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Abstract. Background/Aim: Serum-derived macrophage
activating factor (serum-MAF) can rapidly activate
macrophage phagocytic activity by inducing characteristic
membrane ruffles designated as Frill-like structures. Serum-
MAF contains y-globulin, an activator of phagocytosis. This
study examined whether serum-MAF and y-globulin activate
macrophages similarly. Materials and Methods: Morphological
changes in macrophages were observed by time-lapse imaging
and the efficiency of engulfment was analysed quantitatively.
Immunological staining of talin-1 and a calpain inhibitor were
performed. Results: The engulfment efficiency of serum-MAF-
and y-globulin-activated macrophages was significantly
different. Talin-1 showed weak co-localisation with the Frill-
like structures. Treatment with a calpain inhibitor similarly
down-regulated phagocytosis irrespective of the activation
factor. Conclusion: There was a difference between
macrophage activation mechanisms by y-globulin and serum-
MAF. Talin may slightly contribute to serum-MAF activation.
It is possible to distinguish between the calpain-dependent
fundamental ‘mechanism of phagocytosis’ and the activating
factor-dependent rapid ‘activation mechanism’.

In the innate immune system, macrophages recognise and
phagocytose pathogens, present antigen information, and
release cytokines to initiate appropriate immune responses
(1). For initiating such self-defence mechanisms, a rapid
reaction against the invading agent is important. In our
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previous study, serum-derived macrophage activating factor
(serum-MAF), which is human serum treated with f3-
galactosidase and sialidase, evoked a rapid and strong
activation of phagocytosis with the occurrence of unique and
prominent membrane ruffles designated as Frill-like
structures (2). Frill-like structures are multi-layered
membrane ruffles characterized by F-actin accumulation.
Although lipopolysaccharides with interferon-y, common
macrophage activators, can activate phagocytosis, their
phagocytic activation is significantly less than that of serum-
MAF, suggesting different activation mechanisms (3).

Two major phagocytic mechanisms (FcyRs-mediated and
oM[f2-integrin-mediated) have been well-documented (4).
As serum-MAF is made from the human serum, it contains
a substantial amount of IgG (approximately 10 mg/ml).
Thus, it is important to distinguish between an IgG-mediated
and a serum-MAF-mediated activation. First, in this study,
using time-lapse recordings, the characteristic phagocytic
activation behaviours of macrophages by y-globulin and
serum-MAF were compared. Subsequently, because one of
the candidate mechanisms for mediating serum-MAF
activation is the ‘inside-out’ signal of integrin and talin (5,
6), and talin is a substrate of calpain [a calcium-dependent
cysteine protease (7)], we focussed on talin-1 localisation
and the effect of calpain.

Materials and Methods

Cell culture. Culture and differentiation conditions of THP-1 cells
(RIKEN BRC, Tokyo, Japan) were performed as a previously
described (2). Differentiated macrophages were activated with 2
pg/ml human y-globulin (Sigma-Aldrich, St. Louis, MO, USA) or
6 pg/ml serum-MAF (Saisei-mirai Clinic, Kobe, Japan) for 1 h.
After washing with serum-free RPMI-1640 medium, macrophages
were incubated in 3 pg/ml magnetic beads (Dynabeads Protein G;
Invitrogen, Waltham, MA, USA) containing serum-free RPMI-
1640 for 1 h and evaluated quantitatively for their phagocytic
activities (8).

THP-1 cells expressing the LifeAct-green fluorescent protein

(LifeAct-THP-1). LifeAct-THP-1 cells that stably express green
fluorescent protein were obtained by retroviral infection (9).
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Figure 1. Time-lapse imaging of bead engulfment by macrophages. Morphological changes of macrophages treated with or without the activation
factors were compared from 20 to 36 min after addition of the beads (the numbers in each panel indicate min). The small particles around the cell
body are magnetic beads. Arrowheads indicate extended membrane ruffles around the beads that were being actively engulfed, suggesting that these

are phagocytic cups and Frill-like structures. Scale=10 um.

Time-lapse imaging and efficiency of engulfment (EE). THP-1 cells
were seeded at 5.0x105 cells in a 3.5-cm dish, then differentiated,
activated, and incubated with beads as described in the Cell culture
section. Immediately after the addition of the beads, time-lapse
recordings of three fields within each dish were performed every 4
min for 1 h by a phase contrast microscopy (BZ-9000 BioRevo;
Keyence, Osaka, Japan). The numbers of contacted (C#) and
phagocytosed (P#) beads were counted manually in all frames. The
EE was calculated using equation 1:

EE (%)=(P#/C#)x100 (1.

Confocal microscopy observations. Cells were seeded on small
cover slips (24x6 mm) within a 3.5-cm dish and processed as
described in the Cell culture section. After activation for 1 h, cells
were fixed with 4% paraformaldehyde in phosphate-buffered saline
(PBS) for 10 min at 20-25°C. Next, cells were permeabilised with
0.2% Triton X-100 in PBS for 5 min. After blocking with 5%
bovine serum albumin (Sigma-Aldrich; A3059) for 1 h, cells were
immunostained with an anti-talin-1 antibody (Proteintech,
Rosemont, IL, USA; 14168-1-AP; 1:100), Alexa Fluor plus 555
anti-mouse IgG (Invitrogen; A32732; 1:1,000), Alexa Fluor™ 488
phalloidin (Invitrogen; A12379; 6.6 U/ml), and 10 pg/ml 4’,6-
diamidino-2-phenylindole. Cells were observed under an A1R HD25
confocal microscope (Nikon, Tokyo, Japan).

Assays for phagocytic activity and calpain inhibition. THP-1 cells
were seeded in 96-well plates at a density of 2.0x104 cells per well.
Differentiated macrophages were activated with or without 100 nM
MDL-28170 (a calpain-1 and -2 inhibitor; Cayman Chemical, Ann
Arbor, MI, USA; 14921) for 1 h, and their phagocytic activities
were evaluated as reported by Ishikawa et al. (8).

Statistical analysis. All values are presented as mean+SD. Statistical
analysis was performed using one-way ANOVA and Fisher’s least
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Figure 2. Engulfment efficiency (EE) of the macrophages. The EE was
estimated from time-lapse movies of the movement of macrophages
activated by y-globulin, serum-derived macrophage activating factor
(serum-MAF), or without activation factor (control). ¥*p<0.01 compared
to control and **p<0.05 comparing y-globulin to serum-MAF.

significant difference test. p-Values of <0.05 were considered to be
statistically significant.

Results

Different phagocytic activities of serum-MAF- and y-globulin-
activated macrophages. To compare the phagocytic behaviours
of un-activated or activated macrophages, time-lapse images
were analysed (Figure 1). When macrophages were activated
by vy-globulin, small membrane extrusions were observed
beneath the attached beads. Serum-MAF-activated
macrophages showed active membrane ruffling, like that in the
Frill-like structures reported by Kawakatsu et al. (2019). At the
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Figure 3. F-Actin accumulation in membrane ruffles. The LifeAct-green fluorescent protein (LifeAct)-THP-1 macrophages were activated with or
without the activation factors and incubated with beads. Images of single confocal microscopic optical sections at 2.4 ym from the substrate surface
are shown. Thin broken lines indicate cell borders. Arrows indicate beads that were engulfed and surrounded by F-actin of the phagocytic vesicle.
Arrowheads indicate the extended and F-actin-accumulated lamellipodia. Scale=10 um.
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Figure 4. Effect of a calpain inhibitor on F-actin accumulation and talin localisation. THP-1 macrophages were incubated with or without the
activation factors and a calpain inhibitor (MDL-28170) without the addition of magnetic beads. Fixed cells were immunostained with an anti-talin
antibody and stained with phalloidin. Thin broken lines indicate cell borders. Arrows and arrowheads indicate podosomes and Frill-like structures,

respectively. Scale=10 um.

site of this membrane ruffling, several beads were actively
engulfed. Moreover, the EE of the serum-MAF-activated
macrophages was significantly greater than those of both un-
activated and vy-globulin-activated macrophages (Figure 2;
p<0.001 and p=0.029, respectively).

Figure 3 shows that in the y-globulin-activated LifeAct-
THP-1 macrophages, newly engulfed beads were covered
with F-actin, suggesting the formation of phagocytic cups
and vesicles. Serum-MAF-activated macrophages showed
strong accumulation of F-actin on the extended membrane
ruffles corresponding to the Frill-like structure. Beneath the
F-actin accumulation, the F-actin surrounded several beads,
suggesting an active engulfment.

Relationship between phagocytic cell activation and talin-1 co-
localisation. Co-localisation of talin-1 and actin was examined
(Figure 4). In the control and y-globulin-activated macrophages,
talin-1 was found to be localised around the podosome.
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Figure 5. Effect of a calpain inhibitor on phagocytic activity. THP-1
macrophages were incubated with or without the activation factors and
a calpain inhibitor (MDL-28170). Phagocytic activities were measured
by fluorescence (IBRf). ¥*p<0.01 compared to control and **p<0.01
comparisons with and without the calpain inhibitor.
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However, in serum-MAF-activated macrophages, podosomes
disappeared and Frill-like structures were formed. In these cells,
talin-1 showed a weak co-localisation within some Frill-like
structures. When the calpain inhibitor, MDL-28170, was added
to these macrophages, co-localisation of actin and talin-1 became
weak, although the overall cell morphology and localisation of
actin and talin in each activation condition did not change.
Phagocytic activity under calpain-inhibition conditions (addition
of MDL-28170) of un-activated, vy-globulin-activated, and
serum-MAF-activated macrophages was down-regulated evenly
(Figure 5: 32.6%, 29.6%, and 29.9%, respectively) compared to
the activity under conditions without the inhibitor.

Discussion

Actin, integrin, talin, and calpain are key components for the
phagocytosis of macrophages (10). In THP-1 macrophages,
talin-1 and calpain-2 are the major isoforms (11). Thus, our
calpain inhibition results suggest that talin-1 and calpain-2
are mediators of THP-1 phagocytic activity. However, as the
target spectrum of calpains is wide, this result did not
directly demonstrate a role for talins. Likewise, Kumar ef al.
(12) reported that peritoneal macrophages from calpain
knockout mice could phagocytose bacteria, but showed an
impaired clearance of intracellular bacteria.

In this study, time-lapse analyses revealed that the rapid
phagocytic activation mechanisms underlying y-globulin- and
serum-MAF-activated macrophages differed. Furthermore, the
Frill-like structures were responsible for the high EE achieved
by serum-MAF. While a calpain-related mechanism can be
implicated in various types of macrophage phagocytosis, these
results clearly suggest that the mechanisms of ‘activation’ and
‘phagocytosis’ should be considered separately. This concept
may be helpful for elucidating the phagocytic activation
mechanism.
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