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Abstract

Background

Alloimmunization against the high frequency Vel blood group antigen may result in transfusion 
reactions or haemolytic disease of foetus and new born. Patients with anti-Vel alloantibodies require 
Vel-negative blood but Vel-negative individuals are rare (1:4000). Identification of Vel-negative donors 
ensures availability of Vel-negative blood, however, accurate Vel blood group typing is difficult due to 
variable Vel antigen expression and limited availability of anti-Vel typing sera. We report the produc-
tion of a recombinant anti-Vel antibody that also identifies weak Vel expression.

Study design and methods

A recombinant anti-Vel monoclonal antibody was produced by cloning the variable regions from an 
anti-Vel-specific B cell isolated from an alloimmunised patient into a vector harbouring the constant 
regions of IgG1-kappa or IgM-kappa. Antibody Vel-specificity was tested by reactivity to SMIM1-
transfected HEK293T cells, and by testing various red blood cells of donors with normal, weak or no 
Vel expression. High throughput donor screening applicability was tested using an automated blood 
group analyser.

Results

A Vel-specific IgM class antibody was produced. The antibody was able to distinguish between Vel-
negative and very weak Vel antigen expressing red cells by direct agglutination and in high throughput 
settings using a fully automated blood group analyser and performed better than currently used human 
anti-Vel sera. High throughput screening of 13,288 blood donations identified 3 new Vel-negative 
donors.

Conclusion

We generated a directly agglutinating recombinant anti-Vel IgM antibody, M3F5S-IgM, functional in 
manual, automated agglutination assays, and flow cytometry settings. This IgM anti-Vel antibody will 
improve diagnostics by facilitating the identification of Vel-negative blood donors.
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Introduction

The ISBT currently recognizes 36 blood group systems, comprising over 300 antigens. One of the latest 
assigned systems, ISBT34, is the Vel blood group system carried by the red blood cell (RBC) membrane 
protein SMIM1 (Small Integral Membrane Protein 1) 1-3. In Europe, RBCs of about 1 in 4000 individuals 
lack the Vel blood group 1, with the exception of Northern Sweden, where the prevalence is 1:1700 4. 
Discrimination between Vel-negative and Vel-weak donors is of utmost importance for safe blood trans-
fusions, but achieving this by serological testing has been challenging. The discovery that a homozygous 
17bp frameshift deletion (c64-80del) in exon 3 in the coding sequence (CDS) of SMIM1 gene causes 
Vel-negativity, has significantly improved the identification of Vel-negative donors. Cvejic et al. showed that 
3 out of 74 known serology-typed Vel-negative blood donors were in fact Vel-weak donors upon genetic 
screening. Weak Vel expression can be caused by the heterozygous presence of 17bp deletion in SMIM1 and 
missense mutations affecting the CDS of the wild type allele 1,5. In addition, the level of SMIM1 transcripts 
has been linked to the SNP rs1175550 6, and rs143702418 5,7, located in a regulatory region in intron 2 
and the different rs1175550 and rs143702418 alleles were shown to display differential binding to erythroid 
nuclear proteins 1,7. Eventually, these SNPs have been demonstrated to be responsible for variation in Vel 
expression on RBCs 5,7. Interestingly, weak Vel expression can also occur in the absence of the 17bp deletion 
or missense mutations, but these rare cases remain genetically unexplained 5.

Screening for Vel-negative blood donors is still mostly done using sera from Vel immunised patients. 
These sera vary in quality, have limited availability, and cannot always accurately detect very weak Vel 
expression. Therefore, there is a need to generate a recombinant monoclonal antibody (moAb) that can 
be used in serology screenings. Here we describe the generation and characterization of a recombinant 
human anti-Vel IgM antibodies (M3F5S-IgM) and its application in an automated screening assay 
using an Olympus PK7300.

Study design and Methods

Donor material

Blood was obtained from a Vel-negative patient 3 months after childbirth, who was sensitized during 
pregnancy. Informed consent was in accordance with the Declaration of Helsinki and Dutch national 
and Sanquin internal ethic boards. Peripheral blood mononuclear cells (PBMCs) were obtained through 
ficol density separation (ρ=1.077 g/mL, GE Healthcare, Pittsburgh, PA) and B-cells were purified 
using CD19 MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany) through magnetic-activated 
cell sorting (MACS) according to manufacturer’s protocol. Both fresh and cryo-preserved RBCs from 
20 Vel-positive and 9 Vel-negative blood donors or patients, genotyped for c64_80del, were tested 
5. In addition, two donors with Vel-weak genotype, donor c152T>A (p.M51K, VEL*01W.01) and 
c161T>C (VEL*L54P, unpublished) were used. Dutch blood donations that were typed at the Dutch 
National Screening Laboratory were included in the study (n=13,288; 3 months).
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Antibodies

Anti-Vel specific antibodies in sera were purified by adsorption/elution as described before 5. In short, 
serum was incubated with Vel+ RBCs for 1h at 37°C. Red cells were washed 6 times in cold (4°C) 
PBS and antibodies were eluted from the RBCs using the Gamma ELU-KIT II (Immucor Gamma, 
Norcross, GA). The immunopurified human polyclonal anti-Vel from the serum of the patient was 
shown to contain both IgG and IgM Vel specific antibodies, whereas the reference immunopurified 
anti-Vel (MB46) only contained IgG anti-Vel (supplemental figure 1). Antibodies: Human anti-Vel 
serum (MB46, Sanquin Diagnostics BV, the Netherlands), anti-A (clone Birma-1 IgM, Sanquin), 
anti-D (clone RUM-1 IgM, Sanquin), anti-KIDD (Jka: clone MS15 IgM, Jkb: clone MS8 IgM, 
both Sanquin), anti-CD271 (nerve growth factor receptor (NGFR))-APC (Miltenyi Biotec, Bergisch 
Gladbach, Germany), anti-C3-FITC (clone anti-C3-19, Sanquin Research) and anti-C4-APC (clone 
anti-C4-10, Sanquin Research).

Culture and selection of anti-Vel-specific B cells

Vel-positive ghosts were prepared as described previously 8 and labelled with PKH26, an aliphatic 
dye incorporating into cell membranes 9. Purified CD19+ cells (B-cells) were incubated with labelled 
Vel-positive ghosts and B-cells with bound Vel-positive ghosts were single B-cell sorted using a 4L 
ARIA IIIu Cell Sorter (BD Biosciences, Oxford, UK). Single B cells were cultured for 10 days on 
an EL4.B5 feeder layer as described before 9,10. Presence of IgG or IgM in B cell clone supernatant 
was assayed through ELISA as previously described 9. Supernatant was tested for direct and indirect 
agglutination with Vel-positive and Vel-negative RBCs. 50 µL 1% (v/v) bromelain-treated RBCs was 
added to 50 µL supernatant in a round-bottom 96-well plate, mixed and incubated for 10 minutes at 
room temperature (RT), subsequently direct agglutination was scored. The cells were incubated for 15 
minutes at 37°C and pelleted by 1minute 200g RT. Indirect agglutination was scored after a washing 
step with 0.1% BSA-PBS and addition of 50 µL Coombs serum (Sanquin, polyclonal GaH IgG) for 
5 minutes at RT.

Production of recombinant IgM and IgG

The B cells that produced anti-Vel were collected after 10 days. RNA was extracted using TRIzol (In-
vitrogen, Carlsbad, CA) and reverse transcribed into cDNA (10 µL containing 1 mM dNTPs (Roche 
Diagnostics, Indianapolis, IN), 25 µM random primers (Invitrogen), 20 U RNase-Out (Invitrogen), 
100 U M-MLV Reverse Transcriptase (Invitrogen), and 1x FSB buffer (5x 1st strand buffer, Invitrogen 
and incubated at 70°C for 10mins, 42°C for 45min, 90°C for 3mins and cooled to 4°C). cDNA was 
amplified using separate primer mixes specific to VH- or VL-leader sequences and to the constant 
regions of the IgG Heavy chain (HC), IgM HC, Igĸ Light chain (LC), or Igλ LC using a thermocycler 
(Veriti, Thermo Fisher Scientific, Carlsbad, CA) followed by a nested PCR (see supplemental table 1 
for primers; 94°C for 30s, 59°C for 30s, 72°C for 60s; cycles=35) and analyzed on a 1% agarose gel. 
PCR-products were sequenced with the appropriate nested PCR primers (StepOnePlus, Thermo Fisher 
Scientific, Carlsbad, CA) and analyzed using Genetic Analyzer (3130, Applied Biosystems). Sequence 
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alignment to their closest germline segment was done using IMGT/V-QUEST. The antibody constant 
regions were cloned into pcDNA3.1+ (Invitrogen) using restriction sites NheI and EcoRI (heavy 
chains) and XhoI and EcoRI (light chains) (Fast Digest enzymes, thermos Fisher Scientific). For IgM 
the V/CH1 interchange was modified to GGTAGC encoding for AS instead of GS, to insert a NheI 
restriction site between the variable and constant regions in the corresponding region in IgG1. The 
pcDNA3.1+ vector for the heavy chains had been adapted by eliminating the NheI site in pcDNA3.1 
after NheI digestion with mungbean nuclease [New England Biolabs, Ipswich, MA]. Variable regions 
were ordered as double stranded DNA (gBlocks IDT) and cloned in frame with HindIII and NheI 
or HindII and XhoI (for the heavy and for the light chains, respectively) into pcDNA3.1+ vectors 
harboring the constant domains. For the production of recombinant anti-Vel IgM and IgG1, serum-
free FreestyleTM 293 Expression System (Invitrogen) was used, as described previously.11

Flow cytometry

HEK293T cells were transfected with a vector containing only NGFR or NGFR in combination with 
wild-type SMIM1 (mLwpRRLsSMIM1itNGFR) as used before 5. Forty-eight hours after transfection, 
cells were harvested and screened by flow cytometry using anti-NGFR as a transfection efficiency 
control. 3% (v/v) RBC suspensions were incubated with primary antibodies for 30 minutes at 4°C in a 
V-bottom 96-well plate and cells were washed 2 times in PBS (1800rpm, 2min;RT). Subsequently cells 
were incubated with secondary antibodies Alexa Fluor-647 anti-human IgG (Life Technologies) or 
Alexa Fluor-647 anti-human IgM (Southern biotech). When mentioned cells were treated with 0.17% 
bromelain for 10 min at 37 °C to enhance expression detection 12. Cells were washed 3 times in PBS 
(1800rpm, 2min;RT). Results were acquired on a BD CantoII/LSRII/Fortessa (BD Bioscience, Breda, 
The Netherlands) flow cytometer and analyzed using FloJo software (Treestar, Ashland, OR,USA).

Agglutination assays

Donor blood samples were tested for Vel-antigen expression on the Olympus PK7300 testing system 
(Beckman Coulter, Brea, CA) by adding 25 µL FreestyleTM 293F culture supernatant diluted 1 in 5 
with PBS containing 12% (v/v) BSA to 25 µL of 1.7% (v/v) PBS suspended donor RBCs to 96-well 
(16µm) Olympus Optical plates for 60 minutes at 30°C. Undiluted FreestyleTM 293F culture superna-
tant contains 61ug/mL (Nephelometer BN II, Siemens) recombinant anti-Vel. The optimal thresholds 
settings for agglutination on the Olympus PK7300 were experimentally determined and consecutively 
set for SPC (sharpness of boundary between peripheral and central area) at 8 for “Low” and 19 for 
“High”, for P/C (P is the average quantity of light passing through the peripheral part of a well and C 
through the central part of a well) at 19 for the “(+) Limit” and 26 for the “(-) Limit” and for LIA (low 
intensity area) at 100 for the “(+) Limit” and 300 for the “(-) Limit”. Manual serological tests were 
performed using column cards, either standard LISS/Coombs column cards (BIO-RAD, Veenendaal, 
The Netherlands) or NaCl, Enzyme Test and Cold Agglutinins column cards (neutral column cards, 
BIO-RAD). In column cards 25 µL antibody or anti-Vel sera was combined with 50 µL 0.8% (v/v) 
RBCs, diluted in LISS buffer and incubated for 15 min 37°C before centrifugation (BioRad protocol 
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column cards). For the neutral column cards 2.5% BSA (v/v) was combined with the antibody and 
incubated for 5 min RT, before centrifugation. In tubes, 80 µL antibody with 40 µL 3% (v/v) RBCs in 
PBS and 9% (v/v) BSA was incubated for 15 min at RT, subsequently cells were pelleted (1min, 200g). 
For anti-Vel sera in tubes, 80 µL sera with 160 µL 20% (v/v) PEG and 40 µL 3% (v/v) RBCs in PBS 
were incubated for 15 min 37°C, and subsequently washed for 4 times (1min 2300g), 80 µL anti-IgG 
(Sanquin, polyclonal GaH IgG) was added and cells pelleted.

Complement activation

Complement activation experiment was performed as previously described 12. In short, Vel+ A+ RhD+ 
RBCs were incubated with IgM monoclonal antibodies, anti-C5 monoclonal antibody (Eculizumab, 
200 µg/mL), and fresh AB serum (Sanquin), in presence or absence of 20mM EDTA. Antibody 
binding was visualized by anti-human IgM (Southern biotech, 2022-31) and anti-mouse IgM (BD 
Biosciences, 562595). C3b and C4b deposition were measured by Flow cytometry BD CantoII (BD 
Bioscience).

Genetic analysis

Genetic typing for the c.64_80del was performed using a Taqman assay, as described previously 5. 
Primers used for c64_80del: forward-5’-CAGGAGAGCCACGTCCACTATAG-3’; Reverse-3’-
CCTCTTCTGTGCTGGACTTCGT-5’. Sequencing SMIM1 (4 exons; intron2) was performed 
using primers as previously described 5. PCR products were purified using PCR product cleanup 
(ExoSAP-IT, GE-Healthcare, Pittsburgh, PA), according to manufacturers’ protocol. Sequence 
reactions were performed on a thermocycler (Veriti, Thermo Fisher Scientific, Carlsbad, CA) and 
sequence products were analysed on a genetic analyser (3130, Applied Biosystems) with use of the 
ContigExpress module of Vector NTI Advance 11.5.4 software (Invitrogen) and Vel-reference se-
quence (ENST000004444870.2).

Results

Generating recombinant anti-Vel by cloning antibody variable regions encoded within 
purified and single-cell expanded anti-Vel-specific B cells

From 41*106 PBMCs, obtained from a blood sample of an Vel alloimmunised patient, a total of 
320.000 CD19+ B-cells were MACS isolated. To purify the anti-Vel producing B cells, PKH26-
labelled Vel-positive ghosts were incubated with the B-cells, and 695 B-cells to which RBC-ghosts 
were bound were sorted by FACS (supplemental figure 2) and cultured as single B-cell clones 9. 272 
clones produced antibodies, of which 23% of the clones produced both IgG and IgM antibodies, 
whereas 32% produced only IgG and 45% only IgM antibodies. Direct and indirect agglutination as-
says using clone culture supernatants on Vel-positive and Vel-negative RBCs identified one B-cell clone 
that produced Vel-specific antibodies, named M3F5S. By ELISA it was revealed that clone M3F5S 
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produced both IgG and IgM antibodies (data not shown). However, a nested PCR on cDNA obtained 
from the Vel specific clone M3F5S, showed only IgM and ĸ (supplemental figure 3). The sequences of 
the variable regions were aligned to the IMGT database. Highest homology was found with IGHV3-
23*01 and IGHV3-23D*01, IGHD1-7*01, and IGHJ5*01 and IGHJ5*02. The variable heavy (VH) 
sequence showed somatic hypermutation with 17 mismatches out of 296 bp (94.3%) and the variable 
light (VL) chains aligned to reference gene IGKV1-8*01, with 14 mismatches out of 277 bp (VL 
94.9%), and to reference gene IGKJ4*01. The VH and VL chain sequence was cloned in pcDNA3.1 
transfection vectors harbouring the constant domains of the Kappa light chain and of IgG1 13 or IgM 
in order to produce a recombinant Vel-specific antibody, hereafter denoted as M3F5S-IgG1 or -IgM.

Recombinant M3F5S-IgM recognizes an extracellular epitope on SMIM1

To determine the reactivity of the recombinant M3F5S-IgG1 and -IgM the antibodies were screened 
by flow cytometry with donor RBCs known to express normal, weak or no Vel expression (determined 
by c64_80del and rs1175550). The M3F5S-IgM showed recognition of the Vel antigen on all donors 
with variable Vel expression levels (figure 1a), whereas M3F5S-IgG1 did not react with weak Vel 
expressing RBCs and showed only low reactivity towards RBCs with highest (rs1175550GG) Vel 
expression (figure 1b). Further studies were therefore only performed with M3F5S-IgM. Ectopic 
expression of wild-type SMIM1 in HEK293T cells showed that M3F5S-IgM only recognizes the Vel 
epitope on SMIM1-transfected cells but not on mock-transfected cells (figure 1c). 19 Vel-positive do-
nors, including two very weak Vel donors, VEL*01W.01 and VEL*L54P (unpublished), were screened 
to determine the sensitivity of M3F5S-IgM in a flow cytometry assay. M3F5S-IgM is less useful for 
flow cytometry as it cannot clearly detect the very weak Vel donors. Although, bromelain treatment 
did increase the reactivity of the M3F5S-IgM with weak Vel and very weak Vel RBCs. In contrast, the 
immunopurified polyclonal anti-Vel MB46, was able to detect these donors by flow cytometry already 
without bromelain treatment (figure 1d).

Complement activation is a known characteristic for human anti-Vel sera. Indeed, upon incubating 
RBCs with M3F5S-IgM, C3b and C4b deposition was observed indicating complement activation, 
which was comparable to anti-A-opsonized RBC (supplemental figure 4). This calcium dependent 
complement activation was inhibited upon EDTA treatment.

M3F5S-IgM is more sensitive compared to polyclonal anti-Vel containing donor 
serum in tube agglutination and high throughput screenings

We next tested the applicability of the novel Vel-specific recombinant antibody M3F5S-IgM in a 
regular diagnostic and blood donor screening setting was tested and compared to a strong human 
anti-Vel serum (MB46) in standard agglutination assays in tubes and column cards. Specificity of the 
M3F5S-IgM moAb was validated by testing RBCs of 8 Vel-negative and 10 Vel-positive RBCs present 
in RBC diagnostic panels for antibody identification. Vel-positive donors were readily identified and 
adding BSA to the reaction increased the strength of the agglutination. As expected, there was no cross 
reactivity of the M3F5S-IgM with any other blood group. Of the 8 previously denoted Vel-negative 
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bromelain treated RBCs

Figure 1. Sensitivity of the produced recombinant anti-Vel M3F5S-IgM detected by fl ow cytometry.
Reactivity of recombinant antibodies M3F5S-IgM (a) and IgG1 (b) with RBCs of donors genotyped for c64_80del 
and rs1175550. RBCs genotype was Vel-negative (fi lled), heterozygote c64_80del + rs1175550 AA (solid), 
rs1175550 AA (short-dashed), rs1175550 AG (dotted), and rs1175550 GG (long-dashed). c) Detection of ecto-
pic SMIM1 expression in HEK293T cells by M3F5S-IgM (left), MB46 immunopurifi ed anti-Vel (middle), and 
anti-NGFR (anti-CD271, right). Solid line represents vector mLwpRRLsSMIM1itNGFR containing wild-type 
SMIM1 (isotype control depicted as fi lled). Dashed line represents mock construct containing only NGFR (isotype 
control depicted as dotted). d) Screening for Vel expression of 20 diff erent genotyped RBCs donors (c64_80del 
and rs1175550) by MB46 immunopurifi ed anti-Vel on untreated RBCs (left), M3F5S-IgM on untreated RBCs 
(middle), and M3F5S-IgM on bromelain treated RBCs. Eight donors depicted: Vel-negative (∆/∆), VEL*01W.01, 
VEL*L54P, heterozygote c64_80del + rs1175550 AA donor 1 (wt/∆ + AA Dnr1), heterozygote c64_80del + 
rs1175550 AA donor 2 (wt/∆ + AA Dnr2), rs1175550 AA (AA), rs1175550 AG (AG), and rs1175550 GG (GG).
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RBCs, 7 were indeed confi rmed negative in 4 diff erent agglutination assays. Surprisingly, one donor 
(3-2128) displayed variable results, which were negative or weakly positive using 15min RT incubation 
with BSA in the M3F5S-IgM tests (supplemental table 2). Genotyping revealed heterozygosity for 
c64_80del, AA for rs1175550 and CC for rs143702418. As shown in table 1 M3F5S-IgM showed 
better reactivity when tested in tubes compared to column cards. Adding BSA to the reaction increased 
the strength of the direct agglutination. Next, we compared M3F5S-IgM to MB46 in the optimal 
agglutination condition (direct for M3F5S-IgM and indirect for MB46) in column cards and tubes. 
Table 1 shows the reactivity of M3F5S-IgM and MB46 serum towards seven donors with diff erent Vel 
expression levels 5,7. Th e weak Vel expression of RBCs from donors with a heterozygous c64_80del in 
combination with rs1175550 AA genotype could not be detected by M3F5S-IgM in column cards 
(table 1), but did react in direct agglutination in tubes. Additional testing of very weak Vel expressing 
donors (c.152T>A (VEL*01W.01), c.161T>C (VEL*L54P, unpublished data)), showed that M3F5S-
IgM was able to discriminate between Vel-negative and these very weak Vel RBCs, in contrast to 
MB46 (table 1). Furthermore, in the tube agglutination assays the reduced Vel expression donors (SNP 
rs1175550 AA and heterozygous c64_80del) reacted stronger with M3F5S-IgM compared to MB46.

Within the Dutch National Screening Laboratory a total of 13,288 blood donations between March 
and June 2018 were screened in a high throughput automated direct agglutination assay for Vel expres-
sion using M3F5S-IgM after optimization of the test conditions. Comparable to the tube testing, the 
automated screening with M3F5S-IgM also showed highest reactivity when BSA was added (data not 
shown). RBCs of 13 donors had divergent thresholds for Vel-positive values by automated screening, 
of which 7 were classifi ed as very weak Vel expressing donors and 6 donors were suspected to be Vel-
negative based on their thresholds. Manual agglutination assays in tubes confi rmed the Vel-negative 
phenotype for 3 of the 6 suspected Vel-negative donors, whereas anti-Vel serum MB46 classifi ed 5 out 
of 6 donors as Vel-negative (table 2). M3F5S-IgM was reactive with the RBCs of all 7 very weak Vel 
expressing donors as assessed by the National Screening Laboratory. However, MB46 was not reactive 
with 2 out of 7 very weak donors (indirect agglutination assay in tubes). Th e 3 donors that were 
suspected Vel-negative according to the automated screening and negative in the manual agglutination 
with M3F5S-IgM were genotyped and indeed homozygous for the 17bp deletion (c64_80del). Th is 
gave a Vel-negative frequency of 1:3322, which agrees with previously reported frequencies for the 
Netherlands (1:4000) 1. Th e other 3 suspected Vel-negative donors by automated screening, showed 
to contain missense VEL*01W.01 in combination with rs1175550 AA for two donors, whereas the 
other donor was heterozygous for the deletion in combination with rs1175550 AA. Sequencing the 
remaining 7 very weak Vel donors revealed 6 to be heterozygote for c64_80del and rs1175550 AA 
and one donor without any missense mutation or deletion in the CDS. Th us a single very weak Vel 
phenotype was detected in 1:13000 donations and remained unexplained.
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Discussion

Although the molecular basis of Vel-negativity has been unravelled, for routine typing most blood 
banks still depend on antibodies from immunised individuals as a first screening method. Variable Vel 
expression and inconsistency of anti-Vel sera can lead to problems with successful Vel-antigen detec-

Table 2. Analysis of Vel-negative and Vel weak expressing donors (13)  identified within a cohort of 13,288 blood 
donations.

Donornumber

Olympus PK7300 values Serology results DNA Sequencing results

 
SPC LIA P/C MB46 

serum
M3F5S 

IgM

Intron 2 Exon 3 Exon 4

rs1175550 rs143702418 c.64_80del c.152T>A

N0003 18 257114 neg 20 391 36 neg neg ND ND ∆/∆ ND

N0011 18 357156 neg 20 328 34 neg neg ND ND ∆/∆ ND

N0018 18 098760 neg 21 375 35 neg neg ND ND ∆/∆ ND

N0011 18 316355 neg 19 396 35 neg 2+ AA CC wt/wt TA

N0012 18 093444 neg 21 317 33 neg 2+ AA CC wt/wt TA

N0003 18 378657 neg 20 313 35 (+) 1+ AA CC wt/∆ TT 

N0003 18 347324 pos 14 240 31 neg 2+ AA CC wt/∆ TT 

N0011 18 366811 pos 6 65 23 (+) 2+ AA CC wt/∆ TT 

N0011 18 352035 pos 8 189 29 (+) 3+ AA CC wt/∆ TT 

N0018 18 099363 pos 16 267 32 (+) 2+ AA C/CGCA wt/∆ TT 

N0018 18 078214 pos 12 241 31 1+ 1+ AA C/CGCA wt/∆ TT 

N0011 18 310761 pos 12 263 33 (+) 2+ AA C/CGCA wt/∆ TT 

N0012 18 322428 pos 9 136 26 neg 1+ AA CC wt/wt TT 

*ND Not Done. † wt wild type SMIM1. ‡ ∆ c64_80deletion in SMIM1. § Experimentally set thresholds for SPC-
LIA-P/C were 8-100-19 for Vel-positive and 19-300-26 for Vel-negative. 

Table 1. Comparison of agglutination assays in tubes and column card for M3F5S-IgM and MB46 immunopuri-
fied anti-Vel.

Genotype donors M3F5S IgM MB46 serum

Intron 2 Exon 3 Exon 4
Tube

column card
(neutral) Tube

column card
(LISS/Coombs)rs1175550 c.64_80del c.152T>A c.161T>C

GG wt/wt TT TT 3+ 3+ 2+ 2+

AG wt/wt TT TT 2+ 3+ 2+ 2+

AA wt/wt TT TT 2+ 2+ 2+ 2+

AA wt/∆ TT TT 2+ - (+) +

AA wt/wt TA TT + - - -

AA wt/wt TT TC + - - - 

ND ∆/∆ ND ND - - - -

*ND Not Done. † wt wild type SMIM1. ‡ ∆ c64_80deletion in SMIM1. § strength of agglutination on an arbitrary 
grading scale of 4+ until negative (-). 
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tion and may result in false negatives. For transfusion safety of Vel-alloimmunised patients, typing for 
Vel is required. Here, we have generated and produced a novel recombinant moAb IgM using B-cells 
from an immunised patient and implemented this reagent successfully into the Dutch donor screening 
program. This IgM antibody, M3F5S-IgM, is specific for the Vel antigen and discriminates between 
normal (variable due to SNP rs1175550), weak and no Vel expression.

The serum of the immunised patient contained both IgG but predominantly IgM anti-Vel antibod-
ies. The Vel specific B-cell clone was shown to produce an IgMĸ antibody. A recombinant IgM antibody 
was generated by cloning the rearranged variable regions of a Vel specific single B-cell clone into a vector 
containing the IgM constant regions. Using a similar approach, we previously generated anti-D IgG, 
anti-adalimumab, anti-natalizumab, and anti-infliximab 9,10,14-16. This demonstrates the usability of 
this protocol to manufacture recombinant moAbs customized to any immunoglobulin class (IgG, IgM 
etc). Therefore, the generation of hybridoma cultures is not required. In fact, generating Vel specific 
hybridoma cell lines based on mouse immunisation is likely to be difficult due to the high homology 
between human and mouse SMIM1 extracellular domain 1. A Vel specific antibody-producing human 
hybridoma cell line was recently described, which was also generated from an immunised individual 17.

Vel-specificity of M3F5S-IgM was demonstrated by reactivity to SMIM1 expressing HEK293T 
cells and the absence of reactivity with Vel-negative RBCs. Screening of a donor panel with highly 
variable Vel expression, using M3F5S-IgM by agglutination assays and flow cytometry, demonstrated 
discrimination between Vel-negative and very weak Vel expressing donors. M3F5S-IgM better detected 
Vel weak donors using agglutination assays compared to flow cytometry assays. The recombinant 
M3F5S-IgG1, with similar variable domains as M3F5S-IgM, only recognized donors with highest 
(rs1175550GG) Vel antigen expression. The low reactivity of M3F5S-IgG1 compared to IgM could be 
caused by a difference in avidity, as the IgM carries more binding sites. Of note, due to an absence of 
the J-chain the recombinant M3F5S-IgM is a hexamer in contrast to a pentamer. In addition, the flow 
cytometry requires multiple washing steps after each antibody incubation. This could result in loss of 
low affinity antibody binding and explain the higher sensitivity of M3F5S-IgM in direct agglutination 
assays compared to flow cytometry. The relatively low somatic hypermutations (VH 94.3% and VL 
94.9%) in the Vel specific B cell that produced the antibody indicates limited variable domain affinity 
maturation and could underlie the low affinity of the antibody 18. Interestingly, anti-Vel antibodies 
can activate complement, which forms an additional risk for alloimmunised patients due to possible 
intravascular haemolysis 19. The recombinant M3F5S-IgM, with naturally occurring VH and VL, also 
showed complement activation.

In a manual serological setting using M3F5S-IgM, direct agglutination assays in tubes was found 
to be more sensitive than card technique. In tube agglutination tests M3F5S-IgM can clearly distin-
guish between all Vel-negative and Vel-positive RBCs, including those with very weak Vel expression, 
whereas the human anti-Vel serum does not recognize all the Vel weak RBCs. Testing patient RBCs 
for weak Vel expression using polyclonal donor serum sometimes requires several different sera and/
or RBC enzyme-treatment to confirm Vel-negativity. In contrast, M3F5S-IgM can discriminate very 
weak Vel from Vel-negative donors in a direct agglutination screening, dispensing additional experi-
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ments and is thus more cost effective. Furthermore, this recombinant antibody can be produced and 
therefor provides an unlimited supply of the reagent. In addition, using M3F5S-IgM dispenses the 
use an additional secondary antibody step to induce agglutination, as current human anti-Vel sera 
contain mainly IgG antibodies. M3F5S-IgM can therefore be used in an automated blood group 
analyser, such as the Olympus PK7300, in contrasts to IgGs such as the previously described anti-Vel 
IgG SpG213Dc 17.

The Dutch National Screening Laboratory incorporated the use of M3F5S-IgM in their routine 
screening. The automated screening of over 13000 blood donations led to the identification of 3 
Vel-negative blood donors. We are confident, no Vel-negative donors were missed by the screening, 
since the frequency of Vel-negative donors was as expected and 3 donors with very weak Vel-expression 
were identified with values above the negative SPC, LIA, and P/C thresholds. Two donors with the 
rare SMIM1 missense mutation resulting in VEL*01W.01 were correctly detected as very weak Vel 
expressing donors. Heterozygote prevalence of c.64_80del is around 1 in 60, which would give an 
estimate of 200 heterozygote donors, of which 130 in combination with rs1175550 AA resulting in 
weak Vel-expression 5. However, only 7 heterozygote donors were detected with SPC-LIA-P/C values 
between the Vel-positive and Vel-negative thresholds, indicating that the majority of the heterozygote 
donors have values below the Vel-positive thresholds. Three out of the six suspected Vel-negative 
donors, in which the combination of the SPC-LIA-P/C values were above the Vel-negative thresholds 
of the automated screening, were identified as Vel-negative by the more sensitive manual test with 
M3F5S-IgM, which were all confirmed to be homozygote for the deletion (c64_80del) by sequencing. 
Detection of homozygosity for the 17bp deletion in the SMIM1 gene can be used as extra verification 
of the Vel-negativity. Intriguingly, in one of the very weak Vel expressing donors we could not explain 
the weak Vel expression. This adds to similar donors (6) described by Haer-Wigman et al., which had 
weak Vel expression that was not caused by c.64_80del, missense mutations, or common intronic 
variation in SMIM1 5. These particular cases indicate the need to further investigate the genetics of 
SMIM1 and Vel antigen expression to explain the very weak Vel expression, which could be caused by 
possible unknown co-factors or regulatory elements, that modulate Vel expression levels.

In conclusion, we have generated a recombinant IgM antibody with Vel specificity. This antibody 
can replace the current use of polyclonal antibodies derived from human sera and can be used in 
direct agglutination assays in a diagnostic setting. 13,288 blood donations have been screened with the 
Olympus PK7300 with M3F5S-IgM, resulting in 3 new Vel-negative donors. The availability of this 
anti-Vel IgM will enable more efficient serological screening for Vel-negative donors.
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Appendices I: Supplemental fi gures

ba IgM antibodies IgG antibodiesIgG 

Supplemental Figure 1. Flow cytometry analysis of Vel expression.
Comparison of immunopurifi ed anti-Vel antibodies from serum of the immunised patient and reference MB46 
serum with Vel-positive and Vel-negative RBCs, detected with anti-IgM (a) or -IgG (b). MB46 eluate Vel-positive 
RBCs (dashed), MB46 eluate Vel-negative RBCs (dotted), patient eluate Vel-positive RBCs (solid), and patient 
eluate Vel-negative RBCs (fi lled).
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Supplemental fi gure 2. Sorting single B-cells bound to Vel-positive ghosts labelled with PKH26 probe. Gating 
strategy: CD19-positive B-cell were purifi ed by MACS and dot plot shows the FSC/SSC distribution and gating of 
B-cells (a), forward scatter to include only single cells (b), side scatter to include only single cells (c). d) depicts the 
gate used to single cell sort B-cells bound to Vel-positive ghosts (RBC labelled with PKH26, PE-channel; x-axis) 
into a 96 wells plate.
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1st PCR Nested PCR
M G ĸ M G ĸ
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λ λ

Supplemental fi gure 3. Vel specifi c clone with 1st PCR and nested PCR amplifi ed VH and VL bands on agarose 
gel. Detection of heavy chains-IgM (M) and IgG (G) and light chains Kappa (ĸ) and Lambda (λ).
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Anti-D Anti-AM3F5S IgM

Supplemental fi gure 4. Anti-Vel M3F5S-IgM can mediate deposition of C3b and C4b on RBCs. a) histogram de-
picting specifi c antigen detection using anti Vel M3F5S-IgM (left), anti-D (middle) and anti-A (right) (solid lines) 
and isotype controls (grey). RBCs were treated with anti-Vel M3F5S-IgM (left), anti-D (middle) and anti-A (right) 
in presence of serum and with or without 20 mM EDTA (to block the calcium-dependent complement deposition) 
for 30 minutes. Complement deposition on RBCs was detected using anti-C3b and anti-C4b as indicated. Note 
the absence of C3b and C4b deposition upon incubation with anti-D IgM (middle, negative control) and upon 
treatment with EDTA.
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Appendices II: Supplemental Tables 

Supplemental table 1. PCR primers. A First PCR primers B. Nested PCR primers

A. First PCR reaction primers

Heavy chain forward primers

5’ L-VH1 ACAGGTGCCCACTCCCAGGTGCAG

5’ L-VH3 AAGGTGTCCAGTGTGARGTGCAG

5’ L-VH4/6 CCCAGATGGGTCCTGTCCCAGGTGCAG

5’ L-VH5 CAAGGAGTCTGTTCCGAGGTGCAG

Heavy chain reverse primers

IgM 3’ Cµ CH1 GGAATTCTCACAGGAGACGA

IgG 3’ Cγ CH1 GGAAGGTGTGCACGCCGCTGGTC

Kappa light-chain forward primers

5’ L Vĸ1/2 ATGAGGSTCCCYGCTCAGCTGCTGG

5’ L Vĸ3 CTCTTCCTCCTGCTACTCTGGCTCCCAG

5’ L Vĸ4 ATTTCTCTGTTGCTCTGGATCTCTG

Kappa light-chain reverse primers

3’ Cĸ 543 GTTTCTCGTAGTCTGCTTTGCTCA

Lambda light-chain forward primers

5’L Vλ 1 GGTCCTGGGCCCAGTCTGTGCTG

5’L Vλ 2 GGTCCTGGGCCCAGTCTGCCCTG

5’L Vλ 3 GCTCTGTGSCCTCCTATGAGCTG

5’L Vλ 4/5 GGTCTCTCTCSCAGCYTGTGCTG

5’L Vλ 6 GGTCTTGGGCCAATTTTATGCTG

5’L Vλ 7 GGTCCAATTCYCAGGCTGTGGTG

5’L Vλ 8 GAGTGGATTCTCAGACTGTGGTG

Lambda light-chain reverse primers

3’ Cλ CACCAGTGTGGCCTTGTTGGCTTG

B. Nested PCR reaction primers

Heavy chain forward primers

IgM 5’ VH1 Agel CTGCAACCGGTGTACATT(CCCAGG)TGCAGCTGGTGCAG

IgM 5’ VH1/5 Agel CTGCAACCGGTGTACATT(CCGAGG)TGCAGCTGGTGCAG

IgM 5’ VH1-18 AgeI CTGCAACCGGTGTACATTCCCAGGTTCAGCTGGTGCAG

IgM 5’ VH1-24 AgeI CTGCAACCGGTGTACATTCCCAGGTCCAGCTGGTACAG

IgM 5’ VH6-1 AgeI CTGCAACCGGTGTACATTCCCAGGTACAGCTGCAGCAG

IgG 5’ VH3 Agel CTGCAACCGGTGTACATT(CTGAGG)TGCAGCTGGTGGAG
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Supplemental table 1. PCR primers. A First PCR primers B. Nested PCR primers (continued)

IgG 5’ VH3-23 Agel CTGCAACCGGTGTACATT(CTGAGG)TGCAGCTGTTGGAG

IgG 5’ VH4 Agel CTGCAACCGGTGTACATT(CCCAGG)TGCAGCTGCAGGAG

IgG 5’ VH4-34 Agel CTGCAACCGGTGTACATT(CCCAGG)TGCAGCTACAGCAGTG

IgG 5’ VH3-33 Agel CTGCAACCGGTGTACATTCTCAGGTGCAGCTGGTGGAG

IgG 5’ VH3-9 Agel CTGCAACCGGTGTACATTCTGAAGTGCAGCTGGTGGAG

IgG 5’ VH4-39 Agel CTGCAACCGGTGTACATTCCCAGCTGCAGCTGCAGGAG

Heavy chain reverse primers

IgM 3’ JH1/2/4/5 SalI TGCGAAGTCGACGCTGAGGAGACGGTGACCAG

IgM 3’ JH3 SalI TGCGAAGTCGACGCTGAAGAGACGGTGACCATTG

IgM 3’ JH6 SalI TGCGAAGTCGACGCTGAGGAGACGGTGACCGTG

3’ IgG GTTCGGGGAAGTAGTCCTTGAC

Kappa light-chain forward primers

5’ Vĸ1-5 Agel CTGCAACCGGTGTACATTCTGACATCCAGATGACCCAGTC

5’ Vĸ1-9 Agel TTGTGCTGCAACCGGTGTACATTCAGACATCCAGTTGACCCAGTCT

5’ Vĸ1D-43 Agel CTGCAACCGGTGTACATTGTGCCATCCGGATGACCCAGTC

5’ Vĸ2-24 Agel CTGCAACCGGTGTACATGGGGATATTGTGATGACCCAGAC

5’ Vĸ2-28 Agel CTGCAACCGGTGTACATGGGGATATTGTGATGACTCAGTC

5’ Vĸ2-30 Agel CTGCAACCGGTGTACATGGGGATGTTGTGATGACTCAGTC

5’ Vĸ3-11 Agel TTGTGCTGCAACCGGTGTACATTCAGAAATTGTGTTGACACAGTC

5’ Vĸ3-15 Agel CTGCAACCGGTGTACATTCAGAAATAGTGATGACGCAGTC

5’ Vĸ3-20 Agel TTGTGCTGCAACCGGTGTACATTCAGAAATTGTGTTGACGCAGTCT

5’ Vĸ4-1 Agel CTGCAACCGGTGTACATTCGGACATCGTGATGACCCAGTC

Kappa light-chain reverse primers

3’ Jĸ1/4 BsiWI GCCACCGTACGTTTGATYTCCACCTTGGTC

3’ Jĸ2 BsiWI GCCACCGTACGTTTGATCTCCAGCTTGGTC

3’ Jĸ3 BsiWI GCCACCGTACGTTTGATATCCACTTTGGTC

3’ Jĸ5 BsiWI GCCACCGTACGTTTAATCTCCAGTCGTGTC

Lambda light-chain forward primers

5’ Vλ1 Agel CTGCTACCGGTTCCTGGGCCCAGTCTGTGCTGACKCAG

5’ Vλ2 Agel CTGCTACCGGTTCCTGGGCCCAGTCTGCCCTGACTCAG

5’ Vλ3 Agel CTGCTACCGGTTCTGTCACCTCCTATGAGCTGACWCAG

5’ Vλ4/5 Agel CTGCTACCGGTTCTCTCTCSCAGCYTGTGCTGACTCA

5’ Vλ6 Agel CTGCTACCGGTTCTTGGGCCAATTTTATGCTGACTCAG

5’ Vλ7 Agel CTGCTACCGGTTCCAATTCYCAGRCTGTGGTGACYCAG

Lambda light-chain reverse primers

3’ Cλ XhoI CTCCTCACTCGAGGGYGGGAACAGAGTG

*the restriction sites are underlined
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