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Abstract

22

that E. histolytica kills human cells through a mechanism that we termed trogocytosis (trogo-: nibble), due to

23

its resemblance to trogocytosis in other organisms. In parasites, trogocytosis is used to kill host cells. In

24

multicellular organisms, trogocytosis is used for cell-cell interactions in the immune system, in the central

25

nervous system, and during development. Thus, nibbling is an emerging theme in cell-cell interactions both

26

within and between species, and it is relevant to host-pathogen interactions in many different contexts. When

27

trogocytosis occurs between mammalian immune cells, cell membrane proteins from the nibbled cell can be

28

acquired and displayed by the recipient cell. In this study, we tested the hypothesis that through trogocytosis

29

of human cells, amoebae acquire and display human cell membrane proteins. Here we demonstrate for the

30

first time that through trogocytosis, E. histolytica acquires and displays human cell membrane proteins and

31

that this leads to protection from lysis by human serum. Protection from human serum only occurs after

32

amoebae have undergone trogocytosis of live cells, but not phagocytosis of dead cells. Likewise, mutant

33

amoebae that exhibit a phagocytosis defect, but are unaltered in their capacity to perform trogocytosis, are

34

nevertheless protected from human serum. Our studies are the first to demonstrate that amoebae can display

35

human cell membrane proteins and suggest that acquisition and display of membrane proteins is a general

36

feature of trogocytosis that is not restricted to trogocytosis between mammalian immune cells. These studies

37

have major implications for interactions between E. histolytica and the immune system and also reveal a novel

38

strategy for immune evasion by a pathogen. Since other microbial eukaryotes use trogocytosis for cell killing,

39

our findings may apply to the pathogenesis of other infections.

Entamoeba histolytica is the protozoan parasite responsible for amoebiasis. We previously showed

2
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41

Author Summary
Entamoeba histolytica is an intestinal parasite that causes amoebiasis, a potentially fatal diarrheal

42

disease. Abscesses in organs outside of the intestine, such as the liver, can occur when amoebae are able to

43

breach the intestinal wall and travel through the blood stream to other areas of the body. We previously

44

showed that E. histolytica kills human cells by taking “bites” of human cell material in a process that we

45

named trogocytosis (trogo-: nibble). Mammalian immune cells use trogocytosis to acquire proteins from other

46

cells which impacts cell-cell communication. Here we tested the hypothesis that trogocytosis allows E.

47

histolytica to acquire and display proteins from human cells allowing amoebae to survive in the blood stream.

48

We demonstrate for the first time that through trogocytosis, E. histolytica acquires and displays human cell

49

membrane proteins. We also demonstrate that trogocytosis of human cells allows amoebae to survive in

50

human serum. These studies reveal a novel strategy for immune evasion by a pathogen and may apply to the

51

pathogenesis of other infections.

3
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53
54

Introduction

55

disease. Amoebiasis occurs worldwide and is most prevalent in developing countries, in areas with poor

56

sanitation and high malnutrition [1–3]. For instance, a recent study found that nearly 80% of infants living in

57

an urban slum in Bangladesh had been infected with E. histolytica by two years of age [4]. The infection has a

58

wide range of clinical symptoms that include asymptomatic infection, diarrhea, bloody diarrhea, and fatal

59

abscesses outside of the intestine. Bloody diarrhea arises when amoebic trophozoites (amoebae) invade and

60

ulcerate the intestine. Amoebae that have invaded the intestine can then disseminate and cause abscesses in

61

other tissues, most commonly in the liver. Although amoebic liver abscesses are rare, they are fatal if

62

untreated. Little is known about the mechanisms that allow E. histolytica to evade immune detection and

63

disseminate upon entering the bloodstream during invasive amoebiasis.

64

Entamoeba histolytica is the protozoan parasite responsible for amoebiasis, a potentially fatal diarrheal

The parasite was named “histolytica” for its ability to damage tissue (histo-: tissue; lytic-: dissolving)

65

[5–7]. Despite this name-giving property, how amoebae invade and damage tissues is not clear. The most well-

66

known virulence factor is the amoeba surface D-galactose and N-acetyl-D-galactosamine (Gal/GalNAc) lectin

67

[8,9], which mediates attachment to human cells and intestinal mucin [10–13]. Surface-localized and secreted

68

cysteine proteases contribute to proteolysis of human substrates including mucin and extracellular matrix [10–

69

13]. The profound cell killing activity of amoebae is likely to drive tissue damage. Amoebae can kill almost any

70

type of human cell within minutes and direct contact with human cells is required for killing to occur [8,9].

71

Until recently, the accepted model was that the pore-forming amoebapores act as secreted toxins [14–17].

72

However, the contact-dependence of cell killing [8,9], and the lack of killing activity in cell lysates and

73

supernatants [6,7,18], are not consistent with the presence of secreted toxins. Furthermore, transfer of

74

amoebapores to human cells has not been demonstrated.

4
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75

We previously established a new paradigm by showing that E. histolytica kills human cells through a

76

mechanism that we termed trogocytosis (trogo-: nibble), due to its resemblance to trogocytosis in other

77

organisms [19]. During trogocytosis, amoebae kill human cells by extracting and ingesting “bites” of human

78

cell membrane and intracellular contents [19]. We defined that trogocytosis requires amoebic actin

79

rearrangements [19]. It also requires signaling initiated by the Gal/GalNAc lectin, phosphatidylinositol 3-

80

kinase (PI3K) signaling and an amoebic C2 domain-containing kinase (EhC2PK) [19]. By applying multiphoton

81

imaging using explanted mouse intestinal tissue from fluorescent-membrane mice, we found that trogocytosis

82

was required for tissue invasion, demonstrating relevance to pathogenesis [19].

83

Trogocytosis is not specific to E. histolytica, as it can be observed in other microbial eukaryotes as well

84

as multicellular eukaryotes [20]. Examples in microbes include reports of trogocytosis by Naegleria fowleri [21]

85

and by Dictyostelium caveatum [22]. In multicellular eukaryotes, trogocytosis is used for cell-cell

86

communication and cell-cell remodeling. Trogocytosis plays roles in the immune system [23,24], in the central

87

nervous system [25,26], and during development [27]. Additionally, intracellular bacteria exploit macrophage

88

trogocytosis to spread from cell to cell [28]. It is not yet clear how trogocytosis can paradoxically be both a

89

benign form of cell-cell interaction and a mechanism for cell-killing. The previous paradigm was that microbes

90

engage trogocytosis for cell-killing, but trogocytosis in multicellular organisms was believed to be a benign

91

form of cell-cell interaction. However, recent reports have now shown that neutrophils can use trogocytosis to

92

kill parasites [29], and that neutrophils and macrophages can use trogocytosis to kill cancer cells in a form of

93

antibody-dependent cell-mediated cytotoxicity [30,31]. Trogocytosis is therefore likely to be a conserved,

94

fundamental form of eukaryotic cell-cell interaction that can be cytotoxic or benign, depending on the context.

95

One intriguing outcome of trogocytosis between mammalian immune cells is that it changes the

96

makeup of cell surface proteins on both the donor and the recipient cell. The nibbling cell is able to display the

97

acquired membrane proteins from the nibbled cell on its surface [24,32]. Acquired membrane proteins appear

98

as foci or patches on the recipient cell. This allows the recipient cell to take on new properties that impact its
5
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99

subsequent interactions with other cells [24,32]. For instance, uninfected dendritic cells can acquire and

100

display pre-loaded major histocompatibility complex class II (MHC II) molecules by nibbling infected dendritic

101

cells, and thus they can present peptides from microbes they have not directly encountered, which has been

102

termed “cross-dressing” [24]. Transferred molecules are not limited to MHC complexes as induced regulatory

103

T cells can acquire cluster of differentiation (CD) molecules from mature dendritic cells including CD80 and

104

CD86 [33]. It has also been shown that monocytes, NK cells, and granulocytes can acquire CD22, CD19, CD21,

105

and CD79b from antibody-opsonized B cells [34]. In addition to allowing the nibbling cell to display newly

106

acquired membrane proteins, trogocytosis also affects the makeup of surface proteins on the nibbled cell.

107

Since membrane fragments are removed from the nibbled cell, trogocytosis affects the nibbled cell by

108

effectively downregulating surface proteins [35].

109

Since mammalian immune cells acquire and display membrane proteins through trogocytosis, we

110

hypothesized that amoebae may acquire and display human cell membrane proteins during trogocytosis.

111

Amoebic display of human proteins would have significant implications for host-pathogen interactions. We

112

predicted that one outcome of amoebic human cell protein display could be the inhibition of lysis by human

113

complement. Previous studies have suggested that amoebae become more resistant to complement after

114

interacting with host cells or tissues, and that complement resistance involves proteins on the amoeba

115

surface. For example, amoebae became more resistant to complement after co-incubation with erythrocytes,

116

and an antibody directed towards an erythrocyte membrane protein reacted with the amoeba surface after

117

erythrocyte co-incubation [36]. Animal-passaged amoebae are more resistant to complement lysis than

118

control amoebae [37], and treatment of complement-resistant amoebae with trypsin renders amoebae

119

complement-sensitive [38].

120

Here we show that E. histolytica acquires and displays human cell membrane proteins. Acquisition and

121

display of human cell membrane proteins requires actin and is associated with subsequent protection from

122

lysis by human serum. Protection from human serum further requires actin and direct contact between
6
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123

amoebae and human cells. Protection from human serum occurs after amoebae have undergone trogocytosis,

124

but not phagocytosis, suggesting protection is not generally associated with ingestion. Furthermore, mutant

125

amoebae that are deficient in performing phagocytosis but not trogocytosis are still protected from human

126

serum. Collectively, these findings support that amoebae acquire and display human cell membrane proteins

127

through trogocytosis and that this leads to protection from lysis by human serum complement. These studies

128

have major implications for interactions between E. histolytica and the immune system. Display of human cell

129

proteins acquired during trogocytosis is a novel strategy for immune evasion by a pathogen. Since other

130

microbial eukaryotes use trogocytosis for cell killing, this may apply to the pathogenesis of other infections.

7
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Results

131
132
133
134
135

Amoebae acquire and display human cell membrane proteins

136

proteins to the cell membrane of the amoeba. Human Jurkat T cells were surface-biotinylated and then co-

137

incubated with amoebae. After co-incubation, cells were fixed and labeled with fluorescently-conjugated

138

streptavidin (Fig 1A). Since cells were not permeabilized, this approach required human cell proteins to be

139

surface-exposed and to retain correct orientation. After five minutes of co-incubation, patches of streptavidin-

140

labeled human cell proteins were detected on the surface of amoebae (Fig 1B – 1C, arrows). Similar to

141

immune cell “cross-dressing” [24], the biotin-streptavidin label appeared as patches or foci on the amoeba

142

surface. To track an individual human cell membrane protein, immunofluorescence was used to detect human

143

major histocompatibility complex class I (MHC I) (Fig 1D). Following co-incubation, cells were fixed without

144

permeabilization, and MHC I was detected using a monoclonal antibody. Comparable to the biotin-

145

streptavidin labeling experiments, MHC I was detected in patches on the surface of amoebae after five

146

minutes of co-incubation (Fig 1E – 1F). Together, these results suggested that human cell membrane proteins

147

were acquired and displayed by amoebae following co-incubation with live human cells.

148

Acquisition and display of human cell membrane proteins requires actin

149

We first asked whether trogocytosis by E. histolytica could result in transfer of human cell membrane

Trogocytosis by E. histolytica requires actin rearrangements and is inhibited by treatment with

150

cytochalasin D [19]. Therefore, we next asked whether transfer of human cell membrane proteins required

151

actin. Imaging flow cytometry was used to quantitatively analyze displayed biotinylated human cell membrane

152

proteins on the amoeba surface. It was important to distinguish between amoebae that displayed human cell

153

membrane proteins and amoebae that were attached to intact, extracellular human cells. While the latter may

154

also display human cell membrane proteins, we focused our analysis on images that lacked extracellular

155

human cells as this allowed for the highest stringency in quantifying displayed human cell membrane proteins.
8
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156

Since human cell nuclei are not internalized by amoebae during trogocytosis [19], human cell nuclei were

157

fluorescently labeled, and this was used to gate images that contained or lacked extracellular human cells.

158

Human cell nuclei were labeled with Hoechst, and human cell membrane proteins were biotinylated

159

prior to co-incubation with CellTracker Green CMFDA Dye (CMFDA)-labeled amoebae. After gating on single

160

amoebae out of total cells (Fig 2A, S1 Fig), Hoechst staining was used to gate on images of amoebae with and

161

without extracellular human cells (Fig 2B, D, F). Next, the extent of overlap of fluorescent-streptavidin and

162

individual amoebae was quantified (Fig 2C, E). In the dimethyl sulfoxide (DMSO) treated control amoebae,

163

25% of amoebae contained patches of biotin labeling (Human Cell Nuclei-/Biotin+), while in the cytochalasin D

164

treated amoebae, 5% of amoebae contained patches of biotin labeling (Fig 2E). From this, we concluded that

165

amoebae acquire and display human cell membrane proteins through an actin-dependent process, consistent

166

with trogocytosis.

167

Interaction with human cells leads to protection from lysis by human serum

168

The acquisition and display of human cell membrane proteins has many potential implications for host-

169

parasite interactions. One possible implication is in resistance to lysis by complement in human serum,

170

particularly since it has been previously suggested that ingestion of human erythrocytes protects amoebae

171

from lysis by human complement [36]. Amoebae preferentially perform trogocytosis on live human cells [19],

172

therefore amoebae were incubated in the presence or absence of live human cells and then exposed to

173

human serum (Fig 3A, S2 Fig). Using imaging flow cytometry, amoeba viability (Fig 3C – D), and trogocytosis

174

were simultaneously measured (Fig 3B, S3 Fig). Amoebae that had interacted with live human cells, and had

175

thus undergone trogocytosis and acquired human cell membrane proteins, were quantitatively protected from

176

lysis by human serum (Fig 3C – 3D, S4 Fig). Among amoebae that had been incubated with human cells,

177

amoebae that were lysed by human serum had generally undergone less trogocytosis than amoebae that

9
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178

survived exposure to human serum (Fig 3E). Therefore, trogocytosis is associated with subsequent protection

179

from lysis by human serum.

180

Protection from human serum lysis is dependent on contact with human cells

181

We next asked if protection from serum lysis required direct contact between amoebae and human

182

cells, in order to determine if protection is a consequence of trogocytosis, or if protection could be acquired

183

through secretion of proteins or release of exosomes by human cells. Amoebae and human cells were co-

184

incubated in transwell dishes, with or without direct contact (Fig 4A). After incubation, cells from the lower

185

chambers were exposed to human serum and imaging flow cytometry was used to measure amoeba viability.

186

Human cells were not able to pass through transwell membranes (Fig 4B). Protection from complement lysis

187

occurred only when amoebae and human cells were incubated together in the same chamber of the transwell,

188

but not when they were separated (Fig 4C). Protection from human serum thus required direct contact

189

between amoebae and human cells, supporting a requirement for trogocytosis in the acquisition of

190

protection.

191

Protection from human serum requires actin

192

Since amoebic trogocytosis requires actin rearrangement [19], and acquisition and display of human

193

cell membrane proteins requires actin (Fig 2), we next asked if treatment with cytochalasin D would also

194

abrogate protection from human serum. Amoebae were treated with cytochalasin D, incubated in the

195

presence or absence of human cells, and then exposed to human serum. Imaging flow cytometry was used to

196

simultaneously measure trogocytosis (Fig 5A) and amoeba viability (Fig 5B). Amoebae that were treated with

197

cytochalasin D were impaired in their ability to undergo trogocytosis and were not protected from serum lysis

198

after co-incubation with human cells. Actin rearrangements are thus required for subsequent protection from

199

lysis by human serum.

200

Protection occurs after trogocytosis and does not occur after phagocytosis
10
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To ask if protection from human serum specifically occurs after trogocytosis, or if any form of ingestion

202

leads to protection from serum, we compared amoebae that had undergone trogocytosis versus those that

203

had undergone phagocytosis. We previously showed that amoebae undergo trogocytosis of live human cells,

204

and in contrast, undergo phagocytosis of pre-killed human cells [19]. Therefore, we asked if phagocytosis of

205

pre-killed cells could also provide protection from complement lysis. Human cells were pretreated with

206

staurosporine to induce apoptosis (Fig 6A). Amoebae were co-incubated with live or pre-killed human cells or

207

incubated in the absence of human cells. Amoebae that had undergone trogocytosis or phagocytosis ingested

208

a similar amount of human cell material (Fig 6B), however, amoebae were only protected from lysis by human

209

serum after undergoing trogocytosis (Fig 6C). Therefore, protection from lysis by human serum occurs

210

specifically after trogocytosis of live cells and not phagocytosis of pre-killed cells.

211

To further distinguish between requirements for trogocytosis and phagocytosis, we next tested

212

knockdown mutants deficient in rhomboid protease 1 (EhROM1) (EHI_197460), a rhomboid protease with

213

roles in attachment and ingestion [39,40]. EhROM1 mutants have been shown to be deficient in both

214

phagocytosis and pinocytosis, as well as attachment to live cells [39,40]. Furthermore, it has been shown that

215

silencing of EhROM1 does not change susceptibility to serum lysis, making these mutants an ideal tool for

216

testing the effects conferred by ingestion of human cells [39,40]. We generated stable transfectants knocked

217

down for expression of EhROM1 (Fig 7A). EhROM1 knockdown mutants were deficient in attachment to

218

healthy human cells (Fig 7B-C), consistent with previous studies [40]. Also consistent with previous studies,

219

EhROM1 mutant amoebae incubated alone were not more susceptible to serum lysis then control amoebae

220

(S5B Fig). Using imaging flow cytometry, we assayed EhROM1 mutants for a trogocytosis defect for the first

221

time and found that they did not exhibit a defect in trogocytosis of live human cells (Fig 7D, S6 Fig). Consistent

222

with previous studies [40], we found that EhROM1 mutants were defective in phagocytosis of pre-killed

223

human cells (Fig 7E). After co-incubation with live human cells, EhROM1 mutants were no more or less

224

protected from lysis by human serum than control amoebae (Fig 7F, S5 Fig). Therefore, a mutant deficient in
11

bioRxiv preprint doi: https://doi.org/10.1101/487314; this version posted December 4, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

225

phagocytosis does not exhibit a difference in protection from serum, further supporting that phagocytosis is

226

not involved in resistance to lysis by human serum. Moreover, resistance to lysis by human serum is not

227

associated with simple attachment to human cells, since EhROM1 mutants are impaired in binding to live

228

human cells but still exhibit no difference in resistance to human serum. Together, these finding further

229

underscore that protection from lysis by human serum is associated with trogocytosis, not phagocytosis.

230

Collectively, these results support a new model of immune evasion in which amoebae perform

231

trogocytosis on live human cells and through trogocytosis, acquire and display human cell membrane proteins.

232

Display of human cell membrane proteins then leads to protection from human serum, most likely by

233

inhibiting complement-mediated lysis (Fig 8).

12
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Discussion

235

In this study, confocal microscopy and imaging flow cytometry experiments revealed that amoebae

236

acquire and display human cell membrane proteins. This process is actin-dependent and is associated with

237

resistance to lysis by human serum. Protection from lysis by human serum requires direct contact between

238

amoebae and human cells, is actin-dependent, and is specifically associated with trogocytosis, not

239

phagocytosis. Collectively, these data suggest that amoebae acquire and display human cell membrane

240

proteins through trogocytosis, and that this leads to protection from lysis by human serum complement.

241

Complement resistance by amoebae appears to be relevant to invasive disease. Once amoebae have

242

invaded intestinal tissue, they can spread from the intestine to the liver through the portal vein [41], and they

243

can ingest erythrocytes [42], thus they are capable of surviving in the bloodstream. A study that depleted

244

complement by using cobra venom factor in the hamster model of amoebic liver abscess, found that loss of

245

complement was correlated with greater severity of liver lesions [43]. Additionally, it was found that serum

246

from women was more effective in killing amoebae then serum from men, and men are known to be more

247

susceptible to invasive amoebiasis [44]. Furthermore, pathogenic amoebae have been shown to resist

248

complement. E. histolytica appears to evade complement deposition, while the closely related nonpathogenic

249

species Entamoeba dispar does not [45]. Similarly, amoebae isolated from patients with invasive infection

250

resist complement, while strains isolated from asymptomatic patients are complement-sensitive [46].

251

Previous studies have hinted that amoebae become more resistant to complement after interacting

252

with host cells or tissues, and that complement resistance involves proteins on the amoeba surface.

253

Consistent with our findings, it has previously been demonstrated that amoebae that were made resistant to

254

complement lysis by hamster liver passage, lost resistance after treatment with trypsin [38], suggesting that

255

complement-resistance is associated with proteins on the amoeba surface. It has also been shown that

256

amoebae acquire serum resistance after ingestion of live human erythrocytes, and that resistant amoebae
13
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257

stained positive with antiserum directed to erythrocyte membrane antigens [36]. Though this previous study

258

described ingestion of erythrocytes as erythrophagocytosis, we now know that amoebae are also capable of

259

performing trogocytosis on live erythrocytes [19]. In older literature, amoebae were also seen to ingest bites

260

of erythrocytes in a process that was termed microphagocytosis [47]. Therefore, we propose a model in which

261

invasive amoebae are able to evade complement detection in the blood by trogocytosis of human cells and

262

display of human cell membrane proteins.

263

Other mechanisms of complement resistance in E. histolytica have been described such as mimicry of

264

the complement regulatory protein CD59 [48,49], an inhibitor of the membrane attack complex (MAC).

265

Amoebic cysteine proteinases play a role in cleavage of complement components [50–52]. It has also been

266

reported that amoebae are made temporarily resistant to complement lysis through treatment with

267

increasing doses of heat-inactivated human serum, though the mechanism remains unclear [37,53], and it was

268

recently found that amoebae do not develop resistance to serum from rats by this method [54]. As the

269

percentage of amoebae lysed after exposure to human serum in our assays never reached 100%, even in

270

conditions where amoebae were incubated alone, it is likely that multiple factors contribute to complement

271

resistance in E. histolytica. We propose that acquisition of human cell membrane proteins is one of the

272

mechanisms by which amoebae evade lysis by complement.

273

It will be of great interest to determine which proteins are transferred and displayed on the amoeba

274

surface. It is possible that complement regulatory proteins such as CD55 or CD46 are displayed by amoebae

275

and that this directly promotes resistance to complement lysis. Displayed human cell membrane proteins may

276

also bind to soluble factors in human serum, such as factor H. It is notable that acquired human cell

277

membrane proteins do not have an even distribution on the amoeba surface, and instead appear in patches.

278

This was similar for both biotin-streptavidin and MHC-I staining. In mammalian immune cells, similar patchy

279

localization of acquired membrane proteins has been seen, and this was seen with biotin-streptavidin staining,

280

fluorescently-tagged proteins, and immunofluorescence [24,28]. It is not clear if the acquired membrane
14
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281

proteins are present in lipid microdomains (e.g., lipid rafts), or are in clusters. It is also possible that while

282

patchy foci of acquired membrane proteins are clearly seen, these proteins may also be found throughout the

283

membrane at lower concentrations below the limit of detection. In any case, the distribution of human cell

284

proteins appears sufficient to confer protection from complement.

285

With the discoveries of amoebic trogocytosis and display of human cell membrane proteins, a new

286

paradigm for amoeba-human cell interactions is emerging. We previously showed that when amoebae kill

287

cells, they do not ingest dead cell corpses [19]. Prior to this, amoebae were thought to fully ingest the corpses

288

of the cells they had killed [5,55,56]. Now, with the discovery of acquisition and display of human cell

289

membrane proteins, together with the lack of ingestion of cell corpses, a different paradigm is emerging. It is

290

possible that rather than acquiring nutrition by killing and ingesting entire cells, amoebae nibble and acquire

291

membrane proteins that contribute to immune evasion. Invasive disease involves survival of amoebae in blood

292

vessels. Since trogocytosis contributes to tissue invasion [19], it is possible that amoebae acquire human cell

293

membrane proteins as they invade the intestine. Amoebae would then be equipped to survive in the

294

bloodstream and to spread to other tissues. Moreover, since there is the potential for a variety of human cell

295

proteins to be displayed, display of human cell proteins may impact host-amoeba interactions in many ways.

296

Display of human cell proteins acquired during trogocytosis is a novel strategy for immune evasion by a

297

pathogen. Since other microbial eukaryotes use trogocytosis for cell killing, including N. fowleri, there is the

298

potential for display of acquired membrane proteins to apply to the pathogenesis of other infections.

299

Furthermore, our studies extend acquisition and display of membrane proteins beyond mammalian immune

300

cells, suggesting that this may be a fundamental feature of eukaryotic trogocytosis. How membrane proteins

301

are acquired and displayed by immune cells during trogocytosis is not well understood in immune cells and, to

302

our knowledge, the underlying mechanism is not under investigation. Thus, ongoing studies in amoebae may

303

shed light on acquisition and display of membrane proteins during trogocytosis.

15
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In summary, we have shown that amoebae display human cell membrane proteins on their surface and

305

are protected from lysis by human serum after trogocytosis of live human cells. We propose a new model of

306

immune evasion by E. histolytica, whereby amoebae survive complement attack in the blood through

307

trogocytosis of human cells and display of human cell membrane proteins. This work broadens our

308

understanding of trogocytosis as a conserved feature of eukaryotic biology, as well as our understanding of

309

the pathogenesis of amoebiasis.
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310

Materials and Methods

311

Cell culture

312

HM1: IMSS (ATCC) E. histolytica trophozoites (amoebae) were cultured at 35°C in Trypticase-Yeast

313

Extract-Iron-Serum (TYI-S-33) media supplemented with 80 Units/mL penicillin and 80 µg/mL streptomycin

314

(Gibco), 2.3% Diamond Vitamin Tween 80 Solution 40x (Sigma-Aldrich) and 15% heat-inactivated adult bovine

315

serum (Gemini Bio-Products). Amoebae were harvested when tissue culture flasks reached 80-100%

316

confluency and then resuspended in M199s media (Gibco medium M199 with Earle’s Salts, L-Glutamine, 2.2

317

g/L Sodium Bicarbonate and without Phenol Red) supplemented with 5.7 mM L-cysteine (Sigma-Aldrich), 25

318

mM HEPES (Sigma-Aldrich) and 0.5% bovine serum albumin (Gemini Bio-Products).

319

Human Jurkat T cells from ATCC (Clone E6-1) were cultured at 37°C and 5% CO2 in RPMI Medium 1640

320

(Gibco RPMI with L-Glutamine and without Phenol Red) supplemented with 10 mM HEPES (Affymetrix), 100

321

Units/mL penicillin and 100 µg/mL streptomycin (Gibco) and 10% heat-inactivated fetal bovine serum (Gibco).

322

human cells were harvested between 5x105 and 2x106 cells/ml and resuspended in M199s media.

323

Generation of EhROM1 mutants

324

The EhROM1 silencing construct, made from a pEhEx plasmid backbone, was generated by Morf et al.

325

as described in [57]. The construct contained 132 base pairs of the trigger gene EHI_048600 fused to the first

326

537 base pairs of EhROM1 (EHI_197460). Amoebae were transfected with 20 µg of the EhROM1 silencing

327

construct using Attractene Transfection Reagent (QIAGEN). Transfectants were then maintained under

328

selection with Geneticin at 6 µg/ml. Clonal lines were generated by limiting dilution in a 96-well plate

329

contained in a BD GasPak EZ Pouch System (BD Biosciences), and silencing was confirmed with RT-PCR. An

330

individual clonal line was used for all experiments. A vector control line was generated by transfection with

331

the pEhEx-trigger construct backbone, using the same approach.

17
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Confocal immunofluorescence assays
Amoebae were washed and labeled in M199s with CellTracker Green CMFDA Dye (Invitrogen) at 310

334

ng/ml for 10 minutes at 35C. In the biotin transfer experiments, human cells were resuspended in 1X

335

Dulbecco’s Phosphate Buffered Saline (PBS: Sigma-Aldrich) and then biotinylated with EZ-Link Sulfo-NHS-SS-

336

Biotin (Thermo Fisher Scientific) at 480 µg/ml in 1X PBS for 25 minutes at 4C. 1M Tris-HCL pH 8 was added to

337

the samples for a final concentration of 100 mM to quench the reaction. Cells were next washed in 1X PBS

338

containing Tris-HCL pH 8 at 100 mM, and then resuspended in M199s. Amoebae and human cells were

339

combined at a 1:5 ratio in M199s and co-incubated for 5 minutes at 35C. Following co-incubation, cells were

340

fixed with 4% paraformaldehyde (Electron Microscopy Sciences) for 30 minutes at room temperature and

341

stained with an Alexa Fluor 633 streptavidin conjugate (Invitrogen) at 20 µg/ml for 1 hour at 4C. After

342

fixation, samples were stained with DAPI (Sigma-Aldrich) for 10 minutes at room temperature. Samples were

343

then incubated on coverslips pre-coated with collagen (Collagen I, Rat Tail: Gibco), according to the

344

manufacturer’s instructions, for 1 hour at room temperature and mounted on glass slides using VECTASHIELD

345

Antifade Mounting Medium (Vector Laboratories). In some experiments, samples were incubated on

346

Superfrost Plus Micro Slides (VWR) for 1 hour, and coverslips were then mounted with VECTASHIELD Antifade

347

Mounting Medium. Samples were imaged on an Olympus FV1000 laser point-scanning confocal microscope or

348

on an Intelligent Imaging Innovations Hybrid Spinning Disk Confocal-TIRF-Widefield Microscope. Images were

349

collected from 4 independent experiments.

350

For the MHC class I immunofluorescence experiments, human cells were washed and resuspended in

351

M199s but left unlabeled before co-incubation with amoebae. Amoebae and human cells were combined at a

352

1:5 ratio in M199s and co-incubated for 5 minutes at 35C. Following co-incubation and fixation, samples were

353

blocked for 1 hour in PBS-T (0.1% Tween 20 in 1X PBS) supplemented with 20% Goat Serum (Jackson

354

Immunoresearch Labs Inc.) and 5% bovine serum albumin (Gemini Bio-Products). Samples were then washed
18
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355

in PBS-T and incubated overnight with an MHC class I monoclonal primary antibody (Thermo Fisher Scientific

356

HLA-ABC Monoclonal Antibody W6/32) at 10 µg/ul, followed by washing with PBS-T and incubation with an

357

anti-mouse Cy3 secondary antibody (Jackson Immunoresearch Labs Inc.) at 3.5 ng/ml at room temperature for

358

1 hour. Samples were stained with DAPI and mounted on glass slides as above. Images were collected from 4

359

independent experiments.

360

Imaging flow cytometry immunofluorescence assays

361

Amoebae were resuspended in M199s media and pretreated with cytochalasin D from Zygosporium

362

mansonii (Sigma-Aldrich) at 20 µM or with the equivalent volume of dimethylsulfoxide (DMSO) for 1 hour at

363

35C. Cytochalasin D and DMSO were kept in the media for the duration of the experiment. Following pre-

364

treatment, amoebae were labeled with CellTracker Green CMFDA Dye (Invitrogen) at 93 ng/ml for 10 minutes

365

at 35C. Human cells were labeled in culture with Hoechst 33342 (Invitrogen) at 5 µg/ml for 1 hour at 37C

366

and then resuspended in 1X PBS. Human cells were then biotinylated with EZ-Link Sulfo-NHS-SS-Biotin

367

(Thermo Fisher Scientific) at 480 µg/ml in 1X PBS for 25 minutes at 4C. 100 mM Tris-HCL pH 8 was used to

368

quench the reaction, cells were washed in 100 mM Tris-HCL pH 8 and were resuspended in M199s. Amoebae

369

and human cells were combined at a 1:5 ratio in M199s and co-incubated for 5 minutes at 35C. After co-

370

incubation, samples were immediately placed on ice to halt ingestion, stained with an Alexa Fluor 633

371

streptavidin conjugate (Invitrogen) at 20 µg/ml for 1 hour at 4C and fixed with 4% paraformaldehyde

372

(Electron Microscopy Sciences) for 30 minutes at room temperature. Fixed samples were resuspended in 1X

373

PBS and run on an Amnis ImageStreamX Mark II. 10,000 events per sample were collected from 6 repeats

374

across three independent experiments.

375

Serum lysis assays

376

377

Amoebae were washed and labeled in M199s with CellTracker Green CMFDA Dye (Invitrogen) at 93
ng/ml for 10 minutes at 35C. Human cells were washed and labeled in M199s with Diic18(5)-Ds [1,119
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378

Dioctadecyl-3,3,3,3-Tetramethylindodicarbocyanine-5,5-Disulfonic Acid] (DiD: Assay Biotech) at 21 µg/ml for 5

379

minutes at 37C and 10 minutes at 4C. After washing with M199s, amoebae and human cells were combined

380

at a 1:5 ratio in M199s and co-incubated for 1 hour at 35C, or amoebae were incubated in the same

381

conditions in the absence of human cells. Next, cells were pelleted at 400 x g for 8 minutes and were

382

resuspended in 100% normal human serum (Pooled Normal Human Complement Serum, Innovative Research

383

Inc.), heat-inactivated human serum (inactivated at 56C for 30 minutes), or M199s. Serum/media was

384

supplemented with 150 µM CaCl2 and 150 µM MgCl2 (Fig. S2). Next, cells were incubated for 30 minutes at

385

35C. Cells were then washed and resuspended in M199s media and incubated with LIVE/DEAD Fixable Violet

386

Dead Cell Stain (Invitrogen) that was prepared according to the manufacturer’s instructions, at 4 µl/ml for 30

387

minutes on ice. Next, samples were fixed with 4% paraformaldehyde (Electron Microscopy Sciences) for 30

388

minutes at room temperature. Fixed samples were pelleted and resuspended in 1X PBS, then run on an Amnis

389

ImageStreamX Mark II. 10,000 events per sample were collected.

390

In the cytochalasin D experiments, amoebae were pretreated with cytochalasin D from Zygosporium

391

mansonii (Sigma-Aldrich) at 20 µM or an equivalent volume of DMSO for 1 hour at 35C. Cytochalasin D/DMSO

392

was kept in the media for the duration of the experiment. In experiments where amoebae ingested live or pre-

393

killed cells, human cells were pretreated in culture with staurosporine from Streptomyces sp. (Sigma-Aldrich)

394

at 1 µM or with the equivalent volume of DMSO overnight at 37C. Human cells were then washed and

395

suspended in M199s media and labeled with CellTracker Deep Red (CTDR) (Invitrogen) at 1 µM for 30 minutes

396

at 37C. In transwell assays, amoebae and human cells were incubated together at a 1:5 ratio or separately in

397

12 mm transwells with 3.0 μm pore, 10 μm thick polycarbonate membrane inserts (Corning). In experiments

398

using EhROM1 knockdown, stably transfected EhROM1 clonal mutants were compared to mutants that

399

contained a pEhEx-trigger backbone vector control construct.

400

Ingestion assays
20
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401

In trogocytosis assays, CMFDA labeled transfectants were incubated alone or in the presence of live

402

DiD-labeled Jurkat cells for 0, 5, 20, 40 or 80 minutes. Samples were then labeled with Live/Dead Violet and

403

fixed with 4% paraformaldehyde. Internalization of human cell material was quantified using imaging flow

404

cytometry. In phagocytosis assays, human cells were heat-killed at 60C for 40 minutes and were labeled with

405

CTDR and Hoechst prior to incubation with CMFDA labeled amoebae.

406

Attachment assay

407

CMFDA labeled amoebae were combined with CTDR labeled live human cells at a 1:5 ratio, centrifuged

408

at 150 x g for 5 minutes 4C, and incubated on ice for 1 hour. Samples were then fixed with 4%

409

paraformaldehyde. Samples were incubated on Superfrost Plus Micro Slides (VWR) for 1 hour, coverslips were

410

mounted with VECTASHIELD Antifade Mounting Medium and slides were imaged on an Intelligent Imaging

411

Innovations Hybrid Spinning Disk Confocal-TIRF-Widefield Microscope. 20 images were collected per slide.

412

Amoebae with 3 or more attached human cells were scored as attachment positive. Image collection and

413

scoring were performed in a blinded manner.

414

Imaging flow cytometry analysis

415

Samples were run on an Amnis ImageStreamX Mark II and 10,000 events were collected per sample.

416

Data were analyzed using Amnis IDEAS software. Samples were gated on focused cells, single amoebae,

417

amoebae that had come in contact with human cells, and amoebae that had internalized human material.

418

From the single amoebae gate, amoebic death was quantified by plotting intensity of LIVE/DEAD Violet against

419

side scatter and gating on LIVE/DEAD Violet positive cells (see Fig. S3).

420

In the biotin transfer experiment, single amoebae were divided into Hoechst high and Hoechst low

421

populations in order to isolate single amoebae with and without human cells. Overlap of biotin with CMFDA

422

labeled amoebae was plotted and biotin positive cells were selected from both Hoechst high and low

423

populations (see Fig. S1).
21
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In the trogocytosis and phagocytosis assays, focused cells were gated from total collected events. Next,

425

single cells were gated, and then single amoebae were gated. Amoebae positive for human cells were gated

426

and internalization of human cells was measured. (see Fig. S5)

427

Statistical analysis

428

All statistical analysis was performed using GraphPad Prism. All data plots display means and standard

429

deviation values. Data were statistically analyzed using a student’s unpaired t-test (ns = P>0.05, * = P ≤ 0.05,

430

** = P ≤ 0.01, *** = P ≤ 0.001, **** = P ≤ 0.0001).
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577

Figure Captions

578

Fig 1. Following interaction with human cells, human cell membrane proteins are displayed by amoebae

579

(A) Human cell membrane proteins were labeled with biotin prior to co-incubation with CMFDA-labeled

580

amoebae. Cells were co-incubated for 5 minutes and immediately fixed. Following fixation, samples were

581

labeled with fluorescently-conjugated streptavidin and DAPI. (B) Representative images of amoebae incubated

582

alone or co-incubated with biotinylated human cells. Amoebae are shown in green and streptavidin is shown

583

in red. Nuclei are shown in blue. Arrow indicates a patch of biotin-streptavidin localized to the amoeba

584

surface. (C) 3D rendering of Z stack images taken from panel B. Arrow indicates transferred biotin. (D) Human

585

cells were labeled with cell tracker deep red (CTDR) prior to co-incubation with CMFDA-labeled amoebae. Cells

586

were co-incubated for 5 minutes and immediately fixed. Following fixation, samples were labeled with DAPI

587

and MHC-I was detected using immunofluorescence. (E) Representative images of amoebae incubated alone

588

or co-incubated with CTDR-labeled human cells. Amoebae are shown in green, human cell cytoplasm is shown

589

in red, MHC-I is shown in yellow and nuclei are shown in blue. Arrow indicates MHC-I present on the amoeba

590

surface. (F) 3D rendering of Z stack images taken from E. Arrow indicates transferred MHC-I. For panels B-F,

591

images were collected from 4 independent experiments.

592

Fig 2. Acquisition of human cell membrane proteins is inhibited with cytochalasin D treatment

593

CMFDA-labeled amoebae were pre-treated with either cytochalasin D (Cyto. D) or DMSO (Control) and were

594

then combined with Hoechst-labeled human cells. Immediately after co-incubation, cells were placed on ice

595

to halt ingestion and stained with fluorescently-conjugated streptavidin. Samples were quantitatively analyzed

596

using imaging flow cytometry, with 10,000 images collected for each sample. (A) Gate used to identify single

597

amoebae from total cells. Focused cells were gated on single amoebae using aspect ratio and intensity of

598

CMFDA fluorescence. (B) Representative plots of images with and without human cell nuclei (Hoechst high or

599

low populations) are shown. The Hoechst high population contained images of amoebae with human cells and
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600

the Hoechst low population contained images of amoebae without human cells. (C) Overlap of biotin and

601

CMFDA fluorescence was measured, and biotin positive images were gated. Representative plots of DMSO and

602

cytochalasin D treated samples are shown. (D) Quantification of plots from panel B. DMSO treated samples

603

are shown in blue and cytochalasin D treated samples are shown in orange. (E) Quantification of plots from

604

panel C. (F) Representative images of the populations shown in panel C. Amoebae are shown in green, cell

605

nuclei are shown in blue, and biotin is shown in magenta. Arrows indicate patches of transferred biotin. Whole

606

human cells with stained nuclei are marked with asterisks. n=6 from 3 independent experiments.

607

Fig 3. Interaction with human cells leads to protection from lysis by human serum

608

(A) CMFDA-labeled amoebae were incubated alone or in the presence of DiD-labeled human cells for 1 hour.

609

Cells were then exposed to either active human serum, heat-inactivated human serum, or M199s medium.

610

Following exposure to serum, samples were stained with Live/Dead Violet and viability was quantified using

611

imaging flow cytometry, with 10,000 images collected for each sample. (B) Representative plots showing

612

internalization of human cells in each condition. (C) Representative plots comparing amoebic death in the

613

active serum, and heat-inactivated serum conditions. (D) Quantification of amoebic death for all experimental

614

conditions. Cells exposed to M199s medium are shown in grey, heat-inactivated human serum in red, and

615

active human serum in blue. % Death was normalized to the amoeba alone samples that were treated with

616

active human serum. (E) Representative images of live and dead amoebae from amoebae co-incubated with

617

human cells and exposed to active human serum. Amoebae are shown in green, human cells in red, and dead

618

cells in violet. n=10 from 5 independent experiments.

619

Fig 4. Protection from human serum lysis is dependent on contact with human cells

620

(A) Depiction of each transwell condition used in panels B-C. CMFDA-labeled amoebae and DiD-labeled human

621

cells were incubated alone, together or separately in four different transwell conditions. Condition 1:

622

amoebae alone in the lower chamber; condition 2: amoebae and human cells together in the lower chamber;
30
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623

condition 3: human cells in the upper chamber and amoebae in the lower chamber; and condition 4: amoebae

624

and human cells together in the upper chamber and amoebae in the lower chamber. Cells were co-incubated

625

in transwells for 1 hour and then cells from the lower chambers were harvested, exposed to human serum and

626

analyzed. Viability was assessed using Live/Dead Violet dye and imaging flow cytometry (B) Quantification of

627

human cell positive amoebae in conditions 1-4. (C) Quantification of amoebic death in conditions 1-4 from

628

panel A. % Death was normalized to amoebae alone (condition 1). n=10 from 5 independent experiments.

629

Fig 5. Protection from human serum is actin-dependent.

630

CMFDA labeled amoebae were incubated alone or in the presence of DiD-labeled human cells for 1 hour and

631

then exposed to active human serum. Samples were then stained with Live/Dead Violet viability dye and

632

analyzed by imaging flow cytometry. (A) Amoebae were either pretreated with cytochalasin D (light grey) or

633

DMSO (dark grey) for 1 hour. Quantification of internalization of human cells. (B) Quantification of amoebic

634

death is shown. % Death has been normalized to the amoeba alone DMSO-treated samples. n=6 from 3

635

independent experiments.

636

Fig 6. Protection requires trogocytosis but not phagocytosis of human cells.

637

(A) Human cells were pretreated with staurosporine (dark grey) or DMSO (light grey). The human cell viability

638

before co-incubation is shown. (B) Quantification of human cell internalization by amoebae. (C) Quantification

639

of amoebic death. % Death was normalized to the amoebae alone samples. n=8 from 4 independent

640

experiments.

641

Fig 7. EhROM1 knockdown mutants defective in phagocytosis but not trogocytosis are protected from

642

serum lysis.

643

Amoebae were stably transfected with an EhROM1 knockdown plasmid (EhROM1) or vector control plasmid

644

(Control). (A) Silencing of EhROM1 was verified by using RT-PCR. Reverse transcriptase (RT) was included (+),
31
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645

or omitted (-) as a control. GAPDH was used to control for loading. (B) EhROM1 and vector control

646

transfectants were incubated on ice with live human cells for 1 hour, then fixed and analyzed using confocal

647

microscopy. The percentage of amoebae with 3 or more attached human cells for each condition is displayed;

648

vector control is shown with open bars and the EhROM1 knockdown mutant is shown with blue bars. n=4

649

replicates from 2 independent experiments. 20 images were collected per slide and 195-252 individual

650

amoebae were counted per condition. (C) Representative images from panel B. Amoebae are shown in green

651

and human cells are shown in red. Arrow indicates an amoeba with a rosette of attached human cells. (D)

652

CMFDA-labeled EhROM1 knockdown mutants (blue circles) or vector control (open circles) transfectants were

653

incubated alone or in the presence of live DiD-labeled human cells for 0, 5, 20, 40 or 80 minutes.

654

Internalization of human cell material was quantified using imaging flow cytometry. n=20 from 10

655

independent experiments. (E) CMFDA-labeled EhROM1 knockdown mutants (blue circles) or vector control

656

(open circles) transfectants were incubated alone or in the presence of heat-killed CTDR-labeled human cells

657

for 0, 5, 20, 40 or 80 minutes. Internalization of human cell material was quantified using imaging flow

658

cytometry. n=4 from 2 independent experiments. (F) EhROM1 (blue bar) or vector control (open bar) amoebae

659

were co-incubated with live human cells for 1 hour, and then exposed to human serum. Viability was assessed

660

using Live/Dead Violet dye and imaging flow cytometry. % protection was calculated by subtracting the total

661

lysis of amoebae co-incubated with human cells from the total lysis of amoebae incubated alone. n= 9-10 from

662

5 independent experiments. Protection data displays means of 2 replicates from all 5 experiments.

663

Fig 8. Proposed model of protection from serum lysis.

664

Amoebae encounter live human cells while invading the intestine or disseminating in the blood stream and

665

perform trogocytosis. Trogocytosis leads to acquisition and display of human cell membrane proteins on the

666

amoebae surface. Display of human cell proteins then protects the amoebae from lysis in the blood by

667

inhibiting the complement cascade.
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668

Supporting Information

669

S1 Fig: Gating strategy used to quantify transferred biotin.

670

Gating strategy used to quantify biotin-positive amoebae. Focused cells were gated from total collected

671

events. Next, single cells were gated, and then single amoebae were gated. Single amoebae were divided into

672

Hoechst high and Hoechst low populations to identify images with and without human cell nuclei. Finally,

673

biotin-positive amoebae were gated on from images with and without human cell nuclei.

674

S2 Fig: Optimization of complement assay.

675

The ability of un-supplemented human serum from different vendors to lyse amoebae was tested at various

676

concentrations for 30 minutes, 1 hour, and 2 hours at 35C. Samples were labeled with the viability dye

677

Live/Dead Violet and % amoeba death was quantified using imaging flow cytometry. % amoeba death was not

678

normalized. (A) Sigma Male AB Serum. Note, serum was stored at -20C instead of -80C. (B) Sigma

679

Complement Sera Human Lyophilized Powder. (C) Innovative Research Pooled Normal Human Complement

680

Serum. (D) Valley Biomedical Human Complement (Serum). (E-F) Lysis of increasing concentration of serum

681

from Innovative Research and Valley Biomedical was tested with the addition of 150 µM CaCl2 and 150 µM

682

MgCl2 for 1 hour at 35C.

683

S3 Fig: Serum lysis assay gating strategy.

684

Gating strategy used in the serum lysis assay. Focused cells were gated from total collected events. Next,

685

focused events were dived into gates that either contained debris and human cells, or single amoebae. Single

686

amoebae positive for human cells were gated and then internalization of human cells was measured. % of

687

dead amoebae was gated from single amoebae.

688

S4 Fig: Non-normalized data shown from Fig 3.
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689

Non-normalized data from the serum lysis assay shown in Figure 3. Amoebic lysis was variable and fell in to

690

two groups, Low lysis (A) and (B) high lysis. This variability in lysis was associated with how the human serum

691

was stored and thawed. The highest lysis was achieved with serum stored at -80C and rapidly thawed at 37

692

C, leaving intact ice pellets, and then thawed to completion at room temperature. Lower lysis was achieved

693

with serum stored at -20C and thawed to completion at 37 C. (C) Lysis from all data non- normalized. (D)

694

Lysis from all data normalized to the amoeba incubated alone condition that was exposed to active human

695

serum.

696

S5 Fig: Internalization of human cells and amoebic death from the serum lysis assay in Fig 7.

697

Additional data from the serum lysis assay used in Figure 7. (A) Internalization of human cells by vector control

698

transfectants (open bar) or EhROM1 (blue bar) knockdown mutants. (B) % of normalized amoeba death in the

699

conditions where amoebae were incubated alone. (C) Non-normalized amoebic death from all conditions.

700

S6 Fig: Gating strategy used in trogocytosis and phagocytosis assays.

701

(A) Gating strategy used in the trogocytosis and phagocytosis assays shown in Figure 7. Shown are example

702

data from a trogocytosis assay, where CMFDA-labeled amoebae were incubated with live DiD-labeled human

703

cells. For phagocytosis assays, CMFDA-labeled amoebae were incubated with CTDR-labeled heat-killed human

704

cells. Focused cells were gated from total collected events. Next, single cells were gated, and then single

705

amoebae were gated. Amoebae positive for human cells were gated and internalization of human cells was

706

measured. (B) Example data from a trogocytosis assay, with representative plots from the vector control

707

condition showing internalization of human cells over time as well as representative images collected at each

708

time point.

709
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