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ABSTRACT 1 

Entamoeba histolytica is the cause of amoebiasis. The trophozoite (amoeba) form of this parasite is 2 

capable of invading the intestine, and can disseminate through the bloodstream to other organs. The 3 

mechanisms that allow amoebae to evade complement deposition during dissemination have not been well 4 

characterized. We previously discovered a novel complement-evasion mechanism employed by E. histolytica. 5 

E. histolytica ingests small bites of living human cells in a process termed trogocytosis. We demonstrated that 6 

amoebae were protected from lysis by human serum following trogocytosis of human cells, and that amoebae 7 

acquired and displayed human membrane proteins from the cells they ingested. Here, we aimed to define 8 

how amoebae are protected from complement lysis after performing trogocytosis. We found that amoebae 9 

were protected from complement lysis after ingestion of both human Jurkat T cells and red blood cells, and 10 

that the level of protection correlated with the amount of material ingested. Trogocytosis of human cells led 11 

to a reduction in deposition of C3b on the surface of amoebae. We asked whether display of human 12 

complement regulators is involved in amoebic protection, and found that CD59 was displayed by amoebae 13 

after trogocytosis. Deletion of a single complement regulatory protein, CD59 or CD46, from Jurkat cells was 14 

not sufficient to alter amoebic protection. Removal of all GPI-anchored proteins, including CD59 and CD55, 15 

from the surface of amoebae that had undergone trogocytosis suggested that multiple, redundant 16 

complement regulators mediate amoebic protection. These studies shed light on a novel strategy for immune 17 

evasion by a pathogen.  18 
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IMPORTANCE 19 

Entamoeba histolytica is the cause of amoebiasis, a diarrheal disease of global importance. While 20 

infection is often asymptomatic, the trophozoite (amoeba) form of this parasite is capable of invading and 21 

ulcerating the intestine, and can disseminate through the bloodstream to other organs. Understanding how E. 22 

histolytica evades the complement system during dissemination is of great interest. Here we demonstrate for 23 

the first time that amoebae that have performed trogocytosis (nibbling of human cells) resist deposition of the 24 

complement protein C3b. Amoebae that have performed trogocytosis display the complement regulatory 25 

protein CD59. Overall, our studies suggest that acquisition and display of multiple, redundant complement 26 

regulators is involved in amoebic protection from complement lysis. These findings shed light on a novel 27 

strategy for immune evasion by a pathogen. Since other parasites use trogocytosis for cell killing, our findings 28 

may apply to the pathogenesis of other infections.  29 
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INTRODUCTION 30 

Amoebiasis remains a disease of global importance. The 2015 Global Burden of Disease Study 31 

estimated that it was responsible for 67,900 deaths worldwide that year (1). Its causative agent, Entamoeba 32 

histolytica, is prevalent in countries with poor sanitation and is spread through feces-contaminated food and 33 

water (2). In the rural area of Durango, Mexico, the seroprevalence of E. histolytica was found to be as high as 34 

42% (3), and a longitudinal study of children living in an urban community of Dhaka, Bangladesh found that 35 

80% were infected with the parasite by two years of age (4).  36 

While infection with E. histolytica is often asymptomatic, it can result in diarrheal disease, colitis and 37 

extraintestinal abscesses (5). Following ingestion of the cyst form of the parasite, excystation occurs and the 38 

trophozoite stage (amoeba) colonizes the large intestine (6). Amoebae are capable of invading and ulcerating 39 

the intestine, causing tissue damage and bloody diarrhea. They can also disseminate through the bloodstream 40 

to other organs, most commonly the liver, where they form abscesses that are fatal if left untreated (5). The 41 

mechanisms that allow amoebae to evade complement deposition during dissemination have not been well 42 

characterized. Pathogenic strains of E. histolytica isolated from patients have been shown to be more resistant 43 

to complement lysis than nonpathogenic strains (7). It has also been found that the pathogenic amoeba 44 

species E. histolytica appears to be more resistant to complement than its nonpathogenic relative E. dispar (8). 45 

E. histolytica cysteine proteases can cleave complement components (9–11), and the Gal/GalNAc lectin has 46 

been described as a CD59 mimicry molecule (12). However, these mechanisms alone are not sufficient to fully 47 

protect amoebae from complement lysis, as trophozoites are readily lysed by human serum in vitro (13). 48 

We previously discovered a novel complement-evasion mechanism employed by E. histolytica (13). 49 

Trogocytosis, or “cell nibbling,” is present in many eukaryotes and occurs in a variety of contexts (14). In E. 50 

histolytica, trogocytosis is a process in which amoebae ingest small bites of living human cells (15). Our 51 

previous work has defined amoebic trogocytosis as both a mechanism for cell killing (15), and more recently, 52 

for immune evasion (13). We demonstrated that amoebae were protected from lysis by human serum 53 
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following trogocytosis of human cells (13), and that amoebae acquired and displayed human membrane 54 

proteins from the cells they ingested (13). This work suggested a model in which amoebae incorporate 55 

proteins from human cells they eat on their surface, and these proteins in turn inhibit complement lysis. 56 

In the present study, we aimed to define the mechanism by which amoebae are protected from 57 

complement lysis after performing trogocytosis. We found that trogocytosis of human cells reduced 58 

deposition of the complement protein C3b the surface of amoebae, and that amoebae were protected from 59 

complement lysis after ingestion of both human Jurkat T cells and primary red blood cells. We identified the 60 

human complement regulatory protein CD59 (protectin) as one of the proteins that is taken from ingested 61 

human cells and displayed on the amoebic surface. Deletion of a single complement regulatory protein, CD59 62 

or CD46, from human Jurkat cells was not sufficient to alter conferred protection on amoebae. Overall, these 63 

studies suggest that multiple, redundant complement regulators are involved in amoebic protection.  64 
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RESULTS 65 

Amoebic protection from complement following trogocytosis is dose-dependent.  66 

To determine if the amount of trogocytosed human cell material influenced protection, or if any level 67 

of trogocytosis was protective, we allowed amoebae to ingest incrementally larger amounts. Amoebae 68 

became increasingly protected from complement lysis (Fig. 1b-c, S3a) after ingesting higher quantities of live 69 

Jurkat cell material (Fig. 1a, 1g). Thus, acquired protection from complement lysis correlates with the amount 70 

of human cell material ingested through trogocytosis. 71 

We next asked if protection could be conferred through trogocytosis of primary human cells. During 72 

invasive infections, amoebae breach the intestinal wall and disseminate via the bloodstream. Detection of 73 

amoebae containing ingested red blood cells in the stool has previously been used as a diagnostic for invasive 74 

disease (16). Therefore, we asked if ingestion of human red blood cells would lead to protection. Amoebae 75 

were allowed to ingest increasing numbers of human red blood cells. Increased trogocytosis of red blood cells 76 

led to increased protection from complement lysis (Fig. 1d-f, 1h, S3b). These results support a model where 77 

the level of protection from complement lysis is proportional to the amount of human cell material that was 78 

ingested during trogocytosis. 79 

Amoebic trogocytosis of human cells inhibits deposition of complement C3b.  80 

It can be inferred that lysis of amoebae by human serum is due to complement activity because heat-81 

inactivated serum does not lyse amoebae (13). Here, we formally tested if trogocytosis of human cells led to 82 

reduced deposition of complement on the amoebae surface. Amoebae that had been co-incubated with live 83 

human cells had less death and less deposited human C3b on their surface than amoebae that were incubated 84 

alone (Fig. 2 a-b, S4). Furthermore, live amoebae had less deposited C3b than dead amoebae (Fig. 2c, 2e). 85 

Among amoebae had been co-incubated with human cells, both live and dead amoebae had less deposited 86 

C3b, compared to amoebae that were incubated alone (Fig. 2d). Therefore, trogocytosis of human cells 87 

prevents complement lysis of amoebae and inhibits deposition of complement C3b.  88 
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Amoebae acquire the complement regulatory protein CD59 from human cells. 89 

We hypothesized that protection from complement lysis was due to display of human complement 90 

regulatory proteins. We first chose to look at acquisition of the complement regulatory protein CD59 91 

(protectin), a membrane protein that is expressed by both Jurkat cells and human red blood cells (17–19). 92 

CD59 inhibits terminal components of the complement cascade and formation of the membrane attack 93 

complex (17, 20–22). After amoebae had performed trogocytosis, patches of CD59 were detected on the 94 

amoeba surface within five minutes (Fig. 3a) and a larger quantity of CD59 patches were detected on the 95 

amoeba surface after one hour of trogocytosis (Fig. 3a-c). The patchy/punctate localization pattern is similar 96 

to the localization pattern of other human proteins displayed by amoebae after trogocytosis (13). Since the 97 

heavy chain of the amoeba surface Gal/GalNAc lectin has been implicated as a CD59 mimicry molecule (12, 98 

23), we asked if the CD59 antibody used in these assays cross-reacted with the Gal/GalNAc lectin. Importantly, 99 

we did not see CD59 labeling on control amoebae that had not performed trogocytosis (Fig. 3a), showing that 100 

the CD59 antibody did not cross-react with the Gal/GalNAc lectin.  101 

Imaging flow cytometry analysis was used to quantify amoebic acquisition of CD59. Human cell nuclei 102 

are not ingested during trogocytosis (15). Therefore, labeling of human cell nuclei was used to differentiate 103 

intact, extracellular human cells from patches of human proteins displayed on amoebae. Patches of displayed 104 

human CD59 were detected on amoebae that had performed trogocytosis, but not on amoebae that were 105 

incubated alone (Fig. 4a-c, S5). Amoebae had ~38% more displayed CD59 after one hour of trogocytosis than 106 

after five minutes (Fig. 4b). These findings indicate that amoebae acquired and displayed CD59 within five 107 

minutes of trogocytosis, and the quantity of displayed CD59 increased over time. 108 

Removal of GPI-anchored surface proteins trends towards restoring complement lysis of amoebae. 109 

We next sought to test the effect of removing complement regulatory proteins on conferred 110 

protection. CD59 is a glycosylphosphatidylinositol (GPI) anchored protein that can be cleaved with the enzyme 111 

phosphatidylinositol-specific phospholipase C (PI-PLC) (17, 18, 20, 22). In addition to removing CD59, 112 
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treatment with PI-PLC also cleaves the GPI-anchored complement regulatory protein CD55 (Decay-113 

accelerating factor) (24, 25). CD55 is expressed by both Jurkat cells and human red blood cells (19, 26) and 114 

accelerates the decay of C3 and C5 convertases of the classical and alternative complement pathways (26, 27).  115 

Amoebae were allowed to perform trogocytosis or incubated alone, and then treated with PI-PLC before 116 

exposure to human serum. Heat-inactivated PI-PLC was used as a control. PI-PLC treatment appeared to 117 

reduce amoebic protection from complement lysis (Fig. S1a, S6). However, this difference was not statistically 118 

significant. This is likely to be due to the higher levels of variability in this assay, which were due to the 119 

prolonged incubation of amoebae on ice during PI-PLC treatment. Indeed, due to the incubation on ice, the  120 

background level of cell death of untreated amoebae was much higher than typical. These findings suggested 121 

that removal of all GPI-anchored proteins reduces amoebic protection from complement lysis, but did not 122 

prove a causal relationship.  123 

Removal of CD59 and CD46 is not sufficient to sensitize amoebae to complement lysis. 124 

Due to the higher levels of variability that we observed with PI-PLC treatment, we next used human cell 125 

mutants to test whether individual proteins were required for protection from complement lysis. We tested 126 

the requirements for CD59 and CD46. CD46 (Membrane cofactor protein) is expressed by human Jurkat cells 127 

(28) and acts as a co-factor for serum factor I, which cleaves and inactivates complement components C3b and 128 

C4b (29–31). In order to determine if acquisition and display of human CD59 or CD46 molecules was required 129 

for protection from complement, we used CRISPR/Cas9 to create human cell knockout mutants that lacked 130 

these proteins. Sanger sequencing (Fig. S2) and antibody staining of CD59 (Fig. 5a-b) and CD46 (Fig. 5c-d) 131 

showed that knockout mutants were successfully generated. Amoebae that were allowed to perform 132 

trogocytosis on control human cells or cells that lacked either CD59 or CD46 were equally protected from 133 

complement lysis (Fig. 5e, S6). Additionally, there was no difference in the amount of ingested human cell 134 

material (Fig. 5f). These findings reveal that removal of either CD59 or CD46 individually is not sufficient to 135 

sensitize amoebae to complement lysis. Furthermore, they hint at redundancy in the mechanism of protection 136 
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and that amoebae likely acquire and display multiple complement regulatory proteins from the cells they 137 

ingest.   138 
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DISCUSSION 139 

Our findings reveal that amoebae are protected from complement lysis through trogocytosis of human 140 

cells and that ingestion of human cells leads to less deposited C3b on the amoeba surface. Amoebae acquire 141 

protection from both human Jurkat cells as well as primary red blood cells and conferred protection is 142 

proportional to the amount of ingested human cell material. Trogocytosis of human cells results in the display 143 

of the complement regulatory protein CD59 on the amoebae surface. Finally, although removal of the 144 

individual complement regulatory proteins CD59 and CD46 did not influence acquired protection, removal of 145 

all GPI anchored proteins, including CD59 and CD55, was associated with a non-significant loss in acquired 146 

protection.   147 

Many studies have shown that cancer cells overexpress complement regulatory molecules, allowing 148 

them to evade complement lysis. However, it should be noted that expression levels vary widely between cell 149 

types and between individual studies (32). Removal of GPI-anchored proteins, which include the complement 150 

regulatory proteins CD59 and CD55 but not CD46, with PI-PLC treatment resulted in enhanced susceptibility of 151 

cancer cells to complement lysis (24, 25). This is consistent with our finding that PI-PLC treated amoebae that 152 

had undergone trogocytosis of human cells, and been made resistant to complement, became more sensitive 153 

to complement lysis. Treatment with PI-PLC removes other GPI-anchored proteins in addition to CD59 and 154 

CD55, so we cannot rule out the possibility that loss of other membrane proteins contributed to the loss of 155 

complement resistance in our PI-PLC treated amoebae.  156 

There have been several studies that examined the efficacy of using blocking antibodies against 157 

complement regulatory proteins to enhance lysis of cancer cells. Results from blocking individual proteins 158 

have been highly variable in different cell types but blocking one or more proteins was effective in many cases. 159 

Using antibodies against CD46 was rarely effective, however antibodies against CD59 and CD55 often were 160 

effective in enhancing complement lysis (32). Additionally, there appears to be an additive effect when 161 

multiple proteins are targeted at once. Cervical carcinoma cells were rendered more susceptible to 162 
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complement after treatment with blocking antibodies to CD59 and CD55, and lysis was increased further when 163 

cells were treated with both antibodies (33). Similarly, breast carcinoma cells, were more easily lysed after 164 

treatment with anti-CD59 and anti-CD55 antibodies, but a much higher degree of lysis was achieved when a 165 

mixture of anti-CD59, anti-CD55, and anti-CD46 antibodies was used (34). Since neither removal of CD46 or 166 

CD59 was sufficient to sensitize amoebae to complement lysis, it is possible that amoebic display of multiple 167 

different complement regulators enables protection from lysis. While removal of CD46 or CD59 did not 168 

sensitize amoebae to complement lysis, these proteins could still contribute to amoebic complement 169 

protection, as part of a collection of multiple redundant, complement regulators that protect amoebae from 170 

lysis. Since we found that amoebae that have performed trogocytosis are resistant to C3b deposition, it is 171 

possible that multiple complement regulators that act earlier in the complement cascade, upstream of C3b 172 

deposition, are needed for protection from complement lysis. 173 

Our results support a model whereby amoebae are protected from serum lysis in the blood through 174 

trogocytosis of red blood cells they encounter there, and potentially from other cells they encounter before 175 

reaching the bloodstream. Amoebae likely acquire and display multiple complement regulatory proteins from 176 

the human cells that they ingest, which then leads to less C3b deposition, and protection from complement 177 

lysis.   178 
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MATERIALS AND METHODS 179 

Cell culture 180 

E. histolytica trophozoites (HM1:IMSS) from ATCC (amoebae) were cultured as described previously 181 

(13). Amoebae were maintained in glass tissue culture tubes at 35°C in TYI-S-33 medium supplemented with 182 

15% heat-inactivated adult bovine serum (Gemini Bio-Products), 2.3% Diamond vitamin Tween 80 solution 183 

(40×; Sigma-Aldrich), and 80 U/ml penicillin, 80 µg/ml streptomycin (Gibco). Amoebae were expanded in T25 184 

un-vented tissue culture flasks and harvested when flasks reached 80% confluence. When used in serum lysis 185 

or immunofluorescence assays, amoebae were resuspended in M199s medium (Gibco medium M199 with 186 

Earle’s salts, L-glutamine, and 2.2 g/liter sodium bicarbonate, without phenol red) supplemented with 0.5% 187 

bovine serum albumin (BSA), 25 mM HEPES, and 5.7 mM L-cysteine. 188 

Human Jurkat T cells (clone E6-1) from ATCC were grown in vented T25 tissue culture flasks at 37°C and 189 

5% CO2 as previously described (13). Jurkat cells were cultured in RPMI 1640 medium (Gibco; RPMI 1640 with 190 

L-glutamine and without phenol red) supplemented with 10% heat-inactivated fetal bovine serum (Gibco), 100 191 

U/ml penicillin, 100 µg/ml streptomycin, and 10 mM HEPES. Jurkat cells were expanded in T75 vented tissue 192 

culture flasks and harvested when cell density reached between 5 × 105 and 2 × 106 cells/ml. Jurkat cells were 193 

resuspended in M199s medium for use in serum lysis or immunofluorescence assays.  194 

Single donor human red blood cells separated from whole blood by centrifugation and negative for the 195 

presence of human immunodeficiency virus-1 (HIV-1), HIV-2, HIV-1 antigen or HIV-1 nucleic acid test, hepatitis 196 

B surface antigen, hepatitis C virus , syphilis, and alanine aminotransferase test were purchased from 197 

Innovative Research (Cat# IWB3CPDA1UNIT). Red blood cells were stored at 4°C and resuspended in M199s 198 

medium prior to use in serum lysis assays.  199 

DNA constructs 200 

Guide RNAs (gRNA) to human CD59 or CD46 were cloned into a pX330-U6-Chimeric_BB-CBh-hSpCas9 201 

plasmid backbone (pX330-U6-Chimeric_BB-CBh-hSpCas9 was a gift from Feng Zhang (Addgene plasmid # 202 
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42230; http://n2t.net/addgene:42230 ; RRID:Addgene_42230) (35)). Guide RNAs were created by using the 203 

sequences designed by Thielen et. al, 2018 (36). The gRNA oligos used are presented in Table 1 with BbsI 204 

restriction enzyme overhangs shown in bold. Guide RNAs were cloned into the pX330-U6-Chimeric_BB-CBh-205 

hSpCas9 plasmid backbone using a modified version of the Zhang Lab General Cloning Protocol (Addgene 206 

http://www.addgene.org/crispr/zhang/). Briefly, the px330 plasmid backbone was digested with BbsI 207 

restriction enzyme (FastDigest BpiI: ThermoFisher Scientific). Guide RNA oligos containing BbsI overhangs 208 

were then phosphorylated and annealed. Next, annealed oligos were ligated into the pX330 plasmid backbone 209 

and NEB 5-alpha Competent E. coli were transformed (New England Biolabs). Positive colonies were screened 210 

by restriction digest. Plasmids with the correct inserts were confirmed by Sanger sequencing using the “U6” 211 

Universal Primer from GENEWIZ (LKO.1 5’) which is located in the human U6 promoter (Table 1).  212 

Jurkat T cell CRISPR/Cas9 mutants  213 

Human Jurkat T cells were transfected with pX330 plasmids containing the CD59 gRNA, the CD46 214 

gRNA, or the pX330 backbone as a control. Plasmid DNA was isolated in an endotoxin-free manner (GenElute™ 215 

HP Endotoxin-Free Plasmid Maxiprep Kit; Sigma-Aldrich) and concentrated using paramagnetic beads 216 

(HighPrep PCR Clean Up System; Magbio). Jurkat T cells were transfected using the Neon Transfection System 217 

(Invitrogen) with the 10 µl tip and 24 well plate format. Cells were prepared, and the Neon Transfection 218 

System was used according to the manufacturer’s instructions. The transfection conditions used were as 219 

follows: volts = 1050, width = 30 and pulse # = 2.  220 

When creating the CD59 and CD46 knockout mutants, 1.8 µg of plasmid DNA was used with 1 x 105 221 

cells per transfection reaction and two reactions were performed for each plasmid and transferred to 1 well of 222 

a 24 well plate. Transfection efficiency was calculated by separately transfecting an enhanced green 223 

fluorescent protein (EGFP) expression plasmid pcDNA3-EGFP (pcDNA3-EGFP was a gift from Doug Golenbock 224 

(Addgene plasmid # 13031 ; http://n2t.net/addgene:13031 ; RRID:Addgene_13031)) in parallel. Percentage of 225 

EGFP expressing cells was calculated after 24 hours by fixing samples with 4% paraformaldehyde (Electron 226 
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Microscopy Sciences) and analyzing with imaging flow cytometry. To generate CD59 expressing Jurkat cells, 2 227 

µg of plasmid DNA was used with 2 x 105 cells per transfection reaction and two reactions were performed for 228 

each plasmid and transferred to 1 well of a 24 well plate.  229 

Clonal lines of Jurkat cell mutants were obtained by limiting dilution in 96 well plates. Clonal lines were 230 

screened for knockout by labeling with primary mouse monoclonal antibodies to CD59 (clone MEM-43/5; 231 

Abcam) or CD46 (clone C-10; Santa Cruz Biotechnology) and a Cy™5 AffiniPure Goat Anti-Mouse secondary 232 

antibody (Jackson ImmunoResearch Laboratories, Inc). Samples were analyzed by imaging flow cytometry. 233 

Knockout was confirmed in positive clones by isolating genomic DNA using the Quick-DNA Miniprep kit (Zymo 234 

Research) and polymerase chain reaction (PCR) amplifying regions of either CD59 or CD46. Primer sets had 235 

been identified in BLAST as specific to these genes (Table 1). Next, purified PCR product was sequenced with 236 

primers upstream of the predicted CRISPR/Cas9 cut site (Table 1) and knockout was confirmed.  237 

Detection of CD59 displayed by amoebae using imaging flow cytometry 238 

Jurkat cells were with labeled Hoechst 33342 dye (Invitrogen) at 5 µg/ml for 30 minutes at 37°C. 239 

Amoebae were washed and resuspended in M199s medium and labeled with CellTracker green 5-240 

chloromethylfluorescein diacetate (CMFDA; Invitrogen) at 186 ng/ml for 10 minutes at 35°C. Amoebae and 241 

Jurkat cells were then washed and resuspended in M199s medium. Amoebae were resuspended at 4 x 105 242 

cells/ml and Jurkat cells were resuspended at 1.6 x 107 cells/ ml for a 1:40 amoeba: Jurkat cell ratio. Amoebae 243 

and Jurkat cells were coincubated for either 5 minutes or 1 hour, or amoebae were incubated alone. Cells 244 

were fixed with 4% PFA for 30 minutes at room temperature. Samples were blocked in 1 x PBS containing 0.1% 245 

Tween20 (Sigma-Aldrich) (1 x PBST), 5% BSA and 20% Normal Goat Serum (Jackson ImmunoResearch 246 

Laboratories, Inc) for 1 hour at room temperature on a rocker. Next, samples were labeled with primary 247 

mouse monoclonal antibodies to either CD59 (clone MEM-43/5; Abcam) diluted 1:50 in blocking solution at 248 

4°C overnight on a rocker. Samples were washed with 1 x PBST and labeled with a Cy5 AffiniPure Goat Anti-249 

Mouse secondary antibody (Jackson ImmunoResearch Laboratories, Inc) stored in 50% glycerol (Sigma-250 
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Aldrich). The secondary antibody was diluted 1:100 in blocking solution, for a final dilution of 1:200, and 251 

incubated for 3 hours at room temperature on a rocker. Lastly, samples were washed with 1 x PBST, 252 

resuspended in 50 µl 1 x PBS, and run on an Amnis ImageStreamX Mark II. 10,000 events were collected for 253 

conditions where amoebae were incubated alone and 100,000 events were collected for conditions where 254 

amoebae were incubated with Jurkat cells. Data are from 5 replicates across 3 independent experiments. The 255 

no primary control condition was performed in 2 of 3 independent experiments and data are from 3 256 

replicates. See Figure S5 for the analysis gating scheme. 257 

Detection of CD59 displayed by amoebae using confocal microscopy 258 

Cells were labeled for confocal microscopy as described previously (13). Amoebae were prepared in 259 

the same manner as the for the detection of CD59 using imaging flow cytometry (above) with an approximate 260 

fourfold increased concentration of CMFDA. After labeling with antibodies, samples were mounted using 261 

Vectashield (Vector Laboratories) on Superfrost Plus microslides (VWR) with glass coverslips. Slides were 262 

imaged on an Intelligent Imaging Innovations hybrid Spinning Disk Confocal-TIRF-Widefield Microscope. 136 263 

Images were collected from 1 independent experiment. FIJI software was used for image analysis (37). 264 

Serum lysis assays 265 

For experiments where amoebae were incubated with increasing numbers of Jurkat cells, amoebae 266 

were washed and resuspended in M199s medium and labeled with CMFDA at 186 ng/ml for 10 minutes at 267 

35°C. Jurkat cells were washed and labeled in M199s with DiD at 21 µg/ml for 5 minutes at 37°C and 10 268 

minutes at 4°C. Amoebae were washed and resuspended at 4 x 105 cells/ml. Jurkat cells were washed a 269 

resuspended at 2 x 106 cells/ml, 4 x 106 cells/ml, 8 x 106 cells/ml and 1.6 x 107 cells/ml. Amoebae were 270 

incubated alone or the presence of Jurkat cells at a 1:5, 1:10, 1:20, and 1:40 ratio for 1 hour at 35°C. Next, 271 

samples were resuspended in 100% normal human serum (pooled normal human complement serum; 272 

Innovative Research Inc.) supplemented with 150 µM CaCl2 and 150 µM MgCl2 for 30 minutes at 35°C as 273 

described previously (13). Following exposure to human serum, samples were resuspended in M199s medium 274 
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and labeled using Zombie Violet Fixable Viability dye (BioLegend), prepared according to the manufacturer’s 275 

instructions, at a concentration of 4 µl/ml for 30 minutes on ice. Next, samples were fixed with 4% PFA at 276 

room temperature for 30 minutes. Samples were then resuspended in 50 µl 1 x PBS, and run on an Amnis 277 

ImageStreamX Mark II. 10,000 events were collected for samples where amoebae were incubated alone or 278 

with Jurkat cells at a 1:5 ratio. 10,00 – 20,000 events were collected for samples with Jurkat cells at a 1:10 279 

ratio, 10,00 - 40,000 events were collected for samples with a 1:20 ratio, and 50,000 - 80,000 events for 280 

samples with a 1:40 ratio. Data are from 6 replicates across 3 independent experiments. See Figure S3 for the 281 

analysis gating scheme. 282 

For experiments with CD59 and CD46 knockout mutants, the serum lysis assay used was the same as 283 

described above, except only a 1:40 ratio of amoebae to Jurkat cells was used, instead of multiple different 284 

ratios. Amoebae were incubated alone, in the presences of Jurkat cells transfected with the px330 vector 285 

control, or with either CD59 or CD46 knockout Jurkat cell mutants at a 1:40 ratio. Cells were gated on by size 286 

and 10,000 events from the amoeba alone conditions and 100,000 events of the amoebae incubated with 287 

Jurkat cells conditions were collected. Data are from 6 replicates across 3 independent experiments. See 288 

Figure S6 for the analysis gating scheme. 289 

In experiments where samples were treated with phospholipase C , the assay was performed as 290 

described above with the addition of a treatment step preceding exposure to serum. Only a 1:40 ratio of 291 

amoebae to Jurkat cells was used, instead of multiple different ratios. Following coincubation of amoebae and 292 

Jurkat cells, samples were immediately placed on ice and resuspended in ice-cold M199s medium. Samples 293 

were treated with either 500 mU of Phospholipase C (PI-PLC) (Phospholipase C, Phosphatidylinositol-specific 294 

from Bacillus cereus; Sigma-Aldrich) prepared according to the manufacturer’s instructions, or 500 mU heat-295 

inactivated PI-PLC. PI-PLC was heat-inactivated at 95°C for 30 minutes. PI-PLC was carried out on ice, on a 296 

rocker, in a 4°C cold room for 30 minutes. Cells were gated on by size and 10,000 events from the amoebae 297 

alone conditions and 100,000 events of the amoebae incubated with Jurkat cells were collected. Data are from 298 
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8 replicates across 4 independent experiments. The untreated control condition was performed 3 of 4 299 

independent experiments and data are from 6 replicates. See Figure S6 for the analysis gating scheme. 300 

For experiments where amoebae were incubated with increasing numbers of red blood cells, amoebae 301 

were incubated with red blood cells resuspended at 4 x 106 cells/ml, 4 x 107 cells/ml, and 4 x 108 cells/ml for a 302 

1:10, 1:100, and 1:1000 amoebae to red blood cell ratio. The amoeba population was gated on by size and   303 

10,000 amoeba events were collected for samples where amoebae were incubated alone or with red blood 304 

cells at a 1:10 ratio, a 1:100 ratio. 100,000 events were collected for amoebae incubated with red blood cells 305 

at a 1:1000 ratio. Data are from 6 replicates from 3 independent experiments. See Figure S3 for the analysis 306 

gating scheme. 307 

For C3b experiments, amoebae were labeled with CMFDA and Jurkat cells were left unlabeled. 308 

Amoebae and Jurkats were incubated together at a 1:40 amoebae: Jurkat ratio. After fixation, samples were 309 

blocked in 1 x PBST containing 5% BSA and 20% Normal Goat Serum for 30 minutes at room temperature on a 310 

rocker. Samples were then labeled with a mouse monoclonal antibody to complement components C3b and 311 

iC3b (Clone E7; MilliporeSigma) diluted 1:100 in blocking solution at 4°C overnight on a rocker. Samples were 312 

washed in 1 x PBST and labeled with an Alexa Fluor 47 AffiniPure Fab Fragment Donkey Anti-Mouse secondary 313 

antibody (Jackson ImmunoResearch Laboratories, Inc) stored in 50% glycerol (Sigma-Aldrich). The secondary 314 

antibody was diluted 1:100 in blocking solution for a final dilution of 1:200, and samples were incubated for 3 315 

hours at room temperature on a rocker. Samples were washed in 1 x PBST, resuspended in 50 µl 1 x PBS, and 316 

run on an Amnis ImageStreamX Mark II. 10,000 events were collected in samples were amoebae were 317 

incubated alone and 100,000 events were collected in samples where amoebae were incubated with Jurkat 318 

cells. Data are from 6 replicates across 3 independent experiments. See Figure S4 for the analysis gating 319 

scheme. 320 

Statistical analysis 321 
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GraphPad Prism software was used to perform all statistical analyses and the means and standard 322 

deviation values are displayed on all data plots. Analyses were done using a Student’s unpaired t test (no 323 

significant difference was indicated by a P of >0.05; *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001).   324 
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FIGURE LEGENDS 515 

Fig 1: Amoebic protection from complement following trogocytosis is dose-dependent.  516 

Amoebae were labeled with CMFDA cytoplasm dye and incubated alone or with increasing concentrations of 517 

human Jurkat cells or primary human red blood cells. Human cells were labeled with DiD membrane dye. 518 

Following exposure to human serum, amoeba death was assessed with Zombie Violet viability dye and 519 

ingested human cell material was determined by quantifying mean fluorescence intensity (MFI) of DiD present 520 

on amoebae. (A) Normalized MFI of DiD on amoebae incubated alone or with increasing concentrations of 521 

Jurkat cells. (B) Normalized death of amoebae from conditions in panel A. (C) Death of amoebae from 522 

conditions in panel A, expressed as percent protection. Percent protection was calculated by subtracting the 523 

total death of amoebae incubated with human cells from the total death of amoebae incubated alone. (D) 524 

Normalized MFI of DiD on amoebae incubated alone or with increasing concentrations of red blood cells. (E) 525 

Normalized death of amoebae from conditions in panel D. (F) Death of amoebae from conditions in panel D, 526 

expressed as percent protection. (G) Representative images of amoebae incubated with increasing 527 

concentrations of Jurkat cells. Amoebae are shown in green and ingested human cell material is shown in red. 528 

Data were analyzed by imaging flow cytometry and are from 6 replicates across 3 independent experiments. 529 

(H) Representative images of amoebae incubated with red blood cells. Data were analyzed by imaging flow 530 

cytometry and are from 6 replicates across 3 independent experiments. 531 

Fig 2: Amoebic trogocytosis of human cells inhibits deposition of complement C3b.  532 

Amoebae were incubated alone or in the presence of human Jurkat T cells and subsequently exposed to 533 

human serum. Viability was assessed with Zombie Violet dye. The presence of C3b was detected using a 534 

mouse monoclonal antibody to C3b and iC3b. (A) Death of amoebae that were incubated alone (open bar) or 535 

in the presence of human Jurkat T cells (filled bar). (B) Mean fluorescence intensity of deposited C3b on 536 

amoebae. (C) Deposited C3b on dead (open bar) or live (filled bar) amoebae. (D) Deposited C3b on dead or live 537 

amoebae that had been incubated alone (open circles) or in the presence of human Jurkat T cells (closed 538 
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circles). (E) Representative images of C3b deposition (red) on live or dead amoebae. Data were analyzed by 539 

imaging flow cytometry and are from 6 replicates across 3 independent experiments.  540 

Fig 3: Amoebae acquire and display the complement regulatory protein CD59 from human cells. 541 

Amoebae were allowed to perform trogocytosis on human Jurkat T cells for 5 minutes or 1 hour, or were 542 

incubated alone. Human CD59 (red) was detected on the amoebae surface by monoclonal antibody staining. 543 

Amoebae were labeled with CMFDA (green) and human cell nuclei were labeled with Hoechst (blue). (A) 544 

Representative images from amoebae incubated alone or amoebae that performed trogocytosis on human 545 

Jurkat T cells for 5 minutes or 1 hour. Arrows indicate patches of displayed CD59 on the amoeba surface. (B) 546 

3D rendering of Z stack images taken from amoebae that were incubated with human Jurkat T cells for 1 hour. 547 

(C) Zoomed in image of amoebae that were incubated with human Jurkat T cells for 1 hour. Data were 548 

analyzed by confocal microscopy. 136 Images were collected from 1 independent experiment. 549 

Fig. 4: The amount of displayed CD59 increases with increased trogocytosis of human cells.  550 

Acquired CD59 molecules were quantified on amoebae that were allowed to perform trogocytosis on human 551 

Jurkat T cells for 5 minutes or 1 hour, or were incubated alone. (A) Masking strategy for analysis of displayed 552 

CD59 on the amoeba surface. A mask was created in order to allow for the detection of CD59 that overlapped 553 

with amoebae, while excluding CD59 on intact human cells attached to amoebae. The mask is displayed in 554 

turquoise, as an overlay on the individual images. Amoebae were labeled with CMFDA (green), human cell 555 

nuclei were labeled with Hoechst (blue), and CD59 was detected with a monoclonal antibody (red). 556 

Extracellular human cell nuclei fluorescence was removed from the masked analysis area. The excluded area 557 

around human cell nuclei was then dilated by 4 pixels to include the entire diameter of the intact extra-cellular 558 

human cells and associated CD59. CD59 was analyzed in the remaining masked analysis area of each image to 559 

allow for analysis of displayed patches of acquired CD59 on amoebae. (B) The normalized mean fluorescence 560 

intensity of CD59 on amoebae after 5 minutes or 1 hour of trogocytosis or amoebae that were incubated 561 

alone. To normalize the data, samples were normalized to the 1 hour of trogocytosis condition. (C) 562 
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Representative images of amoebae that had performed trogocytosis on human Jurkat T cells for 5 minutes or 563 

1 hour. Arrows indicate displayed CD59. Data were analyzed by imaging flow cytometry and are from 5 564 

replicates across 3 independent experiments. The no primary control condition was performed in 2 of 3 565 

independent experiments and data are from 3 replicates. 566 

Fig. 5: Removal of CD59 and CD46 is not sufficient to sensitize amoebae to complement lysis. 567 

(A-D) Human Jurkat T cells deficient in CD59 or CD46 were constructed using CRISPR/Cas9. 568 

Immunofluorescence and imaging flow cytometry were used to quantify CD59 or CD46. (A) Representative 569 

images of CD59 antibody staining (red) in vector control human cells or CD59 mutants. (B) Intensity of CD59 570 

antibody staining in vector control human cells (gray) or CD59 mutants (black). 99.5% of CD59 mutants were in 571 

the CD59-negative gate (“-CD59”), while 0.75% of vector control cells were in this gate. (C) Representative 572 

images of CD46 antibody staining (red) in vector control human cells or CD46 mutants. (D) Intensity of CD46 573 

antibody staining in vector control human cells (gray) or CD46 mutants (black). 99.5% of CD46 mutants were in 574 

the CD46-negative gate (“-CD46”), while 0.27% of vector control cells were in this gate. (E-F) Amoebae were 575 

labeled with CMFDA cytoplasm dye and incubated alone or with human Jurkat T cells. Human cell lines were 576 

either vector control cells (VC), CD59 mutants (-CD59), or CD46 mutants (-CD46). Human cells were labeled 577 

with DiD membrane dye. Following exposure to human serum, amoeba death was assessed with Zombie 578 

Violet viability dye and ingested human cell material was determined by quantifying mean fluorescence 579 

intensity (MFI) of DiD present on amoebae. (E) Normalized death of amoebae. (F) Normalized mean 580 

fluorescence intensity of DiD on amoebae. Data were analyzed by imaging flow cytometry and are from 6 581 

replicates across 3 independent experiments.  582 
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TABLES 583 

Table 1: Primers used in these studies. 584 

        
Purpose Primer Name F/R Sequence 
        
        

Cloning of guide RNAs into the 
pX330-U6-Chimeric_BB-CBh-
hSpCas9 plasmid backbone 

CD59 gRNA (BbsI overhang) Forward CACCGCAAGGAGGGTCTGTCCTGTT 
CD59 gRNA (BbsI overhang) Reverse AAACAACAGGACAGACCCTCCTTGC 
CD46 gRNA (BbsI overhang) Forward CACCGAAAGGGACACTCGCGGCGGC 
CD46 gRNA (BbsI overhang) Reverse AAACGCCGCCGCGAGTGTCCCTTTC 

        
        
Sanger sequencing of CRISPR 
gRNA plasmids 

GENEWIZ Universal Primer 
“U6” Forward GACTATCATATGCTTACCGT 

        
        

BLAST-identified primer sets for 
specific PCR amplification of 
CD59 and CD46 

CD59 PCR amplification Forward TTGACTCACTGACCCTGATGG 
CD59 PCR amplification Reverse TATCCATTGGTGTCCCCAAGC 
CD46 PCR amplification Forward ACAAATATGACGGCGAGCCA 
CD46 PCR amplification Reverse GGCTCAATCCCGAAAACACG 

        
    

CD59 sequencing  
CD46 sequencing 
  

    
GGGGCTTATAGGGACTGAGC 
ACCTCTCGAAGGCCAAGG 
  

Sanger Sequencing of PCR 
product from CRIPSR knockout 
clones 

Forward 
Forward 
    

  585 
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SUPPLEMENTAL MATERIAL 586 

SUPPLEMENTAL FIGURE LEGENDS 587 

Fig. S1: Removal of GPI-anchored surface proteins using phosphatidylinositol-specific phospholipase C. 588 

Amoebae were labeled with CMFDA cytoplasm dye and incubated alone or with human Jurkat T cells. Human 589 

cells were labeled with DiD membrane dye. Samples were then treated with phosphatidylinositol-specific 590 

phospholipase C (PI-PLC) to remove GPI-anchored proteins, or heat-inactivated phosphatidylinositol-specific 591 

phospholipase C (HI-PI-PLC) as a control. Following exposure to human serum, amoeba death was assessed 592 

with Zombie Violet viability dye and ingested human cell material was determined by quantifying mean 593 

fluorescence intensity (MFI) of DiD present on amoebae. (A) Normalized death of amoebae. (B) Normalized 594 

mean fluorescence intensity of DiD on amoebae. Data were analyzed by imaging flow cytometry and are from 595 

8 replicates across 4 independent experiments. The untreated control condition was performed 3 of 4 596 

independent experiments and data are from 6 replicates.  597 

Fig. S2: Sequencing analysis of Jurkat CRISPR/Cas9 mutants. 598 

Chromatograms from Sanger sequencing analysis of Jurkat T cell CRISPR/Cas9 mutants. Chromatograms from 599 

CD59 mutants (A) and CD46 mutants (B) show that the gene sequence of the mutants is different from the 600 

vector control cells downstream of the gRNA/PAM sites. 601 

Fig. S3: Gating strategy used for analysis of experiments with increasing numbers of human cells. 602 

 (A) Gating strategy for experiments with increasing numbers of Jurkat cells. Focused cells were gated on from 603 

total collected events, using Gradient RMS Bright Field. Single amoebae were gated using area and aspect 604 

ratio of CMFDA cytoplasm dye fluorescence. Dead amoebae were gated on using fluorescence intensity of 605 

Zombie Violet dye and side scatter. (B) Gating strategy for experiments with increasing numbers of red blood 606 

cells. Only amoeba events were collected for analysis and were gated on using bright field area and aspect 607 

ratio during data acquisition. Focused cells were gated on from total collected events, using Gradient RMS 608 
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Bright Field. Single amoebae were gated using area and aspect ratio of CMFDA cytoplasm dye fluorescence. 609 

Dead amoebae were gated on using fluorescence intensity of Zombie Violet dye and side scatter.  610 

Fig. S4: Gating strategy used for analysis of C3b deposition experiments. 611 

(A) Focused cells were gated on from total collected events, using Gradient RMS Bright Field. Single amoebae 612 

were gated using area and aspect ratio of CMFDA cytoplasm dye fluorescence. Dead amoebae were gated on 613 

using fluorescence intensity of Zombie Violet dye and side scatter. (B) Representative histograms of C3b 614 

fluorescence intensity of all single amoeba, live amoeba, or dead amoeba populations.  615 

Fig. S5: Gating strategy used for analysis of CD59 displayed on amoebae after 5 minutes and 1 hour of 616 

trogocytosis. 617 

A masking strategy was developed to quantify only fluorescence of CD59 present on the amoebae, and not on 618 

extracellular human cells. (A) Focused cells were gated on from total collected events, using Gradient RMS 619 

Bright Field. Single amoebae were gated using area and aspect ratio of CMFDA cytoplasm dye fluorescence. 620 

Next, fluorescence intensity of CD59 inside of the masked area was measured. (B) Representative images of 621 

bright field, amoeba cytoplasm, human cell nuclei, and CD59 fluorescence with the masked area (turquoise) 622 

applied as an overlay.    623 

Fig. S6: Gating strategy used for analysis of experiments with CRISPR knockout mutants and PI-PLC 624 

treatment.  625 

Only cell events were collected for analysis (to minimize collection of debris) and were gated on using bright 626 

field area and aspect ratio during data acquisition. Focused cells were gated on from total collected events, 627 

using Gradient RMS Bright Field. Single amoebae were gated using area and aspect ratio of CMFDA cytoplasm 628 

dye fluorescence. Amoebae were gated on a second time using CMFDA fluorescence intensity and side scatter 629 

to eliminate remaining clumps of human cells from the analysis. Finally, dead amoebae were gated on using 630 

fluorescence intensity of Zombie Violet dye and side scatter.  631 
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Fig. S5
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Fig. S6
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