
O R I G I N A L  R E S E A R C H

Anti-Inflammatory Effects of the 35kDa Hyaluronic 
Acid Fragment (B-HA/HA35)
XiaoXiao Jia1,2,*, Ming Shi 3,*, Qifei Wang1,2, Jessica Hui4, Joshua Hui Shofaro1,2, Ryenchindorj Erkhembayar5, 
Mizhou Hui1,2, Chenzhe Gao1, Munkh-Amgalan Gantumur1

1College of Life Science, Northeast Agricultural University, Harbin, People’s Republic of China; 2College of Veterinary Medicine, Qingdao Agricultural 
University, Qingdao, People’s Republic of China; 3School of Life Science and Technology, Harbin Institute of Technology, Harbin, People’s Republic of 
China; 4Center for Cancer Cell Therapy, Stanford Cancer Institute, Stanford University School of Medicine, Stanford, CA, USA; 5Department of 
International Cyber Education, Graduate School, Mongolian National University of Medical Sciences, Ulaanbaatar, Mongolia

*These authors contributed equally to this work 

Correspondence: Mizhou Hui; Munkh-Amgalan Gantumur, Email huimizhou@163.com; mnkh.calm@gmail.com 

Background: Hyaluronic acid (HA) and HA fragments interact with a variety of human body receptors and are involved in the 
regulation of various physiological functions and leukocyte trafficking in the body. Accordingly, the development of an injectable HA 
fragment with good tissue permeability, the identification of its indications, and molecular mechanisms are of great significance for its 
clinical application. The previous studies showed that the clinical effects of injectable 35kDa B-HA result from B-HA binding to 
multiple receptors in different cells, tissues, and organs. This study lays the foundation for further studies on the comprehensive 
clinical effects of injectable B-HA.
Methods: We elaborated on the production process, bioactivity assay, efficacy analyses, and safety evaluation of an injectable novel HA 
fragment with an average molecular weight of 35 kDa (35 kDa B-HA), produced by recombinant human hyaluronidase PH20 digestion.
Results: The results showed that 35 kDa B-HA induced human erythrocyte aggregation (rouleaux formation) and accelerated 
erythrocyte sedimentation rates through the CD44 receptor. B-HA application and injection treatment significantly promoted the 
removal of mononuclear cells from the site of inflammation and into the lymphatic circulation. At a low concentration, 35 kDa B-HA 
inhibited production of reactive oxygen species and tumor necrosis factor by neutrophils; at a higher concentration, 35 kDa B-HA 
promoted the migration of monocytes. Furthermore, 35 kDa B-HA significantly inhibited the migration of neutrophils with or without 
lipopolysaccharide treatment, suggesting that in local tissues, higher concentrations of 35 kDa B-HA have antiinflammatory effects. 
After 99mTc radiolabeled 35 kDa B-HA was intravenously injected into mice, it quickly entered into the spleen, liver, lungs, kidneys 
and other organs through the blood circulation.
Conclusion: This study demonstrated that the HA fragment B-HA has good tissue permeability and antiinflammatory effects, laying 
a theoretical foundation for further clinical studies.
Keywords: hyaluronic acid, 35kDa hyaluronic acid fragment, B-HA/HA35, molecular weight, inflammation, inflammatory cells, 
reactive oxygen species, injection safety

Introduction
Hyaluronic acid (HA) consists of repeating units of N-acetylglucosamine and glucuronic acid. HA and HA 
fragments are present in all tissues of the human body, providing lubrication, cushioning, elasticity, and tissue 
water retention. There are approximately 15 grams of HA and HA fragments in a 70 kg human; however, HA and 
HA fragments in the elderly are significantly reduced. The half-life of HA in the human body is 15 hours. It is 
estimated that one-third of the HA in the human body undergoes a daily renewal process of degradation and 
resynthesis, ie, a state of coexistence of HA and HA fragments.1–3 Whilst existing as a high molecular weight 
polymer (>106 kDa) under normal conditions, HA can become degraded in response to various pathogenic events 
resulting in the generation of low molecular weight fragments.4 HA fragments have the capacity to invoke both an 
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inflammatory response and induce synthesis of tissue degrading enzymes. These effects are mediated through HA 
cell surface receptors CD44 and/or toll-like receptor (TLR)-4, with subsequent activation of NF-κB.5 Specifically, 
HA and HA fragments with different molecular weights interact with a variety of human body receptors, including 
lymphatic vessel endothelial hyaluronan receptor 1 (LYVE-1), CD44, HA-mediated motility receptor (RHAMM), 
Siglec-9, toll-like receptor (TLR) 2, HA-receptor for endocytosis (HARE), cell migration-inducing and hyaluronan- 
binding protein (CEMIP), and transmembrane protein 2 (TMEM2).6–8 HA and HA fragments are involved in the 
regulation of leukocyte trafficking (neutrophils, macrophages, dendritic cells (DCs), T cells, and B cells) and the 
secretion of inflammatory cytokines by leukocytes (neutrophils, macrophages, DCs, T cells, B cells, and 
microglia).7–11 HA and HA fragments have the potential to be effective drugs for the clinical treatment of pain, 
redness, swelling, inflammatory pain, and inflammatory diseases,12–23 may regulate tumor immunity and be used to 
treat tumors,24–28 and may also play an important role in the treatment and prevention of cardiovascular and 
cerebrovascular diseases.29,30 HA and HA fragments indirectly affect leukocyte trafficking and leukocyte production 
of reactive oxygen species (ROS) via erythrocytes and the erythrocyte receptor CD44.31–34 The life span of naked 
mole-rats is nearly 30 years, which is 10 times longer than that of normal rats. Six percent of the body weight of 
naked mole-rats is HA and HA fragments, and naked mole-rats do not suffer from cancer or serious disease, with no 
visible signs of aging, are insensitive to pain and have little subcutaneous adipose tissue.35–40 These features of 
naked mole-rats support that HA and HA fragments may exert comprehensive anti-aging, anti-cancer, anti-tissue 
damage, anti-inflammatory, analgesic and lipolytic actions through various types of HA receptors. In addition, 
knocking out the genes that express hyaluronidase, HA synthase, and HA receptors in mice results in developmental 
abnormalities and functional changes, suggesting that HA and HA fragments have a beneficial therapeutic effect on 
the human body.36–44

Human hyaluronidase PH20 is a sperm acrosome hyaluronidase produced in male testes and is also produced in the female 
breast.45–47 PH20 contained in human colostrum can cleave human high molecular HA to produce a 35 kDa HA fragment (HA35 
or B-HA), which has anti-inflammatory properties in the skin mucosa.18–23 Glycosylated recombinant human PH20 produced 
using Chinese hamster ovary (CHO) cells can be used for subcutaneous infusions, the subcutaneous administration of 
immunoglobulins and the subcutaneous administration of therapeutic antibodies when the PH20 purity is higher than 
98.5%.45,46 This recombinant human hyaluronidase PH20 is different from that extracted from bovine testis, does not require 
a skin sensitivity test, and does not induce human neutralizing antibody production.46,48 Therefore, it is of important clinical 
significance to develop an injectable HA fragment with good tissue permeability using recombinant human PH20 and to further 
clarify the comprehensive effects of 35 kDa HA fragments on the above mentioned receptors in different tissues and organs after 
absorption. This paper reports a production method for injectable B-HA with an average molecular weight of 35 kDa and 
excellent permeability to human tissues, a method for molecular weight detection, and a method for erythrocyte and receptor 
activity detection and the results of studies of the level and functions of freshly extracted human leukocytes, tissue absorption and 
distribution in mice, and the safety of intravenous injection in dogs. This paper used freshly extracted human leukocytes to 
approximate a human clinical study to reveal the therapeutic effects of different concentrations of 35 kDa B-HA. Specifically, this 
study investigated the effects of low concentrations of 35 kDa B-HA on neutrophils and monocytes (mainly lymphocytes and 
a small amount of macrophage precursors, ie, monocytes) in blood and connective tissues with low concentrations of HA and HA 
fragments. We also examined the effects of topical high concentrations of 35 kDa B-HA on neutrophils and monocytes in 
lymphoid and brain tissues with high concentrations of HA and HA fragments.49–51 The above studies showed that the clinical 
effects of injectable 35kDa B-HA in humans result from B-HA binding to multiple receptors in different cells, tissues, and 
organs. This study lays the foundation for further studies on the comprehensive clinical effects of injectable B-HA in humans.

Materials and Methods
Cells, Expression Vector and Experimental Samples
CHO and CHO-S cells and the pMH3 expression vector plasmid were obtained from Huihui Biotechnology, China. 
Forearm venous blood was obtained from a total of 12 healthy volunteers, aged 24±4 years old. The venous blood of 
beagle dogs, BALB/c mice, Inner Mongolian goats and Inner Mongolian cattle was provided by the Veterinary Hospital 
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of Qingdao Agricultural University, China. The documented review and approval from a formally constituted review 
board (Ethics committee of Qingdao Agriculture University) as well as the written informed consent of all the 12 
volunteers in accordance with the Declaration of Helsinki were obtained for collection of all the human blood samples 
and experimentation of the beagles, mice, goats, and cattle.

Experimental Reagents
The experimental reagents used in this study included the following: injection grade 1600 kDa HA, 300 kDa HA and 24 kDa HA 
fragments (Freda, China); 60 kDa HA fragments (Shandong Liyong Biotechnology Co., Ltd., China); fetal bovine serum (FBS) 
(Zhejiang Tianhang Biotechnology Co., Ltd., China); penicillin (HyClone, USA); anti-human CD44 antibody and non-specific 
rabbit IgG antibody (Abcam, UK); Cy5.5 fluorescent dye, lipopolysaccharide (LPS), agarose and phorbol ester (PMA) (Solarbio 
Life Sciences, China); RPMI-1640 medium, PBS buffer, and carboxylate modified polystyrene (Fluorescent Particles) (Sigma- 
Aldrich, USA); human neutrophil isolation kit (Haoyang Huake, China); tumor necrosis factor α (TNF-α) enzyme-linked 
immunosorbent assay (ELISA) kit (R&D Systems, USA); Human HAase ELISA Kit (Shanghai Enzyme-linked Biotechnology 
Co., Ltd., China); and SDS-PAGE gel preparation kit (CoWin Biosciences, China).

Expression of Recombinant Human Hyaluronidase PH20
According to the process described by Jia et al,52 the cDNA of recombinant human hyaluronidase PH20 was inserted into 
the GC-rich empty pH3 expression vector to construct the pMH3-pH20 expression vector. pMH3-PH20 was transfected 
into CHO-S cells to generate a cell line with high PH20 expression. This cell line was amplified and cultured on a large scale 
in a jet-type animal cell reactor. The collected PH20 was purified in 4 steps by Q Sepharose fast flow (QFF) column, phenyl 
HP hydrophobic column, CHT type I ceramic hydroxyapatite column and SP HP cation exchange column.

Agarose Gel Electrophoresis
All samples were diluted to a final concentration of 5mg/mL. Then, diluted samples and standards were mixed 4:1 with 
loading buffer. Electrophoresis was conducted at 80 V for 20 min. The gel was distained for 2 h, until the sample band 
was clearly visible, and the 1% agarose gel was photographed in the bright place.

Eighteen-Angle laser scattering Gel Permeation Chromatography (MALLS-GPC)
Online MALLS-GPC combined with a refractive index detector (RID) was used to analyze the molecular weight of the samples. 
(1) Chromatographic conditions were as follows: high-performance liquid chromatography (HPLC) (with an RI detector); 
Shodex SB-804 HQ gel column (Φ8 mm × 300 mm); mobile phase – 0.02% sodium azide sodium; flow rate – 1 mL/min; 
injection volume – 100 μL; temperature – 40 °C; and detector – RID and MALLS. (2) To determine the relative molecular mass 
of each sample, an appropriate amount of sample was weighed to prepare a 1 mg/mL polysaccharide solution, which was filtered 
for HPLC analysis. (3) For the molecular mass distribution, the mass concentration and light scattering intensity at different 
angles were measured by RID and a laser detector, respectively. The refractive index increment (dn/dc) value was 0.138. The 
molecular mass distribution map of the test samples was obtained using the data processing software ASTRA.

Erythrocyte Aggregation (Rouleaux Formation) Detection (Including a CD44 Blocking 
Study)
HA fragments with different molecular weights and HA materials (Supplementary Table 1) were mixed with human 
venous blood at a ratio of 1:2, with final concentrations of 1.2%, 0.6%, 0.3%, 0.15%, 0.075%, and 0.0375%. A red blood 
cell smear was prepared, and erythrocyte aggregation (rouleaux formation) was observed under a microscope.

Anti-human CD44 antibody (0.5 mg/mL), control nonspecific rabbit IgG antibody (0.5 mg/mL) or PH20 (27,000 U/mL) 
was mixed with human venous blood at final concentrations of 10 µg/mL, 10 µg/mL, and 1927 U, respectively. After 
incubation at 37 °C for 25 min, B-HA was added to prepare red blood cell smears, which were observed under a microscope.
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HA fragments of different molecular weights and raw HA materials (Supplementary Table 1) were mixed with venous 
blood from different animals (rats, beagle dogs, sheep and cattle) at a ratio of 1:2 at final concentrations of 1.2%, 0.6%, 
0.3%, 0.15%, 0.075% and 0.0375%, respectively. Red blood cell smears were prepared and observed under a microscope.

Determination of the Degree of Variation in the Molecular Weight of Different Batch 
Products Using the Erythrocyte Sedimentation Rate
Low-molecular-weight B-HA was mixed with freshly collected venous blood from humans, beagle dogs, and mice at 
a ratio of 1:2 at final concentrations of 0.15%, 0.11%, and 0.075%, respectively. A total of 400 μL of mixed blood was 
aspirated into a blood sedimentation tube and allowed to rest for 25 min. The blood sedimentation in the tube was 
measured to calculate the erythrocyte sedimentation rate.

Tissue Distribution of 99mTc-Labeled B-HA
SnCl2 was used to reduce Tc(V) to [TcOCl4]− and bind to the carboxyl groups of B-HA to form a 99mTc-labeled B-HA 
stable compound (99mTc-B-HA). After purification by SEC-HPLC, 99mTc-B-HA with purity greater than 98% was 
obtained. Purified 99mTc-BH was intravenously injected through a preplaced catheter into healthy C57BL/6J mice 
(Jackson Laboratory, USA) aged 6–8 weeks. An iQID gamma camera was used to dynamically assess the distribution 
of 99mTc-B-HA in whole-body tissues for 3 hours. After the collection of iQID images, blood, tissue and organ samples 
were collected from the mice for radiometric determination. The 99mTc-B-HA distribution in the tissues and organs of 
mice was expressed as the percentage of the total injected dose (% ID/g).

Inhibition of ROS Production by Human Blood Neutrophils Using B-HA
Neutrophils were obtained according to the instructions of a human venous blood neutrophil isolation kit. The neutrophils 
were resuspended in RPMI-1640 medium containing 10% FBS (2 × 106 cells/mL). Cells were inoculated into 24-well 
plates (200 μL/well). DHR123 fluorescent dye (5 mM) was added, and the cells were incubated in the dark for 15 min at 
37 °C. The 40 μg/mL B-HA, 40 μg/mL HA, or 5 nM PMA was added, and the cells were incubated in the dark for 40 min 
at 37 °C. Then, the cells were washed with precooled PBS twice and resuspended. Flow cytometry (FACS) was used to 
detect the amount of ROS produced by neutrophils. Venous blood was collected from 3 different volunteers each time.

Detection of TNF-α by ELISA
TNF-α levels were measured using supernatants collected after PMA-induced ROS production by neutrophils. Detection 
of TNF-α in cell culture medium was performed using a TNF-α ELISA kit. The concentration of TNF-α was determined 
using a human enzyme-linked immunosorbent assay kit following the manufacturer’s instructions.

Effects of High Concentrations of B-HA on the Migration of Freshly Extracted 
Neutrophils and Monocytes
Neutrophils and monocytes were obtained by following the instructions of a human venous blood neutrophil isolation kit. 
The cells were resuspended in RPMI-1640 medium at 3×108 cells/mL. Agarose solution (0.8%) was mixed with RPMI- 
1640 (containing 20% FBS) in equal proportions. Subsequently, the neutrophil suspension was added at a ratio of 1:1 and 
incubated in the water bath at 37 °C. The neutrophil agarose mixture (2 μL) was pipetted into each well of a precooled 
96-well plate. Gel droplets approximately 2 mm in diameter were formed and placed at 4 °C for 15 min. RPMI-1640 
medium containing 1 μg/mL anti-CD44 antibody, 300 μg/mL B-HA, 300 μg/mL HA, 300 μg/mL B-HA+300 μg/mL HA, 
1 ng/mL LPS, and 1 nM N-formyl-methionyl-leucyl-phenylalanine (fMLP) was prepared separately, and 100 μL of the 
prepared mixtures was added to each well after the agarose droplets in the wells had solidified. Four parallel trials were 
set up for each group. After incubation at 37°C for 3 hours, the cells were observed and photographed, and the migration 
area was calculated using Image J. Venous blood was collected from 3 different volunteers each time.
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Study on the Safety of the Intravenous Injection of B-HA in Beagle Dogs
Thirty beagle dogs received an intravenous injection of 100 mg/5 mL sterile B-HA solution, pH 6.5–7.5 (endotoxin <0.5 
EU/5 mL), in the forelimbs twice. The responses of the beagle dogs during injection and after injection were observed.

Subcutaneous Injection and Application of B-HA to Tissue Sections of the Beagle’s 
Skin Wound Inflammation
Before starting the experiment, the beagle dogs were adapted to their environment for a week. At the beginning of the 
experiment, the animals were divided into 3 groups, each group of two. Experimental dogs were anesthetized by 
intramuscular injection of Zoletil®50 (5–11mg/kg).

The operating table was prone, fixed, and the back was sheared and disinfected. On the first day, two wounds (about 
1.5 cm in length and 4 mm in depth) were cut in a symmetrical position on the left and right sides of the center line of the 
dog’s back. The control group was performed without any treatment. In the B-HA and HA groups, B-HA and HA were 
applied to the wound twice a day at a concentration of 20 mg/mL. The duration of the experiment was 5 days. The 
Institutional Animal Care and Use Committee of Qingdao Agricultural University approved the protocol of this study. All 
experimental animal tests were carried out according to the 2016 China Laboratory Animal Standards and other related 
regulations in the Animal Welfare Law.

Statistical Analyses
The data are expressed as the mean ± SD, and statistical analyses were performed using GraphPad Prism 6.0. The results 
were compared using group t-tests. p>0.05(ns) was considered not statistically significant, p<0.05(*) was considered 
statistically significant, and p<0.01(**) and p<0.001(***) were considered highly statistically significant.

Results
Methods for 35 kDa B-HA Production, Detection, and Quality Control
CHO cells were used to produce recombinant human PH20, which was purified in 4 steps using a Q Sepharose Fast Flow 
(QFF) chromatography column, a phenyl HP hydrophobic chromatography column, a CHT type I ceramic hydroxyapa-
tite chromatography column, and an SP HP cation exchange chromatography column. Glycosylated recombinant 
PH2043,44,48 with purity >98.5% was obtained (Figure 1A), and the specific activity was 56,802±508 IU/mg (n = 3). 
This recombinant human PH20 can be used to cleave injection-grade polymer HA raw materials to produce 35 kDa HA 
fragments (B-HA or HA35).18–23,53–57

Bioactive hyaluronic acid fragment HA35 of 35kDa was isolated from human colostrum. The B-HA production 
process, which had obtained a marketing permit in Mongolia, is described below. In a 40-L enzymolysis reactor, 140 mM 
NaCl, 1 mM MgCl solution, 1 g of injection grade HA (molecular weights ranging from 1200 to 1800 kDa) and 15,000 
IU PH20 were added successively and mixed well, and samples were taken at different times during a 37 °C culture 
(Figure 1B). An optimum incubation time of 4 hours was determined. Residual PH20 in enzymatic digestion products 
was heat inactivated, and then, the products were filtered to remove bacteria. Endotoxin content, residual protein, residual 
nucleic acids, cultured bacteria and glucuronic acid content were assessed. The average molecular weight of B-HA 
products from 6 different batches was 35±8 kDa, with a coefficient of variation (CV) of 22% (n = 6) by MALLS-GPC 
determination (Figure 2A). These findings are consistent with the molecular weight of B-HA extracted from human 
colostrum.46,47,52–54 Based on the molecular weight distribution results, 92.75±2.42% of B-HA was between 10 and 70 
kDa, and 96.92±2.34% of B-HA was between 10 and 100 kDa (Figure 1C and D), with a relatively small distribution 
range. The 35 kDa B-HA was completely filtered using a 0.22 μm filter membrane, indicating good tissue permeability. 
Compared to HA fragments produced by physical and chemical cleavage, B-HA had no structural and physicochemical 
damage. In comparison with HA fragments produced by enzymatic cleavage of hyaluronidase extracted from immuno-
genic animals and insects or produced from nonglycosylated microorganisms, the B-HA produced herein did not induce 
allergic reactions,46 did not require skin sensitization tests and was more suitable for the manufacture of injections.
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The results in Table 1 and Figure 2 indicated that low molecular weight HA fragments at a range of 24, 35, and 60 
kDa bind to human erythrocyte cell surfaces through CD44 and trigger erythrocyte aggregation (rouleaux formation). It 
was indicated that the minimum concentration which triggers erythrocyte aggregation (rouleaux formation) was posi-
tively correlated with the molecular weight of the low molecular weight HA fragments. This positive correlation could be 
used to measure the molecular weight of an average molecular weight of HA fragments. The 24 kDa HA fragments had 
the best tissue penetration capability and the worst cell surface or CD44 binding capability. The 60 kDa HA fragments 
had the worst tissue penetration capability and the best cell surface or CD44 binding capability. The 35 kDa HA 
fragments had both the tissue penetration capability and the cell surface or CD44 binding capability in the middle. 
Therefore, this study chose the 35 kDa HA fragments to serve as the raw material for B-HA injection.

Findings have shown that different molecular weights of B-HA and HA induce human erythrocyte aggregation 
(rouleaux formation) (Figure 2B–E). The minimum percent concentration that induced human erythrocyte aggregation 
(rouleaux formation) was negatively correlated with the molecular weight of B-HA within a certain range (Table 1, 
Figure 2F). The minimum percent concentrations of HA fragments with average molecular weights of 24 kDa, 35 kDa, 
and 60 kDa induced erythrocyte aggregation (rouleaux formation), which were 0.6%, 0.15%, and 0.0375%, respectively. 
The use of an anti-human CD44 antibody blocked 0.15% of 35 kDa B-HA-induced erythrocyte aggregation (rouleaux 
formation) (Figure 2B–E), suggesting that this phenomenon induced by 35 kDa B-HA is mediated by the erythrocyte 
surface molecule CD44. Furthermore, low-molecular-weight B-HA did not induce erythrocyte aggregation (rouleaux 
formation) in cattle and sheep, only high-molecular-weight HA induced this phenomenon (Supplementary Table 2 and 3), 
and there was species variability (Supplementary Table 2–5).

In addition to inducing erythrocyte aggregation (rouleaux formation), low-molecular-weight B-HA also induced an increase 
in the erythrocyte sedimentation rate in humans, dogs and mice (Supplementary Table 6–8). The erythrocyte sedimentation rate 
can be used as a quality control method to quantify the degree of molecular weight variation between batches of low-molecular- 
weight HA products. The biological significance of this phenomenon has been further investigated.58,59

Tissue Distribution of Injectable B-HA
Five minutes after the intravenous injection of 99mTc-B-HA in mice, 99mTc-B-HA was rapidly distributed to the spleen 
and liver, followed by the lungs. Dynamic imaging demonstrated that 99mTc-B-HA was rapidly cleared in the blood, with 

Figure 1 Determination of B-HA production conditions and measurement of the molecular weight distribution. (A) SDS-PAGE detection of purified recombinant human 
hyaluronidase PH20. (B) HA raw material and recombinant human hyaluronidase PH20 were cultured for 30 min (lane 1), 1 hour (lane 2), 2 hours (lane 3), 3 hours (lane 4) 
and 4 hours (lane 5). The samples were electrophoresed for 20 min. Lane 6 and lane 7 were standards for 24 kDa and 35 kDa HA fragments, respectively. (C) Molecular 
weight distribution results, 10–70 kDa for 6 batches of B-HA products detected by MALLS-GPC. (D) Molecular weight distribution results, 10–100 kDa for 6 batches of 
B-HA products detected by MALLS-GPC.
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a blood half-life of approximately 5 min (Figure 3). B-HA can be easily filtered by a 0.22um filter. Combined with the 
rapid distribution in the spleen, B-HA has good tissue permeability. The injected 99mTc-B-HA is absorbed subcuta-
neously and then transported to the lymphatic system for absorption, binds to the HA receptor LYVE-1 and promotes the 
migration and transport of mononuclear cells into the interstitial fluid of inflamed areas.1–3,12,13,45,60,61 Unpublished data 
were also consistent with previously published studies, ie, HA and B-HA were rapidly absorbed by the lymphatic system 
after subcutaneous injection and were absorbed and transported to tissue fluid in inflamed areas.50,59,61 99mTc-B-HA was 
distributed in the liver, suggesting that 99mTc-B-HA can rapidly enter into the liver via the hepatic HA receptor 
HARE.9,10,62 99mTc-B-HA was, to a certain extent, distributed in the bladder, indicating that 99mTc-B-HA was excreted 
in urine through the kidneys. There was little distribution in the blood, suggesting that 99mTc-B-HA in the blood was 
quickly absorbed by tissues to exert functions or undergo metabolism. The results of this study were basically consistent 
with previous studies,50,59,60 thus laying the foundation for subsequent similar studies on tissue distribution and blood 
half-life in dogs or monkeys.

Figure 2 35 kDa B-HA causes erythrocyte aggregation (rouleaux formation). (A) 35 kDa B-HA was detected by gel electrophoresis. The molecular weights of 6 different 
batches of B-HA were obtained from the MALLS-GPC molecular weight measurement results. (B) B-HA at a final concentration of 0.15% induced human erythrocyte 
aggregation (rouleaux formation). (C) Anti-human CD44 antibody (10 μg/mL) inhibited B-HA-induced human erythrocyte aggregation (rouleaux formation). (D) Nonspecific 
rabbit IgG antibody (10 μg/mL) did not completely inhibit B-HA-induced human erythrocyte aggregation (rouleaux formation). (E) Recombinant human hyaluronidase PH20 
(1927 U/mL) inhibited B-HA-induced human erythrocyte aggregation (rouleaux formation). (F) The semilogarithmic curve for the negative correlation between the 
minimum percent concentration of B-HA with different molecular weights that induced human erythrocyte aggregation (rouleaux formation) and the molecular weight.
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Low Concentrations of 35 kDa B-HA Inhibited the Activity of Activated Neutrophils
Human neutrophils are inactivated in blood vessels under normal conditions, ie, they do not produce ROS, and they do 
not produce inflammatory damage inside the blood vessels. Human neutrophils are activated by inflammatory factors or 
chemokines released by inflammatory tissues and migrate to inflammatory tissues, and after activation, they not only act 
on invading pathogenic microorganisms but also participate in the pathological processes of inflammatory diseases. The 
results of an unpublished study indicated that low concentrations (20–40 μg/mL) of B-HA had no significant effect on the 
apoptosis, migration, and phagocytosis of freshly extracted human neutrophils. Therefore, this study further investigated 
the effect of low concentrations (40 μg/mL) of HA and B-HA on leukocyte activation (produced by ROS).

Figure 3 Tissue distribution of 99mTc-B-HA fragments. (A) iQID dynamic imaging of whole-body tissue distribution in mice after the intravenous injection of 99mTc-B-HA 
(B) Statistics of the major distribution results after the intravenous injection of 99mTc-B-HA.

Table 1 Minimum Percent Concentrations of HA and B-HA, with Different Molecular Weights, That Induced Human 
Erythrocyte Aggregation (Rouleaux Formation)

Final conc HA 24 kDa B-HA 35 kDa HA 60 kDa HA 300 kDa HA 1600 kDa

MW (kDa) 24 35 60 300 1600

MW range (kDa) 10–40 10–70 40–90 200–400 1200–1800

Erythrocyte aggregation 1.20% Yes
0.60% Yes
0.30% No Yes Yes No* Yes*

0.15% No Yes Yes Yes Yes
0.08% No No Yes No No

0.04% No No Yes No No
0.02% No No No No No

Notes: The bold characters are the minimum concentrations of HA that induced human erythrocyte aggregation (rouleaux formation), and *Indicates 
severe cell deformation.
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The results of the current study revealed that low concentrations of 35 kDa B-HA and 1600 kDa HA both inhibited 
PMA-induced ROS production by human neutrophils and that the inhibitory effects were basically the same (Figure 4A), 
suggesting that HA and B-HA act through common human neutrophilic receptors, ie, CD44 and Siglec-9, on blood 
cells.57,58 We used recombinant human intestinal alkaline phosphatase, known to inhibit inflammation, and carbon-60 
dissolved in grape seed oil to verify the reliability of the methods in this study.63

In addition, the level of TNF-α released from PMA-activated freshly extracted human neutrophils was significantly 
increased (P < 0.05). Low concentrations of both 35 kDa B-HA and 1600 kDa HA inhibited the release of TNF-α from 
PMA-activated human neutrophils (Figure 4B, P < 0.05). The results suggested that HA and B-HA had the same 
inhibitory effect on inflammatory factors released by neutrophils.

Effects of High Concentration of 35 kDa B-HA on the Migration of Human 
Neutrophils and Monocytes
The results of this study showed that high concentrations (300 μg/mL) of 35 kDa B-HA and 1600 kDa HA promoted the 
migration of freshly extracted monocytes (mainly lymphocytes and a small amount of macrophage precursors, ie, 
monocytes) and that the combination of 35 kDa B-HA (300 μg/mL) with 1600 kDa HA (300 μg/mL) further promoted 
this effect. Anti-CD44 antibody, endotoxin LPS (1 ng/mL), and chemokine fMLP all promoted monocyte migration 
(Figures 5A and 6). This outcome indicates that the injection of B-HA into the lymphatic system with a relatively high 
concentration of HA further promotes monocyte migration and a return to circulating blood.

Furthermore, high concentrations of HA and 35 kDa B-HA had inhibitory effects on neutrophil migration under 
normal conditions, with a degree of action that was basically identical (Figure 5B). In the case of LPS induction, high 
concentrations of B-HA, HA, and the combination of the 2 significantly inhibited LPS-induced neutrophil migration 
(Figure 5C). These results suggested that HA and B-HA exhibited similar affinities and biological effects on HA 
receptors such as CD44 and Siglec-9. Anti-human CD44 antibody promoted neutrophil migration (Figure 5B). These 
results combined with the inhibition of neutrophil migration by dexamethasone (unpublished data) suggest that the 
topical use of high concentrations of injectable B-HA in human tissues (especially neural and lymphatic tissues with 

Figure 4 35 kDa B-HA inhibits the production of ROS and TNF-α by human neutrophils in blood vessels. (A) The inhibitory effects of low concentrations (40 μg/mL) of HA 
and 35 kDa B-HA on the production of ROS in freshly extracted human neutrophils. **Comparison between 2 groups, p<0.01 (n=4). (B) The inhibitory effect of low 
concentrations (40 μg/mL) of 35 kDa B-HA and 1600 kDa HA on the release of TNF-α by PMA-activated human neutrophils. *Comparison between 2 groups, p<0.05 (n=4).
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a high HA content) inhibited neutrophil migration and had an antiinflammatory effect. As seen in Figure 5D, both LPS 
and fMLP promoted neutrophil migration, indicating the reliability of the method used in this study. In general, high 
concentrations of B-HA and HA promoted the migration of monocytes and inhibited neutrophil migration in the presence 
and absence of LPS (Figures 5 and 6).

Observation and Safety Study of Tissue Sections of Inflammatory Wounds Injected 
with B-HA
The skin of the dogs from the control group showed severe wound redness and swelling, accompanied by the outflow of 
pus, and the degree of wound healing was incomplete. Both the B-HA group and the HA group showed good wound 
healing, no redness, no pus outflow, and no obvious scab. Display of tissue section results, compared with the control 
group, the B-HA group had denser invasive connective tissue and less inflammatory cells. B-HA group had less fibrous 
tissue and granulation tissue than HA group (Figure 7).

In addition, 30 beagle dogs were also intravenously injected with sterile 35 kDa B-HA, pH 6.5–7.5, at a concentration 
of 100 mg/5 mL (endotoxin <0.5 EU/5 mL). The results of previous studies showed that high concentrations of B-HA, ie, 
greater than 0.15% (1500 μg/mL) and greater than 0.08% (800 μg/mL), caused erythrocyte aggregation and an elevated 

Figure 5 Effects of high concentrations of B-HA on the migration of human neutrophils and monocytes. (A) High concentrations (300 μg/mL) of 35 kDa B-HA and 1600 
kDa HA promoted the migration of monocytes; the combination of 35 kDa B-HA and 1600 kDa HA further promoted the migration of freshly extracted monocytes. Anti- 
human CD44 antibody, LPS, and fMLP all promoted monocyte migration. *Comparison between 2 groups p<0.05 (n=4); **Comparison between 2 groups p<0.01 (n=4); 
***Comparison between 2 groups p <0.001 (n=4). (B) High concentrations (300 μg/mL) of B-HA, 1600 kDa HA, and the combination of B-HA and 1600 kDa HA all inhibited 
the migration of neutrophils. *Comparison between 2 groups, p<0.05 (n=4), **Comparison between 2 groups, p<0.01 (n=4). (C) High concentrations (300 μg/mL) of B-HA, 
HA, and the combination of HA and B-HA all significantly inhibited LPS (1 ng/mL)-induced neutrophil migration. LPS and fMLP promoted neutrophil removal. ***Comparison 
between 2 groups, p<0.001 (n=4). (D) High concentrations (300 μg/mL) of B-HA promoted LPS (1 ng/mL)-induced monocyte migration. *Comparison between 2 groups 
p<0.05 (n=4), **Comparison between 2 groups p<0.01 (n=4), ns comparison between 2 groups p>0.05 (n=4).
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erythrocyte sedimentation rate. However, there was no local injection pain or blockage of blood vessels in beagle dogs 
during this experiment, and there was no struggle, avoidance or death caused by allergic reactions (Table S9). 
Accordingly, our findings suggested that the application of injectable B-HA is safe to use for clinical research.

Discussion
This paper reports a method for the production of an HA/PH20-based injectable tissue-permeable B-HA with an average 
molecular weight of 35 kDa with no allergic reaction in humans. Exogenous or endogenous high molecular hyaluronic 
acid can be degraded into fragments of different molecular weights by hyaluronidase in vivo and penetrate into the tissue. 
HA interacts with multiple tissue receptors in vivo, including LYVE-1 (macrophages, DCs, T cells, and B cells), CD44 
(erythrocytes, leukocytes and bone marrow cells), RHAMM (leukocytes, microglia, endothelial cells and muscle cells), 
Siglec-9 (neutrophils, monocytes, and DCs), TLR2 (macrophages, DCs, T cells, B cells, monocytes, and microglia), 
HARE (sinus endothelial cells of the liver, lymph nodes, and spleen), CEMIP (fibroblasts, epithelial cells, and multiple 
types of tumor cells) and TMEM2 (multiple types of tumor cells), which are involved in the regulation of multiple 
functions in the body1,9,10,12–34 and play important roles in naked mole-rats.35,36,64–68 However, HA is a very high 
molecular weight material and has very poor tissue penetration capability. For instance, HA can only be dissolved at very 

Figure 6 Mononuclear cell and neutrophil migration from the inside of the gel droplet (FBS 5%) to the medium outside the gel droplet (FBS 10%). Microscope photo 
magnification is 120x. Microscope pictures are taken from the longest distance of cell migration. (C–Control, A–Mononuclear cell migration, B–Neutrophil migration, 1– 
Anti-CD44 antibody 1μ/ml, 2–B-HA 300μg/ml, 3–HA 300μg/ml, 4–B-HA+HA 300μg/ml, 5–LPS 1ng/ml, 6–fMlp 1nM, 7–B-HA 300μg/ml+ LPS 1ng/ml, 8–HA 300μg/ml+ LPS 
1ng/ml, 9–B-HA+HA 300μg/ml+ LPS 1ng/ml).
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low concentration in water-soluble fluids. This property limits its applications only to local injections such as HA joint 
injection and HA dermal filler. In addition, HA is an acidic mucopolysaccharide with different molecular weights that 
may have different biological activities. Therefore, novel B-HA assay methods were developed, including a molecular 
weight distribution assessment using the negative correlation between the molecular weight of B-HA and the percent 
concentration that induced erythrocyte aggregation (rouleaux formation) and a quality control assessment of B-HA 
products among batches using elevated erythrocyte sedimentation rates.

The results of previous studies indicated that 35 kDa HA fragments could easily pass through a filter with a pore size 
of 220 nanometers, indicating its great tissue penetration capability as well as cell surface CD44 binding capability. Our 
previous results also indicated that 35 kDa HA fragments could be stably generated by the digestion using a recombinant 
human hyaluronidase PH20 for a period of incubation between 15 minutes and 5 hours at 37 °C.69 Interestingly, they all 
generated 35 kDa HA fragments. By balancing between tissue penetration and cell surface CD44 binding capability, this 
study choses 3.5kDa HA fragments to serve as the injection raw material for clinical use.

A low concentration (40 μg/mL) of 35 kDa B-HA inhibited the production of ROS by human neutrophils. High concentration 
(300 μg/mL) of 35 kDa B-HA promoted the migration of freshly extracted human monocytes, suggesting that B-HA and the 

Figure 7 Observation on tissue sections of B-HA injection on wound inflammation (A) Control; (B) B-HA; (C) HA. (200×). (A) Control group: A large number of 
inflammatory cells infiltrated around the hair follicles and sweat glands in the dermis; a large number of inflammatory cells infiltrated in the wound margin. (B) B-HA group: 
There is a small amount of bleeding around the wound edge, and a small amount of inflammatory cell infiltration around the hair follicle, a very small amount of inflammatory 
cell infiltration between the connective tissues of the dermis. (C) HA group: No inflammatory cell infiltration around the hair follicle, red blood cells and inflammatory cells 
around the wound margin, but denser; the wound margin is clearly demarcated from normal tissue, and granulation tissue is formed.

https://doi.org/10.2147/JIR.S393495                                                                                                                                                                                                                                    

DovePress                                                                                                                                                 

Journal of Inflammation Research 2023:16 220

Jia et al                                                                                                                                                                Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


water it carries can be absorbed from inflamed tissues into the lymphatic system for reflux together with human monocytes. In 
addition, high concentrations of B-HA significantly inhibited neutrophil migration in the presence or absence of LPS, suggesting 
that the use of higher concentrations of B-HA in local tissues has an antiinflammatory effect. After the injection of 35 kDa B-HA, 
it can rapidly enter the spleen through the lymph. B-HA in the blood was rapidly absorbed by tissues, such as the lungs, or was 
metabolized.

Although the physiological and pharmacological significance of B-HA-induced erythrocyte aggregation (rouleaux 
formation) and accelerated erythrocyte sedimentation rate in humans are still not clear, relevant literature indicates that HA 
indirectly affects leukocyte trafficking and leukocyte activation via the erythrocyte and erythroid receptor CD44 and the 
leukocyte receptor Siglec-9.31–33 Consequently, these intravascular erythrocyte-related changes could potentially be attributed 
to the role of intravascular neutrophils in the formation of axial flow and adsorption on the vascular surface and binding to the 
HA receptor Siglec-9.57,58 In addition, relevant literature also indicates that the high expression of the macromolecular HA 
gene results in a decrease in ROS levels in bone marrow hematopoietic stem cells.70 ROS effectively degrade macromolecular 
HA and produce HA fragments.71 In this study, low concentrations of 35 kDa B-HA (40 μg/mL) and 1600 kDa HA (40 μg/ 
mL) both inhibited PMA-induced ROS production by human neutrophils (Figure 5A). Therefore, HA and B-HA reduce ROS 
levels through the attraction and consumption of ROS. The results of this study suggest that HA and B-HA have identical 
affinity for or inhibit, to the same degree, the activated human leukocyte receptors CD44, LYVE-1 or Siglec-9. This study 
showed that high concentrations (300 μg/mL) of B-HA, HA and the combination of B-HA and HA inhibited the migration of 
human neutrophils in the presence or absence of the endotoxin LPS (Figure 5B and C). Dexamethasone also had an inhibitory 
effect on neutrophil migration (unpublished data). Results from our previous studies indicated that commercial products 
containing high concentrations of 1–2% (10–20 mg/mL) B-HA were effective for the treatment of localized inflammatory 
redness, swelling, fever, and pain in the skin and mucous membrane of the pharynx.18–23 Thus, the topical application of high 
concentrations of B-HA to the skin mucosa has therapeutic effects on inflammatory redness, swelling, fever, and pain in the 
skin mucous membrane, further supporting the physiological phenomenon that few neutrophils are found in the lymphatic 
system, where the HA concentration is high (Figure 5B and C). In addition, relevant literature reports that the contents of HA 
and HA fragments in central nervous tissue were at least 330–1150 times higher than those in serum tissue (33–115/0.01 
μg/g-0.1 μg/g tissues), suggesting that a high concentration of 35 kDa B-HA also plays a role in brain tissues.1

Tissue distribution studies of 99mTc-B-HA in mice revealed the tissue distribution and blood half-life of B-HA. HA and 
HA fragments are at least 85–180 times higher in the chest lymph nodes and lacteal vessels of the thymus than in serum 
tissues (8.5–18.0/0.01 μg/0.1 μg/g tissue),1 suggesting high concentrations of HA and HA fragments in the lymphatic system. 
Recent studies have also demonstrated that in each adult, 10–100 mg of HA and HA fragments enters the blood through the 
lymphatic system every day.1–3,48–50 Similarly to HA, B-HA carries water to promote the reabsorption of extracellular fluid 
in inflammatory tissues. Combined with fluorescent labeling experiments, high concentrations of B-HA accelerate the 
patrolling of mononuclear cells in the lymphatic system in vivo and the homing of mononuclear cells (mainly lymphocytes 
and a small amount of macrophage precursors, namely monocytes), namely return to blood circulation through lymphatic 
vessels. The canine skin experiment showed that compared with the control group, there was a small amount of bleeding 
around the wound edge, a small amount of inflammatory cell infiltration around the hair follicles, and a very small amount of 
inflammatory cell infiltration between the dermal connective tissues. Related studies report that the inflammation of skin and 
mucous membranes with clinical manifestations of redness, swelling, fever, and pain resolved through the effect of lymphatic 
reflux,1,9,10,12–23,50,61 which was consistent with the results of promoting monocyte migration.

Conclusion
Overall, the 35kDa HA fragments has the potential to be effective drugs for the clinical treatment of pain, redness, 
swelling, inflammatory pain, and inflammatory diseases,8–10,12–18,51,61 may regulate tumor immunity and be used to treat 
tumors,19–23 and may also play an important role in the treatment and prevention of cardiovascular and cerebrovascular 
diseases.24,25 Furthermore, the findings of this study and the related literatures suggest that the clinical effects of 
injectable 35 kDa B-HA in humans are the result of B-HA binding to multiple receptors in different cells, tissues, and 
organs, supporting the need for further high-dose animal studies or direct human studies of the comprehensive clinical 
effects.
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