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Antibody-secreting macrophages generated using CpG-free
plasmid eliminate tumor cells through antibody-dependent

cellular phagocytosis
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The non-viral delivery of genes into macrophages, known as
hard-to-transfect cells, is a challenge. In this study, the micropora-
tion of a CpG-free and small plasmid (pCGfd-GFP) showed high
transfection efficiency, sustainable transgene expression, and
good cell viability in the transfections of Raw 264.7 and primary
bone marrow-derived macrophages. The non-viral method using
the pCGfd vector encoding anti-EGFR single-chain Fv fused with
Fc (scFv-Fc) generated the macrophages secreting anti-EGFR
scFv-Fc. These macrophages effectively phagocytized tumor cells
expressing EGFR through the antibody-dependent mechanism,
as was proved by experiments using EGFR-knockout tumor cells.
Finally, peri-tumoral injections of anti-EGFR scFv-Fc-secreting
macrophages were shown to inhibit tumor growth in the xeno-
graft mouse model. [BMB Reports 2020; 53(8): 442-447]

INTRODUCTION

Immune cell therapy has been highlighted owing to the success
of the engineered T cells expressing chimeric antigen receptors
(CARs) (1). Although CAR T cell (CAR-T) therapy has been used
to treat B-cell-derived lymphoma, the application of CAR-T against
solid tumors has not been successful. To solve this problem,
alternative immune cells, such as natural killer cells and macro-
phages, have attracted attention (1). Macrophages are professional
phagocytes that engulf and digest pathogenic microbes, dead
cells, and cellular debris. It has been reported that the phago-
cytic ability of macrophages plays an important role in anti-cancer

*Corresponding authors. Doo-Byoung Oh, Tel: +82-42-860-4457;
Fax: +82-42-879-8299; E-mail: dboh@kribb.re kr; Jinho Seo, Tel: +82-
42-879-8296; Fax: +82-42-879-8299; E-mail: sjh0130@kribb.re.kr

https://doi.org/10.5483/BMBRep.2020.53.8.024

Received 5 February 2020, Revised 22 February 2020,
Accepted 28 February 2020

Keywords: Antibody-dependent cellular phagocytosis, Antibody-se-

creting macrophage, CpG-free plasmid, Macrophages, Non-viral gene
delivery

ISSN: 1976-670X (electronic edition)

Copyright (© 2020 by the The Korean Society for Biochemistry and Molecular Biology

therapy, using monoclonal antibodies, such as rituximab, trastu-
zumab, daratumumab, and elotuzumab (2-5). The antibody binding
to tumor-specific antigens results in an antibody coating of the
tumor cell surfaces, which is known as opsonization. Then,
macrophages efficiently engulf antibody-opsonized tumor cells
via antibody-dependent cellular phagocytosis (ADCP) (6).

Initial clinical trials using autologous macrophages did not
result in any meaningful therapeutic effects on cancer treatment,
because the tumor microenvironment can polarize macrophages
into the pro-tumorigenic phenotype (7). Therefore, pre-treatments,
such as by ex vivo genetic engineering, are required for the
macrophages to eliminate tumor cells (8). For the genetic engi-
neering of macrophages, viral gene-delivery methods have been
widely used because of their high transfection efficiency and
long-term expression. However, their clinical applications are
highly limited because of various potential concerns, including
oncogenic transformation, pathogenic risks, and immune responses
(9, 10). Many efforts have been made to develop clinically safe
non-viral gene-delivery systems using plasmid vectors, which
have the advantage of easy production as well as a lower
possibility of chromosome integration. However, these strategies
suffer from low transfection efficiency and short sustainability;
moreover, macrophages are known as “hard-to-transfect” cells
(11). Many strategies for the engineering of plasmids have been
developed to increase transfection efficiency (12). A decreased
plasmid size is one of the factors known to improve transfection
efficiency, indicating that shortness is a crucial factor for vector
design; this has led to the development of minimized vectors,
such as minicircles and MIDGE (12, 13). Manipulating vector
components have also been shown to increase transgene expres-
sion (12). The plasmids produced from Escherichia coli generally
contain unmethylated cytosine-phosphate-guanine (CpG) dinucleo-
tide sequences, which are recognized by the mammalian immune
system through Toll-like receptor 9 (TLR9) and are known to
induce both inflammatory responses and transgene silencing
(14). Plasmids devoid of CpG sequences have been previously
developed and used to improve transgene expression in the
various tissues (15-21).

In this study, we employed a non-viral gene-delivery method
using a CpG-free plasmid for the generation of macrophages
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that secrete anti-EGFR antibody. They efficiently eliminated tumor
cells expressing EGFR through ADCP. The peri-tumoral injection
of antibody-secreting macrophages suppressed tumor growth
in a xenograft mouse model, indicating their potential use in
the development of immune cell therapies.

RESULTS

Plasmids lacking CpG sequences greatly improved the
transfection efficiency of macrophages
Although plasmids devoid of CpG sequences have been demon-
strated to have high rates of transfection in several types of
tissues and cell lines (15-21), there are currently no reports on
their effect on macrophage transfection. To determine whether
the removal of CpG sequences from plasmids improves trans-
fection efficiency in macrophages, we used a commercially avail-
able CpG-free plasmid, pCpGfree-Lucia (3.6 kb), as a plasmid
backbone. To facilitate this measurement, the reporter gene
expressing Lucia luciferase was replaced with the GFP gene,
resulting in the pCGf-GFP plasmid (3.7 kb) (Supplementary
Fig. 1). Because smaller plasmids are associated with a better
transfection efficiency (12, 13), we removed two MARs (IFN-
S/MAR and B-globin MAR) from the pCGf-GFP plasmid, creating
pCGfd-GFP (2.5 kb) (Supplementary Fig. 1). As a control plasmid,
pcDNA3.1 expressing GFP (pcDNA3.1-GFP) was also constructed.
Microporation was used to deliver the plasmids into the
RAW 264.7 macrophages. The microporation of the pCGf-GFP
and pCGfd-GFP plasmids generated a much larger population
of GFP-positive (GFP™) cells than that of pcDNA3.1-GFP (Fig.
1A). We analyzed the percentages of the GFP* cells for pCGf-
GFP and pCGfd-GFP by flow cytometry and found them to be
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70% and 85%, respectively, whereas pcDNA3.1-GFP displayed
a percentage of only 22% (Fig. 1B). Notably, the smallest plasmid,
pCGfd-GFP, provided the highest efficiency. When the sustaina-
bility of GFP expression was analyzed for six days, the pCGf-
GFP and pCGfd-GFP microporations exhibited a longer GFP
expression than did pcDNA3.1-GFP (Fig. 1C). The fact that the
pCGfd-GFP plasmid displayed sustainability like that of pCGf-GFP
indicated that the beneficial effect of plasmid size reduction
was greater than the negative effect induced by the removal of
two MARs.

Because unmethylated CpG sequences have been known to
induce inflammatory responses and cell cytotoxicity (15), next,
we determined whether a reduction in CpG sequences increases
cell viability. When the viabilities were analyzed one day after
the microporation (Fig. 1D), pCGf-GFP and pCGfd-GFP showed
significantly higher viabilities (56% and 66%) than did pcDNA3.1-
GFP (35%).

Based on the results of the transfection efficiency, sustainability,
and viability experiments, we selected pCGfd-GFP as the best
plasmid for RAW 264.7 macrophage transfection.

pCGfd-GFP showed the best performance in primary
macrophage transfection

Next, we investigated the transfection of primary BMDMs
because it is known to be extremely challenging (11). After
testing a series of microporation conditions, we found an optimal
condition (10 ug of plasmid, 1680 V, 20 ms, and one pulse)
(Fig. 2A). More plasmid was required for efficient BMDM trans-
fection than for RAW 264.7 macrophage transfection. Similar
to the results for RAW 264.7 macrophage transfection, pCGfd-GFP
showed the highest percentage (~50%) of GFP™ cells and the
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Fig. 1. Improved transfection efficiency, prolonged sustainability, and increased cell viability by plasmids lacking CpG sequences. (A) GFP*
RAW 264.7 macrophages were analyzed by fluorescence microscopy two days after microporation. Scale bar = 100 pum. (B) GFP* macro-
phages were analyzed by flow cytometry. (C) The percentages of GFP* macrophages were quantified for six days by flow cytometry. (D)
Cell viability was measured using a Luna Dual fluorescence cell counter. Data represent the means + standard deviation (SD), n = 3.
Statistical significances were determined by two-way (C) or one-way (D) ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 2. Efficient transfection and good cell viability in BMDMs by pCGfd-GFP microporation. (A) GFP* BMDMs were analyzed by fluo-
rescence microscopy two days after microporation. Scale bar = 100 pum. (B) The percentages of GFP® BMDMs were analyzed by flow
cytometry. (C) Cell viability was measured using a Luna Dual fluorescence cell counter. Data represent the means + SD, n = 3. Statisti-
cal significances were determined by one-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001.

maximum cell viability upon BMDM transfection (Fig. 2B and 20).

Antibody-secreting macrophages can efficiently remove
tumor cells through ADCP

We designed the pCGfd vector for the secretion of anti-EGFR
scFv fused with Fc (anti-EGFR scFv-Fc), because macrophages
can recognize the Fc region of antibody-opsonized tumor cells
for ADCP. To this end, the pCGfd-aEGFR-scFv-Fc encoding the
signal peptide, anti-EGFR scFv, and Fc of 1gG were constructed
(Supplementary Fig. 2). Here, the anti-EGFR scFv sequences
were derived from the light- and heavy-chain variable regions
of cetuximab, which is currently used for anti-cancer therapy.
After RAW 264.7 macrophage transfection, the amounts of anti-
EGFR scFv-Fc gradually increased in the culture media for
three days (Fig. 3A).

The analysis of phagocytosis was performed using three
tumor cell lines, A431, HT-29, and A673, representing high-,
medium-, and low-EGFR-expressing cells, respectively (Supple-
mentary Fig. 3). The anti-EGFR scFv-Fc-secreting RAW 264.7 ma-
crophages were found to efficiently phagocytize A431 and
HT-29 cells (Fig. 3B and 3C), but the control macrophages did
not. We used flow cytometry for the quantitative analysis of pha-
gocytosis after co-incubating the macrophages and tumor cells
for 2 h at various ratios (1:0.1, 1:0.2, 1:1, and 1:2) (Fig. 3E-
3G). The anti-EGFR scFv-Fc-secreting macrophages showed a
3- to 7-fold higher percentage of phagocytosis (%) of A431 and
HT-29 cells than did the control macrophages (Fig. 3E and 3F).
The A673 cells expressing low levels of EGFR were also
engulfed by the anti-EGFR scFv-Fc-secreting macrophages,
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although the phagocytosis was much less efficient (Fig. 3G).
To confirm that phagocytosis occurred by binding anti-EGFR
scFv-Fc to EGFR on the surface of the tumor cells, we con-
structed EGFR*® A431 cells using the CRISPR-Cas9 system
based on the pCGfd vector (pCGfd-gR-EGFR-Cas9-2A-GFP) for
efficient transfection (Supplementary Fig. 4). As expected, anti-
EGFR scFv-Fc-secreting macrophages phagocytized very few
EGFR*® A431 cells, which was in contrast with the efficient
phagocytosis of wild-type A431 cells (Fig. 3H and 3I). These
results clearly indicate that anti-EGFR scFv-Fc macrophages
phagocytize EGFR-expressing tumor cells via ADCP.

Anti-EGFR scFv-Fc-secreting macrophages inhibit tumor
growth in vivo

Last, we investigated whether anti-EGFR scFv-Fc-secreting macro-
phages were able to remove EGFR-expressing tumor cells in
vivo using a xenograft mouse experiment (Fig. 4A). The peri-
tumoral injection of anti-EGFR scFv-Fc-secreting RAW 264.7
macrophages clearly slowed A431 tumor growth more than
did the injection of the control or the macrophages (Fig. 4B
and 4C). Furthermore, the tumor volumes and masses were
significantly smaller only in the mice injected with anti-EGFR
scFv-Fc-secreting macrophages (Fig. 4D and 4E). No differences
were found between the PBS and macrophage injections,
which strongly suggests that the genetic engineering of macro-
phages for the secretion of antibodies is essential for anti-tumor
therapy.

http://ombreports.org
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Fig. 3. Anti-EGFR scFv-Fc-secreting macrophages efficiently phagocytized tumor cells expressing EGFR. (A) After pCGfd-aEGFR-scFv-Fc micro-
poration, the culture media of the RAW 264.7 macrophages were collected for three days and analyzed in non-reducing and reducing
conditions by immunoblotting using anti-human Fc antibody. (B-D) Deep red dye-stained macrophages (control and Ab-secreting) were
co-incubated for 2 h with Calcein-stained (green fluorescent) A431 (B), HT-29 (C), or A673 (D) cells. The arrows indicate the macrophages
phagocytizing the tumor cells. Scale bar = 20 um. (E-G) After 2 h of co-incubating the macrophages and A431 (E), HT-29 (F), or A673
(G), the cells were analyzed by flow cytometry. The ratlos of macrophage versus tumor cells were 1:0.1, 1:0.2, 1:1, and 1:2. (H, 1) After
co-incubating the macrophages with the WT or EGFR*® A431 cells, phagocytosis was analyzed by confocal microscopy (H) and flow
cytometry (l). Scale bar = 20 pum. Data represent the means + SD, n = 3. Statistical significances were determined by using two-way
(E-G) or one-way (I) ANOVA, ns = nonssignificance, *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 4. Anti-EGFR scFv-Fc-secreting macrophages effectively inhibited tumor growth in vivo. (A) Schematic representation of the xenograft
experiment. (B) The tumor volumes were measured on the indicated days. (C-E) Photos of the mice (C) and the incised tumors (D) were
obtained after sacrifice. The tumor masses were measured (E). Data represent the means + standard error mean (SEM), n = 5. Statistical
significance was determined by using the one-tailed Mann Whitney U-test, ns = non-significance, *P < 0.05, **P < 0.01.

DISCUSSION apparent, because CAR-T was used to achieve a successful
cure for B-cell-derived lymphoma. To overcome the limitations
The potential of genetically engineering immune cells has been of CAR-T, alternative immune cell therapies, including CAR-NK
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and CAR-macrophages, were developed (1, 22). Instead of CAR-
macrophages, we developed genetically engineered macrophages
that secrete anti-EGFR scFv-Fc. Compared to CAR, which is
fixed on the cell surface, the secreting of scFv-Fc provides a
more potent therapeutic advantage in attacking tumors, because
of an increased capability for movement and penetration. Be-
cause scFv-Fc can efficiently coat the tumor cells, the opsonized
tumor cells should be effectively eliminated through ADCP by
macrophages.

Many previous attempts to replace viral vectors for the genetic
engineering of immune cells have not been successful (23). In
this study, we successfully used CpG-free plasmid microporation
for the efficient delivery of genes into primary BMDMs as well
as RAW 264.7 macrophages. The commercially available CpG-
free plasmid was engineered for size reduction by removing
the S/MAR and B-globin MAR sequences. Although MARs have
often been used in various vector systems to prolong transgene
expression (24, 25), they have been reported to work in a
context-dependent manner (26, 27). In our study, the removal
of the two MARs increased the transfection efficiency, as well
as the cell viability, without provoking any harmful effects on
the sustainability of transgene expression. Our results indicate
that the strategy used to reduce the plasmid size was better
than the one used to insert beneficial cis-regulatory elements.

The highest transfection efficiency (~50%) was obtained in
the primary BMDMs, with reasonably good cell viability (~60%),
using pCGfd-GFP under the optimal microporation conditions.
This result is a great improvement compared to previous reports
(28). Plasmid transfection in BMDMs is a great challenge,
because BMDMs can degrade nucleic acids, including DNA,
into lysosomes via phagocytosis (29). The conventional methods
(liposome, DEAD-dextran, and calcium phosphate co-precipitation)
have previously failed to accomplish the efficient delivery of
plasmids into BMDMs (30). Electroporation has been suggested
as an alternative solution for BMDM transfection, because it
can directly deliver plasmids; however, high levels of cell
death (~90%) have been associated with this method (28).
Zhang et al. reported that nucleofection achieved high trans-
fection efficiency in BMDMs. They did not, however, analyze
its cell viability (11). Our strategy improved both the transfec-
tion efficiency and cell viability, suggesting that unmethylated
CpG sequences are the major cause of low transfection effici-
ency and high levels of cell death in BMDM transfections. As
such, pCGfd vector microporation could be a promising tool
for the genetic engineering of macrophages.

A non-viral method using the pCGfd vector was successfully
applied for the generation of antibody-secreting macrophages.
We selected the antibody form of scFv-Fc to minimize the
transgene size and use the opsonization function of Fc. RAW
264.7 macrophages transfected by pCGfd-aEGFR-scFv-Fc were
able to secrete anti-EGFR scFv-Fc, thereby efficiently phagocytizing
tumor cells expressing EGFR. The experiment using EGFR"?
A431 cells proved that the process of phagocytosis occurred
via ADCP. Since anti-EGFR scFv-Fc-secreting macrophages
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were shown to be effective, it could be extended by replacing
the anti-EGFR antibody with other monoclonal antibodies already
approved for use in cancer therapies. In our proof-of-concept
experiments, we used only RAW 264.7 macrophages, because
the use of BMDMs, which require the sacrifice of live mice,
was limited. However, similar results could be obtained, consi-
dering the reasonably good transfection efficiency of the BMDMs,
which was achieved by using pCGfd vector-based microporation.

We confirmed that anti-EGFR scFv-Fc-secreting macrophages
retarded the growth of EGFR™ tumors in mice. Although the
inhibition of tumor growth was visible in this in vivo experi-
ment, it was somewhat disappointing that the anti-EGFR scFv-Fc-
secreting macrophages could not fully eradicate the tumors. It
was speculated that the antigen-presenting function of macro-
phages did not work in the nude mice of the xenograft experi-
ment, which was unable to generate mature T cells. Macrophages
can present phagocytosed peptide fragments to T cells, sub-
sequently inducing an adaptive immune response against the
tumors. However, anti-EGFR scFv-Fc-secreting macrophages can
eliminate only EGFR™ tumor cells via ADCP in nude mice, with-
out the help of the adaptive immune response. If antibody-sec-
reting macrophages were to be injected into immunocompe-
tent mice, they might generate a much greater therapeutic
effect via their antigen-presenting function, eliciting an adap-
tive immune response in addition to ADCP.

In summary, in this study, we developed a CpG-free plasmid
microporation method for the efficient transfection of macro-
phages and proved that these engineered macrophages were
able to secrete antibodies and eliminate tumors via ADCP. As
such, the findings presented here will contribute to the develop-
ment of novel immune cell therapies for the treatment of cancer.

MATERIALS AND METHODS

The detailed methods are described in the “Supplementary Mate-
rials and Methods”.
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