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ABSTRACT 54 

Plasma antimalarial antibody can mediate anti-parasite immunity but has not previously 55 

been characterized at the molecular level. Here, we develop an innovative strategy to 56 

characterize humoral responses by integrating profiles of plasma immunoglobulins (IG) 57 

or antibodies with those expressed on B cells as part of BcR. We applied this strategy to 58 

define plasma IG and determine variable V gene usage after vaccination with the 59 

Plasmodium falciparum zygote antigen Pfs25. First, using proteomic tools coupled with 60 

bulk immunosequencing data, we determined human F(ab’)2 peptide sequences from 61 

plasma IG of adults who received four doses of Pfs25-EPA/Alhydrogel®. Specifically, 62 

Pfs25 antigen-specific F(ab’)2 peptides (Pfs25-IG) were aligned to cDNA sequences of 63 

IGH complementarity determining region 3 (CDR3) from a dataset generated by total 64 

peripheral B cell immunosequencing of the entire vaccinated population. IGHV4 was the 65 

most commonly identified IGHV subgroup of Pfs25-IG, a pattern that was corroborated 66 

by VH/VL sequencing of Pfs25-specific single B cells from five vaccinees and by matching 67 

plasma Pfs25-IG peptides and V-(D)-J sequences of Pfs25-specific single B cells from 68 

the same donor. Among 13 recombinant human mAbs generated from IG sequences of 69 

Pfs25-specific single B cells, a single IGHV4 mAb displayed strong neutralizing activity, 70 

reducing the number of P. falciparum oocysts in infected mosquitoes by more than 80% 71 

at 100 µg/mL. Our approach characterizes the human plasma antibody repertoire in 72 

response to the Pfs25-EPA/Alhydrogel® vaccine and will be useful to study circulating 73 

antibodies in response to other vaccines as well as those induced during infections or 74 

autoimmune disorders. 75 

KEYWORDS: Malaria transmission blocking vaccine; Pfs25; antibody repertoire; plasma 76 

IgG peptides  77 
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Introduction 78 

Despite progress on malaria prevention and treatment (1, 2), eradication of this disease 79 

will require novel interventions. Transmission blocking vaccines (TBVs) prevent parasite 80 

spread through the vector by inducing antibodies to surface antigens of mosquito-sexual 81 

stages of Plasmodium (3-6) . The P. falciparum zygote/ookinete protein Pfs25 has been 82 

the leading TBV candidate antigen for 3 decades, and induces antibodies that neutralize 83 

sexual stage parasites in laboratory assays (7, 8). Pfs25 has advanced to clinical trials in 84 

endemic settings but has shown limited potency and variable serum functional activity. 85 

The molecular definition of the serum antibody repertoire may explain this limitation and 86 

inform the design of improved Pfs25 vaccines. While numerous rodent studies have 87 

analyzed the functional activity of Pfs25 antibodies (9-11), detailed characterization of 88 

such antibodies present in human sera after vaccination has not yet been performed for 89 

this or any other malaria vaccine. As such, the identity of Pfs25-specific antibodies 90 

secreted in sera remains unknown.  One approach to identify antigen-specific features of 91 

vaccine antibody responses involves the determination of variable (V) gene utilization in 92 

the B cell receptor (BcR) (12, 13). Convergent V gene responses can be used to design 93 

novel immunogens that target specific antibody genes related to protection (14). 94 

Recently, fragments encoding variable heavy (VH) and variable light (VL) domains 95 

obtained from antigen-specific B cells in mice and from plasmablasts of humans 96 

immunized with Pfs25 have been sequenced (11, 15), Subsequent studies identified the 97 

corresponding antibody epitopes in Pfs25. In that work, IGHV3 subgroup sequences from 98 

plasmablasts of a single vaccinee with high serum functional activity yielded recombinant 99 

antibody that mediated Transmission-Reducing Activity (TRA) (15). 100 
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However, antibody repertoire differs between plasma and B cells (16), and plasma 101 

antibodies convey TRA and therefore must be identified and sequenced to characterize 102 

the mediators of vaccine activity. In this study, we assessed the plasma antibody 103 

repertoire in individuals vaccinated with Pfs25 conjugated to carrier protein Exoprotein A 104 

formulated in adjuvant Alhydrogel® (Pfs25-EPA/Alhydrogel®) during a clinical trial 105 

conducted in a high malaria transmission region of Mali (8). We combined 1) proteomic 106 

analysis of the antigen binding fragment F(ab’)2 from plasma IG purified on Pfs25 antigen 107 

(the plasma proteome dataset, referred to in the text as plasma Pfs25-IG peptides) with 108 

2) immunosequencing analysis of both the IGH CDR3 repertoire of total B cells (referred 109 

to as IGH CDR3 dataset) and 3) the single cell dataset comprised of VH/VL of  antigen-110 

specific B cells (referred to as Pfs25-specific single B cells).   111 

We report that antibodies using the IGHV4 subgroup were the most abundant in the post-112 

vaccination plasma proteome and the single cell datasets. In addition, among 13 mAbs 113 

generated using sequences from the single cell dataset, two were functional and both 114 

derived from IGHV4. We demonstrate that peptide sequences of antibodies secreted in 115 

response to TBV can be used to better characterize antibody-mediated activity. This 116 

innovative approach using antigen-specific single B cells as a database to identify V gene 117 

sequences of serum IG can be applied to study plasma antibody repertoires in response 118 

to other human vaccines or infectious diseases.   119 
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Results 120 

Vaccination does not significantly alter IGHV gene frequency among total 121 

peripheral B cells  122 

The in-house IGH CDR3 dataset, generated by the immunoSEQ Assay, comprised 3.16 123 

million sequences obtained 14 days post vaccination from the PBMCs of 79 subjects 124 

(vaccinees and comparators) enrolled in the Pfs25-EPA/Alhydrogel® clinical trial (mean 125 

of 39,966 sequences per subject). Immunosequencing analyses of total B cells after 4 126 

vaccine doses revealed no change in overall IGHV subgroup usage (Supplemental 127 

Table 1) compared to either baseline or to usage after comparator vaccines (Euvax-B for 128 

the first 3 vaccinations and Menactra for the fourth). IGHV3 was the most frequent 129 

subgroup in both vaccine and comparator groups at both timepoints (Figure 1a). Although 130 

some other vaccines induce IG with shorter CDR3 length compared to sequences from 131 

naïve cells (12), no significant differences were identified here in length of CDR3 (Figure 132 

1b) (Supplemental Table 1)  or specific V gene usage (Supplemental Figure 1) 133 

between groups and timepoints.  134 

 135 

Plasma Pfs25-IG peptides detected by mass spectrometry match IMGT® dataset 136 

and IGH CDR3 dataset 137 

Pfs25-specific antibodies were purified from plasma of nine Malian adults 14 days after 138 

the 4th dose of Pfs25-EPA/Alhydrogel® vaccine (Figure 2), hereafter referred to as Pfs25-139 

IG.  Original plasma samples were grouped as Low or High Activity (Low Activity <55% 140 

TRA and <1500 ELISA titer; High activity >90% TRA and >1600 ELISA titer) cohorts 141 

based on functional activity and antibody titers (Figure 3a), which correlated significantly 142 
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(Spearman’s rho= 0.950, p= 0.0004) (Figure 3b). By ELISA, Pfs25 titers were high in 143 

Pfs25-IG samples and largely absent in the depleted plasma, confirming completeness 144 

of antibody purification/depletion (Figure 2, Supplemental Figure 2). Pfs25-IG from each 145 

of the nine individuals were digested and fractionated separately, then fragments 146 

corresponding to the F(ab’)2 region were excised from the gel (Figure 3c). Purified Pfs25 147 

F(ab’)2 fragments were then analyzed by mass spectrometry and mass spectra were 148 

matched to sequences in two datasets: IMGT® and the IGH CDR3 dataset 149 

(Supplemental Table 2). As expected, matches were more frequent to the public IMGT® 150 

dataset which contains sequences spanning the entire V region (17) than to the in-house 151 

IGH CDR3 dataset which only spans a 43 aa region covering CDR3 (IMGT®= 180.6 ± 152 

62.2 peptide matches per subject; IGH CDR3 dataset= 56.0 ± 18.9 peptide matches per 153 

subject) (Supplemental Figure 3). The number of matches per subject in the two 154 

databases was highly correlated (Spearman’s rho= 0.833, p= 0.0083) (Figure 3d). 155 

 156 

Plasma Pfs25-IG peptides frequently derive from IGHV4 CDR3 sequences   157 

In order to assess the effect of vaccination on V gene usage, we compared the alignment 158 

of Pfs25-IG mass spectra post-vaccination to IGH CDR3 genes at baseline and post-159 

vaccination (Supplemental Table 3). Overall, the highest proportion of matches were to 160 

IGHV4 based on post-vaccination CDR3, followed by IGHV3 and IGHV1 (Figure 4a, 161 

Supplemental Table 4).  IGHV4 usage increased after the vaccination compared to the 162 

baseline (p=0.0283, paired t test) (Figure 4a) while usage of IGHV3 in Pfs25-IG plasma 163 

peptides decreased after vaccination (p=0.0184, paired t test) (Figure 4a). Specifically, 164 

six of 9 Pfs25 vaccinees showed increase (difference greater than 0) in the proportion of 165 

IGHV4 CDR3 genes mapped to plasma IG peptides post-vaccination versus baseline, 166 
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while eight of 9 showed decreases (difference less than 0) in IGHV3 (Figure 4b, 167 

Supplemental Table 5). Interestingly, the subject (#7) presenting the greatest increase 168 

in the proportion of IGHV4 usage (Figure 4b) had the highest Pfs25 antibody titer (6423 169 

antibody units/mL) and high serum functional activity post-vaccination (TRA, 99.5%) 170 

(Figure 3a).  171 

 172 

 173 

Plasma Pfs25-IG peptides match VH/VL from Pfs25-specific single B cells of the 174 

same donor 175 

To confirm antigen-specific peptides identified by our approach and to identify peptides 176 

shared between single B cells and serum within the same donor, we created a database 177 

using VH/VL sequences of Pfs25-specific single B cells (Supplemental Figures 4 and 178 

5) collected from subject 7, who developed the highest Pfs25 titers (Figure 3a) and 179 

greatest increase in plasma IGHV4 peptide usage from baseline (Figure 4). We used the 180 

LAX algorithm (18) to rank peptides whose mass spectra matched VH/VL sequences 181 

(Supplemental Table 6)  according to score and weight (defined in Materials and 182 

Methods) . The peptide with the highest score belonged to IGHV4 subgroup (Table 1, 183 

Supplemental Table 6) and constituted a large fragment of CDR3 (20 out of 57aa) 184 

(Figure 5).  185 

 186 

 187 

IGHV4 is the most frequent gene subgroup of Pfs25-specific single B cells 188 

To further assess IGHV subgroup usage in response to Pfs25 vaccination, we isolated 189 

Pfs25-specific single B cells from subject 7 and from subjects 10-14 that received Pfs25-190 

EPA/Alhydrogel® in a second clinical trial in the same region of Mali (ClinicalTrials.gov 191 
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ID NCT02334462) (Supplemental Table 7). We sequenced the V domain from B cells 192 

collected 14 days after the 4th dose of vaccine and obtained 495 sequences comprising 193 

181 VH and 314 VL (287 kappa and 27 lambda) sequences (Supplemental table 8). 194 

Among heavy chain sequences, the IGHV4 subgroup was the most frequently 195 

represented; in particular, the IGHV4-4 and IGHV4-59 genes were identified in samples 196 

from all subjects (Figure 6). Among light chain sequences, the IGKV4-1 gene was most 197 

frequently represented and seen in all 5 subjects, followed by the IGKV1D-39 gene seen 198 

in 4 out 5 subjects (Supplemental Figure 7).   199 

 200 

IGHV4 generates human mAbs that bind recombinant Pfs25  201 

Because the IGHV4 gene was the most frequent source of plasma Pfs25-IG peptides and 202 

of BcR for Pfs25-specific single B cells, we assessed whether IGHV4 usage was related 203 

to Pfs25 binding and functional activity. We generated recombinant human IgG1 mAbs 204 

using the VH and VL domain sequences obtained from subjects 10-14. Using 105 natural 205 

pairs of heavy and light chains obtained from the 96-well PCR plates, we selected 13 206 

sequences for mAb expression based on evidence of clonal expansion. Of the 13 mAbs 207 

tested, 10 bound to recombinant Pfs25 by ELISA. Six of 6 IGHV4 mAbs bound to Pfs25 208 

while 4 of 7 using other IGHV subgroups bound to Pfs25 (Figure 7a). We then assessed 209 

the functionality and neutralizing profile of the 10 binding mAbs by evaluating their ability 210 

to reduce the parasite burden in Anopheles mosquitoes infected with P. falciparum NF54 211 

strain (%TRA). Two of 10 mAbs showed high functional activity when tested at 375 µg/mL 212 

(Figure 7b). Both antibodies belonged to the IGHV4 subgroup and were obtained from 213 

the same subject (subject 11) that yielded two non-functional mAbs (LMIV25-03 and -04). 214 

To confirm neutralizing activity, the two mAbs were tested at lower concentration and 215 
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LMIV25-02 was identified as a potent mAb with 84.4% TRA at 100µg/mL (95%CI of the 216 

best estimate from two feeds: 72.6% to 91.9%.) (Figure 7c, Supplemental Table 9). 217 

Interestingly, LMIV25-02 presented evidence of affinity maturation when compared to the 218 

germline sequence (Supplemental Figure 8).  219 
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Discussion 220 

Here, we defined the plasma antibody response to a malaria vaccine at the molecular 221 

level using an innovative approach and multiple datasets. Specifically, we identified 222 

peptide sequences unique to antigen-specific plasma antibodies produced by Malian 223 

adults after four doses of Pfs25-EPA/Alhydrogel®. By matching plasma IG peptides to 224 

BcR sequences, we showed that V gene usage can be inferred for plasma antibody 225 

repertoire in response to a vaccine. We report for the first time plasma IG peptide 226 

sequences that match exactly to CDR3 of an antigen-specific single B cell from the same 227 

individual. 228 

Initially we purified Pfs25-specific Ig from the plasma of vaccinees and isolated F(ab’)2 229 

fragments from these antibodies. By this approach, Pfs25 IgG titers can be followed to 230 

demonstrate the success of the purification; other approaches have been used to obtain 231 

antigen-specific antibody peptides, for example digesting the antibodies into F(ab’)2 and 232 

Fc fragments and then affinity-purifying the F(ab’)2 (16). We then performed proteomic 233 

analyses (LC, MS/MS) and matched Pfs25-F(ab’)2 peptide mass spectra to sequences 234 

from three different databases: 1) the publicly available IMGT® dataset containing 235 

germline variable regions; 2) IGH CDR3 fragments of vaccine trial subjects amplified from 236 

total PBMCs 14 days post dose 4, and 3) Pfs25-specific single B cell receptor V domains 237 

14 days post dose 4. We have extended the approach to characterize serum antibody 238 

responses to vaccines (19) by alignment of peptides to antigen-specific single B cell BCR, 239 

and this can also be used to analyze circulating antibodies involved in autoimmune or 240 

infectious diseases 241 

 242 
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 243 

We evaluated IGHV subgroup usage first in the IGH CDR3 dataset. We found no 244 

differences in V gene usage as a function of vaccine antigen (Pfs25 or comparators) or 245 

timepoint (day 0 or dose 4). This may be due in part to the timepoint when PMBCs were 246 

collected in this study (14 days after the 4th dose); the plasmablast peak occurs 247 

approximately seven days after vaccination. In addition, our approach to obtain the IGH 248 

CDR3 dataset involved sequencing of total PBMCs; thus, the repertoire of IgM B cells 249 

can be abundant and contribute to noise (20, 21) and the results might not represent the 250 

features of the antigen-specific IgG response.  251 

We were interested to determine whether vaccination changes the profile of Pfs25-252 

specific IG in plasma, which mediates vaccine activity against parasites within the 253 

mosquito bloodmeal (5). Alignment of F(ab’)2 peptides from Pfs25-specific plasma IG to 254 

IGH CDR3 sequences from Pfs25 vaccinees showed an increased frequency of IGHV4 255 

usage compared to baseline (Figure 4).  Corroborating these findings, IGHV4 usage was 256 

higher than other VH sequences among Pfs25-specific single memory B cells of 257 

vaccinees, and two Pfs25-IG mass spectra matched a CDR3 peptide that shared identity 258 

to an IGHV4 mRNA sequence expressed by a Pfs25-specific B-cell from the same donor. 259 

This establishes our methodology as sufficiently sensitive to identify the same CDR3 260 

concomitantly in plasma and in single B cells of the same donor, overcoming the very low 261 

probability expected in light of high CDR3 mutation rates (22). 262 

All IGHV4 Pfs25 mAbs expressed from sequences of Pfs25-specific single B cells, 263 

including the only mAb with high neutralizing activity, bound to recombinant Pfs25. The 264 

association between IG V gene usage and vaccine or mAb efficacy is an emerging field 265 



13 
 

(23) and further experimental studies are needed to substantiate the hypothesis that 266 

usage of a specific gene or subgroup may determine an effective antibody response 267 

against a given pathogen. Studies published earlier this year provide new information in 268 

this area. In one study of two subjects that received yellow fever vaccine, antigen-specific 269 

mAbs showed preferential usage of the IGHV3-72 gene (24). Monoclonal antibodies 270 

utilizing the IGHV3-72 gene comprised most of the repertoire of memory B cells collected 271 

at six different timepoints, and comprised approximately 50% of the entire repertoire at 272 

early timepoints after vaccination (24). Another study showed the pattern of V gene usage 273 

was different among BcR IgG mAbs isolated from American and Malawian women that 274 

did or did not transmit HIV to their infants (25). For HIV, studies show that the BcR IG 275 

repertoire of the naïve population can contain sequences that bind to HIV-1 immunogens, 276 

suggesting that  BcR sequences shared between naïve B cells and B cells elicited in 277 

response to HIV-1 can benefit vaccine design; it may be more likely that such a naïve B 278 

cell will respond and generate serum antibody during vaccination (26, 27). 279 

For malaria vaccines, the importance of IG V gene usage has not yet been established. 280 

Until now, no other study has evaluated the repertoire of IG V gene usage in single B 281 

cells following malaria vaccination in multiple subjects. In addition, the relationship 282 

between IG V gene usage and functional activity has only previously been explored by 283 

studying BcR from B cells of malaria-infected or malaria-immunized subjects (28). In a 284 

previous report, McLeod and colleagues generated Pfs25 mAbs based on sequences of 285 

plasmablasts collected from a single malaria-naïve volunteer 7 days after vaccination with 286 

plant-expressed Pfs25 adjuvanted in Alhydrogel®; IGHV3 was frequently used in 287 

plasmablast sequences from this subject and while 5 out of 12 IGHV3 mAbs had TRA 288 
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higher than 80%, the two IGHV4 mAbs that bound to Pfs25 were also highly functional 289 

(88.3 and 83.5% of TRA respectively) (15). 290 

Results from different trials should be compared in light of the hypothesis that 291 

distinct vaccine formulations may promote unique features of diversification via somatic 292 

hypermutation, leading to distinct patterns of antibody repertoires, including differences 293 

in IG V gene usage (29, 30). Differences in IGHC gene usage in specific antibodies may 294 

also be considered for isotypes and effector properties (17). African populations have 295 

remarkable IGHG allele polymorphism, demonstrated serologically by the Gm (gamma 296 

marker) allotype diversity (31), IGHG3 nucleotide sequence analysis (32) and, more 297 

recently proteomic analysis of peptides of the IGHG3 genes and alleles (33, 34). Future 298 

studies should explore whether the serum antibody response to vaccines is, at the 299 

molecular level, affected by IGHG polymorphisms. 300 

By analyzing antibodies elicited in response to a malaria vaccine, our findings confirm the 301 

specificity of our approach for identifying antigen-specific serum peptides, using a 302 

combination of proteomics (35), bulk BcR sequencing and single B cell sequencing. 303 

Importantly, changes in IG V gene usage after vaccination were determined using 304 

antigen-specific but not bulk sequencing, highlighting the value of IgG proteomics to infer 305 

specific responses. To inform the design of a more efficient vaccine, peptide and VH/VL 306 

sequences revealed in this study can be further characterized and the epitope of the 307 

functional Pfs25 mAb LMIV25-02 can be identified. This information will inform strategies 308 

to improve the design of vaccines that neutralize malaria parasites during mosquito 309 

sexual stages.  310 
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Methods 311 

 312 

Human immunization and samples collection 313 

Forty-one Malian adults were vaccinated with four doses of 47 µg Pfs25-EPA in 314 

Alhydrogel® at days 0, 56, 112, and 480, and thirty-eight adults were vaccinated with 315 

Euvax-B (Hepatitis B) and Menactra (meningococcus) for the comparator group. Results 316 

of clinical trial 1 have been reported (8) and clinical trial 2 will be reported elsewhere 317 

(Sagara et al, in preparation). The subjects enrolled in the clinical trials were healthy 318 

nonpregnant adults (71.6% male; 28.4% female) aged 18-59 years (mean 35.8 years) 319 

with lifelong exposure to intense seasonal P. falciparum infection. 320 

Sera from nine subjects were tested for transmission blocking activity (%TRA) by 321 

standard membrane feeding assay (SMFA) as previously described (7) and identified as 322 

TRA positive if their sera were able to reduce parasite burden in the mosquito midgut. 323 

Four milliliters of plasma were obtained from blood of individuals immunized with Pfs25-324 

EPA at day 494 (14 days after the 4th dose) for IgG proteomics assays. PBMC (on 325 

average 5 million cells per tube) were obtained from blood collections at day 0 and 494 326 

(14 days after the 4th dose) from 79 individuals from both Pfs25 vaccine and comparator 327 

groups. PBMCs for isolation of Pfs25-specific single B cells were obtained from a second 328 

clinical trial performed at the same site (Bancoumana, Mali) using the same dose of 329 

Pfs25-EPA/Alhydrogel®. 330 

 331 

Expression of recombinant Pfs25  332 
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Pfs25M is a Pichia pastoris-expressed recombinant Pfs25 with a molecular mass of 333 

18,713 Daltons in an oxidized state. It contains no heterologous amino- or carboxyl-334 

terminal amino acids and was produced as described (36) with the exception that a cation-335 

chromatography column replaced the metal-affinity chromatography column.  EPA is an 336 

E. coli-expressed recombinant immunogenic carrier protein EPA (a detoxified form of 337 

exotoxin A from Pseudomonas aeruginosa)  with molecular mass of 66,975 Daltons (37). 338 

The Pfs25-EPA conjugate was produced by reaction between thiolated-Pfs25M and 339 

maleimide-activated EPA that was then purified by size-exclusion chromatography as 340 

described (38). 341 

 342 

Pfs25-specific antibody purification  343 

Pfs25 affinity columns were prepared to purify Pfs25-specific IG. Briefly, recombinant 344 

Pfs25 was chemically cross-linked to N-hydroxysuccinimide–activated Sepharose beads 345 

(GE Healthcare, Chicago IL) following the manufacturer’s instructions. Pfs25-specific 346 

antibodies (including all isotypes and subclasses) were affinity-purified by applying 347 

individual plasma samples to a Pfs25-specific packed resin column. Bound antibodies 348 

were eluted from the column with a low-pH buffer (Invitrogen, Carlsbad CA), neutralized 349 

with 2 mol/L Tris buffer (pH 9.0), and dialyzed in PBS (pH 7.4). Purified antibody 350 

concentration was measured by NanoDrop spectrophotometer (ND-2000; Thermo Fisher 351 

Scientific, Waltham WA).  352 

  353 
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Enzyme-linked immunosorbent assay (ELISA)  354 

Using standard ELISA, levels of anti-Pfs25 antibodies were compared among 1) antigen-355 

purified antibodies from plasma, 2) original plasma and 3) plasma after depletion of Pfs25-356 

specific antibodies, in order to establish an IgG purification control. Plates were coated 357 

with 100 µL of recombinant Pfs25 antigen expressed in Pichia pastoris. Plates were 358 

incubated overnight at 4°C and blocked with 320 µL of Tris-buffered saline containing 5% 359 

powdered skim milk for 2 hours at room temperature (RT). Plates were then washed four 360 

times with Tween-TBS. Plasma samples (dilutions 1:500 and 1:5000) were added to 361 

antigen-coated wells in triplicate and incubated for 2 hours at RT. Plates were washed 362 

and incubated with 100 µL anti-human IgG (Phosphatase Labeled Goat anti-Human 363 

Heavy and Light chains; Kirkegaard & Perry Laboratories -KPL, Gaithersburg MD) for 2 364 

hours at RT, washed with Tween-TBS Wash Buffer, followed by 20 minutes of incubation 365 

in the dark at RT with the substrate (100µL of 5 mg of p-nitrophenyl phosphate per well; 366 

Sigma). Plates were read at absorbances of 405nm and 650nm using SoftMax Pro7 367 

(Molecular Devices, San Jose CA).  368 

 369 

Mass spectrometry for Pfs25 IgG peptide sequencing 370 

Pfs25 purified IgG antibodies were digested with Fabricator®, containing IdeS enzyme, 371 

to obtain F(ab’)2 fragments, then fractionated by 1-D SDS-PAGE. The F(ab’)2 fraction 372 

was excised from the gel and reduced with 20 mM Dithiothreitol (DTT) for 20 minutes at 373 

60ºC, alkylated with 50 mM Iodoacetamide for 20 minutes in the dark, digested with 374 

trypsin in a ratio of 1:50 (enzyme:total protein) and incubated overnight at 37ºC. Peptides 375 

were extracted from the gel and desalted using C18 zip tips. Trypsin-digested peptide 376 
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mixtures were loaded onto a reverse phase C-18 precolumn in line with an analytical 377 

column (Acclaim PepMap, 75 μm x 15 cm, 2 μm, 100A). Peptides were separated using 378 

a gradient of 5% to 30% of solvent B (0.1% formic acid, acetonitrile) for 75 minutes, and 379 

then to 95% solvent B for an additional 50 minutes. Peptides were analyzed in data-380 

dependent mode, and the top 20 precursors were fragmented using CID (Collision-381 

induced dissociation) with a collision energy of 35. The mass window for precursor ion 382 

selection was 2 Da and a minimum of 5000 counts were needed to trigger the MS/MS. 383 

The MS1 was acquired in the Orbitrap at a resolution of 60000 and MS2 at 7500 in the 384 

Orbitrap as well. Peptides from Fc region were not analyzed in this study. 385 

 386 

RNA Extraction from PBMC Samples 387 

RNA was extracted from PBMC samples, using Qiagen RNeasy Blood & Tissue Kit after 388 

thawing and washing. Briefly, samples were thawed in a 37°C water bath for 389 

approximately 1 minute. Samples were then centrifuged at 350 x g, at 21-23°C, for 10 390 

minutes. The supernatant was then aspirated, and cells were re-suspended in 1 mL of 391 

37°C 1x RPMI (no additives). Samples were again centrifuged at 350 x g, at 21-23°C, for 392 

5 minutes. The supernatant was aspirated again, and cells were re-suspended in 240 μL 393 

of 1x PBS.  Forty microliters of this suspension were aliquoted and processed 394 

immediately. RNA was extracted following the manufacturer’s suggested methods for the 395 

RNeasy Mini kit. RNA was eluted into approximately 30μL of RNase-free water and either 396 

used immediately for cDNA synthesis or stored at -80°C until cDNA synthesis could be 397 

performed. 398 

  399 
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cDNA synthesis  400 

Isolated RNA was used to synthesize cDNA, using the Invitrogen SuperScript™ III First-401 

Strand Synthesis SuperMix for qRT-PCR kit. Briefly, 8 μL of RNA was mixed with 10 μL 402 

of 2xRT Reaction Mix and 2 μL of RT Enzyme Mix, incubated at 25°C for 10 minutes and 403 

then 50°C for 30 minutes. The reaction was terminated at 85°C for 5 minutes and then 404 

chilled on wet ice.  Then, 1 μL (2U) of E. coli RNase H was added and the mixture 405 

incubated at 37°C for 20 minutes. Resulting cDNA was then stored at -20°C until use.  406 

 407 

IGH CDR3 immunosequencing 408 

Sequencing of the IGH CDR3 was performed using the immunoSEQ® Assay (Adaptive 409 

Biotechnologies, Seattle, WA).  Extracted cDNA samples were amplified in a bias-410 

controlled multiplex PCR, followed by high-throughput sequencing. Sequences were 411 

collapsed and filtered in order to identify and quantitate the absolute abundance of each 412 

unique IGH CDR3 for further analysis as previously described (39-41).  413 

 414 

IGH CDR3 sequence analysis 415 

Sequences resulting from the immunoSEQ Assay were filtered to remove sequences that 416 

were out of frame, did not have a V or J gene assignment, or were detected by only a 417 

single template. For construction of V gene usage histograms, for each IGHV gene or 418 

IGHV gene subgroup (17, 42), the proportion of all sequences that comprised that 419 

subgroup were calculated, where the proportion is the sum of all sequences of a particular 420 

V gene divided by the total number of sequences for that sample.  421 

 422 
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To assess IGHV usage in Pfs25-IG plasma peptides, we compared mass spectra from 423 

Pfs25-IG from nine subjects to IGH CDR3 sequences at the baseline and post-424 

vaccination.  The data were presented as violin plot and heatmap. Proportions of V Gene 425 

Segment (VGS) use were determined by dividing the total number of reads assigned to 426 

a specific IGHV in a subject by the total number of reads seen by the subject at a common 427 

timepoint. If a VGS was not seen in any subjects at either timepoint, it is not shown in the 428 

data; if a VGS is seen in at least one subject at one timepoint but not the other, it is 429 

included in each timepoint but with a value of 0 in the appropriate locations. To generate 430 

the heatmap, the proportions of VGS use at Day 0 (Baseline) were subtracted from those 431 

calculated from Dose 4 to generate the difference in proportions demonstrated in the 432 

figure. Heatmap was generated using the R software for statistical with heatmap2 and 433 

ggplot packages and the violin plot was generated using GraphPad Prism 8. 434 

 435 

Pfs25 B cell tetramer construction 436 

Tetramer for selection and sorting of Pfs25-specific B cells was produced as previously 437 

described (43, 44). Recombinant Pfs25 protein expressed in Pichia pastoris was 438 

chemically biotinylated and tetramerized with streptavidin with known molarity and 439 

previously labelled with phycoerythrin (PE) (Prozyme, Hayward CA). Decoy tetramer to 440 

exclude non-Pfs25 specific B cells was produced by conjugating Streptavidin-PE to 441 

DL594 using a DL594 Protein Labeling Kit (Thermo Fisher Scientific, Waltham MA).  442 

 443 

Enrichment of Pfs25-specific cells in PBMC 444 
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PBMC from subjects 7, 10,11,12,13 and 14 were thawed in a 37°C water bath and 445 

resuspended in complete RPMI and later, PBS. Pfs25-PE tetramer at 1µM was added 446 

to the PBMCs and incubated at 4ºC protected from the light, for 20 minutes. Cells were 447 

washed with PBS containing 10% FBS and incubated with anti-PE magnetic beads 448 

(Miltenyi Biotec, Bergisch Gladbach, Germany)  for 25 minutes. Four ml of PBS were 449 

added. The suspension was then passed over magnetized LS columns for elution of 450 

Pfs25-PE specific cells. 451 

 452 

Flow Cytometry and sorting of Pfs25-specific B cell 453 

After the enrichment with Pfs25 and decoy tetramers, human cells were stained with CD3 454 

(UCHT1), CD14 (M5E2), CD56 (HCD56) Alexa Fluor 700, CD19 APC-CY7 (HIB19) and 455 

CD20 PE-CY7 (2H7) conjugated antibodies purchased from Biolegend (San Diego CA).  456 

A gating strategy was performed first for doublet discrimination, then singlet cells were 457 

selected for exclusion of non-B cells using CD3, CD14 and CD56 markers. Lymphocytes 458 

were gated for CD19+CD20+. Pfs25-specific B cells were gated using PE and excluding 459 

non-Pfs25 B cells in CF594, the fluorochrome used in the decoy BSA tetramer. Analysis 460 

was performed in FACSAria™ II instrument (Fluorescence-activated cell sorting, BD 461 

Biosciences, San Jose CA) with blue, red, and violet lasers. Pfs25-specific B cells were 462 

analyzed according to the fluorescence staining profile described above and sorted 463 

directly into a 96-well plate using FACS with nozzle of 100 µM. Plates were then 464 

centrifuged at 1,278 x g for 30 seconds and placed into a -80°C freezer. 465 

 466 

IG VH and VL sequencing of Pfs25-specific single B cells 467 

https://www.google.com/search?rlz=1C1GCEA_enUS876US876&sxsrf=ALeKk03WFbQsOE91AtRVjMvecXp0gglXuw:1595014630067&q=Bergisch+Gladbach&stick=H4sIAAAAAAAAAOPgE-LSz9U3KMhNs6gsUuIEsQ2r8kwytDQyyq30k_NzclKTSzLz8_Tzi9IT8zKrEkGcYqv0xKKizGKgcEbhIlZBp9Si9Mzi5AwF95zElKTE5IwdrIwA1BEGuloAAAA&sa=X&ved=2ahUKEwjp077DhNXqAhWYlXIEHcaEBKsQmxMoATAQegQIDRAD
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Amplification of IG heavy (VH) and light (VL) domains from single sorted cells was 468 

performed by iRepertoire Inc. (Huntsville, AL, USA). Briefly, RT-PCR1 was performed 469 

with nested, multiplex primers covering both heavy, kappa, and lambda loci, and including 470 

partial Illumina adaptors. 500 bp fragments corresponding to the VH and to the VL 471 

domains were amplified from each single B cell.  472 

 473 

Expression and purification of recombinant mAbs.  474 

VH and VL sequences of Pfs25-specific single B cells (CD19+CD20+) were selected for 475 

expression based on evidence of activation. If multiple cells contained identical CDR3 476 

sequences, it was considered to have been due to clonal expansion, and thus evidence 477 

of activation. Naturally paired VH/VL sequences were expressed in an IgG1 backbone by 478 

LakePharma, Inc. (Belmont, CA). IgG1 mAbs were expressed using 0.1 L transient 479 

production in HEK293 cells (Thermo Fisher Scientific, Waltham WA) and purified using 480 

protein A affinity chromatography. Purified proteins were submitted to sterile filtering using 481 

a 0.2 μm sterile filter and characterized for >90% purity by CE-SDS, concentration and 482 

endotoxin. 483 

 484 

Enzyme-linked immunosorbent assay (ELISA) for Pfs25 mAbs 485 

mAb responses against recombinant Pfs25 were measured using ELISA. Immulon® 486 

4HBX plates were coated with 1 µg/well of recombinant Pfs25. Plates were incubated 487 

overnight at 4°C and blocked with 320 µL of buffer containing 5% skim milk powder in 488 

Tris-buffered saline for 2 hours at RT. Plates were washed with Tween-TBS. Samples 489 

(dilution 1:500) were added to Pfs25-coated wells, in triplicate, and incubated for 2 hours 490 
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at RT. Plates were washed, then 100 µL of alkaline phosphatase labelled goat anti-human 491 

IgG were added. Plates were incubated for 2 hours at RT and washed. A colorimetric 492 

substrate, p-nitrophenyl phosphate (Sigma, St. Louis MO) was added and plates were 493 

read at absorbances of 450 nm and 550 nm on a multi-well reader (Molecular Devices, 494 

San Jose CA). 495 

 496 

Standard Membrane Feeding Assay 497 

SMFA was performed to assess the ability of monoclonal antibodies to block the 498 

development of P. falciparum strain NF54 oocysts in the mosquito midgut. For this, stage 499 

V gametocytes from a mature gametocyte culture were mixed with normal human serum 500 

and normal red blood cells to make a feeding mixture with 0.15–0.2% stage V 501 

gametocytemia. SMFAs were conducted in the presence of active human complement. 502 

Purified mAbs were added to these at the specified concentrations and then fed to 3–6-503 

day-old starved female A. stephensi (SDA 500, NIAID) via a parafilm® membrane. The 504 

mosquitoes were maintained for 8 days and then dissected to count the number of 505 

oocysts per midgut in 20 mosquitoes. Percent reduction in mean infection intensity 506 

(%TRA, Transmission-Reducing Activity) was calculated relative to the respective control 507 

IgG tested in the same assay. 508 

 509 

Bioinformatic analysis of LC-MS/MS data  510 

Pfs25-specific plasma IG F(ab’)2 tryptic peptides (proteome datasets of 9 subjects)  were 511 

analyzed by mass spectrometry (LTQ Orbitrap Velos) and acquired spectra were 512 

analyzed using PEAKS Studio 8.5 (Bioinformatics Solutions, Inc.) using a database 513 
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composed of the following: a) IMGT® (from IMGT®, the international ImMunoGeneTics 514 

information system®, http://www.imgt.org (42), and containing the V-region translation of 515 

Homo sapiens germline genes and alleles: 303 IGHV  (average sequence size 93.53 aa), 516 

83 IGLV (average sequence size 95.90 aa) and  89 IGKV sequences (average sequence 517 

size 94.11 aa) (17); b) an in-house IGH CDR3 dataset generated by translation of 3.15 518 

million IGH CDR3 sequences amplified from the PBMCs of 79 subjects (vaccinees and 519 

comparators, mean of 39,966 sequences per subject). Lastly, a dataset containing 22 VH 520 

and VL sequences of Pfs25-specific single B cells (single cell dataset) from subject 7 521 

were searched against the Pfs25-specific plasma IG F(ab’)2 peptides from the same 522 

donor. Nucleotide sequences were translated to amino acids using the R function 523 

“DNAtoBestPeptide()” in the R package DuffyTools. cRAP (common Repository of 524 

Adventitious Proteins) database was used in all databases to exclude possible 525 

contaminants. The variable modifications selected were Carbamidomethyl (C), 526 

deamidation (NQ) and oxidation (M), and two missed cleavage sites were allowed. The 527 

false discovery rate (FDR) for peptides was set to 1% by applying the target-decoy 528 

strategy.  529 

The PEAKS software matches MS/MS spectra to peptide sequences in each database 530 

by employing de novo peptide sequencing to improve speed and accuracy of the 531 

database search. In addition, PEAKS, as with other proteomics software, utilizes the 532 

target-decoy strategy to compare correct (target) peptide-spectra matches to incorrect 533 

(decoy) peptide-spectra matches and generates a false discovery rate (FDR) (45). 534 

 535 

 536 

http://www.imgt.org/
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LAX Algorithm and Statistical Analyses 537 

VH/VL sequences from Pfs25-specific single B cells (single cell dataset) were searched 538 

in the Pfs25-specific plasma IG F(ab’)2 peptides (proteome dataset) from the same donor 539 

using a novel local peptide alignment algorithm (LAX) (46) that uses the R 540 

“pairwiseAlignment()” function from the ‘Biostrings’ package (47, 48). By using a modified 541 

version of the PAM70 substitution matrix, altered to give non-negative penalties to the 542 

most common spectra misassignments (Ile vs Leu, Glu vs Gln, Asp vs Asn), LAX can 543 

tolerate mismatches and gaps in the F(ab’)2 fragments of MS/MS-generated peptides to 544 

find the best  scoring assignment to one or more Ig protein sequences.  This facilitates 545 

finding the best IG identity for peptides without the need for knowing a priori the complete 546 

repertoire of IG sequences in a subject. 547 

Each peptide is scored by LAX against protein sequences from the database containing 548 

single BcR IG V-(D)-J sequences from subject 7, plus the cRAP database, to identify one 549 

or more highest scoring protein matches for each peptide. The scores reported by the 550 

LAX algorithm include:  Weight for each peptide, based on the number of equally high 551 

scoring protein hits that LAX found, where 1.0 signifies a unique assignment to one and 552 

only one protein, and lower weights for peptides matching 2 or more proteins; Percent 553 

Match for each peptide, value that quantifies the percentage of amino acids in the peptide 554 

that are perfect matches to the assigned protein sequence, where again 1.0 signifies a 555 

perfect match, and lower percent match scores for peptides with increasing numbers of 556 

mismatches, insertions, or deletions. In addition, LAX reports a ScorePerAA that 557 

normalizes the final PAM70 score by peptide length, to adjust for different length peptides. 558 
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Peptides with a ScorePerAA < 4.3 were discarded, for being too dissimilar to any 559 

database protein. 560 

 561 

Study Approval 562 

NCT01867463 and NCT02334462 (ClinicalTrials.gov) clinical trials were approved by the 563 

ethics review boards from the Faculté de Médecine, de Pharmacie et 564 

d’OdontoStomatologie (FMPOS) Bamako, Mali, and the US National Institute of Allergy 565 

and Infectious Diseases (NIH, Bethesda, MD, USA), as well as the Mali National 566 

Regulatory Authority. The safety and immunogenicity results of phase I from 567 

NCT01867463 clinical trial are published elsewhere (8). 568 

 569 

 570 

  571 
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 749 

MAIN FIGURES 750 

 751 

 752 
 753 

Figure 1. IGHV subgroup usage and IGH CDR3 amino acid (AA) lengths for IG of total peripheral B 754 

cells before and after Pfs25 or comparator vaccine administration. a) Usage of IGHV subgroups in 755 

total peripheral B cells of subjects receiving Pfs25-EPA/Alhydrogel® or comparator vaccine (Euvax-B in the 756 

first 3 doses and Menactra in the 4th dose). PBMCs were collected at day 0 and day 494 (14 days after the 757 

4th dose). The CDR3 region of the IG heavy chain was amplified by multiplex PCR from cDNA of PBMCs, 758 

followed by DNA sequencing to identify and quantitate the absolute abundance of each CDR3. b) Mean 759 

CDR3 AA length did not change compared to baseline and did not differ versus comparator vaccine (t test, 760 

Supplemental Table 1). Error bars represent SEM. 761 

 762 

 763 



32 
 

764 
Figure 2. Mass spectrometry analysis pipeline of plasma Pfs25-IG peptides. Plasma and PBMC 765 

samples were collected from adults vaccinated with four doses of Pfs25 TBV in Mali. Total plasma IG was 766 

purified on Pfs25 antigen, and after confirming reactivity to Pfs25 in IgG ELISA, was digested and 767 

fractionated to isolate the F(ab’)2 fragment. Trypsinized F(ab’)2 samples were analyzed by Orbitrap MS/MS 768 

and the resulting mass spectra were matched to translated sequences from the IMGT® germline reference 769 

database (17) and those from the in-house IGH CDR3 dataset. To match mass spectra to BcR sequences 770 

of Pfs25-specific single B cells from the same subject (Subject 7), the LAX algorithm (18) was used to rank 771 

the most frequent matches.  772 

 773 

 774 
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 775 
  776 

Figure 3. Sample selection for proteomic analysis of serum Pfs25 antibodies. a) Serum samples 777 

presenting High functional activity (Transmission-Reducing Activity, TRA >90%) are highlighted in gray. 778 

Subject ID is listed by increasing level of functional activity, or %TRA. %TRA is calculated as the percentage 779 

reduction in the number of oocysts counted on mosquito midguts 8 days after feeding on cultured parasites 780 

mixed with individual post-vaccination serum and compared to mosquitoes fed with human naïve sera. b) 781 

Correlation between anti-Pfs25 antibody titers and functional activity (TRA) in sera of vaccinated subjects. 782 

c) Coomassie gel containing the digestion products of Pfs25-IG purified from plasma. The region 783 

corresponding to F(ab’)2 was excised from the gel and analyzed by tandem mass spectrometry (MS/MS). 784 

d) Spearman’s correlation between the number of peptide matches in the IMGT® database and those in 785 

the IGH CDR3 dataset was statistically significant.  786 

 787 

 788 



34 
 

 789 



35 
 

Figure 4. Plasma Pfs25-IG mass spectra matching peptides inferred from sequences in the IGH 790 

CDR3 dataset before and after Pfs25-EPA/Alhydrogel®. a) Proportion of all Pfs25-IG plasma peptides 791 

that can be assigned to an IGHV subgroup in the IGH CDR3 dataset. Individual dots correspond to the 9 792 

subjects whose plasma samples were used for Pfs25-IG proteomics. Bold colored lines show median and 793 

black dotted lines show quartiles. Data was calculated using paired t test Raw data available at 794 

Supplemental Table 3.  b) Heat map displays the difference in the proportion of plasma Pfs25-IG peptides 795 

that can be attributed to an IGHV subgroup after dose 4 versus day 0 (baseline). Positive values (green) 796 

represent a proportional increase in the use of IGHV subgroup after vaccination, and negative values (red) 797 

represent a proportional reduction in use. Only IGHV subgroups that yielded matches among the subjects 798 

are plotted. Data used to generate the heatmap are available at Supplemental Table 4 and sequences of 799 

the plasma Pfs25-IG peptides identified at baseline and dose 4 matching IGH CDR3 database are provided 800 

in Supplemental Table 5. 801 
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 832 
 833 

 834 

 835 

 836 

Figure 5. Alignment of IG peptides to VH region from Pfs25-specific B cell of the same donor 837 

(Subject 7). The figure represents alignment between the most frequently detected plasma IG peptides 838 

matching IGHV4 sequence from subject 7.  Plasma IG F(ab’)2 peptide RAHQFADDDGDLLIEPWGRG (20 839 

AA) matched exactly and aligned to a CDR3 sequence of VH obtained from an IGHV4 single B cell in the 840 

same donor. Complete information about all plasma peptides from subject 7 matching VH/VL regions of 841 

BcR from the same subject are listed at Table 1. Red color shows peptides with a perfect match to VH 842 

sequence of Pfs25-single B cell from subject 7, while blue color shows De novo matches (1+ aa 843 

mismatches) when aligned to the most similar protein sequence. Peptide Weight is calculated by the LAX 844 

algorithm to quantify peptide-protein hit uniqueness. Mass spectra that exactly match a peptide from a 845 

single protein receive a weight of 1. Mass spectra matching peptides from 2+ proteins equally well have 846 

proportionally less weight assigned to the peptide from each protein. Thus, higher Weighted Peptide Depth 847 

values along the protein reflect both higher number of peptide alignments and greater peptide uniqueness. 848 
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871 
Figure 6. IGHV gene usage in Pfs25-specific single B cells collected from subjects after four doses 872 

of Pfs25-EPA/Alhydrogel®. IGHV4 is the most frequently used IGHV subgroup for BcR of Pfs25-specific 873 

single B cells of vaccinees.  874 

 875 

 876 

 877 
 878 

 879 

Figure 7. Human mAbs against Pfs25 using IGHV4 or other gene groups. a) From the 13 mAbs tested, 880 

10 bound to recombinant Pfs25 in ELISA – 6/6 in the IGHV4 group, and 4/7 in other groups; b) among the 881 

10 binding mAbs, two (LMIV25-01 and -02) were highly functional at 375 ug/ml, both of which used IGHV4 882 

sequences. c) Only LMIV25-02 retained activity >80% at 100 ug/ml. Error bars represent mean with SD. 883 
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MAIN TABLES 887 

 888 

 889 

 890 

 891 

Table 1.   Plasma Pfs25-IG peptides matching VH/VL from Pfs25-specific single B cell IG of the same 892 

donor (Subject 7). Table displays the plasma peptides with highest matching scores to VH region of Pfs25-893 

specific single cell from the same donor. ScorePerAA: normalizes the final score by peptide length, to 894 

adjust for different length peptides. Peptides with a ScorePerAA <4.3 were discarded for being too dissimilar 895 

to any database protein. AA = amino acid. %Match: Percent match quantifies the percentage of amino 896 

acids in the peptide that are perfect matches to the assigned protein sequence, where 1.0 signifies that 897 

every AA matched the assigned protein, 0.9 means 90% of the AA matched, due to mismatches, insertions, 898 

or deletions. Although those were the most frequently detected peptides in both datasets, a complete list 899 

of peptides that match between serum and Pfs25-specific single B cells from the same donor (subject 7) 900 

with additional parameters of classification is available at Supplemental Table 6. 901 

 902 

 903 

 904 

 905 

 906 

 907 

Score
PerAA 

%Match 

Plasma Pfs25-IG peptides 
matching VH/VL of Pfs25-specific 

B cell IG from same donor 

donor 

VH/VL germline of Pfs25-
specific single B cells 
according to IMGT® 

 

V 
domain 

 

 

 

 

6.85 1 RAHQFADDDGDLLIEPWGRG 
IGHV4-59-IGHD2-21-

IGHJ5 
VH 

5.68 0.92 RATGIPDRFSGSGSGTDFTLTISRL IGKV3-11-IGKJ2 V-KAPPA 

5.63 0.91 RASGVPDRFSGSGSGTDFTLKI IGKV4-1-IGKJ4 V-KAPPA 

4.69 0.77 
GVAILGHFDYWGQGTLVTVSSAST

KG 
IGHV1-46-IGHD6-19-

IGHJ4 
VH 
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 908 

Table 2. mAbs obtained from Pfs25-specific single B cells of vaccinees with high IgG titers. IGH V-909 

D-J and IGK V-J gene and allele assignment were determined using the tool IMGT/V-QUEST from IMGT®, 910 

the international ImMunoGeneTics information system®, http://www.imgt.org (42). Antibodies were tested 911 

for binding to recombinant protein and functional activity using SMFA (Standard Membrane Feeding Assay). 912 

%TRA was calculated as the percentage reduction in the number of oocysts counted on mosquito midguts 913 

8 days after feeding on cultured P. falciparum NF54 mixed with each mAb versus human naïve sera. The 914 

two antibodies highlighted in gray demonstrated the greatest activity. Additional data on mAb functional 915 

activity are shown in Figure 7 and Supplemental Table 9. 916 

 917 

 918 

 919 
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 921 

 922 

 923 

 924 
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 926 

 927 

 928 

 929 

 930 

 931 

 932 

 933 

 934 

 935 

 936 

 937 

 938 

mAb 
IGHV gene 
and allele 

IGKV gene 
and allele 

Pfs25 ELISA 
reactivity 

TRA >80% at 
375 µg/mL 

TRA >80% at 
100 µg/mL 

LMIV25-01 IGHV4-4*07  IGKV1D-39*01 YES YES NO 

LMIV25-02 IGHV4-4*07  IGKV1D-39*01 YES YES YES 

LMIV25-03 IGHV4-4*07  IGKV1D-39*01 YES NO NO 

LMIV25-04 IGHV4-4*07  IGKV1D-39*01 YES NO NO 

LMIV25-05 IGHV1-3*01  IGKV4-1*01 NO - - 

LMIV25-06 IGHV1-3*01  IGKV4-1*01 NO - - 

LMIV25-07 IGHV1-3*01  IGKV4-1*01 NO - - 

LMIV25-08 IGHV1-8*02  IGKV4-1*01 YES NO NO 

LMIV25-09 IGHV1-8*02  IGKV4-1*01 YES NO NO 

LMIV25-10 IGHV4-59*13  IGKV4-1*01 YES NO NO 

LMIV25-11 IGHV1-2*02  IGKV4-1*01 YES NO NO 

LMIV25-12 IGHV1-58*01 IGKV4-1*01 YES NO NO 

LMIV25-13 IGHV4-34*01 IGKV4-1*01 YES NO NO 

http://www.imgt.org/
http://www.imgt.org/IMGT_vquest/analysis;jsessionid=0098281F7C38B10AE0AF2C807CBEAD9C#sequence1_alv
http://www.imgt.org/IMGT_vquest/analysis;jsessionid=0098281F7C38B10AE0AF2C807CBEAD9C#sequence1_alv
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http://www.imgt.org/IMGT_vquest/analysis;jsessionid=0098281F7C38B10AE0AF2C807CBEAD9C#sequence1_alv
http://www.imgt.org/IMGT_vquest/analysis#sequence1_alv
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