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SUPPLEMENTAL MATERIAL 

 

1.  Supplemental Materials and Methods 

 

Patient enrollment. All participants were enrolled between 2011-2013 at the International Centre for 

Diarrhoeal Disease Research, Bangladesh (icddr,b) hospital in Dhaka, Bangladesh. Participants with severe 

diarrhea due to V. cholerae O1 infection, confirmed by stool culture, were included in this study (1). All 

participants were negative for ETEC by stool culture (2). All participants provided written informed consent, and 

the study was approved by the Research Review and Ethical Review Committees of the icddr,b, Dhaka, 

Bangladesh, and the Institutional Review Board (IRB) of the Massachusetts General Hospital.  

  

Sample collection and processing. 10 ml of whole blood was collected by venipuncture during acute 

infection (day 2, the second day of hospitalization) and during convalesce at day 7. PBMCs were isolated by 

differential centrifugation on Ficoll-Isopaque (Pharmacia, Piscataway, NJ), then washed, counted, and 

suspended at a concentration of 1 x 107 cells/ml in RPMI complete medium (Gibco, Carlsbad, CA) 

supplemented with 10% heat-inactivated fetal bovine serum (FBS) (HyClone, Logan, UT).  

 

Flow cytometry and single cell sorting. PBMC staining for analytical flow cytometry analyses was performed 

as previously described (3). PBMCs were stained with CD3 Pacific blue (BD Pharmingen, USA), CD19 FITC 

(BD Pharmingen, USA), CD20 PE Cy7 (BD Biosciences, USA), CD27 APC (eBioscince, USA), CD38 PE (BD 

Pharmingen, USA)CD3 Amcyan (BD Biosciences, USA), CD 19PE-Texas Red (Invitrogen,USA), CD20 FITC 

(Invitrogen,USA), CD27APC-Cy7 (Biolegend, USA), and CD38 PE-CY7 (BD Biosciences, USA. Plasmablasts 

were defined as CD3-/CD19+/CD20-/low/CD27high/CD38high cells. Single-cell and bulk flow sorting was performed 

using a BD FACSAria™ III cell sorter at the icddr,b. Bulk sorted plasmablasts were utilized immediately in 

ELISPOT assays as described below. Single cells were sorted into microtiter plates containing a hypotonic 

catch buffer and RNAse-inhibitor as described previously (4, 5). Sorted single cells were stored at -80ºC until 

use.  
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Antigens. LPS was prepared from V. cholerae O1, Ogawa (strain X-25049) or Inaba (strain T-19479), by hot 

phenol/water extraction followed by enzymatic treatment (DNase, RNase and protease), ultracentrifugation and 

dialysis against distilled water as previously described (6). OSP was purified and conjugated to bovine serum 

albumin (BSA) as previously described (6-8). CT was produced from a recombinant construct wherein the CT 

gene was cloned from V. cholerae 569B and expressed in E. coli JM83 in a pUC18 cloning vector. LT and LT-

B were produced from recombinant constructs wherein the LT and LT-B genes were cloned from E. coli 

H10407 and expressed in E. coli JM83 in pUC18 cloning vectors. Recombinant proteins were purified by 

galactose affinity chromatography as previously described (9). Recombinant TcpA was produced and purified 

as previously described (10). Sodium azide-free V. cholerae CT (List Biologicals Laboratories), purified 

recombinant CtxB (Reagent Proteins) and purified V. cholerae sialidase (Roche) were purchased from 

commercial vendors.  

 

ELISPOT assay. To enumerate total and CT-specific IgG ASCs, we used a previously described enzyme-

linked immunosorbent spot (ELISPOT) procedure (3). Nitrocellulose-bottom plates were coated with GM1 

ganglioside (3 nM/ml), or affinity-purified goat anti-human Ig (total Ig) (Jackson Immunology Research) (5 

µg/ml). Plates were incubated overnight at 4°C. On the next day, recombinant CtxB was applied to the GM1-

coated plates. All plates were then blocked with RPMI 1640 containing 10% fetal bovine serum. Bulk sorted 

plasmablasts were added directly to the plates and were incubated for 3 hours at 37oC with 5% CO2. 

Horseradish peroxidase-conjugated mouse anti-human IgG antibodies (Hybridoma Reagent Laboratory) were 

then added at a 1:500 dilution. After overnight incubation at 37oC, the plates were washed and developed with 

3-amino-9-ethyl carbazole (AEC) and the number of total and CT-specific IgG ASCs were enumerated. 

 

Monoclonal antibody generation. mAbs were generated from single-cell sorted plasmablasts by single-cell 

expression cloning, essentially as previously described (4, 5). Briefly, total cDNA was prepared from sorted 

cells by random hexamer primed reverse transcription (Sensiscript, Qiagen). Ig heavy chain and light chain 

(kappa/lambda) variable domain sequences were amplified by nested PCR using chain-specific primer 

cocktails encompassing all variable (V) gene families and the constant domain (11). Amplification of variable 

domains derived from IgG, IgA, and IgM ASCs was performed by multiplexing the constant domain specific 
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antisense primers (11). Sense primers used in the second round of nested PCR were modified by fusing the 5’ 

end of each primer to the M13R sequence (5’-AACAGCTATGACCATG-3’). PCR reactions were performed 

using Hot Start Taq Plus Master Mix (Qiagen) and primers were used at a final concentration of 200 nM per 

primer. Purified nested PCR products were sequenced in order to identify the V and J gene rearrangement of 

the heavy and light chain. Afterwards, a second PCR was performed using a high-fidelity DNA polymerase 

(Phusion Hot Start II, NEB) and V and J gene family specific primers that incorporated Ig chain specific 

restriction sites. Variable domains were then directionally cloned into human mAb heavy chain (IgG1) and light 

chain (kappa/lambda) expression vectors (Genbank accession numbers FJ475055, FJ475056, and FJ517647). 

Variable domains containing internal restriction sites were amplified by a modified PCR containing 50 µM 5-

methyl-dCTP (NEB) and 150 µM dCTP. This modification did not affect PCR fidelity and abrogated the 

truncation of variable domains after restriction digestion. Following vector construction and sequence 

confirmation, heavy and light chain vectors were transiently co-transfected into Expi293F cells according 

manufacturer’s instructions (Life Technologies). Antibodies were purified from cell culture supernatants using 

protein-A conjugated agarose beads (Pierce).  

 

Sequence analyses. Germline variable domain gene usage and somatic hypermutation was analyzed using 

the international ImMunoGeneTics (IMGT) online information system (12) and the NCBI web based tool 

IgBLAST (13). Somatic hypermutation levels in VH genes represent the number of nucleotide substitutions in 

FR1 through CDR3 relative to the closest germline sequence match in the IMGT database (accessed 

November, 2015). Plasmablast clonal expansions were determined by multiple sequence alignments of heavy 

and light chains with matching Ig gene rearrangements. Cells with identical junctional diversity in both the 

heavy and light chain were grouped as part of a single clonal expansion.  

 

ELISA assays. All antigens were coated overnight at room temperature on Nunc MaxiSorp plates in 50 mM 

carbonate-bicarbonate buffer pH 9.6. The recombinant protein antigens CT, CtxB, LT, LtxB, as well as BSA-

conjugated O-antigen specific polysaccharide (OSP) were coated at a concentration of 1 µg/ml. Purified LPS 

was coated at a concentration of 25 µg/ml. Plates were blocked for two hours at 37°C in PBS-1% BSA. Ten 1:3 

serial dilutions of mAbs were evaluated at a starting concentration of 1 µg/ml. To detect bound IgG, 
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horseradish peroxidase-conjugated goat anti-human IgG (Jackson ImmunoResearch) was diluted at 1:5000 

and incubated for 90 minutes at 37°C. Intermediate washes consisted of PBS-0.05% Tween (3X) and PBS 

(1X). Development was performed using 1 mg/ml o-phenylenediamine (OPD) in 0.05 M phosphate-citrate 

buffer pH 5.0, supplemented with 0.012% hydrogen peroxide before use. Reactions were stopped with 1 M 

HCl and absorbance was measured at 490 nM.  

 

V. cholerae protein microarray analysis. V. cholerae proteome microarrays were produced using genomic 

DNA from the O1 El Tor reference strain N16961 as template. ORFs larger than 150 base-pairs were amplified 

by PCR and cloned into pXi expression vectors (14). Genes larger than 3 kb were cloned in multiple segments 

as previously described (14). Cloning success was monitored by agarose gel electrophoresis to confirm PCR 

product insertion into the cloning vector. As an additional quality control, 20% of the plasmids of variable insert 

size were selected randomly and sequenced to verify target sequence match. Plasmids were expressed by in 

vitro transcription/translation (IVTT) system using RTS 100 E. coli HY kit (Biotech Rabbit) according to the 

manufacturer’s protocol. Expressed proteins were printed using Omni Grid 100 microarray printer (Genomic 

Solutions) onto nitrocellulose-coated glass slides (Grace Bio-Labs). In addition to IVTT expressed proteins, 

each chip contained control spots of IVTT reactions without the addition of a plasmid (‘no-DNA’ control). Other 

control spots included purified IgGs, and purified cholera antigens including recombinant-CtxB, CT, LPS and 

OSP as described above. Synthesized proteins had a 10X histidine tag at N-terminus. A total of 3,647 proteins 

were spotted on the array. Protein expression was confirmed by probing arrays with anti-histidine antibody 

followed by a biotinylated anti-mouse secondary antibody (Jackson ImmunoReseach) and streptavidin-

conjugated SureLight® P-3 (Columbia Biosciences). Protein expression was considered positive if signal 

intensity by anti-histidine antibody was above the mean of ‘no-DNA’ controls (IVTT without the addition of a 

plasmid) plus 2 SD. Overall protein expression was 98.9%. 

 For initial probing, all monoclonal antibodies of unknown specificity were combined into pools of nine by 

diluting the individual antibodies to a concentration of 1 ng/µl in Protein Array Blocking Buffer (GVS). The 

resulting pools were spiked with a known anti-CtxB and anti-OSP antibody controls at concentrations of 0.1 

ng/µl. The pooled samples were then applied to the array and incubated overnight at 4ºC. After washing in 

TBS-T (Tris buffered saline-Tween-20; ChemCruz), microarrays were developed using biotinylated Mouse anti-
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Human IgG1 Fc secondary antibody (Thermo Fisher Scientific) followed by streptavidin-conjugated SureLight® 

P-3 (Columbia Biosciences) as described previously (15). After an initial analysis of proteins reactive with the 

pooled antibodies as well as cholera patient plasma (data not shown), a targeted microarray (mini-array) was 

fabricated containing the top 100 cholera antigenic hits. These microarrays were then used to screen individual 

monoclonal antibodies. Each mAb was probed at a concentration of 2 μg/ml as described above. 

 The array signal intensities were quantified using Pro Scan Array Express software (Perkin Elmer). 

Mean pixel intensities were corrected for spot-specific background. Antibody-antigen pairs were considered 

positive if they gave a signal greater than 10 times the array signal intensity range of an isotype control 

antibody (EM4C04, influenza HA specific IgG1). This threshold was chosen to maximize confidence in the 

identified pairs, but may have missed some very low affinity interactions, or proteins that were poorly 

expressed and/or folded. For each of these antibodies for which we could identify a target antigen, different 

concentrations of individual mAbs ranging between 0.001-100 μg/ml (depending on signal intensity obtained 

for each antibody at initial screening) were titrated on the V. cholerae proteome microarray, and the binding 

curves of V. cholerae-specific mAbs were generated from two measurements. 

 

Toxin neutralization assays. CT and LT neutralization assays were performed using Caco-2 cells grown to 

confluency in 96-well tissue culture plates. Two-fold dilutions of each mAb were performed in DMEM starting at 

40 µg/ml. Diluted antibodies were mixed with an equal volume of DMEM containing V. cholerae CT (List 

Biologicals) or trypsin-activated LT to achieve a final toxin concentration of 16.6 ng/ml. Mixtures were 

incubated at RT for 2 hours. For activation of LT before combination with mAbs, 10 ng of trypsin (Sigma, 

T8003) suspended in water was added to 10 µl of recombinant LT at 1 mg/ml and incubated for 1 hour at 

37°C. Cells were gently washed with PBS and media was replaced with 70 µL of DMEM before adding 30 µL 

of each mAb-CT mixture to the cells, which were then incubated for 3 hours at 37°C in 5% CO2. Media was 

replaced with 130 µL of 0.1 M HCl-0.1% Triton-X cell lysis solution, and cells were lysed for 10 minutes at 4°C. 

Cell lysate supernatants were collected after centrifugation (660 x g, 10 min). Cyclic AMP levels were 

measured in 100 µl of cell lysates using a commercial Direct cAMP ELISA kit (Enzo Life Sciences). EC50 

values were determined as the concentration of mAb that effected a 50% reduction in intracellular cAMP levels 

relative to a media only control.  
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Sialidase activity assay. For measuring the potentiating effect of sialidase on CT toxicity, and how the 

sialidase-specific mAbs modulated this, we seeded 96-well plates with Caco-2 cells using methods identical to 

toxin neutralization assays. Monoclonal antibodies were serially diluted 1:9 in PBS starting at 13.3 µg/ml. 

Antibodies were mixed with an equal volume of 2 mU/ml V. cholerae sialidase (Roche) in DMEM and 

incubated for 1 hour at RT. 70 µl of sialidase or sialidase with antibody was added to cells washed with PBS 

and incubated for 2 hours at 37°C with 5% CO2. 30 µl of V. cholerae CT (List Biological Laboratories) at 1.67 

pg/µl in DMEM was added to wells and cells were incubated for an additional 3 hours. Cell lysates were 

collected and cAMP levels were measured as described above.  

 

Vibriocidal assays. Assays were performed using V. cholerae strains O1-Ogawa (X25049) and O1-Inaba 

(T19479). Vibriocidal assays were essentially conducted as previously described (16). In this study, mAbs 

were diluted two-fold in 0.9% saline solution starting at 10 µg/ml. Vibriocidal EC50 values were determined as 

the concentration of mAb that effected a 50% reduction in the average culture turbidity (OD 600) of media-only 

controls.  

 

Bacterial agglutination. To determine minimum agglutinating titers, antibodies were diluted two-fold in PBS 

starting at a concentration of 20 µg/ml. Bacteria were prepared by growing each V. cholerae strain O1-Ogawa 

(X25049) and O1-Inaba (T19479) to mid-log phase (2-3 hours) in bovine heart infusion media. Bacteria were 

then pelleted at 3,000 x g for 10 min and washed twice in PBS. Immediately before use, bacteria were 

normalized such that a 1:10 dilution of the sample had an OD 600 value of 0.4 ± 0.02 relative to PBS. For each 

antibody, duplicate measurements were performed in which 25 µL of the bacterial sample was combined with 

an equal volume of diluted mAbs added to a V-bottom microtiter plate. Plates were sealed with adhesive film, 

briefly centrifuged to concentrate contents at the bottom of the well (20 x g, 15 seconds), mixed, and then 

incubated for 20-24 hours at 4°C to allow non-agglutinated bacteria to form a ‘button’ at the bottom of the well. 

Plates were imaged using a UV imaging system (ChemiDoc, BioRad). Agglutination titers were recorded as the 

last dilution where all bacteria were visibly agglutinated.  
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2. Supplemental Figures and Tables 

 

Figure S1. V. cholerae infection results in a potent and specific plasmablast response that has 

undergone isotype switching, somatic hypermutation, and clonal expansion.  (A) The immunoglobulin 

isotype frequency of single cells as determined by sequencing. Numbers in parentheses represent the total 

number of single cells analyzed. (B) The mean number of somatic mutations in the VH gene for each study 

participant is shown; bars represent median values. Published historical results from previous studies of 

influenza and dengue fever are provided for comparison (17, 18). (C) The percentage of Ig sequences from 

each patient that were derived from clonally related cells, as indicated by shared VH and JH segments, as well 

as CDR3 junctional diversity are shown, with comparisons to previously published data on systemic viral 

infections; bars represent median values (17, 18). 

 

Figure S2. Cholera toxin-specific antibodies. Antibody affinity to cholera holotoxin and CtxB. Antibodies 

denoted by red bars bound to CT holotoxin but not the CtxB subunit at a concentration of 1 µg/ml (dotted line). 

Each antibody was measured in at least two independent experiments.  

 

Figure S3. V. cholerae-specific mAbs show a dose dependent binding to four antigens using protein 

microarray. Binding curves of sialidase, FlaA-, TagA-, and phosphocarrier protein kinase-specific mAbs were 

generated using the targeted array. Different concentrations of antibody ranging from 100 to 0.001 µg/ml were 

titrated on microarray chips. For all antibodies, the signal intensity was antibody concentration dependent. 

 

Figure S4. Expansion of highly mutated LPS specific antibodies that preferentially recognize a 

currently non-circulating V. cholerae strain. (A) For three study participants, the plasmablasts derived from 

clonally expanded populations are grouped and shown as expanded sections in the pie charts. Clonal 

expansions (CE) containing LPS-specific antibodies are shown in red and numbered to correspond to specific 

comparisons between clonal expansions described below. (B) Antibody affinity by ELISA to LPS is shown as 

the minimum mAb concentration required for three times the background signal of sample dilution buffer. (C) 

EC50 values corresponding to the vibriocidal activity of each mAb are shown. In panels B and C, mAbs 
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belonging to a unique clonal expansion (CE) are grouped. The asterisk denotes antibody CF21.2.F1. (D) VH 

mutations observed for CT and LPS-specific antibodies. Clonal expansions for LPS-specific antibodies are 

denoted as follows: Group 1: circles, group 2: squares, group 3: triangles. (E) Phylogram generated by 

maximum likelihood analysis of heavy chain variable domain sequences derived from the highly mutated LPS-

specific clonal expansion #1 observed in patient CF21.  

 

Figure S5. Comparative analysis of vibriocidal and agglutination functional characteristics. (A & B) 

Strains and LPS used in these assays were derived from V. cholerae O1-Ogawa (left) and O1-Inaba (right). 

Lines represent linear regression analysis of log10 transformed values. Outliers that were below the limit of 

detection in both assays were excluded from regression analyses. (A) Correlation between vibriocidal EC50 

values (y-axis) and the minimum positive binding concentration in an ELISA (x-axis). (B) Correlation between 

the minimum agglutination antibody concentration (y-axis) and the minimum positive binding concentration in 

an ELISA (x-axis). (C) Representative analysis of antibody-mediated vibriocidal activity is shown to V. cholerae 

O1-Ogawa for mAb AT11.1.A04. Bars show SEM of the assay measured in triplicate. Higher values on the y-

axis correspond to increased culture turbidity as measured by UV absorbance at 600 nM. EC50 values were 

determined as the concentration of mAb that effected a 50% reduction in bacterial growth (dotted line). (D) 

Representative analysis of antibody-mediated bacterial agglutination with 2 fold titrated is mAb shown. White 

arrows depict the well displaying the minimal agglutination concentration.    

 

Table SI. Cholera patient cohort data  

Table SII. Summary of monoclonal antibody panel 

Table SIII. Summary of mAb specificity 

Table SIV: Summary of monoclonal antibody characteristics 
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