0.005. DAPI: 4’,6-Diamidino-2-phenylindole.

Table I. F11 pharmacokinetic parameters after intravenous administration in BALB/c mice calculated by compartmental pharmacokinetic analysis.
Data for mice are from a pooled analysis of 30 mice per dose level. 

Strain                 F11           Area under           T1/2             T1/2            Clearance       Volume at          Mean              Maximum          Time taken to 
                          dose           the moment        (initial)      (terminal)        (ml/d/kg)          steady-          residence              serum            reach maximum 
                       (mg/kg)         curve 0-inf          (days)          (days)                                       state                 time             concentration         concentration
                                            (μg/ml day)                                                                            (ml/kg)             (days)                (μg/ml)                    (days)

BALB/c                5                1079.896            0.023           6.934                4.63               46.262               9.99                 145.680                    0.003
                            25               3512.602            0.434           9.394                7.12               92.598              13.01                485.084                    0.003
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Figure 3. Biodistribution of F11. A: Schematic representation of the time points of F11 injection and time of sacrifice. B: The distribution F11 at 5, 25,
200 mg/kg intravenous administration was evaluated by immunohistochemical analysis using brain, kidney, liver, spleen, and heart. Bar=200 μm.
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Figure 4. Hepatotoxicity and renal toxicity of F11 in BALB/c mice. A: Semaphorin 3A (SEMA3A) protein expression profile of mouse and human
liver tissue. B: Comparison of blood urea nitrogen (BUN), creatine (CRE), glutamate pyruvic transammase (GPT), glutamic oxaloacetic
transaminase (GOT) and alanine aminotransferase (ALT) results in accordance with the administered F11. The toxicity groups were composed of
female and male BALB/c mice (n=3 mice per dose). 



mg/kg and 9.39 days at 25 mg/kg. Furthermore, the
distribution volume at steady-state was from 46-92 ml/kg at
the given doses. The observed maximum serum
concentrations (Cmax) were 145.680 and 485.084 μg/ml at 5
and 25 mg/kg and the corresponding mean residence times
in the body were 9.99 and 13.01 days. The time point at
which Cmax was observed was 0.003 day at both doses.
Collectively, pharmacokinetics of F11 demonstrated a two-
compartment linear trend, consistent with general PK
profiles of monoclonal antibodies that target soluble antigens
(22). We used the compartmental method for PK analysis
using the parameters described in Table I.

SEMA3A antibody (F11) inhibits tumor growth and
angiogenesis in PDX GBM model. To explore whether F11
inhibited both tumor growth and angiogenesis in vivo, PDX
models of GBM were injected with F11 of 5 mg/kg twice a
week. After 30 days, treatment of F11 demonstrated 30%
decrease in tumor size compared to the control group (Figure
2A). Immunofluorescent analysis of CD31 protein showed a
clear reduction in CD31 expression level in F11 treated
group compared to the control group (Figure 2B). To
investigate the anti-angiogenesis effect of F11, measurement
of vessel density and numbers were investigated and
exhibited a significant reduction when treated with F11. The
mean vessel density and the number of vessels were
significantly reduced by 67% and 72%, respectively,
compared to the control group (Figure 2C). These results
provide compelling evidence that F11 inhibits
vascularization and impedes tumor growth in vivo.  

The distribution of F11 in dose-escalation study. In order to
investigate distribution and acute toxicity of anti-SEMA3A
agent, female and male BALB/c mice were administered
with 5 mg/kg to 200 mg/kg of F11. After 2 weeks of
treatment, F11-treated mice were sacrificed (Figure 3A).

Notably, there was no treatment-related mortality in the F11-
treated group. To estimate distribution rate of F11 in mice,
we conducted immunohistochemical analysis of brain,
kidney, liver, spleen and heart tissue specimens that were
acquired from the corresponding mice administered with
either 5, 25, or 200 mg/kg of F11.The majority of tissue
specimens from F11-treated mice exhibited positive staining
in a dose-dependent manner. At both 25 mg/kg and 200 mg/kg,
strong binding patterns of F11 were observed in brain, kidney,
liver, lung (data not shown), and heart tissues, while there
were no detectable signals from the 5 mg/kg treatment level.
As a recombinant protein, F11 in kidney, liver and lung
showed a similar pattern compared to previously reported
antibodies (23), whereas positive staining in brain is a novel
finding. The positive signal in brain suggests that F11 has
the potential to penetrate through the blood–brain barrier
(BBB), and it is necessary to clarify the underlying
mechanism of this in future study. Among the target organs,
we further investigated the potential impacts of
administration of F11. Additionally, we examined both
kidney and liver for pre-toxicological assessment during the
treatment course.

Hepatotoxicity and renal toxicity of F11 in BALB/c mice. The
immunostaining analysis showed that the SEMA3A was
broadly expressed in kidney and liver of both mice and
humans (Figure 4A) (24).Based on these results, we further
evaluated whether the distribution of F11 in kidney and liver
may affect their specific functions. We investigated serum
chemistry using serum samples from female and male
BALB/c mice that were administered 5 to 200 mg/kg of F11.
The BUN and creatine results were used as assessment of
kidney function, while GPT, GOT, and ALT were measured
for liver function. Notably, serum chemistry results
confirmed no acute toxicity of F11 on kidney and liver. In
female BALB/c mice, the GTP level slightly increased in a
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Table II. The parameters for kidney and liver function assessment in BALB/c mice injected with F11. 

                                                                      Females                                                                                                    Males

Treatment             Blood      Creatine      Glutamate       Glutamic        Alanine-      Blood urea      Creatine     Glutamate       Glutamic       Alanine-
                               urea         (mg/dl)          pyruvic       oxaloacetic         amino-         nitrogen         (mg/dl)         pyruvic       oxaloacetic       amino-
                            nitrogen                       transammase transaminase   transferase       (mg/dl)                           transaminase transaminase  transferase 
                            (mg/dl)                               (U/l)                (U/l)               (IU/l)                                                         (U/l)                (U/l)              (IU/l)

PBS                    21.8±8.9     0.23±0.05    21.3±1.2         44.3±2.1         432±17.1        17.9±2.3        0.23±0.05     24.7±3.5         39±6.6          441±64.1
5 mg/kg F11       20.4±1.9     0.17±0.05    19.3±1.2         36.3±1.2*       382±52.9        17.4±1.1        0.30±0.00     19±1.0            30.7±1.5       309±25.7
25 mg/kg F11     18.1±2.9     0.2±0.00      24.7±2.5         43.3±3.1         395±17.1**    17.7±2.9        0.23±0.05     20.7±0.6         30±2.0          301±35.6
50 mg/kg F11     16.6±2.5     0.2±0.00      24±1.7            44.7±5.7         418.7±31.3     18.7±0.7        0.27±0.06     26±1.0            43.3±1.5       331±16.9
100 mg/kg F11   15.5±2.5     0.17±0.05    25±1.7            43.3±5.1         429±56.7        14.9±2.2***  0.2±0.00       22.3±6.1         36±8.5          302±66.9
200 mg/kg F11   18.8±1.1     0.2±0.00      27.7±8.0         47.7±12.0       370±41.5        17.8±0.7        0.2±0.00       26±1.4            36.5±4.9       361±4.24

Data are presented as the mean±SD. Significantly different from PBS-treated at *p<0.05, **p<0.01 and ***p<0.005.



dose-dependent manner but the maximum increase was
observed to be within the normal GTP range of BALB/c
mice (Figure 4B). The serum levels of BUN, creatine, GPT,
GOT, and ALT from all the F11- treated groups were within
the normal range (Table II). Thus, it can be suggested that
the presence of F11 in liver and kidney did not induce
hepatotoxicity or renal toxicity.

Discussion

Previous studies have shown SEMA3A to be a chemoattractant
in cortical apical dendrites and major components of diffuse
chemorepulsive signals (25, 26). In recent studies, SEMA3A
was often involved in tumor propagation (10, 11) and promoted
tumor metastasis (9). SEMA3A acts as a chemoattractant factor
for tumor-associated macrophages in hypoxic niches,
subsequently promoting vascularization (10, 12). Therefore, it
is evident that SEMA3A is an important therapeutic target in
cancer therapy based on its prevalence in tumor progression.
We previously demonstrated the tumor- inhibitory effect of F11
in GBM PDX models (19). As F11 has cross-reactivity to both
human and mouse SEMA3A, it will be highly important to
comprehend the pathological and physiological process of
SEMA3A blockade in preclinical models. The pharmacokinetics
of F11 were assessed through i.v. injection in mouse models and
tissue distributions of F11 in major organs were then examined.
As PK, biodistribution and toxicity studies on SEMA3A drugs
have rarely been studied previously, our results present an
important step towards developing a SEMA3A-mediated
therapeutic approach in multiple tumor models. 

Detailed PK of F11 are summarized in Table I. In PK
analysis, F11 exhibited a linear pharmacokinetic profile at 5
and 25 mg/kg. Antibodies targeting soluble antigen have
undergone extensive research in pre-clinical and clinical
studies (27-29). For in vivo-administered antibodies, the PK
profiles are determined through assessment of target
distribution, serum clearance, intrinsic half-life, and tissue
distribution, regardless of its subtype (27, 28, 30, 31).
Especially in the case of targeting soluble ligands such as
F11, it is important to determine the serum clearance rate and
tissue distribution pattern to evaluate in vivo efficacy as well
as potential side effects. In present study, we determined that
the PK profile of F11 presented a two-compartment linear
model with a rapid elimination phase, characterized by a
short distribution phase, and more-prolonged elimination
half-life, as a result of the non-specific clearance by the
reticuloendothelial system and the interaction with neonatal
Fc receptor (22). F11 exhibited two-compartment model
pharmacokinetics, consistent with those of several other IgG
antibodies targeting soluble antigen (30).  

Recent studies have shown that the capacity of tumor cells
to produce SEMA3A may account for their loss of sensitivity
to anti-VEGF-targeted therapy, which in process leads to

development of resistance to the VEGF antibody,
bevacizumab (16-18). We demonstrated the tumor-inhibitory
effect of F11 in vivo and further reduced vascularization in
the tumor region via CD31 immunostaining. These results
show that F11 potentially could be employed as an anti-
angiogenic therapy for the treatment of GBM. 

We identified that the tissue distribution of F11 in brain,
liver, kidney, spleen and heart was proportional to the
concentration administered. The tissue distributions in liver,
kidney and heart were strongly stained in the high-dose
group, consistent with previously reports of general antibody
biodistribution patterns (24). The most interesting results was
the ability of F11 to move across blood–brain barrier as this
was a unique phenomenon for intravenous-injected models.
Positive signals in both liver and kidney were consistent with
endogenous SEMA3A expression, according to the reference
dataset. Therefore, the distribution noted in these organs may
reflect the high expression of SEMA3A and subsequent
accumulation of F11.

The toxicity related to strong binding to liver and kidney
was analyzed using serum chemistry profiling. In female and
male BALB/c mice, the serum levels of BUN, creatine, GPT,
GOT, and ALT from all F11-treated groups were within the
normal range, suggesting the absence of the toxicity of F11,
and its potential in a clinical framework.

Collectively, our findings highlight the importance in the
assessment of biodistribution and toxicity of F11 in each
major organ for its potential implementation in a clinical
framework.
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