
Identification of an anti-idiotypic antibody that defines a B-cell
subset(s) producing xenoantibodies in primates

Introduction

The ability to use pigs as organ donors for transplanta-

tion into humans represents a solution for the increasing

shortage of organs for human transplantation. Xenografts,

however, are rejected by antibodies that bind to the galac-

tose a(1,3) galactose (Gal) carbohydrate that is present

on wild-type pig cells and absent in humans and Old

World primates.1–3 Although hyperacute rejection can

now be prevented by several methods including depletion

of natural antibodies prior to transplantation4–6 and

genetic modification of the donor pig organs,7–11 these

procedures do not prevent acute humoral xenograft rejec-

tion. The nature of the xenoantigenic targets identified by

antibodies directed at non-Gal xenoantigens remains con-

troversial.12–15 It has been speculated that xenoantibodies

directed at non-Gal xenoantigens may bind to other

structurally related carbohydrates that present a barrier to

long-term xenotransplantation.12,13

The availability of novel reagents designed to selectively

eliminate B lymphocytes producing anticarbohydrate

xenoantibodies would significantly impact the field of

xenotransplantation. Identification of the appropriate

target cell population requires further studies on the
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Summary

Synthetic anti-idiotypic antibodies represent a potentially valuable tool

for the isolation and characterization of B cells that produce xenoanti-

bodies. An anti-idiotypic antibody that binds to a subset of B cells pro-

ducing antibodies encoded by the variable-region heavy chain 3 (VH3)

germline genes DP35 [immunoglobulin variable-region heavy chain 3-11

(IGHV3-11)], DP-53 and DP-54 plus a small number of VH4 gene-

encoded antibodies in humans has recently been identified. These germ-

line progenitors also encode xenoantibodies in humans. We tested

whether the small, clearly defined group of B cells identified with this

anti-idiotypic antibody produce xenoantibodies in non-human primates

mounting active immune responses to porcine xenografts. Peripheral

blood B cells were sorted by flow cytometry on the basis of phenotype,

and cDNA libraries were prepared from each of these sorted groups of

cells. Immunoglobulin VH gene libraries were prepared from the sorted

cells, and the VH genes expressed in each of the sorted groups were iden-

tified by nucleic acid sequencing. Our results indicate that xenoantibody-

producing peripheral blood B cells, defined on the basis of binding to

fluorescein isothiocyanate (FITC)-conjugated galactose a(1,3) galactose–

bovine serum albumin (Gal-BSA) and the anti-idiotypic antibody 2G10,

used the IGHV3-11 germline gene to encode xenoantibodies and were

phenotypically CD11b+ (Mac-1+) and CD5–. This novel reagent may be

used in numerous applications including definition of xenoantibody-

producing B-cell subsets in humans and non-human primates and immuno-

suppression by depletion of B cells producing anti-Gal xenoantibodies.

Keywords: galactose a(1,3) galactose carbohydrate; xenotransplantation;

xenoantibody response

Abbreviations: BAL, bioartificial liver device; CDR, complementarity determining region; FR, framework; Gal, galactose a(1,3)
galactose; VH, variable-region heavy chain.
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phenotypic characteristics of xenoreactive B cells. Studies

in galactosyltransferase-deficient mice have shown that

peritoneal cavity-derived B cells with anti-Gal recep-

tors are phenotypically B1b-like, defined as CD21–/1ow

IgMhigh CD5– CD43+ Mac-1+.16 These peritoneal cavity-

derived B cells do not secrete anti-Gal antibodies, but are

the precursors of anti-Gal-secreting B cells that can be

found in the spleen.17 These cells no longer express Mac-

1 (CD11b), but remain CD21–/1ow IgMhigh CD5– CD43+.

In baboons and humans, B cells producing anti-Gal xeno-

antibodies can be identified in the spleen and have been

characterized on the basis of binding to CD20, CD138

and anti-immunoglobulin.18 Additional phenotypic mark-

ers expressed on these cells have not yet been defined.

The use of anti-idiotypic antibodies provides a unique

approach to sorting these live cells that is useful for fur-

ther characterization of their phenotypic features.

Materials and methods

Animals

Nine young adult, captive-bred rhesus monkeys (Macaca

mulatta) were obtained from the California National Pri-

mate Research Center (CNPRC; University of California,

Davis, CA) primate colony, where the animals were

housed and all surgical and sampling procedures were

conducted. All work was approved by the Animal Care

and Use Committee of the CNPRC at the University of

California, Davis.

Flow cytometry

Antibody binding to peripheral blood samples obtained

from three normal control rhesus monkeys, three mon-

keys transplanted with neonatal porcine hearts, and three

monkeys immunized with fetal pig islet cells at day 66 of

gestation were compared. Normal human blood sample

controls (n ¼ 6) were obtained from anonymous donors

as expired blood that could not be used by the blood

bank. The blood samples (approximately 17–20 million

Ficoll-separated peripheral blood lymphocytes) were anal-

ysed by dual- and tri-colour flow cytometry, performed

on a FACSCalibur cytometer using CELLQUEST software

(Becton Dickinson, San Jose, CA). Labels were fluorescein

isothiocyanate–galactose–bovine serum albumin (FITC-

Gal-BSA), allophycocyanin (APC)-labelled mouse anti-

human-CD11b/Mac-1 (#550019; BD Pharmingen, San

Diego, CA) and phycoerythrin (PE)-labelled mouse anti-

human CD5 antibodies (#R0842; Dako, Carpinteria, CA).

FITC was conjugated to either purified Galili pentasac-

charide–BSA (V-Laboratories, Covington, LA) or control

BSA alone (Sigma, St Louis, MO) using the QuickTag

FITC conjugation kit (Roche, Indianapolis, IN) under

conditions recommended by the manufacturer. Cells that

were labelled with the mouse monoclonal IgG1 2G10

anti-mouse/human antibody were identified using a sec-

ondary anti-mouse PE- or FITC-conjugated IgG anti-

body (Sigma). The 2G10 antibody was a kind gift from

Dr F. Shakib (University of Nottingham, Nottingham,

UK). Non-specific labelling to Fc receptors was blocked

by preincubation with Fc blocker reagents (Sigma) or 2%

normal blood type AB Rh factor) (ABRh–) human

serum. Labelled cells were identified by setting the gates

to exclude non-specific binding to peripheral blood lym-

phocytes (PBL) which was determined using appropriate

isotype-matched antibody controls (BD Pharmingen).

Background labelling was subtracted in the determination

of the percentage of labelled cells. Labelled cells were col-

lected in bulk and as single cells into 96-well plates

(RNeasy 96 with vacuum QIAvac 96; Qiagen, Valencia,

CA) for identification of immunoglobulin variable-region

heavy chain (IgVH) gene usage in single cells. Sorts were

performed using FACSCalibur and FACSVantage flow

cytometers (Becton Dickinson).

Preparation of cDNA libraries

PBL were Ficoll-separated from whole blood samples.

These cells were labelled for flow cytometry and sorted

on the basis of cell surface markers as described above,

and cDNA libraries were prepared from the sorted cells.

RNA was prepared using the RNeasy Kit (Qiagen) fol-

lowed by synthesis of cDNA using either Omniscript or

Senscript reverse transcriptase (Qiagen). Microcon-100

columns (Amicon; Millipore, Billeria, MA) were used for

cDNA purification. The cDNA libraries of genes encod-

ing IgM antibodies were constructed and polymerase

chain reaction (PCR) amplifications were performed as

previously described.19–21 Purified PCR products were

ligated into a pCR�2�1 vector (TA Cloning Kit; Invitro-

gen, Carlsbad, CA) and INVaF0 One ShotTM competent

cells (Invitrogen) were transformed with the ligation

reactions and plated onto Xgal-containing Luria Broth

(LB) ampicillin plates.

DNA sequence analysis

The DNA sequence was analysed for a total of 100

cDNA clones that were prepared from the VH3 cDNA

libraries. The DNA was prepared using the QIAPrep

Spin MiniPrep Kit (Qiagen) and was sequenced using

the ALFexpressTM automated DNA sequencer and Auto-

CycleTM Sequencing Kit (Amersham Biosciences, Piscata-

way, NJ). The results were analysed using OMIGA

software (Oxford Molecular, Madison, WI) and the clos-

est identifiable germline counterparts were identified in

GenBank using BLAST. The sequences reported here have

been entered into GenBank as AY986401 to AY986406,

and as AY986395 to AY986400.
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Results

A subset of B cells expressing antibodies encoded
by select VH3 germline genes is identified using
the anti-idiotypic antibody 2G10

Analysis of labelled peripheral blood cells by flow cytome-

try indicated that 4–12% of B cells in normal humans

and 1�5–5% of B cells in normal rhesus monkeys bound

to the anti-idiotypic antibody 2G10 (Fig. 1). It has previ-

ously been reported that the 2G10 anti-idiotypic antibody

identifies a small subset of B cells and is likely to be

directed at sequences encoded by a small number of VH3

and VH4 genes, including DP-35, DP-53 and DP-54.23 In

an effort to further characterize the germline progenitors

encoding antibodies in B cells identified using anti-

idiotypic antibody 2G10, we isolated the 2G10-binding

cells by flow cytometry and prepared cDNA libraries of

genes encoding immunoglobulins in this population of B

cells. The results indicate that human 2G10+ cells produce

antibodies encoded by germline progenitors IGHV3-11,

IGHV3-74, V3-7, V3-23, V3-21 and V3-30. One hundred

clones were sequenced from the VH3 family libraries pre-

pared from the sorted 2G10+ B cells. Twenty per cent of

the sequences obtained from the isolated human cells cor-

responded to antibodies encoded by the IGHV3-11 germ-

line progenitor, 27% were V3-7 and 7% of the sequences

were antibodies encoded by the germline gene V3-74.

The percentage of cells utilizing the germline progenitors

V3-23, V3-21 and V3-30 was less than 1%. The 2G10+

population therefore identifies B cells that express the

same VH3-encoded antibodies that are capable of binding

to the Gal carbohydrate.19–22 We then confirmed that the

subpopulation of 2G10+ B cells expressed antibodies that

bind the Gal carbohydrate by dual-colour flow cytometry

using FITC-labelled BSA-conjugated Gal carbohydrate.

We prepared cDNA libraries from the sorted Gal+ 2G10+

B cells and found that these antibodies were encoded by

the IGHV3-11 germline progenitor (Fig. 2).

Xenoantibody-producing cells are
CD11b+ CD5– 2G10+

Natural antibody-producing B cells in the peritoneal

cavity of mice have been shown to have phenotypic prop-

erties of B1b cells (CD21–/low IgMhigh CD5– CD43+ Mac-

1+).16 In our study, we isolated B cells from peripheral

blood by multicolour flow cytometry on the basis of phe-

notype. We initially identified groups on the basis of

binding to CD11b, CD5 and 2G10 in humans (Fig. 3).

The results indicate that most 2G10+ cells were CD5–

(only 1�6% were double +). Double-labelling for 2G10

and CD11b demonstrated that 12�5% of the cells defined
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Figure 1. Lymphocytes that bind to the anti-idiotypic antibody 2G10

were identified by flow cytometry. (a) The percentage of 2G10-bind-

ing human lymphocytes in a representative experiment. (b) The per-

centage of 2G10+ lymphocytes in normal humans (n ¼ 6) and

normal rhesus monkeys (n ¼ 3) ± standard error.

Figure 2. Cells that bind to the anti-idiotypic antibody 2G10 and to

fluorescein isothiocyanate–galactose–bovine serum albumin (Gala1-

3Galb1-4Glc-BSA-FITC) were identified by two-colour flow cyto-

metry and sorted, and cDNA libraries were prepared to identify the

immunoglobulin variable-region heavy chain (IgVH) genes encoding

these antibodies. The germline progenitor encoding xenoantibodies

in this sorted population was IGHV3-11.
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Figure 3. Human peripheral blood B cells were isolated and sorted

using anti-idiotypic antibody 2G10, anti-CD5 and anti-CD11b. Dual

labelling showed that 12�5% of the cells identified using 2G10 were

CD11b+. Most 2G10+ cells were CD5–.
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by 2G10 were CD11b (Mac-1)+. We then sorted cell pop-

ulations into four different groups: (1) cells that bind

to the anti-idiotypic antibody 2G10; (2) CD11b+

CD5– 2G10+ cells; (3) CD11b– CD5– 2G10+ cells, and

(4) FITC-Gal+ 2G10+ CD11b+ cells. The populations were

sorted using the FACSVantage. Individual cells were col-

lected directly into 96-well plates and a bulk population

was also sorted for the preparation of cDNA libraries.

Immunoglobulin VH gene libraries were generated from

each of these sorted cell groups and the genes encoding

antibodies were identified by nucleic acid sequencing,

then compared to sequences in the databases and ana-

lysed using BLAST. The results indicated that the

CD11b+ CD5– 2G10+ cell population predominantly uti-

lized the IGHV3-11 germline progenitor to encode anti-

bodies and a small population of antibodies were

encoded by HSIGVH330 (Fig. 4). These genes utilized the

IGHJ4*02 germline gene within the complementarity

determining region 3 (CDR3) region (Fig. 5). The CD11b–

CD5– sorted cells used various germline genes to encode

antibodies. These germline genes were sequenced and

identified as VH3-33, DP31, IGHYAAJ, IGH277 and

M99651. The antibodies expressed by the human B cells

in this group do not bind to the FITC-labelled BSA-

conjugated Gal carbohydrate.

Non-human primates with transplants of porcine
xenografts demonstrate an increase in the number
of CD11b+ 2G10+ cells

We have recently shown that xenoantibodies in humans

and in non-human primates are encoded by a restricted

group of germline genes.20,21 The IGHV3-11 germline

progenitor and a closely related gene (IGHV3-11cyno) in

non-human primates encode xenoantibodies that have

been identified by the preparation of cDNA libaries from

PBL of humans, rhesus monkeys and cynomolgus mon-

keys producing high levels of xenoantibodies following

exposure to porcine xenografts. In this study, we took a

different approach with the intent of identifying the small

group of B cells producing xenoantibodies by isolation

of the CD11b+ 2G10+ cells from the peripheral blood of

rhesus monkeys at 11 days postexposure to porcine xeno-

antigens. We sought to determine whether this subpopu-

lation of B cells produce xenoantibodies and if they were

expanded following transplantation with pig xenografts.

Nine monkeys in total were used for the determination of

subpopulations of cells from the peripheral blood pre-

and/or postexposure to pig cells. In three monkeys with

transplants of porcine hearts, the percentage of CD11b+

cells nearly doubled after organ transplantation, rising

from 17 to 33% at day 11 post-transplant, and approxi-

mately 6–8% of circulating cells were CD11b+ 2G10+

post-transplant (Fig. 6). Exposure to single cells express-

ing the Gal carbohydrate (porcine islets), rather than solid

Figure 4. Amino acid sequence of the antibodies encoded by the

immunoglobulin variable-region heavy chain (IgVH) genes expressed

in the population of sorted CD11b+ CD5– 2G10+ human B cells.

The IGHV3-11cyno gene previously reported by our laboratory to

encode xenoantibodies in induced antibody responses to human

decay accelerating factor (hDAF) transgenic pig organs in cynomol-

gus monkeys and in rhesus monkeys with transplants of wild-type

organs is identified in this sorted population derived from human

peripheral blood. CDR, complementarity-determining region; FR,

framework.

Figure 5. Nucleotide (a) and amino acid (b) sequences of the com-

plementarity determining region 3 (CDR3) region of immunoglobu-

lin genes encoding antibodies in the isolated human CD11b+

CD5– 2G10+ peripheral blood cells.
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organs, similarly resulted in a 22% increase in the num-

ber of circulating CD11b+ 2G10+ cells, as determined by

flow cytometry.

The CD11b+ 2G10+ FITC-Gal+ B cells in rhesus
monkeys produce antibodies encoded by IGHV3-11

To confirm that CD11b+ 2G10+ rhesus B cells encoded

xenoantibodies, the cells were further defined on the basis

of their ability to bind to FITC-Gal. Xenoreactive anti-

bodies that have the ability to reject wild-type porcine

xenografts include antibodies that bind to the Gal carbo-

hydrate, and we have previously shown that the IGHV3-

11 germline gene encodes xenoantibodies in humans and

non-human primates mounting active xenoantibody

responses.19–21 The 2G10+ CD11b+ FITC-Gal+ xenoanti-

body-producing B cells were sorted, and their RNA used

for the construction of cDNA libraries. The IGHV3-11

germline progenitor was identified as the gene used to

encode xenoantibodies in rhesus peripheral blood B cells

that are FITC-Gal+ CD11b+ and 2G10+ using tri-colour

flow cytometry (Fig. 7). The amino acid sequences of the

genes encoding xenoantibodies produced by the popula-

tion of expanded B cells following in vivo transplantation

of porcine hearts and porcine islets were 96�7 and 98�9%

similar, respectively, to the amino acid sequence of genes

encoding xenoantibodies previously identified in cDNA

libraries generated from the peripheral blood of rhesus

xenograft recipients and humans exposed to porcine cells

in a bioartificial liver device (Fig. 8).

Discussion

It has been reported that B cells with anti-Gal receptors

are phenotypically like B-1b cells in mice.16 B-1 cells

comprise the majority of B cells within the peritoneal and

pleural cavities and are characterized by their IgMhi

IgD1ow CD11b+ phenotype.23–25 They differ in distribu-

tion, function and phenotype when compared with B-2 B

cells in secondary lymphoid organs which play a key role

in adaptive immune responses. Within the B-1 popula-

tion, B-1a cells are distinguished from B-1b cells by the

presence of CD5 on the B-1a population.26 It has been

shown that natural antibody-producing cells that bind to

the Gal carbohydrate in the peritoneal cavity are pheno-

typically CD21– CD23– CD5– CD43+ CD11b+ CD138–,

whereas those identified in the spleen did not express

Figure 7. Nucleic acid sequences of genes

encoding antibodies identified in rhesus cells

sorted by flow cytometry as 2G10+ Gal+ and

CD11b+ are shown as sequences 2, 3, and 4.

The nucleotide sequence of xenoantibodies

identified in the cDNA libraries constructed

from peripheral blood cells of the rhesus mon-

keys with transplants of porcine hearts is

shown as ‘Heart VH311’. The cells were iso-

lated at day 11 (D11) post-transplantation.

The sequences have been aligned with the

closest germline progenitors (identified as the

IGHV3-11 germline gene) in human (VH311)

and non-human primates (MMVH31118).

CDR, complementarity determining region;

FR, framework.
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Figure 6. In rhesus monkeys with transplants of porcine hearts, the

percentage of peripheral blood CD11b+ 2G10+ cells was 6–8% (7�8%

in this representative animal) as determined by flow cytometry.

FITC, fluorescein isothiocyanate; PE, phycoerythrin.
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CD11b.16 In galactosyltransferase-deficient mice, the peri-

toneal cavity B cells that produce natural antibodies are

the precursors of splenic IgM natural antibody-producing

cells.17 In humans and non-human primates, the pheno-

typic characteristics of the subpopulations of B cells pro-

ducing xenoantibodies have not yet been clearly defined,

but it has been speculated that B1b cells produce xenoan-

tibodies in higher species.18 In this paper, we have further

characterized the lymphocyte subpopulations that are

responsible for the production of xenoantibodies using

both cell-type specific surface markers and an anti-idio-

typic antibody (2G10). Our results are consistent with

previous work in mice, suggesting that B1b cells produce

xenoantibodies in humans and non-human primates.

The current study further demonstrates that antibodies

expressed by this small population of cells are encoded

by a restricted number of germline genes in higher

mammals.

The rationale for including this particular anti-idiotypic

antibody (2G10) in our experimental design was the

fact that it binds to antibodies that are encoded by a

small number of VH3 and VH4 germline genes, as demon-

strated by inhibition enzyme-linked immunosorbent assay

(ELISA).27 The ability of this reagent to identify B cells

producing VH3 gene-encoded antibodies such as DP-35

(IGHV3-11), DP-53, DP-54 and V3-74 suggested to us

that the specificity of this antibody coincidentally

included the germline progenitors that encode xenoanti-

bodies in humans and non-human primates.19–22 The

antibody might therefore be useful in the identification of

B cells producing xenoantibodies. We examined this issue

further by isolating 2G10-binding cells by flow cytometry

and defining the IgVH gene usage in the 2G10+ cell popu-

lation, as well as in phenotypically defined subsets of this

group. Peripheral blood B cells producing xenoantibodies

were found to be 2G10+ CD11b+ CD5–. We found that

the population of CD11b+ 2G10+ cells expands in pri-

mates mounting active immune responses after exposure

to porcine xenografts and/or Gal+ cells, and the germline

progenitor encoding antibodies in these cells was identi-

fied as IGHV3-11. The sequences of the genes encoding

antibodies in B cells sorted on the basis of phenotype

were 99% similar to the previously reported sequence of

genes encoding xenoantibodies directed at porcine hearts

and islet cells in rhesus monkeys.20 Although the restric-

tion in the usage of select IgVH genes encoding xenoanti-

bodies has been well documented in multiple settings, the

ability to sort and define the small group of B cells pro-

ducing these antibodies reported here is novel. Of interest

is the finding that a restricted VH gene usage associated

with selection of a particular CDR3 structure is seen in

the B-1 cells that were sorted on the basis of phenotype

in this B-1b population of cells in humans and non-

human primates. Our results are strikingly consistent with

previous work in mice demonstrating a restriction in

IgVH gene usage in the B-1b cell population and a close

association between CDR3 structure and specific VH gene

families.28 These findings support the dual model concept

whereby VH gene usage and repertoire-shaping mecha-

nisms differ between B-1 and B-2 cells. Germline VH

genes may play a role in antibody specificity in B-1 cells,

allowing pre-existing innate antibodies to respond to car-

bohydrate antigens on infectious agents with a select VH

gene usage and a restricted CDR3, whereas B-2 responses

mediated by encounter with antigen involve somatic

mutation and selection to confer specificity.28

The use of this information to deplete xenoreactive

B cells and/or alter immune responses to porcine xeno-

grafts could be extremely valuable for controlling xeno-

graft rejection. Clinically acceptable immunosuppressive

reagents that can effectively control humoral rejection in

(a)

(b)

Figure 8. Amino acid sequences of genes encoding antibodies in the

sorted 2G10+ Gal+ and CD11b+ population of rhesus monkeys

mounting an active immune response to porcine hearts (monkey

D11 sequences 2, 3 and 4) are compared with the sequence of

immunoglobulin variable-region heavy chain (IgVH) genes encoding

xenoantibodies identified in cDNA libraries made from peripheral

blood B cells at day 11 (heart VH311 D11) post-transplantation with

porcine heart (a) and porcine islet cells (b).20 The sequence of genes

encoding xenoantibodies in the peripheral blood of humans exposed

to porcine cells in a bioartificial liver is shown as human BAL.19

CDR, complementarity determining region; FR, framework.
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primates transplanted with porcine xenografts need to be

developed. Depletion of anti-a1,3galactosyl antibodies by

extracorporeal absorption or administration of synthetic

a-Gal-specific immunoabsorbants does not completely

remove these xenoantibodies, and they tend to return to

reject the grafts.29–32 Various approaches to achieve direct

elimination of B cells producing xenoantibodies have also

been developed, including depletion using anti-l mono-

clonal antibodies, and the development of anti-idiotypic

antibodies directed at xenoantibody-producing B cells.33–39

The identification of B cells producing xenoantibodies

directed at both Gal and non-Gal determinants would be

of benefit, as acute xenograft rejection still occurs in

baboons transplanted with Gal knockout pig organs.15

Administration of polyclonal anti-idiotypic antibodies

against human anti-Gal antibodies has been shown to

reduce serum cytotoxicity to pig cells in baboons by the

induction of non-cytotoxic anti-Gal IgG antibodies

in vivo.35,36 Monoclonal anti-idiotypic antibodies have

been shown to neutralize the cytotoxicity of baboon

serum to pig cell lines in vitro as well as reduce the cyto-

toxicity of baboon serum following in vivo administra-

tion.37 The beneficial effects of these treatments, however,

have been short-lived and/or ineffective unless combined

with other reagents and/or procedures. In this paper, we

phenotypically define the small group of B cells encoding

antibodies that play a role in antibody-mediated rejection

of porcine xenografts in both humans and non-human

primates in vivo. Additional studies are ongoing to test

the efficacy of depletion of these B cells as an adjunct

therapeutic that may enhance the survival of porcine

xenografts.
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