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We previously reported the enhanced resistance of monoclonal antibodies B6.1 (an immunoglobulin M
[IgM]) and C3.1 (an IgG3) against experimental candidiasis. Both MAbs recognize the same fungal epitope.
We have since found that a highly passaged B6.1 hybridoma (hp-B6.1) resulted in antibody that has little
protective potential. The potential clinical applicability of the antibody and our interest in understanding
antibody protection against candidiasis led us to investigate an explanation for this phenomenon. Antibody
genetic structure of hp-B6.1, the original hybridoma clone (ori-B6.1) stored frozen since 1995, a subclone of
hp-B6.1 that produces protective antibody, the IgG3-producing hybridoma, and a nonprotective IgG1-produc-
ing hybridoma were compared. Variable region gene sequences of heavy (VH) and light chains showed genetic
instability of VH chains with only the hp-B6.1; the VH sequences from ori-B6.1 and the subclone were, however,
identical. Activation-induced cytidine deaminase levels were greatest in the B6.1 hybridomas, which may
explain the instability. The constant region CH3 domain remained unchanged, implying normal N-glycation
and complement-fixing potential, and antibody binding affinities appeared unchanged. Complement fixation
assays surprisingly showed that ori-B6.1 antibody fixes C3 more rapidly than does hp-B6.1 antibody. The VH
region primary structure may affect complement activation, which could explain our result. Indeed, antibody
from the hp-B6.1 subclone fixed complement like antibody from ori-B6.1. These results show that the greatest
protection occurs when antimannan antibodies possess the dual abilities of recognizing the appropriate
carbohydrate epitope and rapidly fixing complement; loss of the latter property results in the loss of protective
potential by the antibody.

Candida albicans is the most common cause of opportunistic
fungal disease in humans (38). The incidence of life-threaten-
ing hematogenously disseminated candidiasis, which is pre-
dominantly caused by C. albicans, is especially problematic in
immunocompromised people ranging from premature infants
to AIDS sufferers (1, 15, 49). The choice of anti-Candida drugs
is limited, they may adversely affect the host, and the emer-
gence of drug resistance is of potential importance (3, 15, 26,
47). Difficulties often associated with both the diagnosis and
treatment (2, 14) support the development of new therapeutic
and preventive strategies against candidiasis. The role of anti-
bodies in host defense against fungal diseases is controversial,
but it is becoming more widely accepted as the number of
publications continue to increase, especially with respect to
host defense against cryptococcosis and candidiasis, but with
other fungal disease as well (4, 6–9, 12, 16, 30, 32, 35, 45, 46).
We are developing vaccines and exploring the efficacies of
specific antibodies in aiding the host to resist disseminated
candidiasis. Although antibodies have been described that may
be directly toxic to this fungus (35, 46), our work has focused
on antimannan antibodies, and more information is needed for
understanding the basic criteria required for such antibodies to
be protective.

During vaccine development, we discovered protective
monoclonal antibodies (MAbs) (16, 17, 20–22). The induction

of such antibodies through active immunization or passively
administered antibodies is predicted to be useful in the pre-
vention and therapy of various forms of candidiasis in both
normal and immunocompromised patients. We isolated three
isotypes of MAb that recognize the same mannan epitope,
�-1,2-mannotriose (18), which is a component of the acid-
labile portion of the phosphomannan complex on the cell sur-
face of C. albicans (40, 41). MAbs B6.1 (IgM) and C3.1 (IgG3)
are protective against disseminated and vaginal forms of the
disease in mouse (16, 21); whereas an IgG1 isotype, MAb
G11.2, an apparent derivative of MAb C3.1, is nonprotective.
The explanation of the discrepancy in protective activities is
likely related to the efficiency by which complement is depos-
ited onto the C. albicans cell surface. We have found that the
protective IgM and IgG3 antibodies fix complement very rap-
idly, whereas a nonprotective IgM (MAb B6) does not. Fur-
thermore, in vivo antibody protection against disseminated
candidiasis is complement dependent (19). Mouse IgG1, how-
ever, fixes complement very poorly (24, 27, 28). Curiously,
monoclonal antibody obtained from the B6.1 hybridoma after
successive in vitro passages (highly passaged) showed reduced
protective potential, whereas the protective ability of MAb
C3.1 remained constant (H. Xin and J. E. Cutler, Abstr. 104th
Gen. Meet. Am. Soc. Microbiol. 2004, abstr. H-094, p. 279,
2004). Because of the possible clinical usefulness of antibodies
that protect against candidiasis and in an attempt to gain a
greater understanding of how antimannan antibodies protect,
we pursued an explanation for the loss of protective activity of
the highly passaged B6.1 (hp-B6.1).

In this study, the variable region genes of the light (VL) and
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heavy (VH) chains of each MAb were PCR cloned and se-
quenced and compared to sequences obtained from the orig-
inal B6.1 hybridoma (ori-B6.1) which had been stored frozen
since 1995 at the American Type Culture Collection (ATCC).
The various hybridomas were compared with respect to acti-
vation-induced cytidine deaminase (AID) levels, and the anti-
bodies were compared for antigen binding affinities, abilities to
fix complements, and protective capabilities. The results indi-
cate an instability potential associated with the B6.1 hybrid-
oma, which may lead to a reduced ability of the antibody to fix
complement.

MATERIALS AND METHODS

Organism and culture conditions. C. albicans CA-1 was used for animal
infections and has been previously characterized (16, 20). Cultures for each
experiment were started from water stocks and grown as stationary-phase yeast
forms in glucose (2%)-yeast extract (0.3%)-peptone (1%) (GYEP) broth under
aeration at 37°C. Before use, the yeast forms were collected by centrifugation,
washed three times, and suspended in Dulbecco’s phosphate-buffered saline
(DPBS) to obtain the desired number of yeast cells for intravenous infections of
mice as described before (16, 29).

Heat-killed yeast cells from C. albicans strain 3153A were used in the com-
plement fixation assays. This strain (originally obtained from the ATCC; catalog
no. 28367) was grown overnight in GYEP at 37°C and centrifuged at 6,000 rpm
in a microcentrifuge tube for 2 min, and the pelleted cells were washed five
times in sterile deionized H2O. Cells were heat killed at 70°C for 10 min,
washed five times as described above, and used immediately or stored for up
to 1 month at 4°C.

Mouse hybridoma cells and MAbs. Hybridoma clones producing MAbs B6.1
(IgM) and C3.1 (IgG3) were generated from mice vaccinated with a phospho-
mannan complex–liposome preparation as described previously (16, 18). The
ori-B6.1 clone (16) was deposited with the ATCC in 1995 and retrieved from that
organization in 2004 for the work described here. B6.1 hybridomas put into
successive passage since 1995 are called highly passaged B6.1 in this study.
Subclones of B6.1 hybridomas were obtained from hp-B6.1 by twice limiting
dilution for each.

The hybridoma cell line producing MAb G11.2 (IgG1) was obtained from
hybridoma C3.1 as a result of sib selection subcloning methods as described
previously (42). MAb G11.2 has the same oligomannoside specificity (�-1,2-
linked mannobiose or mannotriose) as MAbs B6.1 and C3.1, as determined by
enzyme-linked immunosorbent assay (ELISA) inhibition with synthetic �-linked
oligomannosides by methods described previously (33). MAbs B6.1 and C3.1
enhance resistance against experimentally disseminated candidiasis (16, 18, 21)
by a complement-dependent opsonization mechanism (19). MAb G11.2 is an
IgG1 that does not fix complement very well (24, 27, 28) and does not protect
against candidiasis (our unpublished data).

The hybridoma cell lines were initially grown in antibiotic-free RPMI 1640
medium (Sigma) supplemented with 15% fetal bovine serum (GIBCO) and 2
mM L-glutamine (Sigma) at 37°C and in the presence of 5% CO2. For the
production of antibodies, the hybridoma clones were grown in antibiotic-free,
BD cell MAb serum-free medium (but containing 1.1 mg bovine serum albumin/
ml) in a CELLine device (BD, Bedford, MA) and concentrated by using cen-
trifugal filter devices (Centricon Plus-80; Millipore Corporation, Bedford, MA).

RT-PCR and cloning PCR fragments. Hybridoma RNA was isolated (RNeasy
midi RNA isolation kit; QIAGEN) and dissolved in 200 �l RNase-free water and
quantified by A260 (total RNA at 100 ng was used for each reverse transcription-
PCR [RT-PCR]).

For PCR amplification of mouse MAb variable domains, initial primer con-
structions were as previously described by Orlandi and coworkers (34); however,
the light-chain primer set (VK1BACK/FOR) was selective for the aberrant
light-chain sequence coded by the myeloma fusion partner used for production
of the hybridomas (5). Therefore, the primer sets for light-chain sequences were
changed to those described previously by Clackson and coworkers (10). The
light-chain primer VK2BACK (5�-d [GACATTGAGCTCACCCAGTCTCCA])
was used with a mix of four J region primers, MJK1FONX (5�-d [CCGTTTGA
TTTTCCAGCTTGGTGCC]), MJK2FONX (5�d [CCGTTTTATTTCCAGCTT
GGTCCC]), MJK4FONX (5�-d [CCGTTTTATTTCCAACTTTGTCCC]), and
MJK5FONX (5�-d [CCGTTTCAGCTCCAGCTTGGTCCC]) to amplify the
light-chain kappa families (10). For variable region heavy-chain sequencing, the
recommendations of Orlandi et al. (34) were followed. The primer set

VH1BACK/FOR (34) for heavy-chain variable regions were VH1BACK (5�-d
[AGGTSMARCTGCAGSAGTCWGG] in which S � C or G, M � A or C, R �
A or G, and W � A or T) and VH1FOR (5�-d [TGAGGAGACGGTGACCG
TGGTCCCTTGGCCCCAG]); these primers were synthesized by Invitrogen.
cDNA was synthesized in our lab using a ProSTAR HF single-tube RT-PCR
system (high fidelity) (Stratagene). Briefly, a 50-�l reaction mixture contained
100 ng of each RNA, 100 ng of VH1FOR primer or VK2FOR primer, 100 ng of
VH1BACK primer or J region primers, 1 �l of dNTP mix (40 mM), and 5.0 �l
of 10� HF RT-PCR buffer. Reverse transcriptase StrataScript RT (1.25 U) and
TaqPlus Precision DNA polymerase (2.5 U) were added into each reaction
mixture after 10 min of incubation at 65°C. Thirty minutes of incubation for the
first-strand synthesis was sufficient. After StrataScript RT was inactivated by heat
treatment at 95°C for 1 min, a typical cycle was 1 min at 95°C (denature), 1 min
at 55°C (anneal), and 2 min at 68°C (extension) for 40 cycles, followed by a
10-min final extension at 68°C.

Sequence analysis was extended to include the CH3 constant region of the
heavy chains by use of designed oligonucleotide RT-PCR primers (DG gene
program; Accelrys, Inc.). The CH3FWD primer (5�-d [CTTCTTGAAGAACG
TGTCTCCAC]) and CH3REV primer (5�-d [GCAGGTACACAGCAGGTGG
ATG]) were synthesized by Invitrogen.

The PCR products were directly ligated into a pCR2.1 TA cloning vector
(TOPO TA cloning; Invitrogen) after removal of excess primers and other
contaminants by QIAquick PCR purification (QIAGEN). The ligated constructs
were transformed into TOP10 competent cells, and the transfected bacteria were
plated onto Luria-Bertani (LB) plates containing 100 �g/ml ampicillin (Sigma)
and 40 �g/ml 5-bromo-4-chloro-3-indolyl �-D-galactoside (X-Gal) (Sigma).
White colonies from transformed plates were screened for inserts by EcoRI
digestion (New England) of DNA minipreps from overnight LB-ampicillin cul-
tures. Cultures containing inserts were used for plasmid isolation using the
QIAprep miniprep kit (QIAGEN).

DNA sequencing and sequence analysis. The cloned mouse Ig variable-region
inserts were sequenced by use of an ABI Prism 3100 sequencer (Gene Therapy
Center, Tulane Health Sciences Center). Sequences were analyzed using the DG
gene program (Accelrys, Inc.), and the ClustalW program (EMBL-EMI). All
sequence data were confirmed by second-strand sequencing.

Real-time quantitative RT-PCR analysis of AID expression. Total RNA iso-
lated from hybridomas as described above was of high quality as indicated by an
A260/A280 of �1.9 and analysis by agarose gel electrophoresis.

AID PCR primers (5� primer, 5�-GACAACTAAAGGATGCGCCGAA
GTTG [FAM]C-3�; 3� primer, 5�-CCTGGGAAGGGCTACATGAAA-3�) were
designed (LUX Designer software, Invitrogen) and these, along with primers for
mouse �-actin (internal control), were synthesized commercially (Invitrogen).
The source of the sequence used to construct the AID RT-PCR primers is “Mus
musculus activation-induced cytidine deaminase (AID) mRNA, complete cds”
(DNA database at EMBL www.ebi.ac.uk/embl; accession no. AF132979). Real-
time RT-PCR was performed by using the SuperScript III platinum one-step
quantitative RT-PCR system (Invitrogen) in the iCycler iQ detection system.
Total RNA (a series of consecutive twofold dilutions) was used in a 50-�l
RT-PCR mixture which contained 1 U SuperScript III RT/Platinum Taq mix, 2�
SuperScript reaction mix, and 100 nM of each primer. After 15 min of incubation
at 50°C and 2 min at 95°C, amplification was performed by 60 cycles at 95°C for
15 s, followed by 60 cycles at 60°C for 30 s. The PCRs were quantified by selecting
the amplification cycle where the PCR product of interest was first detected
(cycle threshold [CT]). Triplicate experiments were performed for each sample,
and CT values were averaged. The relative quantification of AID mRNA expres-
sion was normalized to the expression level of the endogenous reference (�-
actin) in each sample.

Relative binding affinities of various MAbs. Relative binding affinities were
determined by an inhibition ELISA as described previously (33). In previous
studies (18, 33), we showed that the MAbs recognize �-1,2-linked oligomanno-
sides. Of high interest was the finding that binding affinity is inversely related to
mannose chain length, except that the antibodies recognize the biose and triose
forms of �-1,2-linked oligomannosides with approximately equal affinities. These
latter results justified the use of synthetic �-1,2-linked mannotriose in solution as
an inhibitor to assess relative binding affinities of the MAbs for immobilized
phosphomannan complex antigen isolated from the fungal cell surface. Briefly,
C. albicans strain A9 phosphomannan complex obtained by 2-mercaptoethanol
extraction of whole cells (18) was dissolved in PBS (10 �g/ml), and the solution
was used to coat 96-well ELISA plates (100 �l, overnight at 4°C). The wells were
washed five times with PBST (PBS containing Tween 20, 0.05% [vol/vol] and
blocked with 2% bovine serum albumin-PBST, 200 �l). MAb B6.1 (IgM) (2.5
mg/ml), C3.1 (IgG3) (1.75 mg/ml) and G11.2 (IgG1) (2.0 mg/ml), produced as
concentrated tissue supernatants described above, were diluted to 1:80,000
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(B6.1) and 1:3,000 (C3.1 and G11.2) for ELISA measurements. The antibodies
were mixed with epitope (inhibitor) (synthetic �-1,2-linked mannotriose, kindly
provided by David R. Bundle) dissolved in PBST at a concentration between 0.1
�M and 1 mM, and the resulting solution of each concentration was added to the
phosphomannan complex-coated microtiter wells in triplicate and incubated at
21 to 23°C for 3 h. The wells were washed three times with PBST, and goat
anti-mouse polyvalent immunoglobulin (IgG, IgA, and IgM) peroxidase-conju-
gated antibody (diluted 1:10,000 in PBST) (Sigma) 100 �l was added and incu-
bated for 1 h at 21 to 23°C. The wells were washed five times with PBST, followed
by the addition of 100 �l of substrate solution (25 ml of 0.05 M phosphate-citrate
buffer [pH 5.0], 200 �l of an aqueous solution of O-phenylenediamine 50 mg/ml
[Sigma], and 10 �l of 30% H2O2). Color was allowed to develop for 10 min,
stopped by the addition of 100 �l of 2 M H2SO4, and read at 492 nm (microtiter
plate reader, model 450; Bio-Rad, Richmond, CA). The percent inhibition was
calculated relative to wells containing antibody without inhibitor.

As a further test for relative binding affinities, the ELISA inhibition was
conducted as described above, but instead of using the mannotriose as the
inhibitor, either the intact phosphomannan complex or the acid-labile part con-
taining solubilized beta-linked oligomannosides of various lengths (18) was used
as the inhibitor. The test range of inhibitor preparations was between 0.0005
�g/ml and 500 �g/ml.

Passive immunization of mice and assessment of protection. The MAbs were
appropriately diluted in DPBS to give identical agglutination titers against either
whole C. albicans CA-1 or phosphomannan complex-coated latex beads (16, 20).
Prior to mouse injections, antibody solutions were spun at 15,000 � g for 15 min
to remove aggregates. MAbs tested for their ability to enhance resistance against
disseminated candidiasis were the original B6.1, B6.1 from the hp-B6.1, and B6.1
from a subclone of the hp-B6.1. The negative control materials tested in mice
were MAbs adsorbed with C. albicans yeast cells (16, 20) and DPBS. For each
condition, 6- to 8-week-old female C57BL/6 mice (Jackson Laboratories) were
given 0.5 ml of the test MAbs or control materials intraperitoneally, followed 4 h
later by 0.1 ml intravenously of a suspension containing 5 � 106 yeast cells per
milliliter of DPBS. The mice were monitored by a blinded observer for the
development of a moribund state, defined as being listless, unable to eat or drink,
and nonreactive to probing. At the time that a mouse was deemed moribund, it
was sacrificed and that day was recorded and entered along with the statuses of
other animals for the subsequent calculation of the median survival time (MST)
by use of the Kaplan-Meier statistical analysis (GraphPad Prism, version 4).
There were five to six mice per group, and each experiment was repeated four to
five independent times. All mouse experiments were performed entirely in our
AAALAC-certified animal facility at the Richmond Institute for Children, and
all protocols were sanctioned by our Institutional Animal Care and Use Com-
mittee.

Complement fixation analysis. Activation of C3 and binding of C3 fragments
to the C. albicans cells were performed in 100-�l complement deposition reac-
tion mixtures consisting of (i) 40% adsorbed fresh normal mouse serum in RPMI
1640 medium with L-glutamine and 25 mM HEPES (Sigma), (ii) 1 �l MAb B6.1
(1.25 �g/�l), and (iii) 5.0 � 106 C. albicans cells. The mixtures were incubated at
37°C and stopped by the addition of 15 �l 100 mM EDTA (Sigma) after 1, 2, 4,

8, and 16 min. Unbound C3 was removed by three washes with ice-cold PBS. The
cells were incubated for 1 h at 21 to 23°C in 100 �l of fluorescein (FITC)-
conjugated goat IgG fraction to mouse C3 (4 mg/ml; ICN Pharmaceuticals, Inc.,
Aurora, OH) diluted 1:200 in PBST. The cells were washed three times in DPBS.
The yeast cell pellets were suspended in 0.5 ml DPBS and analyzed by flow
cytometry (FACSVantage SE; BD Biosciences) equipped with an argon laser
excitation at 488 nm. Ten thousand cells in each sample were analyzed
(CellQuest Pro software).

To be certain that the above protocol did not yield misleading data due to
differential antibody binding kinetics, the following alternative experimental de-
sign was also employed. C. albicans cells were incubated with 1 �l MAb B6.1
(1.25 �g/�l) in 60 �l HEPES-buffered RPMI 1640 medium for 30 min at 21 to
23°C, and then 40 �l adsorbed fresh normal mouse serum was added to each
reaction mixture. The mixtures were incubated at 37°C and stopped by the
addition of 15 �l 100 mM EDTA after 1, 2, and 4 min. The remaining steps were
the same as those described above.

Nucleotide sequence accession numbers. Sequences derived from these studies
have been deposited in GenBank (accession numbers DQ273276 to DQ273285).

RESULTS

Highly passaged B6.1 hybridoma is a heterogeneous cell
population compared to apparent homogeneity of the C3.1 and
G11.2 hybridomas. In an attempt to understand the loss of
protective potential of MAb B6.1, VH and VL sequences from
multiple PCR clones were obtained from each of the hp-B6.1,
C3.1, and G11.2 hybridomas and compared. A rough approx-
imation of the homo- or heterogeneity of hybridoma cell pop-
ulations was assessed by sequencing from four to five PCR VL

clones and five to nine VH PCR clones of each hybridoma. The
VL sequences were 100% identical for all hybridomas (not
shown). Mutational changes were noted in VH sequences, how-
ever, especially between PCR clones obtained from the hp-
B6.1. Whereas five patterns of base changes were noted in the
VH sequences of the nine PCR clones from the hp-B6.1 hy-
bridoma, all seven PCR clones were identical from the C3.1
hybridoma and all five PCR clones were identical from the
G11.2 hybridoma. In fact, the 12 PCR sequences from the
latter two hybridomas were identical except for a single base
change at position 21 (Table 1).

ori-B6.1 is more homogeneous than the hp-B6.1. Whereas
the multiple hp-B6.1 VH PCR clones showed genetic instability
at several positions as indicated in Table 1, sequence consis-

TABLE 1. hp-B6.1 consists of a heterogeneous population of cells distinguished by mutational events at
particular locations within the DNA that codes for the variable region domainsa

Hybridoma/
PCR clone

Nucleotide at position in Ig heavy-chain variable region domainb:

FWR1 CDR1 FWR2 CDR2 FWR3

7 9 16 21 103 124 153 166 178 236 237 241 269 271 297

hp-B6.1
1 A G G T G G A G G C C A T G C
2 A G G A A G A G G C T A T G A
3 A A G T G G A G G C T A T G A
4 C G C T G A A G G C T A T G A
5 C G C A A A A G G C T A T A A

C3.1 C G G A A G T A A G T G C G C
G11.2 C G G T A G T A A G T G C G C

a VH transcripts were PCR amplified and cloned, and several clones derived from each hybridoma were selected for VH sequencing in both directions. Sequence
comparisons between clones from the hp-B6.1 were compared to sequences from the C3.1 and G11.2 hybridomas. Possible point mutations from hp-B6.1 are noted
by bold type. With the exception of G11.2 at position 21, C3.1 and G11.2 sequences were identical at all positions. Furthermore, the seven cloned PCR-amplified
sequences from the C3.1 hybridoma were identical, and the five cloned PCR-amplified sequences from the G11.2 were identical, suggesting that, whereas the hp-B6.1
hybridoma consists of a heterogeneous cell population with respect to VH sequences, the C3.1 and G11.2 hybridomas may each be homogeneous.

b Nucleotide positions are based on germ-line Ig alignment.
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tency was found among six PCR clones obtained from the
ori-B6.1 clone that was deposited frozen at the ATCC in 1995.
There were only two variations noted in framework regions
(FWR): in FWR1, three out of six clones have A instead of T
at position 21, and in FWR3, two of six clones have G instead
of A at position 256 (Fig. 1).

The deduced amino acid sequences of the VH segments of
the six hp-B6.1 clones indicate several changes within both the
FWR and complementarity-determining region 1 (CDR1).
The positions of these changes, relative to any of the six clones
from ori-B6.1, are shown in Fig. 2A. Relative to the PCR
clones from hp-B6.1, the ori-B6.1 showed only a single amino
acid shift from asparagine (N) to aspartate (D) at position 83
in FWR3 (Fig. 2B).

Based on the reported mouse VH/VL germ line sequences,
the B6.1, C3.1, and G11.2 VH sequences had the highest
degree of sequence homology with germ line VH22.1 seg-
ments (GenBank accession number, X03398). All VL se-
quences had the highest homology with germ line IgV� at
four segments (GenBank accession number AJ231225) (data
not shown).

Glycosylation sites on the CH3 domains of ori-B6.1 and
hp-B6.1 are identical. We previously reported the relationship
between rapid complement fixation and the ability of antibod-
ies to protect (19). We examined the CH3 domain for se-
quence changes that may affect N-glycosylation, which is crit-
ical to the ability of mouse IgM antibodies to fix complement
(31). Based on known sequences of mouse CH, CH3-specific

FIG. 1. Sequence consistency was found among six PCR clones obtained from the ori-B6.1 clone that was deposited frozen at ATCC in 1995.
The Kabat-defined FWR and CDR of the VH gene are indicated. Identities between the compared sequences are shown by dots, and gene
mutations are shown by single uppercase letters. The nucleotide alignment of VH obtained from the ori-B6.1 shows only two variations, at positions
21 and 256 in the FWR regions.
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primers were designed that resulted in the expected 340-bp
PCR product for the CH3 domain of B6.1 (data not shown).
Nucleotide sequence alignment of CH3 regions of both ori-
B6.1 and hp-B6.1 showed only a single base shift (data not
shown) which did not affect the predicted amino acid se-
quences (data not shown). Therefore, none of the three po-
tential N-glycosylation sites (Asn-X-Ser/Thr) were altered in
the CH3 domain of either clone.

AID level is highest in the B6.1 hybridomas. The exact
homology of the VL sequences, along with the high degree of
sequence homology of the VH regions, and the specificity of all
of the antibodies for the same epitope suggest that the three
mAbs were derived from the same germ line. In addition, there
are several consistent variations in the CDR and FWR of the
VH, which may relate to somatic hypermutation (SHM) and
affinity maturation. Along these lines, 	45% of the mutations

FIG. 2. The amino acid sequences predicted from PCR clones of the B6.1 VH region show greater variability associated with the hp-B6.1 than
with the ori-B6.1. (A) The alignment of the deduced amino acid sequences of the VH regions of six consecutive PCR clones derived from the
hp-B6.1 (VH-1 to -6) is compared to that of ori-B6.1 (VH-1). Several amino acid changes are predicted, as indicated by the letters shown within
both the FWR and CDR1. (B) Alignment of the deduced amino acid sequences of six PCR clones obtained from the ori-B6.1 (VH-1 to -6) showed
only a single amino acid shift from asparagines (N) to aspartic acid (D) in clones 5 and 6 at position 83 in FWR3.
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are in G or C nucleotides within the so-called hot-spot motifs
RGYW (A/G, G, C/T, and A/T) and WRCY that are fre-
quently targeted by AID in SHM both in vivo and in vitro (37,
48), which we addressed below.

The relative gene expression of AID by ori-B6.1, hp-B6.1, a
subclone of hp-B6.1 (VH gene sequence of which is 100%
identical with that of ori-B6.1), C3.1, and G11.2 was deter-
mined by real-time RT-PCR. The CT value was normalized by
the housekeeping gene �-actin, which was amplified at the
same efficiency in the same RT-PCR (Fig. 3A). The results
showed the highest AID level by the B6.1 hybridomas com-
pared to those of the IgG3 and IgG1-producing hybridomas
(Fig. 3B). These findings support that AID activity may be at
least in part responsible for the instability of the B6.1 hybrid-
oma. Furthermore, the high activity in the ori-B6.1 suggests to
us that AID might induce mutations with continuous in vitro
passage of this clone and lead to a heterogeneous cell popu-
lation of the hp-B6.1 hybridoma. The AID mRNA level in the
subclone of hp-B6.1 that maintained the same VH sequence as
the ori-B6.1 was lower than that of ori-B6.1, which provides
further support that AID is responsible, at least in part, for the
observed VH mutations.

Reduced protection of MAb B6.1 from hp-B6.1 is not due to
reduced affinity for the fungal cell wall epitope. The relative
affinities of both IgM B6.1 monoclonal antibodies for the same
fungal cell surface epitope were almost identical, as shown in
Fig. 4A. In the ELISA inhibition assays, the concentration of
epitope (inhibitor) required to achieve 50% inhibitory concen-
tration was less for C3.1 and G11.2 compared to that for MAb
from the B6.1 hybridomas (Fig. 4B), indicating the predicted

FIG. 3. Relative gene expression of AID showed the greatest ex-
pression level in the ori-B6.1, followed by the hp-B6.1. A subclone of
hp-B6.1, which has the same VH sequence as that of the ori-B6.1, had
intermediate AID activity, whereas the lowest relative AID activity was
associated with the highly stable C3.1 and G11.2 hybridomas. (A) Stan-
dard curves for �-actin (large squares) and AID (small squares). The
CT value was normalized by the housekeeping gene �-actin, which was
amplified at the same efficiency in the RT-PCR. (B) Relative gene
expression of AID in all the MAb-producing hybridomas was deter-
mined by real-time RT-PCR. Note the relatively high AID levels in the
B6.1 clones compared to those in C3.1 and G11.2. Error bars indicate
standard deviations.

FIG. 4. The relative binding affinities of the various antibodies are
similar. Synthetic �-1,2-mannotriose was used as described before (25)
to obtain relative binding affinities by an ELISA inhibition assay for
MAbs obtained from ori-B6.1, hp-B6.1, C3.1, and G11.2 hybridomas.
Each point is the mean of three determinations, and the data shown
are from a typical experiment of four independent experiments, all
producing similar results. Relative binding affinities were also similar
when the soluble inhibitor tested was either the intact phosphomannan
complex or the acid-labile fraction containing the beta-linked oligo-
mannosides of various lengths (data not shown). These data suggest
that the mutations resulting in amino acid changes in the VH of the
hp-B6.1 do not result in binding affinity changes. (A) ELISA inhibition
data for the antibodies from ori-B6.1 and hp-B6.1. IC50, 50% inhibitory
concentration. (B) ELISA inhibition data for the original ori-B6.1,
C3.1, and G11.2 monoclonal antibodies.
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higher affinities of IgG isotypes for the epitope. Because of the
haptenic size of the epitope (a trimannose), these data reflect
relative binding affinities and not avidity. In addition, however,
relative binding affinities were similar when the soluble inhib-
itor tested was either the intact phosphomannan complex or
the acid-labile fraction containing the beta-linked oligoman-
nosides of various lengths (data not shown). These data indi-
cate that the decreased protective activity of MAb B6.1 ob-
tained from the hp-B6.1 is not due to a loss of binding affinity
for the fungal cell surface.

MAb from ori-B6.1 is more protective than MAb from hp-
B6.1. Normal mice were intraperitoneally treated with buffer
(DPBS) or standardized doses of MAbs from ori-B6.1, hp-
B6.1, a subclone of hp-B6.1, and MAb ori-B6.1 preadsorbed
with yeast cells (negative control) prior to an intravenous chal-
lenge with 5 � 105 viable C. albicans CA-1 cells. Mice pre-
treated with MAb from either hp-B6.1 or preadsorbed MAb
from ori-B6.1 did not show significant protection relative to
animals pretreated with buffer (Fig. 5). However, as expected,
MAbs from the ori-B6.1 and from the subclone of hp-B6.1
significantly (P 
 0.05) increased the MST of the mice against
disseminated candidiasis compared to that of mice given only
DPBS buffer before challenge.

MAb B6.1 from ori-B6.1 fixes C3 more rapidly than does
MAb B6.1 from hp-B6.1. Since the mechanism of protection
by MAb B6.1 is dependent on rapid fixation of complement
(19), experiments were designed to compare MAbs B6.1
from ori-B6.1 and hp-B6.1 with regard to their ability to
rapidly fix C3 to the surface of C. albicans. To be certain that
the antibodies were at similar functional concentrations, the
chosen concentration of each was adsorbed to the surface of
heat-fixed yeast cells, then reacted with anti-� chain-specific
fluoresceinated antibody, and fluorescence was quantified
by flow cytometry (Fig. 6A). At the specified dilution of
each, fluorescence was essentially identical for both test
antibodies. Each antibody was allowed to react with a con-
stant concentration of yeast cells suspended in 40% fresh
mouse serum preadsorbed with yeast cells. The reaction
times were 1, 2, 4, 8, and 16 min at 37°C; at each time point,
the reaction was stopped by the addition of 10 mM EDTA.
After reactivity with FITC-goat (IgG) anti-C3 antibody, the
amount of C3 binding to yeast cells was determined by flow
cytometry. In the absence of either test antibody, yeast cells
did not show appreciable fluorescence (Fig. 6B, panel A),
which served as the background fluorescence. In the pres-
ence of MAb B6.1 from ori-B6.1, fluorescence intensity was
markedly greater by 1 min of incubation than the low inten-
sity in the presence of MAb B6.1 from hp-B6.1. This differ-
ence was also noted at 2 min of incubation, albeit to a lesser
extent (Fig. 6B, panels B and C). By 4 min of incubation, the
amount of fluorescence that was detectable on the yeast
cells was similar for both test antibodies (Fig. 6B, panels D
to F). To rule out the possibility that those differences in
complement fixation kinetics were due to differences in the
kinetics of antibody-antigen binding, each antibody was also
incubated with a constant concentration of yeast cells 30 min
prior to the addition of the fresh mouse serum. The com-
plement fixation results were essentially identical at the 1-,
2-, and 4-min time points regardless of the protocol format.
These data confirmed that MAb B6.1 from ori-B6.1 fixed C3

to the surface of yeast cells very rapidly relative to MAb
B6.1 from hp-B6.1.

The ability of antibody from the subclone of hp-B6.1, which
has the same VH sequence as ori-B6.1, to fix C3 to the fungal
cell surface was also assessed and compared to that of MAb
from hp-B6.1. The test antibodies were standardized (Fig. 7A).
C3 deposition onto yeast cells was obvious by 1 min of incu-
bation in the presence of the antibody from the subclone of
hp-B6.1, whereas complement was barely detectable when the
antibody from hp-B6.1 was tested (Fig. 7B, panel B). By 4 min,
both antibodies complement opsonized the yeast to approxi-
mately the same extent (Fig. 7B, panel D).

FIG. 5. MAb obtained from ori-B6.1 showed significant protection
compared with MAb from hp-B6.1. Normal mice were given the same
dose of each of MAbs from ori-B6.1, hp-B6.1, the subclone of hp-B6.1,
preadsorbed MAb ori-B6.1 control, and buffer (DPBS) control intra-
peritoneally. Four hours later, the animals were challenged intrave-
nously with 5 � 105 viable C. albicans cells and susceptibility to dis-
seminated candidiasis was assessed by survival curves. Animals given
the MAb from ori-B6.1 had significantly increased median survival
times compared with mice that received DPBS (P 
 0.05). Very similar
results were obtained when MAb from a subclone of hp-B6.1, which
has the same VH sequence as the ori-B6.1, was used (P 
 0.05).
However, mice pretreated with either MAb from hpB6.1 or pread-
sorbed antibody control did not show significant protection compared
with the controls that received DPBS.
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DISCUSSION
Our previous work has indicated that, for antibody to be

protective against candidiasis, both specificity and comple-
ment-fixing abilities are important (16, 18, 19). Subsequent to

those studies, we observed a decline in the ability of one of the
protective antibodies, MAb B6.1 (IgM), to passively protect
mice; the degree of decline increased as a function of hybrid-
oma passage. Throughout the studies, however, the protective

FIG. 6. MAb from ori-B6.1 fixes complement more rapidly than does MAb from hp-B6.1. (A) The standardized concentration of each MAb
was adsorbed to the cell surface of heat-fixed C. albicans cells and then reacted with goat anti-IgM/�-FITC–conjugated antibody for analysis by
flow cytometry as described in Materials and Methods. Histograms show the overlay of fluorescence profiles of yeast cells incubated with either
of the test antibodies. Note that both antibodies were at similar functional concentrations. (B) The amount of C3 binding to yeast cells in the
presence of each test antibody was determined by flow cytometry. The fluorescence intensity is shown on the x axis, and the cell number is shown
on the y axis. Histograms show background fluorescence in the absence of either test antibody (A) and the overlay of fluorescence profiles of cells
incubated with either MAb from ori-B6.1 or MAb from hp-PB6.1 at 1 min of incubation (B), 2 min of incubation (C), 4 min of incubation (D),
8 min of incubation (E), and 16 min of incubation (F). Note that the ability of MAb from hp-B6.1 to rapidly fix C3 to the fungal cell surface was
diminished compared to that of MAb from ori-B6.1, especially within the first 2 min.
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ability of MAb C3.1 (IgG3) remained constant. A third mono-
clonal antibody, G11.2 (IgG1), was also included in this work
as it recognizes the same oligomannoside epitope as MAbs
B6.1 and C3.1 do but has never showed protective activity
(data not shown). In addition to a fundamental interest in
understanding the basis for loss of protective activity of MAb

B6.1, these studies are important because caveats about pos-
sible antibody instabilities may be critical to the development
of a clinically useful product.

The identical epitope specificities, but protectiveness asso-
ciated with only MAb B6.1 and C3.1, led us initially to compare
the VH/VL gene sequences of MAbs B6.1, C3.1, and G11.2.

FIG. 7. MAb from the subclone of hp-B6.1 restored the ability to rapidly fix complement to the C. albicans cell surface relative to MAb from
hp-B6.1. (A) The functional concentration of the test antibodies (MAbs from a subclone of hp B6.1 and hp-B6.1) was standardized, and
fluorescence was quantified by flow cytometry. Note that the fluorescence was almost identical for both test antibodies. (B) The ability of antibodies
from the subclone of hp-B6.1 and hp-B6.1 was assessed as described before. Similarly, C3 deposition onto yeast cells was obvious by 1 min of
incubation in the presence of MAb from the subclone of hp-B6.1, whereas complement was barely detectable when MAb from hp-B6.1 was tested
(B). By 4 min, both antibodies complement opsonized the yeast to approximately the same extent (D).
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High sequence homology of the V regions from each MAb
indicates that they derived from the same germ line gene,
which is also supported by a best match with the known VH/VL

(V�) germ line gene sequences (23, 39).
Although the VL sequences were 100% identical for all

hybridomas, the sequence differences in VH domains of MAbs
B6.1, C3.1, and G11.2 showed several consistent variations in
both CDR and FWR. Importantly, an analysis of the muta-
tional features showed a targeting bias of about 45% occurring
in G or C nucleotides within RGYW or WRCY hot spots
targeted in SHM by AID both in vivo and in vitro (37, 48).
These results suggest that AID is required for SHM in these
hybridomas and may have primary responsibility for mutations
at these nucleotides. In addition, the DGYW (D � A/G/T) and
WRCH (H � T/C/A) motifs reported by Rogozin and Diaz
(36) provide a more comprehensive description of the Ig mu-
tation hot spot by AID and we indeed detected three addi-
tional mutations by searching these motifs.

The unexpected result was that multiple PCR clones ob-
tained from the hp-B6.1 showed evidence of genetic instability
at several locations in both FRW and CDR1 of the VH gene;
some of these differences are predicted to result in amino acid
changes. More strikingly, sequence consistency was found
among six PCR clones obtained from an original B6.1 clone
that was deposited frozen at the ATCC in 1995 shortly after
discovery of the clone. Therefore, we hypothesized that the
apparent propensity of B6.1 to mutate may explain the loss of
protective potential by this antibody. To investigate the basis
for the genetic instability of hypermutation in hp-B6.1 hybrid-
oma, we examined the expression of the AID gene in mutating
and nonmutating hybridoma clones. Quantitative RT-PCR was
performed, and VH region mutation rates in different hybrid-
oma clones were found to be roughly correlated with the level
of their AID mRNA. Specifically, the mRNA levels of AID for
both ori-B6.1 and hp-B6.1 were higher than those for the C3.1
and G11.2 clones, suggesting that AID may explain the muta-
tional propensity of the B6.1 hybridomas. The lower AID level
in the subclone of hp-B6.1 that contains no mutation further
supports that AID may be the cause for the observed muta-
tions. Furthermore, the relatively low AID levels of the IgG-
producing clones also correlate with their stability. The results
of these studies should help in the elucidation of genetic and
primary structural characters of protective and nonprotective
antibodies against candidiasis. The potential significance of
this new finding is that hybridomas may be made more stable
by the disruption or deletion of the AID gene(s).

To pursue the possible explanation for the decreased pro-
tective ability of MAb from hp-B6.1, the MAbs were compared
with regard to their abilities to bind the same fungal surface
haptenic epitope �-1,2-mannotriose. Almost identical binding
activities were found of MAbs from ori-B6.1 and hp-B6.1 for
the �-linked mannotriose epitope. In addition, the relative
binding affinities of these MAbs were the same when the
ELISA inhibition test incorporated either the intact phospho-
mannan complex or the acid-labile fraction containing the full
display of �-linked oligomannosides of varous lengths as the
soluble inhibitors (data not shown). We conclude that re-
duced protection of MAb B6.1 from hp-B6.1 is not due to
reduced affinity because the detected amino acid shifts in
the VH gene of hp-B6.1 did not affect the antigen binding

characteristics of the test antibodies. However, IgG isotypes
MAbs C3.1 and G11.2 showed expected higher affinities (33)
for the epitope compared to those of the IgM MAbs from
the B6.1 hybridomas.

The important role of N-glycosylation in the complement-
fixing activities of IgM antibodies led us to examine ori-B6.1
and hp-B6.1 for possible N-glycosylation-site mutations. The
CH3 domain of IgM, which corresponds to the C�2 domain of
the IgG isotype, is the primary locus of interaction with C1q,
and mutational changes in this region can affect complement
activation (31, 44, 50). CH3 sequence data, however, showed
no indication of genetic changes. While this information tends
to rule out CH3 primary structural changes as an explanation
for the loss of protective potential of MAb from hp-B6.1, the
experiments do not exclude the possibility that the hp-B6.1
hybridoma has developed aberrant glycosylation ability.

The protective activity of antibodies against disseminated
candidiasis was compared to that of MAb from ori-B6.1 by
MST. As expected, MAb from ori-B6.1 showed an ability to
provide significant protection when results for animals with
this monoclonal antibody (MAb) were compared to results for
control animals that received buffer or antibody preadsorbed
with yeast, but MAb B6.1 from hp-B6.1 was much less protec-
tive when tested at the same concentration. The most likely
consideration for loss of protective activity is related to the
mutational changes located in the VH region of hp-B6.1 be-
cause the MAb from a subclone of hp-B6.1, which has the same
VH sequences as that of ori-B6.1, protected mice as well as
antibody from ori-B6.1.

By use of a fluorescence assay, the relative abilities of anti-
bodies to fix complement onto the fungal cell surface were
compared. In these studies, antibody concentrations were stan-
dardized to give the same amount of antibody binding to the
cell surface of C. albicans prior to determining the rate of
complement activation (C3 deposition on the cell surface). The
rate of complement deposition was initially much faster when
MAb from ori-B6.1 was tested relative to MAb from hp-B6.1.
The rapid rate, 1 to 2 min, may well explain the mechanism of
protection. According to our hypothesis, upon entry of yeast
into the bloodstream, the events that take place within the
ensuing minute or so are critical to determining where in the
body C. albicans becomes associated. Rapid complement acti-
vation promoted by protective antibody will favor the subse-
quent association of the fungus with host phagocytic cells,
whereas a delay in complement opsonization that occurs with
nonprotective antibodies or with alternative complement path-
way activation (52) may result in a higher probability of C.
albicans becoming associated with nonphagocyte-associated
host sites (11).

In our studies, the sequences of the VH regions of hp-B6.1
revealed four amino acid changes encoded by the V genes.
Although these changes comprise part of the first hypervari-
able region for CDR1, which is involved in antigen recognition
and may affect epitope affinity (43), the antibodies we studied
have the same epitope binding characteristics and similar rel-
ative affinities (estimated by the 50% inhibitory concentra-
tion), which rules out loss of protective activity due to affinity
changes. Additionally, as discussed above, changes in glycosy-
lation sites do not account for differences in C3 activation
kinetics.

VOL. 74, 2006 ANTIBODY PROTECTION AGAINST CANDIDIASIS 4319



Our data suggest that changes in the CDR1 and/or changes
in FWR1 to -3 of the VH gene may affect C activation by these
antibodies. Antibody from the subclone of hp-B6.1, which is
protective and has a VH sequence identical to that of ori-B6.1,
gave the same result of rapid C3 activation as did antibody
from the ori-B6.1. Others have reported C1q binding differ-
ences in antibodies with similar binding affinities, yet these
differ in only the V region (24, 25). Based on our evidence that
differences in the VH region are not related to affinity, but may
affect complement activation, we hypothesize that the hyper-
mutation potential associated with the B6.1 hybridoma leads to
reduced ability of the antibody to fix complement. As others
have shown the importance of the variable region of IgM
antibodies for enabling the so-called (Fc)5 disc to fix C1q (13),
we conclude that the continuity of domain interaction from
Fab to Fc is probably an important factor in exposing C1q
binding sites and enabling complement activation.

In summary, our work demonstrates that an assessment of
protective mannan-specific antibodies against candidiasis must
include more than a consideration of specificity and antibody
affinity. We also provided insights into a mechanism by which
monoclonal antibodies specific for short-chain, beta-linked oligo-
mannosides may lose their protective potential against candidia-
sis. Finally, when considering antibody constructs for protection
against candidiasis, both specificity and complement-fixing activ-
ities are of critical concern. Whether human antimannan antibod-
ies play similar roles in patient defense against candidiasis re-
mains to be proven, but it is of interest that, in a recent paper, a
human recombinant antibody specific for mannan shows many
similarities to protective antibodies that we have described and
the recombinant antibody is protective in mice (51).
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Kirschbaum, R. Lamn, M. Ohnrich, S. Pourrajabi, F. Röschenthaler, J. Schwen-
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