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Abstract 8 

Efficient pathogen detection is essential for the successful treatment and prevention of infectious 9 

disease; however, current methods are often too time intensive to be clinically relevant in cases 10 

requiring immediate intervention. We have developed a Surface Programmable Activation 11 

Receptor (SPAR) diagnostic platform comprised of universal biosensor cells engineered for use 12 

in combination with custom or commercial antibodies to achieve rapid and sensitive pathogen 13 

detection.  SPAR cells are stably transfected Jurkat T cells designed to constitutively express a 14 

modified T cell mouse FcγRI receptor on the cell surface and a high level of the luminescent 15 

reporter protein aequorin in the cytoplasm.  The modified mFcγRI-CD3ζ receptor protein binds 16 

with high affinity to the Fc region of any full-length mouse IgG2a and some IgG2 antibodies: 17 

this allows customized target detection via the selection of specific antibodies.  T-cell receptor 18 

aggregation in response to target antigen binding results in signal transduction which, when 19 

amplified via the endogenous T cell signal cascade, triggers the rapid intracellular release of 20 

calcium.  Increased Ca2+ concentrations activate the expressed reporter protein aequorin resulting 21 

in the immediate emission of detectable light.  Testing demonstrates the accurate and specific 22 
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detection of numerous targets including P. aeruginosa, E. coli O111, and E. coli O157.  We 23 

report that the SPAR biosensor cell platform is a reliable pathogen detection method that enables 24 

the rapid identification of bacterial causative agents using standard laboratory instrumentation. 25 

The technology lends itself to the development of efficient point-of-care testing and may aid in 26 

the implementation of effective and pathogen-specific clinical therapies. 27 

Introduction 28 

The rapid and accurate identification of causative agents is critical to the prompt application of 29 

directed, pathogen-specific antibiotic therapies.  Effective and timely clinical intervention is 30 

essential for the control of infectious disease as well as in the successful treatment of bacterial 31 

infections.  The observed increases in the frequency and severity of nosocomial infections (1) 32 

and the increasing prevalence of antibiotic resistance induced by non-specific antibiotic use (2) 33 

further highlight the need for informed antibiotic selection based upon precise and efficient 34 

pathogen detection. 35 

Current bacterial identification methods include both classic procedures and novel molecular 36 

techniques.  Traditional culture-based methods, while sensitive and reliable, are also labor-37 

intensive and time-consuming and therefore often cannot provide definitive diagnostics within a 38 

clinically relevant timeframe (3).  Molecular diagnostic methods include immunological assays 39 

such as ELISA (4), microarray immunoblot (5), or serological assays (6); nucleic acid-based 40 

techniques including PCR (7), DNA sequencing (8), hybridization techniques (9), or DNA/RNA 41 

microarrays (10); and mass spectrometry (11).  These methods may provide increased specificity 42 

or diagnostic speed, yet often require sophisticated instrumentation, skilled personnel, and/or 43 

time-consuming sample enrichment steps, and occasionally produce false-positive or false-44 
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negative results (5, 12).  Therefore, these methods are not optimal for use as rapid clinical or 45 

field diagnostics. 46 

The SPAR cell design described in this paper takes advantage of two well-documented cellular 47 

responses and combines them in a single cell line to create a fast-acting and robust reporter 48 

platform that circumvents these difficulties. 49 

Human T cells express peptide-specific receptors (TCRs) that engage with their cognate antigens 50 

and play a central role in the adaptive immune response (13). This extracellular recognition event 51 

triggers the activation of an intracellular network of signaling pathways that direct the 52 

transcriptional and physiologic processes responsible for T cell activation and function (14).  53 

One such aspect of signaling pathway activation is the rapid increase in intracellular Ca2+ 54 

concentration, attributed in part to the efflux of stored Ca2+ from the endoplasmic reticulum (15, 55 

16). 56 

Aequorin, a calcium-sensitive photoprotein isolated from the jellyfish Aequorea victoria, emits 57 

blue light in response to the presence of Ca2+ (17). The native aequorin molecule, which 58 

possesses three Ca2+ binding sites, is bound to its chromophoric ligand coelenterazine.  Ca2+ 59 

binding triggers the oxidation of coelenterazine to coelenteramide, with the concomitant release 60 

of CO2 and the emission of detectable light (18).  Recombinant expression of this protein has 61 

been exploited as a mechanism for the detection of transient changes in intracellular levels of 62 

free Ca2+ for decades and is well documented (19-21).  Aequorin has been used as a detector of 63 

B cell activation in systems where activation of a chimeric B cell receptor leads to calcium 64 

release in response to the binding of a specific antigen (22).  Cells expressing recombinant 65 
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aequorin must be charged prior to use by incubation with the hydrophobic ligand coelenterazine, 66 

which readily permeates cell membranes (21). 67 

Here we report the development of an engineered T cell line that stably expresses both a 68 

modified TCR complex and a high level of aequorin reporter protein.  We demonstrate that the 69 

modified TCR complex binds with high affinity to the Fc region of the murine IgG2a isotype and 70 

to a variety of additional murine IgG2s, and is therefore capable of specific, customizable 71 

antigen binding and signal transduction.  These signals, when amplified via the endogenous T 72 

cell signal cascade, result in Ca2+ release: local increases in cytosolic Ca2+ activate the SPAR cell 73 

aequorin reporter system resulting in the emission of detectable light.  Thus, our results establish 74 

that the SPAR cell is a novel, self-contained biosensor platform that is effective for the rapid and 75 

sensitive identification of target antigens. 76 

Materials and Methods 77 

Experimental Design.  The objective of the work described in this paper was to generate a 78 

living cell-based biosensor platform that can be readily adapted to detect any specific pathogen 79 

and deliver rapid, sensitive, and easily interpreted results.  Here, we describe the methods used to 80 

generate SPAR biosensor cells and the verification of their functional capacity.  We also provide 81 

data to demonstrate that SPAR cell pathogen detection is accurate and is readily customized via 82 

the addition of specific antibodies.  83 

Antibodies, bacterial strains, and cell lines.  Goat Anti-E. coli O157 was purchased from KPL 84 

(Gaithersburg, MD). Mouse anti-Human IgG was purchased from Biolegend (San Diego, CA). 85 

Bovine Serum Albumin and Goat Anti-Mouse IgG HRP conjugate were purchased from 86 
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Millipore Sigma (St. Louis, MO). The mouse monoclonal antibody against P. aeruginosa was 87 

obtained from Novus Biologicals (Centennial, CO). The following bacterial strains were 88 

purchased from ATCC (Manassas, VA): E. coli O111; E. coli O157:H7; P. aeruginosa; S. 89 

enteritidis.  The mouse monoclonal antibody against E. coli O111 LPS was generated by 90 

Precision Antibody, Columbia, MD, as described below.   The Jurkat cell line (Clone E61, 91 

ATCC® TIB 152™) was obtained from ATCC and maintained in Complete RPMI medium: 92 

RPMI 1640 (VWR, Radnor, PA) + 25 mM dextrose, 10 mM HEPES, 1 mM sodium pyruvate, 93 

10% FBS, and 1% Pen-Strep. 94 

Construction of Aequorin Expression Vector pFSC005. The aequorin DNA sequence (23) 95 

was purchased (DNA2.0/ATUM, Newark, CA), amplified via PCR, restriction enzyme-digested, 96 

and cloned into the standard mammalian expression vector pEF1/myc-His B (Thermo Fisher 97 

Scientific, Waltham, MA).   98 

Construction of mFcγRI-CD3ζ Expression Vector pFSC048.  Briefly, the CD3ζSS-FcγRI-99 

CD3ζ expression vector was constructed into pVitro1-Aeq vector, built in-house based on 100 

InvivoGen pVitro1-Blasti-MCS vector (InvivoGen, San Diego, CA) (unpublished data). To 101 

construct FcγRI-CD3ζ, the human CD3 zeta chain sequence (MyBioSource Inc, San Diego, CA) 102 

was PCR-amplified and fused to the extracellular domain of mouse FcγRI (GeneCopoeia, 103 

Rockville, MD) via overlap PCR amplification. The human CD3ζ signal sequence (CD3ζ SS) 104 

was PCR-amplified from the CD3ζ cDNA clone and fused to the FcγRI-CD3ζ PCR fragment via 105 

overlap PCR. The generated CD3ζ SS-FcγRI-CD3ζ PCR fragment was then digested and cloned 106 

into pVitro1-Aeq vector to create plasmid pFSC048.   107 

  108 
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Generation of SPAR Jurkat P5G7 Cells 109 

DNA Linearization and Purification.  Plasmids pFSC005 containing the hEF-1α-Aeq construct 110 

for aequorin expression and pFSC048 containing the mFcγRI-CD3ζ construct were transformed 111 

into E. coli DH5α and cultured in LB media supplemented with the appropriate antibiotic.  The 112 

plasmid DNA was extracted using the Qiagen QiaFilter Plasmid Midi and Maxi Kit (Qiagen, 113 

Germantown, MD) and linearized by restriction enzyme digestion to increase the efficiency of 114 

chromosomal integration into Jurkat cells.  Plasmid pFSC005 was linearized by restriction 115 

enzyme digestion with SspI; plasmid pFSC048 was linearized by restriction enzyme digestion 116 

with PacI. Linearized plasmid DNA was purified using the Wizard® SV Gel and PCR Clean-up 117 

Kit (Promega, Madison, WI) in preparation for transfection into Jurkat cells. 118 

Generation of Aequorin Expressing Platform Cells.  Jurkat T cells were obtained from ATCC 119 

(Manassas, VA) and cultured in Complete RPMI 1640 medium following recommended ATCC 120 

guidelines. The cells were transfected with purified linear pFSC005 using the Nucleofector® 2b 121 

electroporator (Lonza, Morristown, NJ), following the Lonza Amaxa® Cell Line Nucleofector® 122 

Kit V optimized transfection protocol for Jurkat Clone E6-1 cells. Each transfection was 123 

performed with 4 μg of linearized DNA, using Lonza Program X-005 for maximum transfection 124 

efficiency. After transfection, cells were incubated at room temperature in a 12 well plate for 20 125 

minutes before the addition of culture medium. The cell-containing plate was then incubated at 126 

37°C, 5% CO₂ for 24 hours, after which cells were centrifuged and resuspended in fresh culture 127 

medium. The Jurkat/hEF-1α-Aeq (Platform) cells were gradually expanded to 30 mL in 128 

Complete RPMI 1640 medium and cultured for 1 week until the cell viability exceeded 90%. 129 
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Cells were then transferred to medium containing selection antibiotics (0.5 mg/mL G418) and 130 

cultured under selection for 2-3 weeks until cell viability recovered to at least 90%. 131 

Generation of SPAR mFcγRI-CD3ζ Mixed Population Cells.  Platform cells (Jurkat/hEF-1α-132 

Aeq) were cultured under 0.5 mg/mL G418 selection as described above and transfected with 133 

linearized pFSC048 using the Lonza protocols described above. After transfection, cells were 134 

incubated in a 12 well plate at room temperature for 20 minutes before the addition of culture 135 

medium. The cell-containing plate was then incubated at 37°C, 5% CO₂ for 24 hours, after which 136 

cells were centrifuged and resuspended in fresh culture medium. The Jurkat/hEF-1α-137 

Aeq/mFcγRI-CD3ζ mixed population (SPAR mFcγRI-CD3ζ) cells were gradually expanded to 138 

30 mL in Complete RPMI 1640 medium and cultured for 1 week until the cell viability exceeded 139 

90% prior to the addition of selection antibiotics. Blasticidin was then added to a final 140 

concentration of 3 μg/mL to select for cells with chromosomal integration of mFcγRI-CD3ζ. 141 

Cells were cultured in Complete RPMI 1640 medium supplemented with 3 μg/mL blasticidin for 142 

2-3 weeks to allow selection to occur and cell viability to recover to at least 90% before 143 

verification tests were performed. 144 

Verification of mFcγRI-CD3ζ receptor expression and generation of SPAR Jurkat P5G7 145 

cells by flow cytometry. The SPAR mFcγRI-CD3ζ cells were analyzed by flow cytometry to 146 

verify expression of the mFcγRI-CD3ζ receptor. Cells were washed with a FACS buffer 147 

containing FreeStyle™ 293 Expression Medium (Thermo Fisher Scientific) with 2% BSA and 148 

incubated with 15 µg/mL primary antibody, ChromPure Mouse IgG whole molecule (Jackson 149 

ImmunoResearch, West Grove, PA), for 30 minutes on ice. Samples were then washed twice 150 

with cold FACS buffer and incubated with 15 µg/mL secondary antibody, Alexa Fluor® 647 151 
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AffiniPure Goat Anti-Mouse IgG (Jackson ImmunoResearch), for 30 minutes on ice.  After two 152 

additional washes in FACS buffer, the samples were run on a FACSAria II flow cytometer and 153 

analyzed using FlowJo software. A negative control sample of SPAR mFcγRI-CD3ζ cells stained 154 

with only secondary antibody was included to account for non-specific binding of the Alexa 155 

Fluor® 647 AffiniPure Goat Anti-Mouse IgG. An unstained sample of SPAR mFcγRI-CD3ζ 156 

cells was used for cell characterization and baseline gating. The clonal line SPAR Jurkat P5G7 157 

was generated through single cell sorting from the top 10% of mFcγRI-CD3ζ expressing SPAR 158 

mFcγRI-CD3ζ mixed population cells. SPAR Jurkat P5G7 cells were expanded and analyzed for 159 

mFcγRI-CD3ζ receptor expression using the method described above. 160 

Verification of Aequorin and mFcγRI-CD3ζ receptor transfection and expression via 161 

antibiotic selection and PCR.  Jurkat/hEF-1α-Aeq platform cells were cultured under antibiotic 162 

selection in RPMI 1640 supplemented with 25 mM dextrose, 10 mM HEPES, 1 mM sodium 163 

pyruvate, 10% FBS, 1% Pen-Strep (hereinafter referred to as Complete RPMI 1640 medium) 164 

containing 0.5 mg/mL G418 sulfate to select for chromosomal integration of pEF1-Aeq. SPAR 165 

Jurkat P5G7 cells were cultured under antibiotic selection in growth medium containing 3 µg/mL 166 

blasticidin to select for chromosomal integration of the mFcγRI-CD3ζ construct. Cells were 167 

cultured under selection for 2-3 weeks until the cell viability recovered to at least 90% before 168 

further analysis. Genomic DNA was extracted from SPAR Jurkat P5G7 cells using the Qiagen 169 

DNeasy® Blood & Tissue Kit. Chromosomal gene insertion was verified by PCR to confirm the 170 

fusion of mFcγRI with CD3ζ. Primer FSC-1 targeted a sequence within FcγRI and primer FSC-2 171 

targeted a sequence between CD3ζ and the IRES sequence. The PCR product was analyzed by 172 

gel electrophoresis to confirm the presence of the correct band size in the SPAR Jurkat P5G7 173 

sample and the absence of a band in the negative control Platform cell genomic DNA sample. 174 
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Verification of Aequorin expression by generation of light signal.  Platform or SPAR Jurkat 175 

P5G7 cells were resuspended to a concentration of 1.1 x 10⁶ cells/mL in RPMI 1640 176 

supplemented with 25 mM dextrose, 10 mM HEPES, 1 mM sodium pyruvate, 10% Ultra Low 177 

IgG FBS, 1% Pen-Strep, and 0.1% Pluronic F68 (hereinafter referred to as Charging medium) in 178 

30 mL conical tubes. Cells were charged by addition of the luminescent substrate coelenterazine-179 

h to a final concentration of 1.5 µM. The cell suspension was protected from light and incubated 180 

at room temperature with shaking (60 RPM) for 18-24 hours to allow the coelenterazine-h to 181 

enter the cells and bind to expressed aequorin. Light signal generation was evaluated by adding 182 

180 µL of charged Jurkat platform cells (400,000 cells/180 µL) to 30 µL of 0.61 mM digitonin in 183 

a 1.5 mL microcentrifuge tube that had been pre-inserted in the luminometer reader (GloMax, 184 

Promega). The signal was recorded for 1 minute. The assay was repeated using the same 185 

concentration of charged Jurkat parental cells, uncharged Jurkat parental cells, and uncharged 186 

Jurkat platform cells as negative controls. 187 

Generation of serotype-specific mouse monoclonal antibody against E. coli O111 LPS.  188 

Serotype-specific mouse monoclonal antibody against E. coli O111 LPS was generated by 189 

Precision Antibody (Columbia, MD) using antigen prepared and supplied by this laboratory.  190 

Briefly, initial immunizations were performed by injecting mice with a deactivated bacteria cell 191 

wall preparation until a robust immune response was achieved. LPS was then extracted from 192 

isolated bacteria cell wall preparation in a process that enriched LPS and eliminated other soluble 193 

components of bacteria such as nucleic acids and cytoplasmic proteins (24). Following the initial 194 

immunization, the purified LPS was then used to boost mice 2-3 times before their spleen cells 195 

were fused with myeloma. At 10-12 weeks after the initial injection, final hybridoma clones were 196 

collected and screened by ELISA using LPS from E. coli O111 and other bacterial pathogens.  197 
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ELISA detection of antibodies.  A 96-well microtiter plate was coated with E. coli O111 LPS at 198 

4°C overnight, then washed to remove unbound antigen followed by blocking with 5% w/v BSA 199 

(or nonfat dry milk) at room temperature for 1 hour. Serial dilutions of antibody samples, 200 

including standards, positive and negative controls, and unknowns were added to the plate. After 201 

incubating for 1hour the plate was washed three times and then incubated with HRP-conjugated 202 

detection antibody for 1 hour. The plate was washed and a 3,3',5,5'-Tetramethylbenzidine 203 

substrate solution was added for color development. The reaction was stopped by 1M HCl and 204 

the plate was immediately read using a plate reader at absorbance wavelength of 450 nm. 205 

Detection of Bacterial Pathogens Using SPAR Jurkat P5G7 Cells 206 

E. coli O111 Bacteria: Charged SPAR cells were centrifuged and resuspended to a 207 

concentration of 2.2 x 106 cells/mL in charging medium. Prior to starting the assay, 180 µL of 208 

resuspended SPAR cells were incubated with mouse anti-E. coli O111 LPS IgG in a 1.7 mL 209 

microcentrifuge tube to a final antibody concentration of 9.8 µg/mL at room temperature for 10 210 

minutes. To begin the assay, the antibody-coated SPAR cells were added to an overnight culture 211 

of E. coli O111 that was serially diluted to a concentration of 10,000 CFUs/mL (confirmed by 212 

plating and counting) and was already placed in the luminometer. The light signal was recorded 213 

immediately and continuously for 4 minutes. Additional controls included 1) testing without 214 

antibody, wherein 180 µL of the resuspended biosensor cells were added directly to the serially 215 

diluted E. coli O111 in a 1.7 mL microcentrifuge tube placed in the luminometer, and 2) testing 216 

without  bacteria, in which 180 µL of the biosensors were added directly to 1.6 µL of 1.25 217 

mg/mL mouse anti-E. coli O111 LPS IgG in a 1.7 mL microcentrifuge tube in the luminometer. 218 

All tests were performed in triplicate. 219 
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E. coli O111 LPS: Charged SPAR cells were centrifuged and resuspended to a concentration of 220 

2.2 x 106 cells/mL in charging medium. To begin the assay, 180 µL of resuspended charged 221 

SPAR cells were mixed with mouse anti-E. coli O111 LPS IgG in a 1.7 mL microcentrifuge tube 222 

to a final antibody concentration of 9.8 µg/mL and then added to 30 µL of E. coli O111 LPS in a 223 

second 1.7 mL microcentrifuge tube that was already placed in the luminometer. The light signal 224 

was recorded immediately and continuously for 4 minutes. The assay was repeated with E. coli 225 

O157 LPS as negative control. Additional controls included 1) testing without antibody, wherein 226 

180 µL of the resuspended biosensor cells were added directly to E. coli O111 LPS in a 1.7 mL 227 

microcentrifuge tube placed in the luminometer, and 2) testing without  LPS, in which 180 µL of 228 

the biosensors were added directly to 1.6 µL of 1.25 mg/mL mouse anti-E. coli O111 LPS IgG in 229 

a 1.7 mL microcentrifuge tube in the luminometer. All tests were performed in triplicate. 230 

P. aeruginosa Bacteria: Charged SPAR cells were centrifuged and resuspended to a 231 

concentration of 1.6 x 107 cells/mL in charging medium. Prior to starting the assay, 90 µL of 232 

resuspended charged SPAR cells were mixed with mouse anti-P. aeruginosa IgG to a final 233 

antibody concentration of 1.5 µg/mL. To begin the assay, the antibody-coated cells were added 234 

to 30 µL of an overnight culture of P. aeruginosa that was serially diluted to a concentration of 235 

1000 CFUs/mL (confirmed by plating and counting) in a 1.7 mL microcentrifuge tube already 236 

placed in the luminometer. The light signal was recorded immediately and continuously for 8 237 

minutes. As a negative control test, the assay was repeated using an overnight culture of S. 238 

enteritidis serially diluted to a similar concentration as the P. aeruginosa. Additional controls 239 

included 1) testing without antibody, wherein  90 µL of resuspended charged SPAR cells was 240 

added directly to a 30 µL aliquot of diluted P. aeruginosa, and 2) testing in the absence of 241 

bacteria, in which 90 µL of SPAR cells were added to 1.8 µL of 0.1 mg/mL mouse anti-P. 242 
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aeruginosa IgG in a microcentrifuge tube already placed in the luminometer. All tests were 243 

performed in triplicate. 244 

E. coli O157 Bacteria:  Charged SPAR cells were centrifuged and resuspended to a 245 

concentration of 4.4 x 106 cells/mL in charging medium. A solution of coupled antibodies was 246 

prepared by mixing mouse anti-Human IgG (mouse IgG cross-reacted with goat IgG) with goat 247 

anti-E. coli O157 LPS IgG to concentrations of 0.4 mg/mL and 0.1 mg/mL, respectively, in 248 

RPMI 1640 with 1% BSA. The antibody solution was incubated for 30 minutes before use. Prior 249 

to starting the assay,180 µL of resuspended SPAR cells were incubated with 6 µL of the coupled 250 

antibody solution in a 1.7 mL microcentrifuge tube at room temperature for 10 minutes. The 251 

final antibody concentrations were 11.4 µg/mL and 2.9 µg/mL respectively. To begin the assay, 252 

the antibody-coated SPAR cells were added to 30 µL of an overnight culture of E. coli O157 that 253 

was serially diluted to 10,000 CFUs/mL (confirmed by plating and counting). The light signal 254 

was recorded immediately and continuously for 8 minutes. As a negative control, the assay was 255 

repeated using a similarly diluted overnight culture of E. coli O111.As an additional control, 256 

testing was performed without antibody by adding 180 µL of resuspended charged SPAR cells 257 

directly to a 30 µL aliquot of the diluted E. coli O157 culture. All tests were performed in 258 

triplicate. 259 

Results 260 

 261 

Design of Gene Constructs.  To generate the SPAR cell modified TCR complex (Figure 1, 262 

lower panel), the CD3ζ subunit of the TCR complex was genetically engineered to be expressed 263 

as a fusion protein where the extracellular domain of CD3ζ was fused with FcγRI. A short GS 264 
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linker was genetically introduced to separate the antibody binding domain FcγRI from the signal-265 

transducing protein element CD3ζ, thus ensuring proper folding of the engineered protein 266 

fragments. The CD3ζ signal peptide sequence was used to specify cell surface expression of the 267 

FcγRI-linker-CD3ζ fusion protein. 268 

The cytoplasmic aequorin luminescent reporter system (Figure 1, upper panel) was designed 269 

for high level expression by fusion of the human elongation factor 1α-subunit promoter with a 270 

codon-optimized, commercially synthesized aequorin gene (DNA2.0).  271 

 272 

Figure 1. Graphic depiction of the SPAR Jurkat P5G7 gene constructs. Upper panel: The 273 

luminescent reporter enzyme Aequorin (AEQ) gene fused with the human EF-1𝛼 constitutive 274 

promoter. Lower panel: The receptor construct mFcγRI-CD3ζ linked to the CD3ζ signal 275 

sequence and rat EF-1𝛼 constitutive promoter. 276 

 277 

When expressed, the modified TCR complex (Figure 2 B) was designed to conserve the 278 

majority of the native TCR complex conformation, retaining all ten of the immunoreceptor 279 

tyrosine-based activating motifs (ITAMS) expressed by the unmodified TCR complex (Figure 2 280 
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A), thereby preserving maximum signaling ability.  The mFcγRI IgG binding site is accessible 281 

on the cell surface and can bind to the Fc region of murine IgGs. 282 

 283 

 284 

  A         B              C 285 

 286 

Figure 2. Schematic depiction of the SPAR cell receptor design. The system was generated 287 

through modification of the TCR complex. (A) Unmodified T-cell receptor complex; (B) Mouse 288 

FcγRI fused to CD3𝜁 (mFcγRI-CD3𝜁) and (C) Mouse IgG bound to mFcγRI-CD3𝜁. 289 

 290 

Verification of FcγRI-CD3ζ receptor expression.  Expression of the mFcγRI-CD3ζ receptor in 291 

SPAR Jurkat P5G7 cells was confirmed by flow cytometry using a two-step staining process. 292 

SPAR Jurkat P5G7 cells were incubated with the primary antibody ChromPure mouse IgG 293 

whole molecule, which binds to the mFcγRI-CD3ζ receptor, followed by staining with the 294 

secondary antibody Alexa Fluor® 647 AffiniPure Goat Anti-Mouse IgG. The level of receptor 295 
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expression was measured by the amount of fluorescence detected by a BD FACSAria II flow 296 

cytometer equipped with a 633 nm laser and a 670/30 bandpass filter.  The baseline fluorescence 297 

level of SPAR Jurkat P5G7 cells determined by using an unstained cell sample.  Negative control 298 

gating was established using SPAR Jurkat P5G7 cells stained with Alexa Fluor® 647 AffiniPure 299 

Goat Anti-Mouse IgG only. The negative control sample showed minimal non-specific binding 300 

of the secondary antibody when compared to the unstained sample (Figure 3). SPAR Jurkat 301 

P5G7 cells stained with ChromePure Mouse IgG Whole Molecule and Alexa Fluor® 647 302 

AffiniPure Goat Anti-Mouse IgG produced a significant fluorescent shift compared to the 303 

negative control, indicating the presence of the mFcγRI-CD3ζ receptor on the SPAR Jurkat 304 

P5G7 cell surface as well as the ability of the receptor to bind mouse IgG antibodies (Figure 3). 305 

 306 

 307 

          A 308 
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 309 

           B 310 

 311 

 312 

           C 313 

 314 

Figure 3. Flow cytometric verification of mFcγRI-CD3ζ receptor expression in SPAR Jurkat 315 

P5G7 cells stained with ChromePure Mouse IgG Whole Molecule and Alexa Fluor® 647 316 

AffiniPure Goat Anti-Mouse IgG. A)  Unstained SPAR Jurkat P5G7 cells; B) SPAR Jurkat 317 

P5G7 cells stained with Alexa Fluor® 647 AffiniPure Goat Anti-Mouse IgG (secondary Ab) 318 

alone to account for non-specific binding of the secondary antibody; C) SPAR Jurkat P5G7 cells 319 
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stained with ChromePure mouse IgG whole molecule (primary Ab) and Alexa Fluor® 647 320 

AffiniPure Goat Anti-Mouse IgG (secondary Ab). 321 

Verification of mFcγRI-CD3ζ receptor transfection by PCR.  Successful, stable transfection 322 

was verified via PCR and gel electrophoresis (Figure 4). Chromosomal gene insertion of the 323 

mFcγRI-CD3ζ fusion construct in SPAR Jurkat P5G7 cells was verified by PCR (Figure 4).  The 324 

PCR product was analyzed by gel electrophoresis. Results confirmed the presence of the correct 325 

band size (0.690 kb) in the SPAR Jurkat P5G7 sample and the absence of a band in the negative 326 

control Jurkat platform cell sample. 327 

 328 

 329 

 330 

                    Lane 1         Lane 2        Lane 3 331 

 332 

Figure 4. Verification of chromosomal integration of the mFcγRI-CD3ζ fusion construct in 333 

SPAR Jurkat P5G7 cells by PCR and gel electrophoresis. Lane 1: Standard ladder. Lane 2: 334 
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SPAR Jurkat P5G7 Genomic DNA (band size 0.690 kb). Lane 3: Platform cell genomic DNA 335 

(negative control). 336 

 337 

Demonstration of aequorin reporter system function.  To verify that the expressed aequorin 338 

reporter system is functional in the Jurkat platform cells, we evaluated the ability of charged 339 

platform cells to generate a light signal in response to digitonin treatment, which provides a 340 

receptor-independent stimulation of aequorin.  Only charged platform cells produced a dramatic 341 

luminescent signal following the addition of digitonin (Figure 5).  No significant signal 342 

generation was noted after treatment of uncharged Jurkat platform cells, uncharged Jurkat 343 

parental cells or charged Jurkat parental cells, indicating that the signal recorded was specific 344 

and dependent upon both the expression of aequorin and the prior charging of the reporter 345 

system by the addition of coelenterazine-h. 346 

 347 
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 348 

 349 

Figure 5. Receptor-independent verification of aequorin expression by generation of a light 350 

signal.  180 µL of resuspended Jurkat platform cells charged by incubation with coelenterazine-h 351 

(+CTZ-h) were mixed with 30 µL of 0.61 mM digitonin to generate a light signal. Charged 352 

Jurkat parental cells, uncharged (-CTZ-h) Jurkat platform cells, and uncharged Jurkat parental 353 

cells were tested as negative controls. All cells were tested at 2.2 x 106 cells/mL. Each data point 354 

is a mean of triplicates and error bars represent one standard deviation from the mean. Inset, 355 

chart showing detail of the response demonstrated by charged Jurkat parental cells, uncharged 356 

Jurkat platform cells, and uncharged Jurkat parental cells. 357 

 358 

Validation of SPAR Jurkat P5G7 cell signal transduction.  The results reported above 359 

demonstrate that SPAR Jurkat P5G7 cells express both the FcγRI-CD3ζ cell surface receptor and 360 
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an intact aequorin reporter system.  The clinical utility of SPAR Jurkat P5G7 cells for pathogen 361 

detection depends upon the functional linkage of these two properties.  Thus, SPAR Jurkat P5G7 362 

cells were exposed to an antibody specific for the human CD3ε subunit of the TCR complex and 363 

tested to evaluate the ability of the resulting receptor aggregation to trigger signal transduction 364 

and subsequently activate the reporter system, demonstrated by the emission of detectable light.  365 

The binding of human CD3ε-specific antibody (Biolegend, San Diego, CA) to charged SPAR 366 

Jurkat P5G7 cells resulted in the generation of a strong light signal measurable within 50 seconds 367 

and peaking at 120 seconds (data not shown).  No signal was detected when an antibody specific 368 

for the B lymphocyte antigen CD19 (25) was used as negative control.  These results verify the 369 

cell surface expression of the TCR complex, the presence of an intact and functional signal 370 

transduction pathway, and the ability of the aequorin detection system to specifically respond to 371 

Ca2+ release. 372 

Generation of serotype-specific monoclonal antibody against E. coli O111 LPS.  The 373 

lipopolysaccharide (LPS) exposed on the cell surface and localized to the outer layer of the 374 

membrane of Gram-negative bacteria has been shown to be an important virulence factor (26). 375 

Intact bacterial lipopolysaccharides (LPS) are macromolecules made up of three structural 376 

components: Lipid A, polysaccharide chain, and O-antigen. Distinctive O-antigen structures 377 

have been used to classify serogroups to E. coli, S. enteritidis, and V. cholerae (27); thus, E. coli 378 

O111 LPS was used to generate this serotype-specific monoclonal antibody. The use of a cell 379 

wall preparation dramatically reduced the time and labor required for hybridoma screening and 380 

shortened the timeline for monoclonal antibody production.  ELISA evaluation of antibody 381 

binding to a variety of pathogens (Figure 6) demonstrated high specificity to E. coli O111 and 382 
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indicated no cross-reactivity with alternate strains of E. coli (O157 or O26) or to different 383 

pathogens.  384 

 385 

 386 

 387 

Figure 6. Specificity of the monoclonal antibody generated against E. coli O111 LPS as 388 

demonstrated by ELISA response when analyzed against a variety of pathogens. 389 

SPAR Jurkat P5G7 cell detection of E. coli O111 LPS.  The ELISA results described above 390 

document the specificity of the monoclonal antibody generated against E. coli O111; thus, we 391 

evaluated the ability of SPAR cells complexed with this antibody to detect purified E. coli O111 392 

LPS.  Figure 7 depicts the signal generated by charged, antibody-complexed SPAR cells in 393 

response to the addition of purified E. coli O111 LPS. The initiation of a significant light signal 394 

was observed within 30 seconds of antigen addition and peaked at approximately 60 seconds.  395 

The addition of purified E. coli O157 LPS was used as control and produced no signal response, 396 

demonstrating the specificity of detection. 397 
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 398 

 399 

Figure 7. Detection of E. coli O111 LPS using 400,000 SPAR Jurkat P5G7 cells in 180 µL 400 

medium. Charged SPAR cells were mixed with 9.8 μg/mL mAb against E. coli O111 LPS before 401 

adding to 30 µL of 142 µg/mL E. coli O111 LPS to generate a light signal. None of the three 402 

controls (SPAR cells + Antibody + E. coli O157 LPS, SPAR cells + Antibody, and SPAR cells + 403 

E. coli O111 LPS) generated a light signal. Inset: a chart showing greater detail of the minimal 404 

response demonstrated by the control samples. Each data point is a mean of triplicates and error 405 

bars represent one standard deviation from the mean. 406 

 407 
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SPAR Jurkat P5G7 cell detection of bacterial samples.  To demonstrate the clinical utility of 408 

SPAR cells in pathogen detection, charged SPAR cells were customized by the addition of a 409 

variety of specific antibodies and incubated with corresponding bacterial samples derived from 410 

live culture.  Detection ability and specificity were evaluated as above, using signal generation as 411 

read by the GloMax luminometer.  Results are depicted below in Figure 8 (E. coli O111), 412 

Figure 9 (P. aeruginosa), and Figure 10 (E. coli O157). 413 

 414 

 415 

 416 

Figure 8. Detection of E. coli O111 bacteria using SPAR Jurkat P5G7 cells (2.2 x 106 cells/mL). 417 

180 µL of resuspended SPAR cells were coated with 9.8 μg/mL monoclonal antibody against E. 418 

coli O111 LPS before mixing with 10,000 CFUs/mL of serially diluted E. coli O111 bacterial culture. 419 
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None of the three controls (SPAR cells + antibody + E. coli O157 bacteria, SPAR cells + 420 

antibody, and SPAR cells + E. coli O111 bacteria) generated detectable light signal. Each data 421 

point is a mean of triplicates and error bars represent one standard deviation from the mean. 422 

 423 

  424 

 425 

 426 

Figure 9. Detection of P. aeruginosa using SPAR Jurkat P5G7 cells (2.2 x 106 cells/mL). 180 427 

µL of resuspended SPAR cells were coated with 9.8 μg/mL. Charged cells were pre-loaded with 428 

a monoclonal antibody against P. aeruginosa before mixing with serially diluted culture samples 429 

containing the target pathogen. None of the three controls (non-specific S. enteritidis + antibody, 430 

P. aeruginosa without antibody, and antibody alone without target) generated detectable light 431 
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signal. Each data point is a mean of triplicates and error bars represent one standard deviation 432 

from the mean. The detector sensitivity for P. aeruginosa was 1000 CFUs/mL. 433 

 434 

Figure 10. Detection of E. coli O157 bacteria using the SPAR Jurkat P5G7 cells (2.2 x 106 435 

cells/mL) in a coupled antibody system.  90 µL of the resuspended SPAR Jurkat P5G7 cells were 436 

coated with mouse anti-human IgG coupled with goat anti-E. coli O157 before mixing with 437 

serially diluted E. coli O157 bacteria. No signal was generated by negative controls (E. coli 438 

O111 bacteria + coupled antibodies, and E. coli O157 bacteria without antibodies). Error bars 439 

represent one standard deviation from the mean of three runs. The detector sensitivity was 440 

10,000 CFUs/mL. 441 

 442 

 443 
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Discussion 444 

We have engineered two plasmids that, when concurrently stably transfected into Jurkat cells, 445 

generate a living biosensor cell platform capable of the rapid and specific detection of a variety 446 

of molecules of interest.  In this study, we demonstrate that the SPAR platform can be used to 447 

reliably detect bacterial pathogens in samples generated from overnight bacterial culture.  The 448 

detection assay is complete and can be read within minutes, utilizes standard laboratory 449 

equipment, and requires no advanced training of personnel. 450 

The SPAR platform biosensor cells are designed to stably express both the modified mFcγRI-451 

CD3ζ universal cell surface receptor and an aequorin reporter system.  Fc receptors are expressed 452 

on the surface of hematopoietic cells and function as essential components of the antibody-453 

mediated immune response and thus have been well characterized (28, 29).  Each type of Fc 454 

receptor reacts specifically with a corresponding class of immunoglobulin:  FcγRI receptors have 455 

been demonstrated to bind to their cognate antibodies with high affinity (28, 30, 31) though the 456 

affinity of the mFcγRI receptor for mouse antibodies varies with antibody subclass (32, 33).  457 

Mouse IgG2a antibodies have the highest affinity, with dissociation constants (KD) in the 458 

nanomolar range (34).  Native FcγRs consist of a ligand-binding FcγR α-chain expressed on the 459 

cell surface, and a γ chain dimer which functions in signal transduction and bears 460 

immunoreceptor tyrosine-based activating motifs (ITAMS) (35). 461 

PCR results confirmed expression of the modified mFcγRI-CD3ζ receptor in SPAR Jurkat P5G7 462 

cells; additionally, we verified that the receptor is expressed on the cell surface, a property 463 

required for receptor function (32). Only SPAR cells shown to express the engineered receptor 464 
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are capable of binding mouse IgG, which was subsequently complexed with Alexa Fluor® 647 465 

AffiniPure Goat Anti-Mouse IgG and visualized via flow cytometry. 466 

Prior research has shown that the signal transduction pathways of Jurkat cells are intact and 467 

functional: antigen binding to TCR-positive Jurkat cells triggers rapid intracellular Ca2+ release 468 

(35, 36).  This intracellular Ca2+ release is detectible using the well-characterized aequorin 469 

reporter system (19, 21, 37).  SPAR cells were therefore engineered to express aequorin, 470 

activated via the addition of coelenterazine-h, as a mechanism to visibly detect antigen binding 471 

and subsequent signal transduction.  Aequorin expression by SPAR cells was verified by flash 472 

testing: the free aequorin discharged by digitonin-lysed SPAR cells generates a light signal and 473 

does so only when SPAR cells are charged by prior incubation with coelenterazine. 474 

Our results further demonstrate that engineered SPAR cells effectively detect bacterial 475 

pathogens: this detection can be customized by the addition of pathogen-specific antibodies.  476 

Binding of a monoclonal antibody generated against E. coli O111 LPS to charged SPAR cells 477 

detects both isolated E. coli O111 LPS and intact E. coli O111 sampled from overnight bacterial 478 

culture.  Specificity of detection is demonstrated by an absence of signal when the charging step 479 

is omitted, and by a lack of cross-reactivity to E. coli O157.  Similarly, binding of a 480 

commercially available monoclonal antibody specific for P. aeruginosa detected the presence of 481 

P. aeruginosa in samples from overnight culture and indicated no cross-reactivity with S. 482 

enteritidis. 483 

In cases where no commercially produced mouse antibody is available against the pathogen of 484 

interest, a sandwich technique is effective and has been used here for the detection of E. coli 485 

O157.  SPAR platform cells were incubated with a mouse anti-human IgG demonstrated to be 486 
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cross-reactive with goat IgGs and subsequently coupled to goat anti-E. coli O157.  Addition to E. 487 

coli O157 sampled from overnight cultures specifically generated light signal; no cross-reactivity 488 

was evident upon addition to E. coli O111.  489 

The generation of light signal reaches peak levels within 200 seconds regardless of the antibody 490 

employed. The brief light signal detected within the initial few seconds of bacterial assay is 491 

likely the result of damage incurred to the cell membrane of a small subset of SPAR cells during 492 

handling, thus allowing a receptor-independent stimulation of free aequorin similar to that 493 

depicted in Figure 5.  This free aequorin is rapidly exhausted and does not contribute to the 494 

specific light signal generated in response to antigen recognition. 495 

Repeat experiments have demonstrated that reaction efficiency appears to be independent of the 496 

order of reactant addition.  SPAR cell number was optimized during the course of this study.  It 497 

was found that a concentration of 1.8 x 107 cells/mL, as compared to the initial concentration of 498 

2.2 x 106 cells/mL, improves detection sensitivity.  This system is extremely sensitive and able to 499 

detect small amounts of target analyte: the biological amplification provided by the SPAR cell 500 

circumvents the need for time-consuming sample enrichment steps characteristic of alternative 501 

detection methods. 502 

In conclusion, the results presented in this paper demonstrate that the modified TCR complex 503 

engineered in this laboratory is expressed on the SPAR cell surface, is functional, and when 504 

complexed with the appropriate antibody responds appropriately to its cognate antigen. The 505 

signal transduction pathway is triggered and intracellular Ca2+ levels increase due to the rapid 506 

release of Ca2+ from the endoplasmic reticulum and the subsequent opening of calcium release-507 

activated channels allowing Ca2+ influx from the medium.  This rapid increase in cytosolic Ca2+ 508 
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activates the aequorin system constitutively expressed in the SPAR cell cytoplasm, generating a 509 

robust light signal that can be detected within minutes using standard laboratory instrumentation.  510 

This system uses a single, stable cell line—the SPAR cell—which is programmable through the 511 

addition of specific antibodies, whether commercially available or generated in-house.  The 512 

SPAR platform thus provides a rapid, sensitive, and convenient method for the detection of a 513 

variety of pathogens. 514 

Acknowledgments: 515 

Michelle Pate, Research Assistant, Academic Research Center, Department of Chemical and 516 

Biomolecular Engineering, Ohio University, Athens Ohio, for assistance in flow cytometry.  517 

The OU Innovation Center for technical support in growing hybridomas. 518 

Support: 519 

This research was supported by FSC/CytoSPAR and received no specific grant from any funding 520 

agency in the public or not-for-profit sectors. 521 

Affiliations/consulting agreements, etc.: 522 

Charles McBrairty and M. Russell Willams are founders of FSC/CytoSPAR and currently hold 523 

equity interests in FSC/CytoSPAR.  Joseph D. Kittle is currently Chief Scientific Officer of 524 

FSC/CytoSPAR.  Thomas Zupancic is Chief Scientific Officer of InfinixBio; Rich Brody is Vice 525 

President of Research.  Joel S. Lwande, Shengwen Liang, Yuanyuan Tang, Jiangzhou Hua are 526 

employees of InfinixBio.   Kyle McQuaid, Melissa Frenchmeyer, Yuanyuan Tang, Allison 527 

Neese, and Jiangzhou Hua are employees of DevLab.   528 

  529 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 30, 2019. ; https://doi.org/10.1101/687426doi: bioRxiv preprint 

https://doi.org/10.1101/687426


30 
 

Statement of medical writer contribution: 530 

The authors thank Joan Breslin, PhD of CSSi LifeSciences, Glen Burnie, MD for providing 531 

medical writing support/editorial support which was funded by FSC/CytoSPAR, Easton PA in 532 

accordance with Good Publication Practice (GPP3) guidelines. 533 

 534 

References 535 

1. Haque M, Sartelli M, McKimm J, Abu Bakar M. 2018. Health care-associated infections 536 

- an overview. Infect Drug Resist 11:2321-2333. 537 

2. Fauci AS, Marston l D. 2014. The perpetual challenge of antimicrobial resistance. JAMA 538 

311:1853-4. 539 

3. Sandlund J, Bartolome A, Almazan A, Tam S, Biscocho S, Abusali S, Bishop JJ, Nolan 540 

N, Estis J, Todd J, Young S, Senchyna F, Banaei N. 2018. Ultrasensitive Detection of 541 

Clostridioides difficile Toxins A and B by Use of Automated Single-Molecule Counting 542 

Technology. J Clin Microbiol 56. 543 

4. Voller A, Bidwell DE, Bartlett A. 1976. Enzyme immunoassays in diagnostic medicine. 544 

Theory and practice. Bull World Health Organ 53:55-65. 545 

5. Theel ES, Sorenson M, Granger D. 2018. Evaluation of a Novel Microarray Immunoblot 546 

Assay for Detection of IgM- and IgG-Class Antibodies to Borrelia burgdorferi. J Clin 547 

Microbiol 56. 548 

6. Jost M, Latz A, Ballhorn W, Kempf VAJ. 2018. Development of a Specific and Sensitive 549 

Enzyme-Linked Immunosorbent Assay as an In Vitro Diagnostic Tool for Detection of 550 

Bartonella henselae Antibodies in Human Serum. J Clin Microbiol 56. 551 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 30, 2019. ; https://doi.org/10.1101/687426doi: bioRxiv preprint 

https://doi.org/10.1101/687426


31 
 

7. Koehler JW, Douglas CE, Minogue TD. 2018. A highly multiplexed broad pathogen 552 

detection assay for infectious disease diagnostics. PLoS Negl Trop Dis 12:e0006889. 553 

8. Schlaberg R, Ampofo K, Tardif KD, Stockmann C, Simmon KE, Hymas W, Flygare S, 554 

Kennedy B, Blaschke A, Eilbeck K, Yandell M, McCullers JA, Williams DJ, Edwards K, 555 

Arnold SR, Bramley A, Jain S, Pavia AT. 2017. Human Bocavirus Capsid Messenger 556 

RNA Detection in Children With Pneumonia. J Infect Dis 216:688-696. 557 

9. Yamamoto M, Alshahni MM, Tamura T, Satoh K, Iguchi S, Kikuchi K, Mimaki M, 558 

Makimura K. 2018. Rapid Detection of Candida auris Based on Loop-Mediated 559 

Isothermal Amplification (LAMP). J Clin Microbiol 56. 560 

10. Kostic T, Stessl B, Wagner M, Sessitsch A. 2011. Microarray analysis reveals the actual 561 

specificity of enrichment media used for food safety assessment. J Food Prot 74:1030-4. 562 

11. Hamerly T, Everett JA, Paris N, Fisher ST, Karunamurthy A, James GA, Rumbaugh KP, 563 

Rhoads DD, Bothner B. 2017. Detection of Pseudomonas aeruginosa biomarkers from 564 

thermally injured mice in situ using imaging mass spectrometry. Anal Biochem 539:144-565 

148. 566 

12. Couturier BA, Riley T, Gowans J, Couturier MR. 2018. Direct-from-Stool Testing for 567 

Shiga Toxins by an Immunochromatographic Assay Is Insensitive for Detection of 568 

Shigatoxigenic Escherichia coli. J Clin Microbiol 56. 569 

13. Joseph N, Reicher B, Barda-Saad M. 2014. The calcium feedback loop and T cell 570 

activation: how cytoskeleton networks control intracellular calcium flux. Biochim 571 

Biophys Acta 1838:557-68. 572 

14. Cantrell D. 2015. Signaling in lymphocyte activation. Cold Spring Harb Perspect Biol 7. 573 

15. Clapham DE. 2007. Calcium signaling. Cell 131:1047-58. 574 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 30, 2019. ; https://doi.org/10.1101/687426doi: bioRxiv preprint 

https://doi.org/10.1101/687426


32 
 

16. Oh-hora M, Rao A. 2008. Calcium signaling in lymphocytes. Curr Opin Immunol 575 

20:250-8. 576 

17. Shimomura O, Johnson FH, Morise H. 1974. Mechanism of the luminescent 577 

intramolecular reaction of aequorin. Biochemistry 13:3278-86. 578 

18. Head JF, Inouye S, Teranishi K, Shimomura O. 2000. The crystal structure of the 579 

photoprotein aequorin at 2.3 A resolution. Nature 405:372-6. 580 

19. Shimomura O, Inouye S, Musicki B, Kishi Y. 1990. Recombinant aequorin and 581 

recombinant semi-synthetic aequorins. Cellular Ca2+ ion indicators. Biochem J 270:309-582 

12. 583 

20. Araki N, Iida M, Amino N, Morita S, Ide A, Nishihara E, Ito M, Saito J, Nishikawa T, 584 

Katsuragi K, Miyauchi A. 2015. Rapid bioassay for detection of thyroid-stimulating 585 

antibodies using cyclic adenosine monophosphate-gated calcium channel and aequorin. 586 

Eur Thyroid J 4:14-9. 587 

21. Tosatto A, Rizzuto R, Mammucari C. 2017. Ca(2+) Measurements in Mammalian Cells 588 

with Aequorin-based Probes. Bio Protoc 7. 589 

22. Rider TH, Petrovick MS, Nargi FE, Harper JD, Schwoebel ED, Mathews RH, Blanchard 590 

DJ, Bortolin LT, Young AM, Chen J, Hollis MA. 2003. A B cell-based sensor for rapid 591 

identification of pathogens. Science 301:213-5. 592 

23. Inouye S, Noguchi M, Sakaki Y, Takagi Y, Miyata T, Iwanaga S, Miyata T, Tsuji FI. 593 

1985. Cloning and sequence analysis of cDNA for the luminescent protein aequorin. Proc 594 

Natl Acad Sci U S A 82:3154-8. 595 

24. Johnson KG, Perry MB. 1976. Improved techniques for the preparation of bacterial 596 

lipopolysaccharides. Can J Microbiol 22:29-34. 597 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 30, 2019. ; https://doi.org/10.1101/687426doi: bioRxiv preprint 

https://doi.org/10.1101/687426


33 
 

25. Wang K, Wei G, Liu D. 2012. CD19: a biomarker for B cell development, lymphoma 598 

diagnosis and therapy. Exp Hematol Oncol 1:36. 599 

26. Rezania S, Amirmozaffari N, Tabarraei B, Jeddi-Tehrani M, Zarei O, Alizadeh R, 600 

Masjedian F, Zarnani AH. 2011. Extraction, Purification and Characterization of 601 

Lipopolysaccharide from Escherichia coli and Salmonella typhi. Avicenna J Med 602 

Biotechnol 3:3-9. 603 

27. DebRoy C, Fratamico PM, Yan X, Baranzoni G, Liu Y, Needleman DS, Tebbs R, 604 

O'Connell CD, Allred A, Swimley M, Mwangi M, Kapur V, Raygoza Garay JA, Roberts 605 

EL, Katani R. 2016. Comparison of O-Antigen Gene Clusters of All O-Serogroups of 606 

Escherichia coli and Proposal for Adopting a New Nomenclature for O-Typing. PLoS 607 

One 11:e0147434. 608 

28. Daeron M. 1997. Fc receptor biology. Annu Rev Immunol 15:203-34. 609 

29. Tutt AL, James S, Laversin SA, Tipton TR, Ashton-Key M, French RR, Hussain K, 610 

Vaughan AT, Dou L, Earley A, Dahal LN, Lu C, Dunscombe M, Chan HT, Penfold CA, 611 

Kim JH, Potter EA, Mockridge CI, Roghanian A, Oldham RJ, Cox KL, Lim SH, Teige I, 612 

Frendeus B, Glennie MJ, Beers SA, Cragg MS. 2015. Development and Characterization 613 

of Monoclonal Antibodies Specific for Mouse and Human Fcgamma Receptors. J 614 

Immunol 195:5503-16. 615 

30. Ravetch JV, Kinet JP. 1991. Fc receptors. Annu Rev Immunol 9:457-92. 616 

31. Hulett MD, Hogarth PM. 1994. Molecular basis of Fc receptor function. Adv Immunol 617 

57:1-127. 618 

32. Bruhns P. 2012. Properties of mouse and human IgG receptors and their contribution to 619 

disease models. Blood 119:5640-9. 620 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 30, 2019. ; https://doi.org/10.1101/687426doi: bioRxiv preprint 

https://doi.org/10.1101/687426


34 
 

33. Dekkers G, Bentlage AEH, Stegmann TC, Howie HL, Lissenberg-Thunnissen S, Zimring 621 

J, Rispens T, Vidarsson G. 2017. Affinity of human IgG subclasses to mouse Fc gamma 622 

receptors. MAbs 9:767-773. 623 

34. Lu J, Ellsworth JL, Hamacher N, Oak SW, Sun PD. 2011. Crystal structure of Fcgamma 624 

receptor I and its implication in high affinity gamma-immunoglobulin binding. J Biol 625 

Chem 286:40608-13. 626 

35. Masuda A, Yoshida M, Shiomi H, Morita Y, Kutsumi H, Inokuchi H, Mizuno S, 627 

Nakamura A, Takai T, Blumberg RS, Azuma T. 2009. Role of Fc Receptors as a 628 

therapeutic target. Inflamm Allergy Drug Targets 8:80-6. 629 

36. Abraham RT, Weiss A. 2004. Jurkat T cells and development of the T-cell receptor 630 

signalling paradigm. Nat Rev Immunol 4:301-8. 631 

37. Torfs H, Poels J, Detheux M, Dupriez V, Van Loy T, Vercammen L, Vassart G, 632 

Parmentier M, Vanden Broeck J. 2002. Recombinant aequorin as a reporter for receptor-633 

mediated changes of intracellular Ca2+ -levels in Drosophila S2 cells. Invert Neurosci 634 

4:119-24. 635 

 636 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 30, 2019. ; https://doi.org/10.1101/687426doi: bioRxiv preprint 

https://doi.org/10.1101/687426

