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The protozoan Entamoeba gingivalis colonizes the healthy oral mucosa with a prevalence of 15%. Colonization can be asymptomatic, and
it is considered not pathogenic. However, it is able to invade lacerated oral mucosa, where it ingests fragments of live cells, suggesting
pathogenous potential. Here, we characterized the transcriptomes of gingival cells after infection with E. gingivalis using RNA sequencing
and observed pathogen interaction with the epithelial monolayer barrier by scanning electron microscopy. In epithelial and fibroblast
cells, strongest differential expression showed gene set “chemokines and inflammatory molecules in myeloid cells” (area under the curve
[AUC] = 0.9, effect size 5.15, adjusted P = 3.1 x 107'%) and “cell cycle and growth arrest” (AUC = 0.91, effect size = 4.56, adjusted P =
4.8x107°), respectively. The most upregulated genes were TNF (fold change 430) and IL8 (fold change 359) in epithelial cells and ZN33 |
(fold change 18) in fibroblasts. We showed that E. gingivalis killed live epithelial cells by trogocytosis, demonstrating strong pathogenic

potential.
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Introduction

The eukaryotic protozoan Entamoeba gingivalis colonizes the
healthy oral cavity with a prevalence of ~15%, whereas
inflamed periodontal pockets of periodontitis patients are
infected with a frequency of 70% to 80% (Trim et al. 2011;
Bonner et al. 2014; Bao et al. 2020). Although here, E. gingi-
valis contributes the second most abundant ribosomal RNA
(rRNA) after human rRNA (Deng et al. 2017), the established
paradigm has been that it does not cause or contribute to peri-
odontal tissue destruction and inflammation. However, cell
ingestion by this amoeba has been highlighted before (Lyons
1989; Bonner et al. 2014), and the status of E. gingivalis as a
potential pathogen contributing to periodontitis is being dis-
cussed (Bonner et al. 2018). Recently, in an in vitro infection
model of lacerated live ex vivo biopsies of the oral mucosa, we
showed that E. gingivalis invades the oral mucosa, where it
moves and ingests fragments of live host cells (Bao et al.
2020). Here, E. gingivalis formed a tube that protruded from
the main body and penetrated the host cell membrane.
Fragments of the inside of the host cells were ingested through
the channel of this tube, a process that resembled a mechanism
termed trogocytosis and was also observed for E. gingivalis—
infected leukocytes from plaque of the periodontal pocket
(Bonner et al. 2018). Trogocytosis is different from phagocyto-
sis, in which a predatory organism uses its plasma membrane
to engulf the entire food source for ingestion and was first
described for the related colonic protozoan Entamoeba histo-
Iytica (Ralston et al. 2014). Trogocytosis expands the current
model that pathogenic Entamoeba species would use secreted

toxic effectors to overcome the epithelial barrier and to kill
cells prior to ingestion (Ralston and Petri 2011). Theoretically,
trogocytosis would enable E. gingivalis to overcome the
healthy and intact gingival epithelial barrier that is formed by
the monolayer of tightly linked epithelial cells and allow sub-
sequent invasion into the oral mucosa. However, this has not
yet been shown. To get a detailed picture of the molecular
effects of direct contact of E. gingivalis to gingival cells, we
characterized the expression profiles of gingival epithelial and
fibroblast cells following direct cell contact to E. gingivalis to
specify its pathogenic potential. The second aim was to observe
live host—parasite interactions to understand how this proto-
zoon would induce human cell killing to overcome the epithe-
lial cell monolayer barrier.
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Materials and Methods

E. gingivalis Culture

Subgingival plaque samples were collected with sterile curettes
from inflamed periodontal pockets of patients who were diag-
nosed and treated for periodontitis in the Department of
Periodontology at the Charité—University Medicine, Berlin.
The subgingival plaque samples were transferred to TYGM-9
medium and cultured under anaerobic conditions in petri
dishes at 35°C. A subsample of the plaque was placed into
200 pL lysis buffer (50 mM Tris-HCL [pH 8.0], 10mM EDTA,
2% sodium dodecyl sulfate [SDS]) for DNA extraction and
subsequent detection of E. gingivalis by polymerase chain
reaction (PCR). The presence of E. gingivalis in the growth
medium was visually examined on a microscope after 5d.

PCR Test for E. gingivalis

DNA was isolated directly from growth medium and plaque
dissolved in lysis buffer using phenol-chloroform extraction
(Rosenbaum et al. 2019). DNA was amplified by PCR using
the E. gingivalis specific primers (forward: AGGAATGAA
CGGAACGTACA; reverse: CCATTTCCTTCTTCTATTGT
TTCAC) (Bonner et al. 2014) with the following settings:
55°C annealing temperature, 30-s annealing time, 1-min elon-
gation time, and 30 cycles.

Human Cell Culture

Immortalized human gingival epithelial cells (OKG4, pur-
chased from Applied Biological Materials [ABM]) were cul-
tured in DermaLife K serum-free growth medium (Lifeline
Cell Technology) supplemented with 1% penicillin-streptomy-
cin. Cells were seeded at 180,000 cells per 6-well plate (TPP
Techno Plastic Products) before E. gingivalis infection and cul-
tured for 2d to reach around 80% confluence.

Infection of Human Cells with E. gingivalis

For the infection experiments, petri dishes containing the
amoebic cultures were placed on ice for 8 min to detach amoe-
bae from the bottom. Subsequently, the cultures were collected
and transferred to sterile 2-mL Eppendorf tubes and centri-
fuged for 10 min at 275 g. The supernatant was discarded and
the remaining pellet was washed with 1 mL sterile 1xphos-
phate-buffered saline (PBS) by gentle pipetting. The washing
was repeated 4 times to reduce bacterial contamination from
the culture, and after the last washing step, the E. gingivalis
pellets were pooled. For RNA sequencing (RNA-Seq) experi-
ments, after the last washing step, 10 pL. PBS containing pooled
E. gingivalis at a multiplicity of infection (MOI) of 0.2 was
added to human primary gingival epithelial cells (pGECs) and
primary fibroblasts (pGFs) cultured in 6-well plates (TPP
Techno Plastic Products) and coincubated for 2h. To generate
the mock infection medium, we used 10 puL of the supernatant

of the last washing step. For the raster electron microscopy, E.
gingivalis was washed and pooled as described above.
Immortalized gingival epithelial cells (OKG4/bmil/TERT)
(Dickson et al. 2000) were grown on coverslips in 24-well
plates to ~80% confluence and infected as described above.
Growth medium was carefully removed, and 500puL 2.5%
paraformaldehyde was added and incubated for 1 h at room
temperature. Subsequently, 2mL pure water was added to
dilute the fixation solution to 0.5%. The samples were kept in
a 24-well plate and sealed with paraffin film.

RNA-Seq

Total RNA was extracted from the cells using the RNeasy Mini
Kit (Qiagen) according to the manufacturer’s instructions.
Then, 500 to 1,000 ng total RNA of the transfected cell cultures
of pGECs and pGFs was sequenced with 16 million reads (75-
bp single end) on a NextSeq 500 using the NextSeq 500/550
High Output Kit v2.5 (75 cycles). RNA-Seq was performed at
the Berlin Institute of Health Core Facility Genomics. Reads
were aligned to the Genome Reference Consortium Human
Build 38 patch release 7 (GRCh38.p7) genome using the STAR
aligner v. 2.7.5a (Dobin et al. 2013). Quality control (QC) of
the reads was inspected using the multigc reporting tool (Ewels
et al. 2016) summarizing a number of approaches, including
fastqc (available online at http://www.bioinformatics.babra-
ham.ac.uk/projects/fastqc), dupradar (Sayols et al. 2016), qual-
imap (Garcia-Alcalde et al. 2012), and RNA-SeqC (DeLuca
et al. 2012). Raw counts were extracted using the STAR pro-
gram. For differential gene expression, the R package DESeq2
(Love et al. 2014), version 1.26 was used. Gene set enrichment
was performed using the CERNO test from the tmod package
(Zyla et al. 2019), version 0.46.2 using the gene expression
profiling-based gene set included in the package as well as the
MSigDB (Liberzon et al. 2015). For the hypergeometric test
and the Gene Ontology gene sets, the goseq package, version
1.38 (Young et al. 2010) was used. The P values of the differ-
ently expressed genes were corrected for multiple testing using
Benjamini-Hochberg correction. The corrected P values are
given as ¢ values (false discovery rate [FDR]).

Scanning Electron Microscopy

The samples were fixed in glutaraldehyde, washed in H,O, and
dehydrated in ethanol (15%-100%). Drying was done in a
Polaron Critical-Point Dryer. Palladium coating for electric
conductivity was performed with a Polaron E 5100 sputter
coater. Electron microscopy was completed with a FEI Quanta
250 field emission scanning electron microscope. Images of
secondary and backscattered electron images were mixed in
Photoshop (Adobe).

Results

Direct contact of E. gingivalis to pGECs for 2h increased the
expression of a variety of multifunctional proinflammatory
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cytokine and chemokine genes. The most upregulated genes
were tumor necrosis factor o (TNF) with a fold change (FC) of
430 and interleukin 8 (/L8, FC = 359), followed by C-C motif
chemokine ligand 20 (CCL20, FC = 169), C-X-C motif chemo-
kine ligand 2 (CXCL2, FC = 160), and colony stimulating fac-
tor 1 (CSF1, FC = 100; Table).

Direct contact of E. gingivalis to pGFs increased the expres-
sion of a variety of genes that were distinct to those differen-
tially expressed in pGECs. Furthermore, the increase in gene
expression was explicitly lower compared to the response in
pGECs. The genes that showed most increased expression with
P < 5x107'% were the transcriptional regulators zinc finger pro-
tein 331 (ZNF331, FC = 18), nuclear receptor subfamily 4
group A member 3 (NR4A43, FC 15), and the proinflammatory
cytokine interleukin-11 (/L-11, FC 11; Table).

Gene set enrichment analysis using a second-generation
algorithm contrasting E. gingivalis—infected pGECs compared
to uninfected pGECs as controls showed the highest effect
sizes (ESs) for the gene set “chemokines and inflammatory
molecules in myeloid cells” (LI.M86.0) with an area under the
curve (AUC) =0.90 (ES = 5.15, adjusted P = 3.1 x 10719, “sig-
naling in T cells” (LI.M35.0) with an AUC = 0.97 (ES = 5.16,
adjusted P =6.0x 107), and “cell cycle and growth arrest” (LI.
M31) with AUC = 0.94 (ES = 5.03, adjusted P =2 x 107'%) (Fig.
1, Appendix Table 1).

E. gingivalis—infected pGFs showed the highest AUC and
ES for the gene set “cell cycle and growth arrest” (LI.M31)
with AUC =0.91 (ES =4.56, adjusted P = 4.8 x 107?), followed
by the gene sets “putative targets of PAX3” (L1.M89) with
AUC =0.90 (ES =3.95, adjusted P=2.8x 10"'?), “chemokines
and inflammatory molecules in myeloid cells” (LI.M86.0)
with AUC = 0.86 (ES = 4.43, adjusted P = 3.5x107'5), and
“signaling in T cells” (LI.M35.0) with an AUC = 0.88 (ES =
4.08, adjusted P = 4.0x107% Fig. 1, Appendix Table 1).
Furthermore, the gene set enrichment analysis showed that
E. gingivalis infection of pGFs but not of pGECs correlated
with significant downregulation of several gene sets related to
cell cycle regulation (Fig. 2). The top 2 most downregulated
gene sets in pGFs were cell cycle (DC.M3.3) with AUC = 0.84
(ES = 2.27, adjusted P = 3.3x107°) and “PLK1 signaling
events” (L1.M4.2) with AUC = 0.85 (ES = 2.37, adjusted P =
1.95x1077; Appendix Table 1).

To identify microRNAs (miRNAs) that are affected by
E. gingivalis infection, we also performed a tmod enrichment
analysis for database microRNA targets from the Molecular
Signatures DB (MSigDB). In E. gingivalis—stimulated pGECs
and pGFs, the gene set enrichment analysis identified 6 and 2
gene sets, respectively, which were listed in MSigDB as regu-
lated by a specific miRNA. These miRNAs and the genes of
these gene sets that were differentially expressed in our experi-
ments are listed in Appendix Table 2.

Scanning electron microscopy showed distinct behavior
patterns of E. gingivalis on the gingival epithelial monolayer
(Fig. 3). We observed that it slid a pseudopodium under a gin-
gival epithelial cell and attached to a gingival epithelial cell at
the host cell’s nucleus. It exhibited long cylindrical structures,
termed digipodia, which made contact with the target cell,
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Table. Differential Expressed Genes (log,FC >3) in Entamoeba
gingivalis—Infected Gingival Epithelial and Fibroblast Cells.
Gene Name BaseMean Log,FoldChange LFCSE Fold Change
pGECs
TNF 1,377.89 8.74 0.22 429.57
IL8 22,941.70 8.48 0.12 359.05
ccL20 932.68 7.38 0.19 168.57
CXCL2 4,522.85 7.30 0.14 159.59
CSF2 745.08 6.62 0.17 100.36
CXCLl 8,045.37 5.94 0.09 63.39
CSF3 680.52 5.42 0.13 44.81
TNFAIP3 31,885.55 5.26 0.06 40.32
NFKBIZ 9,296.60 5.1 0.07 36.54
INHBA 4,286.42 4.57 0.06 25.75
NFKBIA 9,981.93 4.55 0.05 2543
HBEGF 3,306.39 4.45 0.06 23.86
PRDM| 1,391.96 4.42 0.09 2341
DUSPI 9,213.66 4.37 0.07 22.68
SOCs3 2,556.20 4.34 0.1 22.25
ILIA 8,885.05 425 0.06 21.03
PNRCI 2,230.03 3.98 0.10 17.78
PPPIRI5A 8,594.85 3.93 0.07 17.24
IER3 16,231.18 3.76 0.05 15.55
EGRI 10,059.92 3.71 0.10 15.09
EFNAI 1,794.90 3.65 0.07 14.55
ILIB 10,123.23 3.24 0.04 11.45
IL36G 735.94 3.14 0.07 10.82
pGFs
ZNF331 3,445.26 4.00 0.08 18.00
NR4A3 9,317.48 3.66 0.08 14.64
ILri 1,894.79 3.12 0.08 10.69
CHMPIB 2,168.48 3.00 0.06 10.00
BTG2 2,212.23 2.96 0.07 9.78
ACKR3 1,088.72 2.89 0.07 9.4l
ATF3 4,080.01 2.58 0.07 7.98
SLC2A3 2,589.91 2.00 0.05 6.00
SGKI 7,787.43 2.15 0.06 6.44
FOS 1,632.41 3.20 0.09 .19
GPCPD | 1,325.49 2.11 0.06 6.32

Differentially expressed genes are shown with log,foldchange >3 for
pGECs and log,foldchange >2 for pGFs. All genes showed significant
differential expression with P values <5 x [07'®.

LFCSE, logfold change standard error; pGEC, primary gingival epithelial
cell; pGF, primary gingival fibroblast.

extending into the cytoplasma, possibly extending into the
nucleus. We also observed that E. gingivalis seemed to pene-
trate the host cells not randomly but chose those areas of the
cells where the nuclei locate. In addition, we observed that
E. gingivalis made contact with target cells by exhibiting long
cylindrical structures, termed digipodia. Furthermore, the pro-
tozoon moved on the epithelial cell barrier and accumulated in
interstices of the culture plates (Appendix Fig. 1).

Discussion

Approximately 15% of the healthy oral cavities of adults are
infected with E. gingivalis. The prevalence of this protozoan
strongly increases in periodontal inflammation, and it colo-
nizes up to 80% of inflamed pockets of patients with periodon-
titis. Colonization can be asymptomatic, and the established
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Figure I. Evidence plots for the top 3 gene sets in the enrichment test Entamoeba
gingivalis—infected versus mock-infected primary gingival epithelial cells (pGECs) and
primary gingival fibroblasts (pGFs). Figures show the evidence plots for the top 3 gene
sets with the existing evidence for the enrichment of the given gene set in the given
contrast. Each row corresponds to | gene set. The left column corresponds to the
enrichment tests pGECs + E. gingivalis versus pGECs + mock infection. The right column
corresponds to the enrichment tests pGFs + E. gingivalis versus pGFs + mock infection.
The curve shows the receiver operator characteristic (ROC) curve for a given gene

set. The scale below the figure represents the ordered list of genes. Genes belonging

to a given gene set are highlighted. Colors indicate whether the genes are positively or
negatively regulated (red or blue, respectively), while color brightness indicates whether
genes are significantly regulated (at q < .05).

the main neutrophil chemotactic factor, inducing
chemotaxis and phagocytosis of neutrophils in tar-
get cells. However, neutrophils seem to have little
effect on E. gingivalis and were observed to be
target cells of amoebic phagocytosis (Bonner et al.
2018). TNF is involved in the regulation of a wide
spectrum of biological processes, including proin-
flammatory mechanisms, for example, by stimula-
tion of interleukin-1 secretion and apoptosis.
There is also evidence that 7NF has a role in epi-
thelial barrier dysfunction by increasing tight
junction permeability (Mullin et al. 1992) and
apoptosis of human epithelial cells (Gitter et al.
2000). The function of TNF-a to induce leaks in
the epithelial barrier, together with the strong acti-
vation of TNF expression in gingival epithelial
cells following infection with E. gingivalis, may
help this parasite to disrupt epithelial barrier func-
tion. Providing further evidence of the proinflam-
matory potential of E. gingivalis is the strong
activation of other genes involved in immunoreg-
ulatory and inflammatory processes such as the
chemokines CCL20 (170-fold) and CXCL2 (160-
fold). In contrast to gingival epithelial cells, where
E. gingivalis strongly activated genes that regulate
inflammatory responses of the innate immune sys-
tem by the factor of several hundreds, in gingival
fibroblasts, the effect of E. gingivalis on gene
expression was less strong and influenced genes
with different functions. For example, the top 2
upregulated genes, ZNF331 (18-fold) and NR4A43
(15-fold), are considered tumor suppressors (Jiang
et al. 2015; Shimizu et al. 2016; Yeh et al. 2016;
Wang et al. 2017) and play roles in the regulation
of cell proliferation. Top 3 upregulated gene /L11
(11 fold) is expressed specifically in fibroblasts, in
which it drives ERK-dependent autocrine signal-
ing that is required for fibrogenic protein synthesis
(Schafer et al. 2017). Different cell type effects of
E. gingivalis on epithelial cells and fibroblasts
were also implied by the gene set enrichment anal-
yses. In pGFs, the gene sets “cell cycle and growth
arrest” and “putative targets of PAX3” showed the
highest AUCs, followed by the gene set “signaling
in T cells,” whereas in pGECs, the gene sets “sig-
naling in T cells” and “chemokines and inflamma-
tory molecules in myeloid cells” showed the
highest AUC, followed by the gene sets “cell cycle
and growth arrest.” Moreover, the strong down-

paradigm has been that it does not cause or contribute to peri-
odontal tissue destruction and increased inflammation. In the
current study, we showed that direct cell contact of E. gingiva-
lis to gingival epithelial cells induced a very strong innate
immune response with the cytokines TNF and /L8, showing a
430- and 360-fold increase of expression, respectively. ILS is

regulation of the gene sets “cell cycle” and “PLK1 signaling
events” in pGFs, which was not observed in pGECs, indicated
that in pGFs, E. gingivalis essentially induced inhibition of cell
proliferation and apoptosis. We note that we also found gene
enrichment for miRNA targets from the Molecular Signatures
DB (MSigDB) for contrast E. gingivalis—stimulated pGECs
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and pGFs versus controls (Appendix). There is
some evidence that the microbiota affects host
health by regulating host miRNAs (Nguyen et al.
2014; Yu et al. 2017). How the microbiota regulates
miRNAs is still unknown, but microbial metabo-
lites may regulate miRNA functions (Dalmasso
et al. 2014). Future studies may aim to identify
miRNA and their target genes that are differentially
regulated by specific microorganisms and explore
the mechanism by which oral microorganisms
influence the expression of these miRNAs.

We observed different behavior patterns of
E. gingivalis on the gingival epithelial layer. We
showed that it aimed to slide its pseudopodium
under a gingival epithelial cell and that it accumu-
lated in interstices of the culture plates. This may
illustrate colonization behavior seeking for grooves.
We also showed that it attaches to gingival epithe-
lial cells at the location of the host cell’s nucleus.
Here, it exhibited digipodia, which made contacts
with the target cell, extending into the cytoplasma,
possibly protruding into the nucleus. This observa-
tion argues that E. gingivalis, similar to other para-
sitic protozoa, uses a process termed trogocytosis to
ingest material from the target cell. It is also possi-
ble that E. gingivalis also secrets material into the
target cells to induce apoptosis or necrosis. For
example, it was previously shown for the protozoan
Acanthamoeba that cells targeted by digipodia
eventually died (Pettit et al. 1996; Rocha-Azevedo
et al. 2006). The strong upregulation of TNF fol-
lowing E. gingivalis stimulation may further pro-
mote leaks in the epithelial barrier caused by
TNF-o—induced tight junction permeability, thus
increasing barrier impairment.

In conclusion, we showed that E. gingivalis
overcomes the epithelial barrier through killing the
cells by trogocytosis, probably ingesting their
nuclei. Following infection of the epithelial barrier
monolayer, the parasite also induces a very strong
innate immune response in these cells, particularly
characterized by strong expression of TNF, ILS,
and proinflammatory chemokines. This may fur-
ther contribute to impaired barrier integrity.
Gingival fibroblasts show a different response, par-
ticularly characterized by inhibition of cell prolif-
eration and induction of proapoptotic pathways.
Our data imply that E. gingivalis has strong poten-
tial to cause and promote inflammation and to
actively invade the oral mucosa, where it may con-
tribute to profound tissue destruction. In addition, it
likely aids other microorganisms to invade the oral
mucosa, where they may further enter into the cir-
culation with potential damaging effects on the vas-
culature. What drives host cell-killing activity of
the amoebae in vivo and, if long-lasting, elimina-
tion of E. gingivalis from the inflamed periodontal
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Figure 2. Evidence plots for the top 2 downregulated gene sets in primary gingival
fibroblasts after Entamoeba gingivalis infection.

© eyeof science

Figure 3. Behavior patterns of Entamoeba gingivalis on the gingival epithelial
monolayer. Clockwise from left: (A) E. gingivalis slides a pseudopodium under a gingival
epithelial cell. The elevation left of the amoeba indicates the position of the host

cell’s nucleus. (B) The amoeba is attached to a gingival epithelial cell at the host cell’s
nucleus. It exhibits long cylindrical structures, termed digipodia, that made contact
with the target cell. (C) The same amoeba as in panel B from a different perspective.
(D) E. gingivalis moves from a gingival cell (right) onto the surface of the culture plate,
forming several flat pseudopods (possibly in the search for another cell). Parallel to
the formation of the pseudopods, the amoeba’s body has flattened, revealing a specific
circular disk. (E) A digipodium is extending from E. gingivalis into the gingival epithelial
cell. The pore in the host cell’s membrane shows clean-cut edges. The digipodia
appears to be in the process of secreting material into the target cell or ingesting
material from the target cell in a process termed trogocytosis. The elevation of the host
cell close to the opening suggests that the digipodia extended into the nucleus of the
cell as previously illustrated by us using light microscopy (Bao et al. 2020). (F) General
view of the same amoeba as in panel E.
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pockets by an antiparasitic therapy might have potential to
arrest and resolve oral inflammation and to improve periodon-
tal healing.
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