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Recent studies have demonstrated that cell
populations intended for therapeutic pur-
poses that are cultured in heterologous ani-
mal products can acquire xenoantigens,
potentially limiting their utility. In investiga-
tions of the immune response to murine
embryonic stem cells, we found that a strong
antibody response was generated after the
second infusion. Both polyclonal and mono-

clonal antibody responses, derived from
immunized mice, were found to be specific
for bovine apolipoprotein B-100, which binds
to abundant low-density lipoprotein recep-
tors on the cell surface and is internalized.
Here we show that in the majority of patients
administered 3 different types of cell-based
therapies using cells grown in fetal calf
serum-containing media, an antibody re-

sponse to bovine apolipoprotein B-100 de-
velops after the second infusion and is the
dominant specificity. The known and poten-
tial clinical effects of such antibodies are
discussed. (Blood. 2007;110:501-508)
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Introduction

Cellular therapies are of increasing interest for repair or replace-
ment of damaged or destroyed tissues. While the pluripotentiality
of embryonic stem (ES) cells is considered very attractive for tissue
replacement,1,2 gene-modified autologous or major histocompatibil-
ity complex (MHC)–matched lymphocytes have already been
transplanted for restoration of immunity in various settings.
A major concern for all such therapies is the potential for
immune-based rejection caused by xenoresponses involving media
components of animal origin.3-5 Immune responses to fetal calf
serum (FCS) from patients treated with cultured lymphocytes have
been observed in several clinical trials,6-9 although only N-
glycoylneuraminic acid (Neu5Gc), originating from FCS, has been
identified as an immune target to date.10 In this work we conclu-
sively demonstrate in both mice and humans that the predominant
immunogen in FCS-cultured cells is bovine apolipoprotein B-100
(apoB-100). Furthermore, our study indicates that such antibody
responses induce hypersensitivity-type reactions in treated pa-
tients and can potentially adversely impact engraftment and ther-
apeutic efficacy.

Materials and methods

Mice

Female FVB/N mice were purchased from Taconic Farms (Germantown,
NY). Female C57BL/6 mice and BALB/c mice were obtained from

the Jackson Laboratory (Bar Harbor, ME). The 6- to 12-week-old mice
were used for the experiments. Animal care was in accordance with
the guidelines of the National Institute of Health Animal Research
Advisory Committee.

Cell lines, cell culture, serum, and antibodies

The BL6.9 cell line was derived in the Transgenic Mouse Facility of the
Johns Hopkins School of Medicine from a C57BL/6 blastocyst by culture
on mitotically inactivated (mitomycin C-treated) primary mouse embryonic
fibroblasts (Specialty Media, Phillipsburg, NJ) in high-glucose Dulbecco
modified Eagle medium (DMEM) containing 15% fetal calf serum (Hy-
clone, Logan UT), MEM nonessential amino acids (100 �M), sodium
pyruvate (1 mM), glutamine (2 mM), penicillin (100 U/mL), streptomycin
(100 �g/mL), 2-mercaptoethanol (5 �M), and 1000 U/mL leukemia
inhibitory factor (ESGRO; Chemicon, Temecula, CA). For immunoprecipi-
tation, ES cells were cultured on 0.1% gelatin-coated flasks without primary
mouse embryonic fibroblasts.11 Undifferentiated cultures were character-
ized by expression of SSEA-1 (Chemicon)12 and confirmed by teratoma
generation in C57BL/6 mice. CEM, EL4, P815, BW5147.3, K562, HeLa,
Sultan, and MDA-MB-231 cell lines were purchased from American Type
Culture Collection (Manassas, VA) and cultured with DMEM containing
10% FCS (Hyclone). Lipoprotein-deficient serum was purchased from
Sigma (St. Louis, MO). FITC-conjugated antimouse IgG1, IgG2a, IgG2b,
IgG3, and IgM, antibodies, control mouse isotype IgG1, control mouse
isotype IgG2a, and antirabbit Ig were purchased from BD Pharmingen (San
Diego, CA). Rabbit antihuman apolipoprotein B polyclonal antibody was
purchased from Cortex Biochem (San Leandro, CA). Normal rabbit
immunoglobulin fraction was purchased from DAKO (Carpinteria, CA).
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An affinity-purified monospecific chicken anti-Neu5Gc antibody was
prepared as previously described.13

Generation of monoclonal antibody against ES cells

The BL6.9 cells cultured on primary mouse embryonic fibroblasts were
trypsinized and resuspended in the ES cell culture media. Trypsinized cells
were maintained in suspension and allowed to recover for 1.5 hours. The
suspension was collected to avoid precipitated feeder cells, and was washed
3 times with phosphate-buffered saline (PBS). Then 107 cells were injected
intraperitoneally into each FVB/N mouse, once per week for 4 weeks.
Spleen cells were harvested and fused with SP2/0-Ag14 myeloma cells.

Immunoprecipitation and Western blot analysis

Cells and serum were lysed with buffer containing 1% triton-X100, 0.5%
sodium deoxycholate, 150 mM NaCl, 50 mM Tris (tris[hydroxymethyl]ami-
nomethane)-HCl, pH 7.5, 1.5 mM CaCl2, 1.5 mM MgCl2, 100 pg/mL
aprotinin, and 100 pg/mL phenylmethylsulfonyl fluoride (PMSF). The
lysate was precleared with ProteinG Sepharose 4Fast Flow (Amersham
Bioscience, Piscataway, NJ) and immunoprecipitated by 3E8.1 or isotype-
matched control antibody. Proteins were separated by SDS-PAGE with 4%
to 12% Bis-Tris gels and 3% to 8% Tris-Acetate gels (Invitrogen, Carlsbad,
CA). For Western blotting, the cell surface proteins were biotinylated using
Sulfo-NHS-Biotin (Pierce, Rockford, IL) and washed 3 times with 4°C
PBS. ES cells were biotinylated in the flask without trypsinization.
Immunoprecipitates were transferred (60 V, 4 hours in 25 mM Tris, 192 mM
glycine, 10% methanol) to PVDF membranes (Immobilon-P; Millipore,
Billerica, MA). Membranes were incubated for 1 hour in PBS containing
5% membrane blocking agent (Amersham Bioscience). Proteins were
detected by using streptavidin horseradish peroxidase-conjugate and devel-
oped with ECL Western blotting reagents (Amersham Bioscience) by
autoradiography.

For the removal of Neu5Gc, 10 milliunits of recombinant Arthrobacter
ureafaciens neuraminidase, purchased from Sigma, were added with the
reaction buffer, incubated for 6 hours, washed 3 times with deionized water
(dH2O), and then eluted. Samples were analyzed with sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and Western
blotting using an affinity-purified monospecific chicken anti-Neu5Gc
antibody and horseradish peroxidase-conjugated antichicken IgY (Chemi-
con) as a secondary antibody.10,13

Peptide preparation and mass spectrometric analysis

Gel bands were destained in 50% acetonitrile (ACN) solution in 25 mM
NH4HCO3 and lyophilized. Dried gel bands were reduced and alkylated
with 10 mM dithiothreitol (DTT) and 55 mM iodoacetamide, incubated at
4°C for 1 hour in porcine modified trypsin (20 ng/uL; Promega, Madison,
WI), and allowed to digest overnight at 37°C in 25 mM NH4HCO3. Peptides
were extracted from the gel with a 70% ACN/5% formic acid solution,
lyophilized to near dryness, and reconstituted in 6.5 �L of HPLC buffer A
(95% H2O/5% ACN/0.1% formic acid). Microcapillary reverse phase liquid
chromatography (LC)/mass spectrometry (MS)/MS analysis was performed
with LC Packings liquid chromatography system (Dionex, Sunnyvale, CA)
coupled online to a ThermoFinnigan LCQ Classic ion trap mass spectrom-
eter (San Jose, CA) with a modified nanospray source. Reverse-phase
separations were performed with an in-house–manufactured, slurry-packed
capillary column. Full MS scans were followed by 4 MS/MS scans of the
most abundant peptide ions (in a data-dependent mode) and collision-
induced dissociation was performed at a collision energy of 38%.

Data analysis of LC/MS/MS

Data analysis was performed by searching MS/MS spectra in the European
Bioinformatics Institute’s nonredundant proteome set of Swiss-Prot,
TrEMBL, and Ensembl entries through the Sequest Bioworks Browser
(ThermoFinnigan). Peptides were considered legitimate hits after filtering
the correlation scores and manual inspection of the MS/MS data.

Flow cytometry and confocal scanning laser microscopy

For adherent cell staining, cells were washed with PBS, trypsinized with
0.05% trysin/0.53 mM EDTA (ethylenediamine tetraacetic acid), and
resuspended in media. Trypsinized adherent cells and tumor cell lines
were washed 3 times and stained with the indicated antibody in staining
buffer. For intracellular staining, cells were washed 3 times with PBS,
treated with 0.05% trysin/0.53 mM EDTA for more than 8 minutes to
achieve complete trypsinization, fixed with 2% formaldehyde in PBS for
20 minutes at 25°C, washed with PBS, and then preincubated with 0.5%
saponin (Sigma) PBS for 10 minutes at room temperature. Cells were
then incubated with fluorescein isothiocyanate (FITC) conjugated 3E8.1
at 5 �g/mL or FITC-conjugated isotype-matched control mouse IgG1
(BD Pharmingen) at 5 �g/mL for 30 minutes. After 2 washes with 0.5%
saponin PBS, cells were washed with PBS. Bovine serum albumin was
not used because of contamination by low levels of bovine apoB-100.
For fluorescence activated cell sorting (FACS) analysis of live cells, the
cells were resuspended in PBS containing 10 �g/mL propidium iodide
and immediately run on a FACS Caliber (Becton Dickinson, Mountain
View, CA). Data were analyzed using the CellQuest software program
(Becton Dickinson). Alexa Fluor 488 conjugated goat antimouse IgG
(Invitrogen) was used as a second antibody for confocal scanning laser
microscopic analysis. Confocal images were obtained with the Zeiss
LSM 5 PASCAL confocal laser scanning microscope installed on a Zeiss
Axioskop2 MOT microscope (Carl Zeiss MicroImaging, Thornwood,
NY). To visualize cells, the Zeiss Plan Neofluar 1.3 (100�) lens was
used. Images were acquired using the Zeiss LSM 5 PASCAL system and
Zeiss LSM 5 PASCAL version 3.2 SP2 software.

Patient sera/plasma from clinical trials and healthy
donor materials

Human serum and peripheral blood mononuclear cells obtained from
healthy volunteers were provided by the National Institutes of Health blood
bank. Peripheral blood mononuclear cells were obtained from buffy coats
collected from de-identified healthy donors as byproducts of blood donated
for patient care that has received an Institutional Review Boards exemption.
Human lymphocytes were elutriated in our facility.

Serum or plasma of the patients was obtained as described.8,14,15

Adenosine deaminase (ADA)-deficient patients receiving gene-modified
T cells were previously described.8 The clinical research protocol and
procedures involving human subjects were approved by the National
Cancer Institute, National Heart, Lung, and Blood Institute, and National
Human Genome Research Institute Institutional Review Boards. Each
patient received 11 or 12 infusions of autologous T cells cultured in
RPMI1640–10% FCS and transduced with LASN (a retroviral vector
expressing both human ADA cDNA and the neor gene). The number of cells
in each infusion ranged from 6 � 109 to 20 � 109 cells.

The clinical study involving adoptive transfer of genetically modi-
fied lymphocytes from HIV-discordant identical twins has been de-
scribed previously.14 Twelve pairs of identical twins discordant for
HIV-1 infection were enrolled in a study of syngeneic lymphocyte
transfers at the National Institute of Allergy and Infectious Disease. The
study was approved by the National Institute of Allergy and Infectious
Disease Institutional Review Board. Mononuclear cells were purified by
Ficoll-Hypaque gradient centrifugation, and 106 cells were placed into
AIM V media (Invitrogen) supplemented with 5% FCS, anti-CD3
(OKT-3; 10 �g/105cells; Ortho, Raritan, NJ), and recombinant IL-2
(100 I.U/mL; Chiron, Emeryville, CA). After 3 days of activation in
culture, cells were transduced with LNL6 or G1NA (a retroviral vector
expressing the neor gene). The cells were expanded ex vivo for an
additional 6 to 8 days before harvest.

The breast cancer vaccine study using costimulatory gene (CD80)-
modified, HLA-A2–matched, allogeneic breast cancer cells has been
described previously.15 HLA-A2 � women with metastatic breast cancer
were enrolled in the study at Providence Portland Medical Center. The
study was approved by the Providence Portland Medical Center Institu-
tional Review Board. MDA-MB-231 cells were cultured in RPMI1640 with
10% FCS and transduced with CMV-B7 vector expressing human CD80
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cDNA and the neor gene. On the day of vaccination, MDA-MB-231-CD80
cells were lethally irradiated (10 000 cGy), washed, and injected subcutane-
ously. The number of cells given in each infusion ranged from 107 to 108

cells, with recombinant granulocyte macrophage colony-stimulating factor
or Bacille Calmette Guerin (BCG) as an adjuvant.

In all clinical trials, written informed consent was obtained from all
participants after the nature and possible consequence of these treatments
were explained; 10 �L of each patient’s serum were used for immunopre-

cipitation. Immunoprecipitants were analyzed by SDS-PAGE. The median
intensity of each band was measured and calculated in comparison to the
intensity of the band from patient 2 in the ADA-SCID trial, defined as
100%. The definitions of “�” or “�” markers are as follows: 0% or below
0% is �; 0% to 20% is plus/minus; 20% to 60% is plus; 60% to 100% is
2 pluses; 100% to 140% is 3 pluses; and over 140% is 4 pluses.

Results

The immune response to cultured murine ES cells is directed to
bovine apoB

To generate antibodies to determinants expressed on ES cells, we
immunized B6 and FVB/N female mice with BL6.9, a C57BL/6-
derived mouse embryonic stem cell line. An early IgM antibody
response was detected in FVB mice after the second immunization (N.S.
and A.S.R. unpublished data, April 3, 2005) and a prominent IgG
response, most notably IgG1, was detected after the third immunization
(Figure 1A). The antiserum was broadly cross-reactive, binding to most
cultured mouse and human tumor cell lines, but minimally or not at all to
human and murine primary lymphocytes (Figure 1B). B6 mice failed to
generate antibody, despite multiple immunizations. However, given that
murine ES cells do not express MHC antigens16 (K.T., N.S., and A.S.R.
unpublished data, April 7, 2003), and the diverse MHC phenotypes of
the cell populations stained with the antiserum, we suspected that the
antiserum was not specific for MHC antigens, but rather that it might be
specific for markers expressed on rapidly dividing cell populations. To
better facilitate identification of the target ligand, we generated monoclo-
nal antibodies from the immunized FVB/N mice. Three monoclonal
antibodies (mAbs) were cloned, one of which was of IgG isotype
(3E8.1, IgG1; see “Materials and methods”). This mAb exhibited a
binding profile similar to the antiserum with prominent staining on
BL6.9 ES cells and tumor cell lines, but minimal staining of primary
lymphocyte populations (Figure 1C). To define the specificity of the
polyclonal response, we immunoprecipitated cell surface-biotinylated
BW5147.3, a mouse T-cell lymphoma cell line, with the antiserum to ES
cells. One unique band was precipitated (Figure 2, BW lysate left panel).
Comparably, on immunoprecipitation of BW5147.3 and BL6.9 cells
with 3E8.1 mAb, we observed the same unique high MW band from
both cell lines (Figure 2, BW lysate middle panel and BL6.9 lysate),
which proved to be approximately 520 kDa on a sizing gel (Figure 2,
BW lysate right panel). The binding of the ES cell antiserum was
partially blocked with 3E8.1 but not with control anti-H-2Kk mAb (data
not shown), indicating that the major component of the antiserum was
directed to the same determinant as the 3E8.1 mAb.

Figure 1. Mice immunized with embryonic stem cells produce antibodies.
(A) FACS analysis of antiserum from FVB/N mice immunized with BL6.9 ES cells.
Sera from mice before and after the second, third, and fourth immunizations were
analyzed (solid line); secondary antibody only (dotted line). (B) Indicated tumor cell
lines, C57BL/6 and BALB/c splenocytes, and human peripheral blood lymphocytes
were stained with serum from ES cell immunized FVB/N mice (solid line), with serum
from nonimmunized FVB/N mice (dotted line), and (C) with monoclonal antibody
3E8.1 (solid line) and isotype-matched antibody (dotted line).

Figure 2. Identification of the ligand detected by 3E8.1
mAb and antiserum from BL6.9 immunized mice. West-
ern blot analysis of ES cell antiserum identified a unique
band (BW lysate, left). The same molecular-weight band
was precipitated from both surface-biotinylated BW cell
(BW lysate, middle) and BL6.9 cell lysates (right panel)
with the 3E8.1 mAb. The band is approximately 520 kDa
(BW lysate, right).
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The 3E8.1 ligand is bovine apolipoprotein B

The target ligand of the 3E8.1 mAb was identified by in-gel
trypsin digestion and mass spectrometry-based protein microse-
quencing of the immunoprecipitated protein band. Two indepen-
dent tryptic peptides in the mouse proteome and 4 independent
tryptic peptides in the human proteome identified apolipoprotein
B (apoB) as the protein of origin (Table 1). Because murine ES
cells and tumor cell lines were unlikely to have been the sources
of the apoB, we reasoned that the apoB probably originated from
the FCS added as a media component. The molecular weight
of the unique band precipitated by 3E8.1 was approximately
520 kDa (Figure 2), indicating that it was apoB-100, the
complete form of apoB, and not the truncated apoB-48, which is
approximately 250 kDa. Further support for bovine apoB-100 as
the ligand of 3E8.1 arose from 4 studies. First, we found

that agents known to block the binding of apoB to the
low-density lipoprotein (LDL) receptor, antimouse LDL recep-
tor antibody, and heparin cross-blocked binding of 3E8.1 to
apoB (Figure 3A). Second, we demonstrated that 3E8.1 specifi-
cally immunoprecipitated bovine apoB-100, but not human or
murine apoB (Figure 3B). The slightly higher molecular weight
of apoB of fetal as opposed to adult bovine origin is consistent
with its origin from the placenta.17 Third, the binding of 3E8.1 to
cells cultured in lipoprotein-deficient bovine serum, which
contains less than 0.5% lipoprotein, was clearly reduced (Fig-
ure 3C). However, an appreciable amount of bovine apoB-100
cell surface staining remained, indicating that only minimal
amounts of apoB in the medium are required to fully saturate
cell surface receptors (Figure 3C). More severe reduction of
FCS in the medium demonstrated a dose-dependent decrease in
staining (Figure 3D). Finally, although bovine apoB has not
itself been sequenced, the relatively high sequence conservation
between mouse and human (70%-80%), suggests that bovine
apoB is likely to be highly homologous to both mouse and
human proteins, a supposition supported by the cross reactivity
of antihuman apoB on bovine apoB-100 (Figure 3C,D). Taken
together, these data indicate that 3E8.1 is specific for bovine
apoB-100, further indicate the high conservation of apoB across
species, both by sequence and antigenicity, and, finally, suggest
that ordinary culture conditions contain sufficient apoB-100 in
the medium to fully saturate LDL receptors on the cell surface.

Figure 3. The target of antibody responses is bovine apoB. (A) 3E8.1 binding to BW cells (thick solid lines) is blocked with antimouse LDL receptor antibody and heparin
(dotted lines) but the binding of H-2Kk antibody is not blocked. (B) Sera from mice, adult cows, and human donors were immunoprecipitated by 3E8.1 or isotype-matched
control. Human serum was immunoprecipitated by antihuman apoB antibody (bottom, right). “C” refers to immunoprecipitation using isotype matched control antibody and “3”
to immunoprecipitation with 3E8.1 mAb. (C) BW cells cultured with 10% FCS (dark solid line) or 10% lipoprotein deficient (LD) medium (dotted line) were stained with indicated
antibodies. Isotype-matched antibody (thin solid line) and normal rabbit Ig (dashed line) are negative controls. (D) BW cells incubated for 1 hour in PBS containing various
concentrations of FCS were stained with indicated reagents.

Table 1. ApoB peptides identified by mass spectrometry analysis

Position MH� Sequence

Mouse

696-707 1309.49 GFEPTLEALFGK

935-949 1605.82 LFSGSNTLHLVSTTK

Human

51-71 2283.35 KYTYNYEAESSSGVPGTADSR

696-707 1309.49 GFEPTLEALFGK

950-960 1281.48 TEVIPPLIENR

1770-1781 1493.64 LDNIYSSDKFYK
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Bovine apoB-100 is retained on the cell surface and
internalized into the cell

ApoB-100 is known to bind to cell surface receptors and to be
internalized into the cell via LDL receptors and proteoglycans.18-21

We next examined the intracellular transport and accumulation of
bovine apoB-100 by murine cells. Complete trypsinization of both
BW5147.3 and BL6.9 ES cells reduced 3E8.1 binding to back-
ground levels, attributable to the removal of cell surface LDL
receptors and proteoglycans, known to be trypsin-sensitive.
Trypsinization revealed prominent intracellular staining of bovine
apoB in both BW5147.3 (Figure 4A) and BL6.9 ES cells (Figure

4B), indicating that the endocytosed apoB-100 is stored intracellu-
larly. Confocal laser microscopy confirmed the abundant intracellu-
lar stores of bovine apoB within cultured cells (Figure 4C). These
data demonstrate that cells cultured in FCS bind bovine apoB-100
via surface receptors, and then internalize and store it.

Antibodies to bovine apoB-100 dominate the human immune
response to cells cultured in FCS

Multiple reports in the literature indicated that patients treated with
diverse cell populations that had been cultured in FCS generated
antibodies to FCS.6-9 In one study, such responses were monospe-
cific.6 We tested the specificity of antibodies to FCS from patients
treated with cell populations cultured in FCS, including ADA-
SCID patients treated with gene-modified autologous cells, HIV
patients treated with identical twin-donated and cultured T cells,
and patients with breast cancer administered cultured allogeneic
breast cancer cells as a vaccine. Using the one positive ADA-SCID
patient’s serum to which we had access, a unique band was
precipitated from FCS that was identical to the precipitant of 3E8.1,
indicating that the antiserum of patient 2 was directed predomi-
nantly to bovine apoB-100 (Figure 5A and Table 2). 3E8.1 was able
to partially block the binding of the serum of patient 2 to cell-bound
bovine apoB (Figure 5B). Both antimouse LDL receptor antibody
and heparin also blocked the binding of the serum of patient 2 (data
not shown). These studies demonstrated that the serum of patient 2
contained substantial antibody against bovine apoB-100. Particu-
larly surprising was the fact that this response had persisted for
13 years after the last therapeutic exposure, possibly because of
ongoing exposure via an oral route.

Because of the existence in humans of preexisting antibody
to N-glycoylneuraminic acid (Neu5Gc), present as terminal
sugar residues on many proteins of all animals studied to date,
except for humans and chickens,10,13 we investigated whether
the antibody response to bovine apoB in humans was directed to
Neu5Gc determinants, potentially present on the glycoprotein
apoB-100. As expected,13 Western blot revealed the presence of
Neu5Gc antibodies in patient serum (Figure 5C upper panel).
While neuraminidase pretreatment abrogated the reactivity of
anti-Neu5Gc antibodies (Figure 5C upper panel), it failed to
abrogate binding of patient serum or 3E8.1 mAb to bovine
apoB-100, indicating that the antibody response to bovine

Figure 5. Bovine apoB-100 is the predominant target of the antibody response in patients treated with FCS cultured cells. (A) FCS was immunoprecipitated by
isotype-matched control IgG1, 3E8.1 mAb, serum samples from 2 healthy human volunteers, or 2 serum samples from ADA-SCID patients in a gene therapy trial. Samples
were analyzed by SDS-PAGE. (B) BW cells were incubated with the FITC-conjugated IgG fraction of serum from patient 2 with (dotted light line) or without (thick solid line)
3E8.1 mAb. (C) FCS treated with ( � ) or without (�) neuraminidase was immunoprecipitated by 3E8.1 or by serum from patient 2 and analyzed by SDS-PAGE (lower panel) or
by Western blotting with anti-Neu5Gc antibody (upper panel). (D) FCS immunoprecipitated by serum from a healthy human volunteer, by serum from patient 2, or by serum
samples from 4 patients in the breast cancer vaccine trial, were analyzed by SDS-PAGE. The definitions of � and � are in “Materials and methods, Patient sera/plasma from
clinical trials and healthy donor cells.”

Figure 4. Bovine apoB-100 is present on the cell surface and is found
intracellularly. (A) Trypsin-treated BW and (B) BL6.9 ES cells were stained by
3E8.1-FITC with or without saponin permeabilization. The staining medium contained
PBS only. (C) Permeabilized BW cells were stained with 3E8.1-FITC or isotype-
matched control antibodies and then stained with Alexa Fluor 488 conjugated goat
antimouse IgG.
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apoB-100 is not directed to Neu5Gc determinants, but rather to
protein determinants (Figure 5C lower panel).

We next examined the sera of patients immunized with a
cultured cellular vaccine optimized to produce an immune
response to tumor antigens by transgenically induced expression
of a costimulatory molecule.15,22 Five of 7 patients were strongly
positive for antibodies to bovine apoB (Figure 5D and Table 2),
perhaps reflecting their extensive exposure in circumstances
optimized for immunity. Finally, we examined the sera from
HIV-infected patients administered enriched T-cell populations
from their HIV-negative twin. Such cells were harvested,
stimulated in vitro with anti-CD3 antibody and IL-2, transduced
with LNL6 or G1NA, and cultured in FCS-containing me-
dium.6,14 Nine of 17 HIV patients receiving identical twin
lymphocytes had a response to bovine apoB (2 were weak
responses; Table 3). As in all other patient populations exam-
ined, generation of antibodies required, at minimum, a second
exposure to cultured cell populations.

Discussion

The effects of FCS on immune responses in vitro have been noted
in the past to include the induction of MHC-independent cytotoxic-
ity mediated by T cells,23 natural killer cell activation,24 induction
of cytokine secretion,25 development of arthus-like reactions on
cellular infusions,6 and a type I hypersensitivity reaction.7 Our
studies showed that the majority of patients infused with cells

cultured in FCS-containing media generated antibody responses
directed predominantly to a single component of FCS, bovine
apoB-100. Although responses to other xenogeneic elements,
including Neu5Gc, were detected, a more sensitive technique, ie,
Western blotting, was required for detection, indicating that such
responses were weaker than those directed to bovine apoB-100,
which were easily detected by SDS-PAGE. The response to bovine
apoB appeared to be boosted by successive exposure to cell

Table 2. Presence of antibody to bovine apoB-100 in patients
receiving therapeutic cell populations cultured in FCS

Infusion no.
Time after
infusion

Presence of bovine*
ApoB-100 antibody

GT trial

Patient 1: 11 13 y �

Patient 2: 12 13 y ��

BCV trial

Patient A

Preinfusion NA �

4 4 wk ���

Patient B

Preinfusion NA SNA

8 4 wk ����

Patient C

Preinfusion NA SNA

2 20 wk �/�

Patient D

Preinfusion NA SNA

8 4 wk ��

Patient E

Preinfusion NA �

4 4 wk �

5 4 wk ��

Patient F

Preinfusion NA SNA

2 2 wk �

Patient G

Preinfusion NA SNA

2 3 wk �

The FCS lysate was immunoprecipitated with 10 �L of each serum and the
precipitants analyzed by SDS-PAGE.

GT trial indicates gene therapy trial for adenosine deaminase (ADA) deficiency;
BCV trial, breast cancer vaccine trial; NA, not applicable; SNA, sample not available.

*Reference band intensity: — indicates � 0%; �/�, 0%-20%; �, 20%-60%; ��,
60%-100%; ���, 100%-140%; ����, �140%.

Table 3. Presence of antibody to bovine apoB-100 in HIV patients
receiving identical twin lymphocytes cultured in
FCS-containing media

Infusion no.
Time after

infusion, wk
Presence of bovine*
ApoB-100 antibody

Patient A

Preinfusion NA �

1 2 �

2 2 �

3 2 ��

Patient B

Preinfusion NA �

1 2 �

2 2 �/�

3 4 �

Patient C

Preinfusion NA �

2 2 �

3 4 ��

4 4 ����

Patient D

Preinfusion NA �

4 4 ����

Patient E

Preinfusion NA �

1 1 �

1 3 �

2 1 �

2 3 �

3 2 ���

Patient F

Preinfusion NA �

1 1 �

1 3 �

2 1 �

2 3 �

3 2 ��

Patient G

Preinfusion NA �

1 2 �

2 2 �

3 2 �/�

Patient H

Preinfusion NA �

1 2 �

2 2 �

3 6 �/�

Patient I

Preinfusion NA �

1 2 �

2 NA �

2 2 �

FCS lysate was immunoprecipitated with 10 �L of each serum and the
precipitants analyzed by SDS-PAGE. Nine of 17 patients had a response to bovine
apoB-100. Eight had a negative response. This table shows patients who were
positive.

*Reference band intensity: — indicates � 0%; �/�, 0%-20%; �, 20%-60%; ��,
60%-100%; ���, 100%-140%; ����, �140%.
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transplants or vaccines; at minimum, 2 exposures were required,
both in human and mouse. In contrast, many humans have
preformed antibodies to other xenogeneic antigens such as alpha-
Gal and Neu5Gc. Thus, although the final antibody response to
bovine apoB-100 was not glycan-specific, it is possible that the
potential presence of Neu5Gc and/or �-Gal on apoB could have
enhanced the immune response to the protein itself.26

The intensity of the response to bovine apoB relates to several
factors: the enrichment of apoB-100 in the cellular infusate,
because of the high-affinity binding to LDL receptor; the high
density of such molecules on the cell surface, which are arrayed in
a fashion to stimulate B-cell production of antibody via multivalent
ligation of BCR; and the intracellular storage and potential
processing and presentation of apoB-100 within the context of self
class II. The generation of a potent antibody response by successive
exposure to cultured cells engenders a situation in which antibody
generated after 2 cellular infusions is able to target subsequently
infused cells that transiently retain surface expression of bovine
apoB. We have found that significant loss of bovine apoB from the
surface of cells cultured in vitro requires several hours after
placement of cells in media totally devoid of FCS (Figure S1,
available on the Blood website; see the Supplemental Materials
link at the top of the online article). However, the actual kinetics of
human apoB displacement of bovine apoB bound to human LDL
receptor is not known and could be significantly longer. Moreover,
although processing and presentation of apoB peptides in the
context of self class II by host APC is inferred from the generation
of isotype-switched IgG responses in mice and humans, cell-
mediated responses are also generated to the cultured cells that
potentially present this protein in association with self class I
(L.M.M., unpublished data, May 18, 1998), raising the possibility
that cytotoxic T lymphocytes (CTL) may target such cells. In
contrast to the abundant binding of the polyclonal antibodies in
antiserum and of 3E8.1 to cultured cells, the binding of antibodies
and 3E8.1 to normal cell populations was minimal or nonexistent
(Figure 1B,C), a finding undoubtedly attributable to the saturation
of such cells with their own species specific LDL and lack of
extended in vitro culture, as such cells were exposed to FCS-
containing medium only during the FACS staining procedure in
which the temperature is kept at 4°C.

The failure of B6 mice to generate antibody to bovine
apoB-100 was puzzling, because multiple strains generated
antibody responses in addition to FVB, including DBA/1,
DBA/2, and BALB/c (N.S., and A.S.R. unpublished data,
August 2005). However, it is possible that T-cell help is driven
via presentation of relevant bovine apolipoprotein peptides in
the context of MHC class II IE molecules, lacking in the B6
strain,27 or that the relevant peptides have only weak affinity for
MHC class II IA�. The potential requirement for IE expression
in the antibody response is undergoing investigation. The
diversity in generation of antibodies to bovine apoB-100,
observed in mice, was also observed in the clinical trials with
some patients failing to produce apoB-100 antibodies and others
making robust responses. This diversity in immune response
may be attributable to differences in the ability of apoB peptides
to associate with various human leukocyte antigen class II
molecules, differences in the extent of oral tolerance in popula-
tions with a high consumption of bovine products, diversity in
presence of preexisting antibody to Neu5Gc,10,13 and, finally,
differences in the immune competence of the patients in the
clinical trials. Because we failed to detect bovine apoB-100
antibodies before infusion in almost all patient sera, it is

apparent that the novel cellular presentation and nonoral
administration of bovine apoB was necessary to generate an
immune response.

Finally, the development of apoB antibodies has relevance to
treatment safety and, potentially, to treatment efficacy. In the initial
discordant HIV twin study, Selvaggi et al6 reported that 8 of 12
patients were positive for antibodies to a single entity of FCS. We
tested the sera of these patients and found that the single
component of FCS to which antibodies were generated was bovine
apoB-100 (Table 3). Strikingly, 6 of 8 patients with antibodies to
bovine apoB-100 had immune-mediated “arthus-type” reactions
after cellular administration, with symptoms worsening with
subsequent infusions, whereas the 2 antibody-positive patients who
did not have such reactions had been pretreated with antipyretics
and antihistamines.6 In an additional example of anti-FBS antibod-
ies causing a clinical adverse event, 1 patient of 6 with osteogenesis
imperfecta receiving gene-modified mesenchymal stem cells cul-
tured in FCS had an antibody response to FCS and an urticarial rash
after the second cellular infusion.28 More importantly, of the 6
patients in this study, the only one who failed to show evidence of
cellular engraftment and to benefit from an increased growth
velocity was this patient, who had an antibody response to FCS.28 It
is highly probable that the anti-FCS antibody response in this
patient was specific for bovine apoB-100. The potential for
antibovine apoB-100 antibodies to impact on engraftment is further
suggested by patient 2 in the ADA-SCID trial, who had a potent
antibody response to bovine apoB and had very low levels of
engraftment of autologous genetically modified cells, compared
with an antibody-negative patient counterpart who manifested
much higher levels of cellular engraftment.8

The importance of our findings relate to similar recent findings
regarding incorporation of Neu5Gc into ES cells, potentially
rendering them subject to immune attack and elimination by means
of antibody-dependent cell cytotoxicity and/or opsonization,10

further highlighting the possible effect on cellular engraftment.
Thus, continued use of FCS for culture of human cell products for
therapeutic intent, as is currently the case for mesenchymal stem
cells,29 may jeopardize engraftment, whereas its removal may
afford a more favorable outcome.30 Given that even the drastic
reduction of FCS components was not sufficient to prevent the
robust coating of cells with foreign apoB, as evinced in our study of
cells cultured in lipoprotein-deficient serum containing only 0.5%
lipoproteins, alternative strategies must be considered. Although
human AB serum-based medium has been used as a substitute for
fetal calf serum,10,31,32 it is clear that the amounts of sera that would
be needed from this rarest of blood donor groups would be
prohibitive with respect to the need. Moreover, apoB has protein
polymorphisms that can be recognized by human alloantibod-
ies.33,34 Thus, autologous serum depleted of anti-Neu5Gc antibod-
ies may be the most practical and safest means for culturing ES or
other therapeutic cell populations before transplantation. Even if
the patient’s serum contains anti-Neu5Gc antibodies, heat inactiva-
tion could prevent complement activation until the preexisting
Neu5Gc is metabolically eliminated35 and such prolonged culture
may further allow sufficient time for any preexisting bovine
apoB-100 to be eliminated.

Acknowledgments

The authors thank Mark Lowenthal, Laboratory of Pathology,
National Cancer Institute, for analysis of mass spectrometry and

BOVINE APOLIPOPROTEIN B-100 507BLOOD, 15 JULY 2007 � VOLUME 110, NUMBER 2



helpful discussion, and Drs Michael Norcross, Eda Bloom, and
Brenton McCright for critical reading of this manuscript.

This research was supported in part by the Intramural Research
Program of the National Human Genome Research Institute,
National Institutes of Health.

Authorship

Contribution: N.S. was the principal investigator of the studies and
primary author. K.T. contributed to the research and analysis. L.M.M.
and F.C. provided patients’ samples from ADA-SCID gene therapy
clinical trial. A.M.L. provided the embryonic stem cells. E.F.P. contrib-

uted to the mass spectrometry analysis. J.A.M., J.A.T., and H.C.L.
provided patients’samples from HIV gene-therapy clinical trials. W.J.U.
and B.A.F. provided patients’ samples from breast cancer vaccine trials.
A.V. provided the anti-Neu5Gc antibody; J.K.L. provided critical
bovine reagents. A.S.R. provided the overall project and manuscript
guidance. All authors provided guidance for the studies and contributed
to the writing of the manuscript.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: Amy S. Rosenberg, MD, Division of Therapeu-
tic Proteins, Center for Drug Evaluation and Research, U.S. Food
and Drug Administration, Bethesda, MD 20892; e-mail:
amy.rosenberg@fda.gov.

References

1. D’Amour K, Gage FH. New tools for human de-
velopmental biology. Nat Biotechnol. 2000;8:381-
382.

2. Thomson JA, Itskovitz-Eldor J, Shapiro SS, et al.
Embryonic stem cell lines derived from human
blastocysts. Science. 1998;282:1145-1147.

3. Bradley JA, Bolton EM, Pedersen RA. Stem cell
medicine encounters the immune system. Nat
Rev Immunol .2002;2:859-871.

4. Swijnenburg RJ, Tanaka M, Vogel H, et al. Em-
bryonic stem cell immunogenicity increases upon
differentiation after transplantation into ischemic
myocardium. Circulation. 2005;112:I166-172.

5. Drukker M, Benvenisty N. The immunogenicity of
human embryonic stem-derived cells. Trends Bio-
technol. 2004;22:136-141.

6. Selvaggi TA, Walker RE, Fleisher TA. Develop-
ment of antibodies to fetal calf serum with arthus-
like reactions in human immunodeficiency virus-
infected patients given syngeneic lymphocyte
infusions. Blood. 1997;89:776-779.

7. Mackensen A, Drager R, Schlesier M, Mertels-
mann R, Lindemann A. Presence of IgE antibod-
ies to bovine serum albumin in a patient develop-
ing anaphylaxis after vaccination with human
peptide-pulsed dendritic cells. Cancer Immunol
Immunother. 2000;49:152-156.

8. Tuschong LM, Soenen SL, Blease RM, Candotti
F, Muul LM. Immune response to fetal calf serum
by two adenosine deaminase-deficient patients
after T cell gene therapy. Hum Gene Ther. 2002;
13:1605-1610.

9. Muul LM, Tuschong LM, Soenen SL, et al. Persis-
tence and expression of adenosine deaminase
gene for 12 years and immune reaction to gene
transfer components: long-term results of the first
clinical gene therapy trial. Blood. 2003;101:2563-
2569.

10. Maria JM, Alysson M, Gage F, Varki A. Human
embryonic stem cells express an immunogenic
nonhuman sialic acid. Nat Med. 2005;11:228-232.

11. Chambers I, Smith A. Self-renewal of teratocarci-
noma and embryonic stem cells. Oncogene.
2004;23:7150-7160.

12. Solter D, Knowles BB. Monoclonal antibody de-
fining a stage-specific mouse embryonic antigen
(SSEA-1). Proc Natl Acad Sci U S A. 1978;75:
5565-5569.

13. Tangvoranuntakul P, Gagneux P, Diaz S, et al.

Human uptake and incorporation of an immuno-
genic nonhuman dietary sialic acid. Proc Natl
Acad Sci U S A. 2003;100:12045-12050.

14. Walker RE, Carter CS, Muul L, et al. Peripheral
expansion of pre-existing mature T cells is an im-
portant means of CD4� T cell regeneration HIV-
infected adults. Nat Med. 1998;4:852-856.

15. Dols A, Smith JW, Meijer SL, et al. Vaccination of
women with metastatic breast cancer, using a
costimulatory gene (CD80)-modified, HLA-A2-
matched, allogeneic, breast cancer cell line: clini-
cal and immunological results. Hum Gene Ther.
2003;14:1117-1123.

16. Tian L, Catt JW, O’Neill C, King NJ. Expression of
immunoglobulin superfamily cell adhesion mol-
ecules on murine embryonic stem cells. Biol Re-
prod. 1997;57:561-568.

17. Madsen EM, Lindegaard ML, Andersen CB,
Damm P, Nielsen LB. Human placenta secretes
apolipoprotein B-100-containing lipoproteins.
J Biol Chem. 2004;279:55271-55276.

18. Hevonoja T, Pentikainen MO, Hyvonen MT, Kov-
anen PT, Ala-Korpela M. Structure of low density
lipoprotein (LDL) particles: Basis for understand-
ing molecular changes in modified LDL. Biochim
Biophys Acta. 2000;1488:189-210.

19. Howell BW, Herz J. The LDL receptor gene fam-
ily: signaling functions during development. Curr
Opin Neurobiol. 2001;11:74-81.

20. Gustafsson M, Borén J. Mechanism of lipoprotein
retention by the extacellular matrix. Curr Opin
Lipidol. 2004;15:505-514.

21. Chung NS, Wasan M. Potential role of the low-
density lipoprotein receptor family as mediators of
cellular drug uptake. Adv Drug Deliv Rev. 2004;
56:1315-1334.

22. Dols A, Meijer SL, Hu HM, et al. Identification of
tumor-specific antibodies in patients with breast
cancer vaccinated with gene-modified allogeneic
tumor cells. J Immunother. 2003;26:163-170.

23. Forni G, Green I. Heterologous sera: A target for
in vitro cell-mediated cytotoxicity. J Immuno.
1976;116:1561-1565.

24. Lauer SJ, Finlan J, Borella LD, Piaskowski VD,
Casper JT. In vitro enhancement of peripheral
blood mononuclear cell natural killer activity fol-
lowing short term incubation with fetal calf serum.
J Clin Lab Immunol. 1983;12:105-110.

25. Fogel M, Segal S, Gorelik E, Feldman M. Specific

cytotoxic lymphocytes against syngeneic tumors
are generated in culture in the presence of synge-
neic, but not xenogeneic, serum. Int J Cancer.
1978;22:329-334.

26. Benatuil L, Kaye J, Rich RF, Fishman JA, Green
WR, Iacomini J. The influence of natural antibody
specificity on antigen immunogenicity. Eur J Im-
munol. 2005;35:2638-47.

27. Huber SA, Stone JE, Wagner DH, et al. Gamma
delta� T cells regulate major histocompatibility
complex class II (IA and IE)-dependent suscepti-
bility to coxsackievirus B3-induced autoimmune
myocarditis. J Virol. 1999;73:5630-5636.

28. Horwitz EM, Gordon PL, Koo WK, et al. Isolated
allogeneic bone marrow-derived mesenchymal
cells engraft and stimulate growth in children with
osteogenesis imperfecta: Implication for cell
therapy of bone. Proc Natl Acad Sci U S A. 2002;
99:8932-8937.

29. Berger MG, Veyrat-Masson R, Rapatel C, Des-
camps S, Chassagne J, Boiret-Dupre N. Cell cul-
ture medium composition and translational adult
bone marrow-derived stem cell research. Stem
Cell. 2006;24:1409-1410.

30. Müller I, Kordowich S, Holzwarth C, et al. Animal
serum-free culture conditions for isolation and
expansion of multipotent mesenchymal stromal
cells from human BM. Cytotherapy. 2006;8:437-
444.

31. Yamaguchi M, Hirayama F, Wakamoto S, et al.
Bone marrow stromal cells prepared using AB
serum and bFGF for hematopoietic stem cells
expansion. Transfusion. 2002;42:921-927.

32. Chen M, Li Y-G, Zhang D-Z, et al. Therapeutic
effect of autologous dendritic cell vaccine on pa-
tients with chronic hepatitis B: A clinical study.
World J Gastroenterol. 2005;11: 1806-1808.

33. Berg K, Powell LM, Wallis SC, Pease R, Knott TJ,
Scott J. Genetic linkage between the antigenic
group (Ag) variation and the apolipoprotein B
gene: Assignment of the Ag locus. Proc Natl Acad
Sci U S A. 1986;83:7367-7370.

34. Wu MJ, Bütler E, Bütler R, Schumaker VN. Identi-
fication of the base substitution responsible for
the Ag(x/y) polymorphism of apolipoprotein
B-100. Arterioscler Thromb. 1991;11:379-384.

35. Bardor M, Nguyen DH, Diaz S, Varki A. Mecha-
nism of uptake and incorporation of the nonhu-
man sialic acid N-glycolylneuraminic acid into hu-
man cells. J Biol Chem. 2005;280:4228-4237.

508 SAKAMOTO et al BLOOD, 15 JULY 2007 � VOLUME 110, NUMBER 2


