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Abstract
Hypoxia is an inherent factor in the inflammatory process and is important in the regulation of some immune cell functions, 
including the expression of mast cell pro- and anti-inflammatory mediators. Hypoxia also influences cell adhesion to the 
extracellular matrix (ECM). Hyaluronic acid is one of the major components of the ECM that is involved in inflammatory and 
tissue regeneration processes in which mast cells play a prominent role. This prompted us to investigate the effects of hypoxia 
on the expression of hyaluronic acid receptors in mast cells and mast cell adhesion to this ECM component. We found that 
human LAD2 mast cells spontaneously adhered to hyaluronic acid in a CD44-dependent manner and that reduced oxygen 
concentrations inhibited or even completely abolished this adhesion process. The mechanism of hypoxia downregulation of 
mast cell adhesion to hyaluronic acid did not involve a decrease in CD44 expression and hyaluronidase-mediated degrada-
tion of adhesion substrates but rather conformational changes in the avidity of CD44 to hyaluronic acid. Hypoxia-mediated 
regulation of mast cell adhesion to extracellular matrix components might be involved in the pathogenic accumulation of 
mast cells observed in the course of certain diseases including rheumatoid arthritis and cancer.
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Introduction

Oxygen is an element that is necessary for the proper func-
tion of cells in living organisms. The oxygen concentration 
in various tissues is significantly lower than that in atmos-
pheric conditions; e.g., in venous blood, it is approximately 
5.3%, while in the superficial region of the skin, it is only 
1.1%. Under physiological conditions, the prevailing con-
centration in a specific tissue is referred to as “tissue nor-
moxia” or “physioxia,” while any decrease in oxygen par-
tial pressure below these values is known as “hypoxia” [1]. 

Certain pathological processes result in local hypoxia. Thus, 
hypoxia frequently occurs in tissues as a result of ongoing 
inflammation [2]. The tumor formation process, which can 
be considered a special type of inflammation, is also associ-
ated with local hypoxia [3, 4]. In vitro cell culture incubators 
use an oxygen concentration corresponding to that in the air, 
which is also frequently referred to as “normoxia.” Since cell 
lines have been derived and cultured under such conditions, 
lowering the oxygen concentration to physioxic levels may 
be treated by these cells as hypoxia and is frequently applied 
as an in vitro model of hypoxia [1]. Oxygen-sensing prolyl 
hydroxylases (PHDs) and hypoxia-inducible factors (HIFs), 
such as HIF-1α and HIF-2α, are critical for initiating the 
cellular response to hypoxia, which includes changes in cell 
metabolism as well as other cellular functions, including 
remodeling of the extracellular matrix (ECM), cell adhesion, 
and migration [5–8].

Mast cells (MCs) are considered one of the most impor-
tant elements regulating the initiation, amplification, and 
resolution of inflammatory processes [9, 10]. Proper exe-
cution of their functions in regulating inflammation also 
depends on various cell adhesion receptors on their surface, 
including integrins, selectins, and cadherins [11]. Human 
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MCs also express CD44, a major receptor for hyaluronic 
acid (HA) [12]. CD44 does not always bind to HA, and this 
process is state-dependent. CD44 can assume a nonbinding 
form, a binding form only under the influence of a specific 
stimulus, and a constitutively binding form [13]. Hypoxia 
has been reported to upregulate the gene and surface protein 
expression of CD44 in human dendritic cells [14], as well as 
in the human gastric cancer cell lines SGC-7901 and BGC-
823 [15].

Previously, we observed an increase in the adhesion of 
MCs to fibronectin under the influence of short-term expo-
sure to hypoxia [8]. In this study, we investigated the influ-
ence of hypoxic conditions on the adhesion of the human 
MC line LAD2 to HA. Our results revealed that hypoxia 
downregulates MC adhesion to HA.

Materials and methods

Cell line and cell culture

The human MC line LAD2 was a gift from Dr. A. S. Kirsh-
enbaum (National Institutes of Health, Bethesda, MD) [16]. 
Cells were cultured at 37 °C in 5%  CO2 and passaged weekly 
to maintain a 500,000 cells/mL density. Dedicated medium 
consisted of StemPro-34 serum-free medium (Gibco) sup-
plemented with StemPro-34 Nutrient Supplement (Gibco), 
2 mM l-glutamine (Sigma-Aldrich), 100 U/mL penicil-
lin/100 μg/mL streptomycin (Gibco), and 100 ng/mL recom-
binant human SCF (R&D Systems).

Quantitative real‑time PCR analysis

Before RT-qPCR analysis, cells were cultured for 72 h in 
normoxia (21%  O2) or hypoxia (1%  O2). Total RNA was 

extracted using TRI Reagent (Sigma-Aldrich) according to 
the manufacturer’s protocol. cDNA was reverse-transcribed 
from total RNA (5 μg) using the Maxima First Strand cDNA 
Synthesis Kit for RT-qPCR (Thermo Fisher Scientific) 
according to the manufacturer’s protocol. Levels of specific 
gene expression were measured with qPCR on a LightCy-
cler 480 in a 384-well plate using a SYBR Green I Master 
Mix kit (Roche). RT-qPCR conditions consisted of initial 
denaturation at 95 °C for 5 min; 45 cycles of 95 °C for 10 s, 
55 °C for 10 s, and 72 °C for 20 s; melting curve at 95 °C for 
30 s, 72 °C for 45 s, and 97 °C; and cooling at 40 °C for 15 s. 
Three housekeeping genes (HPRT1, HMBS, RPL13A) served 
as internal controls. All samples were analyzed in dupli-
cate, and the results are presented as relative gene expres-
sion using the ΔΔct method. HPRT1, HMBS, and RPL13A 
primer sequences were based on the work of Vandesompele 
et al. [17], while other primers were based on sequences 
published elsewhere: CD44s [18], RHAMM [19], ICAM-1 
[20], LYVE-1 [21], TLR4 [22], HYAL1, HYAL2 [23], and 
HYAL3 [24]. Other sequences were designed using Primer3 
software [25] or PrimerBlast [26]. All primer sequences are 
shown in Table 1.

Adhesion assay

Before the adhesion assay, cells were cultured for 72 h 
in normoxia (21%  O2) or hypoxia (1% or 5%  O2). Since 
1% oxygen yielded more consistent results, it was subse-
quently used in adhesion, inhibition of adhesion, FACS, 
and RT-qPCR analyses. LAD2 cells were prepared by 
three washing cycles and resuspension in a fully supple-
mented dedicated medium supplemented with 0.1% BSA. 
Next, 50,000 cells/100 μL/well were seeded and incubated 
for 1 h in normoxia or hypoxia in separate 96-well plates 
(Nunc, Thermo Fisher Scientific). Plates were previously 

Table 1  Human-specific primer 
sequences

Gene Forward primer Reverse primer Amplicon

HPRT 5ʹ-tgacactggcaaaacaatgca-3ʹ 5ʹ-ggtccttttcaccagcaagct-3ʹ 94
HMBS 5ʹ-ggcaatgcggctgcaa-3ʹ 5ʹ-gggtacccacgcgaatcac-3ʹ 64
RPL13A 5ʹ-cctggaggagaagaggaaagaga-3ʹ 5ʹ-ttgaggacctctgtgtatttgtcaa-3ʹ 126
CD44s 5ʹ-ccaacacctcccagtatga-3ʹ 5ʹ-gcaggtctgtgactgatg-3ʹ 81
RHAMM 5ʹ-cagctggaagatgaagaagg-3ʹ 5ʹ-gcatgtagttgtagctgaaaag-3ʹ 137
ICAM-1 5ʹ-gacacctttgttagccacc-3ʹ 5ʹ-ccagtgaaatgcaaacagg-3ʹ 143
LYVE-1 5ʹ-cctggtgttgcttctcac-3ʹ 5ʹ-gatccccataattctgcatga-3ʹ 106
TLR2 5ʹ-ttctcatctcacaaaattgcaaat-3ʹ 5ʹ-ggaaggtaagtccagcaaaatctt-3ʹ 92
TLR4 5ʹ-ctgcaatggatcaaggaccag-3ʹ 5ʹ-tgccctgcttatctgaaggtg-3ʹ 82
HYAL1 5ʹ-ccaaggaatcatgtcaggc-3ʹ 5ʹ-cccactggtcacgttcag-3ʹ 77
HYAL2 5ʹ-ggcttagtgagatggacctc-3ʹ 5ʹ-ccgtgtcaggtaatctttgag-3ʹ 137
HYAL3 5ʹ-ctggcatctccatgactacc-3ʹ 5ʹ-cttccatctgtcctggatctc-3ʹ 137
HYAL4 5ʹ-gtggacttgctgttatagattgg-3ʹ 5ʹ-gcactttcttcaaaggtcact-3ʹ 169
HYAL5 5ʹ-ttgaacactcagcagtctc-3ʹ 5ʹ-aactctgatggcttcccg-3ʹ 72
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prepared for the assay: precoated overnight at 4 °C with 
5 mg/mL HA (Merck Millipore), washed three times with 
HBSS, blocked for 3 h at 37 °C with 5% BSA, and washed 
again with HBSS before seeding cells. Short-term hypoxia 
was analyzed by seeding some of the normoxic cells in 
hypoxia for only 1 h of adhesion. The percentage of adher-
ent cells was determined using the Acid Phosphatase Assay 
Kit (Abcam, ab83367). We slightly modified the protocol to 
adapt the assay to 96-well plates instead of using separate 
tubes. Nonadherent cells were washed away three times with 
fully supplemented StemPro-34 0.1% BSA, and all remain-
ing steps were performed under normoxia. Adherent MCs 
were lysed directly in the plate using 80 μL of assay buffer 
supplemented with 0.1% Triton X-100 per well, which was 
introduced to improve cell lysis. Reference samples con-
taining 50,000 cells/well were simultaneously prepared in a 
U-bottom 96-well plate and transferred to wells in test plates 
after lysis. Next, 50 μL of 5 mM para-nitrophenylphosphate 
(pNPP) was added to all test and reference samples. Plates 
were incubated in the dark for 1 h at 25 °C. Finally, 20 μL 
of stop solution was added to all test and reference samples 
to stop the reaction, and absorbance was measured at OD 
405 nm. Results are presented as the percentage of adherent 
cells calculated based on reference samples.

Inhibition of adhesion by antibody blocking 
of the CD44 receptor

To determine the role of the CD44 receptor in MC adhesion 
to HA, we used an antibody that was suitable for inhibitory 
assays (CD44 antibody, Novus Biologicals) and an isotype 
control (purified rat IgG2a κ isotype control, BD Pharmin-
gen). LAD2 cells were pretreated with 1 μg/mL or 10 μg/mL 
antibodies for 30 min before the adhesion assay. Concentra-
tions were selected based on the manufacturer’s suggestions 
and the literature. After preincubation, an adhesion assay 
was performed as described above.

Flow cytometry analysis

LAD2 MCs were incubated for 1 h in normoxia (21%  O2) 
or hypoxia (1%  O2) and fixed under the same conditions for 
5 min in 500 μL of flow cytometry fixation buffer (R&D 
Systems). After fixation, MCs were washed in FACS buffer 
containing 1 × PBS, 1% BSA, and 0.1% sodium azide and 
were subsequently resuspended in 100 μL of this buffer. 
Next, MCs were incubated for 30 min with primary non-
specific antibody (mouse IgG1 isotype control, Novus Bio-
logicals) at a 1:1000 dilution, with primary antibody against 
the RHAMM receptor (RHAMM/CD168 antibody, Novus 
Biologicals) at a 1:500 dilution followed by incubation in 
the dark for 30 min at 4 °C with fluorescence-labeled sec-
ondary antibody (goat anti-mouse IgG-FITC, Santa Cruz 

Biotechnology) at a 1:400 dilution, with primary nonspecific 
antibody (purified rat IgG2a κ isotype control, BD Pharmin-
gen) at a 1:500 dilution, and with primary antibody against 
the CD44 receptor (CD44 antibody, Novus Biologicals) at 
a 1:500 dilution, followed by fluorescence-labeled second-
ary antibody (goat anti-rat Ig-FITC, BD Pharmingen) at a 
1:500 dilution. Finally, MCs were washed with FACS buffer 
and resuspended in 1 mL of FACS buffer. Flow cytometry 
analysis was performed using a BD LSR Fortessa™ (BD 
Biosciences).

Statistical analysis

Statistical procedures were performed with STATISTICA 
V.13.1 (StatSoft, Tulsa, OK, USA). All data are expressed 
as the mean ± SEM. The normality of distribution was evalu-
ated using the Shapiro–Wilk test. Student’s t-test was used 
to detect statistically significant differences that are set at 
P < 0.05. In some analyses, Bonferroni correction was incor-
porated for Student’s t-test comparisons.

Results

MCs express common hyaluronic acid receptors: 
CD44, RHAMM, and hyaluronidase HYAL2

First, we analyzed the expression of genes coding for HA 
receptors and HA-degrading enzymes in LAD2 MCs cul-
tured under standard and hypoxic conditions using RT-
qPCR. Investigated genes included the major HA receptor 
CD44, genes coding for alternative HA receptors, such as 
hyaluronan-mediated motility (HMMR/RHAMM), inter-
cellular adhesion molecule 1 (ICAM-1), lymphatic vessel 
endothelial receptor 1 (LYVE-1) [27, 28], TLR2 and TLR4, 
which were reported to interact with low molecular weight 
HA [27], and five genes encoding HYAL1-5 hyaluronidases 
[29]. As shown in Table 2, MCs under atmospheric oxygen 
concentrations expressed CD44 and HMMR/RHAMM and 
exhibited very low expression of ICAM-1. Interestingly, 
cells cultured under hypoxia conditions exhibited slightly 
increased CD44 expression and significantly decreased 
expression of HMMR/RHAMM. Analysis of expression of 
the hyaluronidase genes HYAL1-5 showed that mast cells 
expressed only HYAL2 (Table 2), and hypoxic conditions 
did not significantly change its expression level.

Hypoxia downregulates MC adhesion to HA

We examined the adhesion of MCs to HA under normoxic 
(21% oxygen) and hypoxic (5% or 1% oxygen) conditions. 
As shown in Fig. 1A–C, MCs spontaneously adhered to HA 
when cultured under atmospheric oxygen. This adhesion 

154 Immunologic Research  (2022) 70:152–160

1 3



process was observed after 15 min and reached a maxi-
mum at 60 min of incubation of MCs in HA-coated plates 
(Fig. 1C). Under both 5% and 1% oxygen concentration 
hypoxic conditions, MC adhesion to HA was significantly 
decreased compared to controls. Hypoxic conditions of 1% 
oxygen resulted in greater inhibition of MC adhesion to HA 
than 5% (Fig. 1A, B). Longer (72 h) exposure of MCs to 
hypoxic conditions prior to their placement in HA-coated 
plates resulted in greater inhibition (5% oxygen, Fig. 1A) or 
complete abolishment (1% oxygen, Fig. 1B) of MC adhe-
sion to HA.

Preincubation of MCs under hypoxic conditions 
does not affect their subsequent adhesion to HA 
under normoxic conditions

Next, we investigated whether the observed inhibition of 
MC adhesion to HA by hypoxia was reversible. To this end, 
MCs were precultured under hypoxic conditions for 1 and 
72 h (Fig. 2A and B, respectively) and subsequently placed 
in HA-coated plates under normoxic conditions. As seen in 
Fig. 2A, MCs exposed to hypoxic conditions for 1 h before 
adhesion assay adhered to HA in numbers comparable to 
unexposed controls in an adhesion assay performed under 
normoxic conditions but did exhibit significantly lower 
adhesion when the adhesion assay was also performed under 
hypoxic conditions (Fig. 2A). MCs preincubated under 
hypoxic conditions for 72 h completely failed to adhere 
to HA when the adhesion assay was also performed under 
hypoxic conditions and adhered in numbers comparable to 
the control when the adhesion assay was performed under 

Table 2  Relative gene expression of hyaluronic acid receptors and 
hyaluronidases in LAD2 mast cells under hypoxic conditions. The 
mRNA expression of genes encoding hyaluronic acid receptors 
CD44, HMMR/RHAMM, ICAM-1, LYVE-1, TLR2, and TLR4 and hya-
luronidases HYAL1, HYAL2, HYAL3, HYAL4, and HYAL5 was meas-
ured after 72-h incubation in 21% (normoxia) or 1% (hypoxia) oxy-
gen. Mean ± SEM. *P < 0.05, Student’s t-test

Gene Relative gene expression ± SEM

Normoxia Hypoxia

CD44 61.13 ± 8.27 86.12 ± 10.60
HMMR 34.48 ± 2.60 2.55 ± 0.92*
ICAM-1 11.77 ± 0.90 11.72 ± 0.85
LYVE-1 0.00 ± 0.00 0.00 ± 0.00
TLR2 0.01 ± 0.00 0.02 ± 0.01
TLR4 1.52 ± 0.41 1.90 ± 0.13
HYAL1 6.24 ± 0.59 7.43 ± 0.25
HYAL2 147.84 ± 7.39 120.55 ± 3.93*
HYAL3 8.69 ± 1.00 1.85 ± 0.65*
HYAL4 0.18 ± 0.06 0.40 ± 0.13
HYAL5 0.56 ± 0.11 0.58 ± 0.13

Fig. 1  Adhesion of LAD2 mast cells to HA under hypoxic conditions. 
LAD2 cellular adhesion to HA assessed after 1 h and 72 h of incu-
bation in 21% (normoxia) and 5% (A) or 1% (hypoxia) (B) oxygen. 
Kinetics of LAD2 adhesion to HA assessed after 15, 30, and 60 min 
of incubation in 21% (normoxia) and 1% (hypoxia) oxygen (C). 
Mean ± SEM. *P < 0.05, Student’s t-test (A, B); *P < 0.02, Student’s 
t-test with Bonferroni correction
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normal atmospheric conditions (Fig. 2B). Thus, the adhesion 
of MCs to HA is dependent upon atmospheric conditions 
during the adhesion assay and not on cell culture conditions 
prior to the adhesion assay.

CD44 mediates MC adhesion to HA, but hypoxia 
does not affect CD44 surface expression

First, we studied the surface expression of CD44 and 
HMMR/RHAMM in LAD2 MCs cultured under standard 
conditions and following short exposure to a hypoxic envi-
ronment. As presented in Fig. 3A, there was high expression 

of CD44 on the surface of MCs that was not affected by 1-h 
incubation of MCs under hypoxic conditions. In contrast, 
RHAMM surface expression was almost imperceptible, sug-
gesting that this HA receptor is not engaged in spontane-
ous adhesion of MCs to HA. Interestingly, MCs exposed 
to hypoxia presented an increased fluorescence signal fol-
lowing staining with anti-RHAMM Ab, suggesting induc-
tion of detectable surface expression of RHAMM under 
hypoxic conditions. Next, we tested the functional aspect of 
the observed high surface expression of CD44 in MCs by 
investigating the effect of blocking anti-CD44 Ab on MC 
adhesion to HA. As shown in Fig. 3B, anti-CD44 inhibited 

Fig. 2  Adhesion of LAD2 mast 
cells to HA under normoxia 
after hypoxic conditions. 
LAD2 mast cell adhesion to 
HA assessed exclusively in 
21% (continuous normoxia) 
or 1% (continuous hypoxia) 
oxygen or in 21% oxygen after 
1-h (A) and 72-h (B) incuba-
tion in 1% hypoxia (1/72-h 
hypoxia followed by normoxia). 
Mean ± SEM. *P < 0.05, Stu-
dent’s t-test

Fig. 3  Surface expression of 
CD44 and RHAMM receptors 
in LAD2 mast cells and adhe-
sion to hyaluronic acid (HA) 
after blocking CD44. Expres-
sion of CD44 and RHAMM on 
LAD2 cells was estimated after 
1 h of incubation in 21% or 1% 
oxygen. A representative result 
was selected from six experi-
ments (A). One-hour adhesion 
of LAD2 cells to HA in 21% 
(normoxia) and 1% (hypoxia) 
conditions after 30 min of 
preincubation with 1 or 10 μg/
mL anti-CD44 antibody. 
CTRL, control (untreated cells) 
(B). Mean ± SEM. *P < 0.01, 
Student’s t-test with Bonferroni 
correction
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spontaneous MC adhesion to HA under standard conditions 
by 80%. Some residual MC adhesion to HA comparable to 
adhesion observed under hypoxic conditions was observed, 
even with a high excess of blocking anti-CD44 Ab. In a fur-
ther attempt to investigate the potential mechanisms of the 
downregulation of MC adhesion to HA, we tested the effect 
of the hyaluronidase inhibitor hyaluromycin. Hyaluromycin 
at concentrations up to 2.5 µM did not affect MC adhesion to 
HA under normoxic or hypoxic conditions (Supplementary 
Table 1). Taken together, these data indicate that CD44 is 
at least in great part responsible for MC adhesion to HA 
under standard conditions and that inhibition of MC adhe-
sion mediated by hypoxia is unlikely to result from changes 
in CD44 surface expression or HA degradation.

Discussion

In this study, we observed spontaneous adhesion of LAD2 
MCs to HA (Fig. 1A–C). This is similar to a report by 
Fukui et al. in which human MCs differentiated in vitro 
from  CD34+ cells adhered to HA [12] and differs from 
observations that another human MC line, HMC-1, does 
not recognize HA as an adhesive substrate and adheres to 
this glycosaminoglycan to a very low extent [12, 30, 31]. 
The differences between LAD2 and HMC-1 cells in their 
adhesion to HA may reflect differences in their phenotypic 
characteristics, where LAD2 presents a more differentiated 
phenotype resembling primary human mast cell cultures. 
While T lymphocytes adhere to HA only upon activation 
[32, 33], MCs spontaneously adhere (Fig. 1A–C). Interest-
ingly, we observed that such spontaneous MC adhesion was 
quickly downregulated by a decrease in oxygen concentra-
tion (Fig. 1A–C). Human MCs have been shown to adhere to 
several protein components of the ECM, including vitronec-
tin [30, 34], laminin [30], and fibronectin [8, 30, 34]. In the 
case of these adhesion substrates, MC adhesion was upregu-
lated by different stimuli, including cytokines and antigens. 
Recently, we have shown that hypoxia is another stimulus 
resulting in increased human MC adhesion to fibronectin 
[8]. In contrast to this observation, the current study demon-
strated that hypoxia significantly inhibited MC adhesion to 
HA (Fig. 1A–C). This suggests that hypoxia is a significant 
factor modulating the interaction of MCs with the ECM, 
upregulating their adhesion to one component while down-
regulating adhesion to another. The effect of hypoxia on cell 
adhesion has been reported for other cell types and seems 
to be cell type- and adhesion substrate-specific, as hypoxia 
increases the adhesion of lymphocytes to mesenchymal cells 
[35] and neutrophils to the endothelium [36, 37] and inhibits 
the adhesion of several tumor cell lines to fibronectin, col-
lagen type I, and vitronectin [38].

The effect of hypoxia on MC adhesion to HA was 
observed within minutes of decreasing oxygen concentration 
(Fig. 1C). Interestingly, even prolonged exposure of MCs to 
hypoxic conditions did not affect their adhesion to HA upon 
reoxygenation (Fig. 2A, B). Thus, a sufficiently high oxygen 
concentration seems to be necessary for MCs to adhere to 
HA, and a decrease in oxygen availability negatively regu-
lates this adhesion process. Subsequent transfer of MCs from 
normoxic to hypoxic and back to normoxic conditions could 
also be perceived as an in vitro model relevant to the patho-
logical process known as the ischemia–reperfusion injury 
that leads to damage to various organs and tissues [39]. 
There are reports of enhanced adhesion of immune cells 
following hypoxia and reoxygenation, such as lymphocytes 
adhering to fibroblasts [40] and neutrophils adhering to the 
endothelium [41]. In the case of MC adhesion to HA follow-
ing hypoxia and reoxygenation, there was no enhancement 
of adhesion, and results were comparable to those observed 
under standard conditions.

Adhesion of LAD2 MCs to HA is mediated by CD44, 
as evidenced by its high expression (Table 2, Fig. 3A) 
and almost complete inhibition of the adhesion process 
by anti-CD44 Ab (Fig. 3B). This is aligned with the rela-
tively high expression and major functional role of CD44 
in interaction with HA previously observed in other MC 
types [12, 42] and is consistent with CD44 being a well-
known receptor for this adhesion ligand engaged in adhe-
sion of other immune cells to HA. The potential role of 
several alternative HA receptors in MC adhesion to HA is 
unlikely due to negligible (LYVE-1, TLR2, TLR4) or low 
(ICAM-1) genetic expression (Table 2). The exception was 
RHAMM, which exhibited substantial genetic expression- 
and surface expression-dependent oxygen concentration 
with hardly detectable presence on cell surface expression 
under standard conditions that was significantly upregu-
lated following exposure of MCs to hypoxia (Fig. 3A). 
This oxygen-regulated surface expression of RHAMM 
is not consistent with the hypothesis of a direct role of 
RHAMM in mediating MC adhesion to HA, as this recep-
tor seems to be virtually absent under conditions support-
ing strong adhesion of MCs to HA. The mechanism of 
downregulation of MC adhesion to HA under hypoxic 
conditions does not depend on the decreased number of 
CD44 on the MC surface, as surface expression did not 
differ between standard and hypoxic conditions (Fig. 3A). 
It is also unlikely that such downregulation is mediated by 
the degradation of HA. Hyaluronidase hydrolases that are 
responsible for the degradation of HA to its LMW form 
[29] were upregulated by hypoxia in cancer cells [43], and 
LAD2 MCs express a member of the hyaluronidase hydro-
lase family HYAL2 (Table 2). However, the presence of 
a hyaluronidase inhibitor did not prevent the downregula-
tion of MC adhesion to HA by hypoxia (Supplementary 
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Table 1). This negative observation, together with the 
lack of observable changes in the surface expression of 
HA receptors, suggests that hypoxia downregulates MC 
adhesion to HA by affecting HA receptor avidity. This is 
consistent with the model of conformational changes of 
the CD44 molecule from a low-affinity to a high-affinity 
state, leading to direct contact between HA and an argi-
nine side chain in the polypeptide chain of CD44 [44]. 
Another potential element of the mechanism of down-
regulation of CD44-mediated MC adhesion to HA might 
involve RHAMM, which appeared on the MC surface 
exclusively under hypoxic conditions (Fig. 3A) and is 
known to colocalize with CD44 in the presence of HA 
[45]. It is worth noting that CD44 and RHAMM seem to 
have different roles in mediating the interaction of cells 
with HA, where CD44 preferentially mediates adhesion 
to HA and RHAMM preferentially mediates motility of 
this ECM component [46, 47]. Therefore, it is tempting 
to speculate that the observed change in the composition 
of these two major HA receptors on the MC surface under 
hypoxic conditions might result in a change in MC predis-
position to strongly adhere and retain or migrate in sites of 
high abundancy of HA in the ECM under hypoxic condi-
tions. Prolonged local hypoxia is a characteristic feature 
and important pathogenic factor of chronic inflammatory 
conditions [2–4]. Therefore, the effect of hypoxic condi-
tions on mast cell adhesion to extracellular matrix might 
be a clinically relevant mechanism involved in local accu-
mulation of mast cells observed, for example, in synovium 
in joints affected by rheumatoid arthritis [48] and in the 
stroma of solid tumor [49].

Conclusion

In summary, we report here the observation of a rapid 
and drastic decrease in MC adhesion to HA following 
hypoxia as a result of an unknown mechanism that is 
likely dependent on conformational changes of the CD44 
receptor. HA is a common component of the ECM that 
is engaged in inflammation, cancer, and wound healing, 
processes in which MCs play prominent roles. Regula-
tion of MC adhesion to HA mediated by oxygen levels 
may provide a mechanism determining the infiltration and 
retainment of MCs at the site of inflammation, cancer, and 
tissue regeneration.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12026- 021- 09228-x.
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