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ABSTRACT
In 10–20% of the cases of chronic lymphocytic leukemia of B-cell phenotype (B-CLL), the IGHV1-69
germline is utilized as VH gene of the B cell receptor (BCR). Mouse G6 (MuG6) is an anti-idiotypic
monoclonal antibody discovered in a screen against rheumatoid factors (RFs) that binds with high affinity
to an idiotope expressed on the 51p1 alleles of IGHV1-69 germline gene encoded antibodies (G6-idC). The
finding that unmutated IGHV1-69 encoded BCRs are frequently expressed on B-CLL cells provides an
opportunity for anti-idiotype monoclonal antibody immunotherapy. In this study, we first showed that
MuG6 can deplete B cells encoding IGHV1-69 BCRs using a novel humanized GTL mouse model. Next, we
humanized MuG6 and demonstrated that the humanized antibodies (HuG6s), especially HuG6.3, displayed
»2-fold higher binding affinity for G6-idC antibody compared to the parental MuG6. Additional studies
showed that HuG6.3 was able to kill G6-idC BCR expressing cells and patient B-CLL cells through antibody-
dependent cell-mediated cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC). Finally,
both MuG6 and HuG6.3 mediate in vivo depletion of B-CLL cells in NSG mice. These data suggest that
HuG6.3 may provide a new precision medicine to selectively kill IGHV1-69-encoding G6-idC B-CLL cells.
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Introduction

B-cell chronic lymphocytic leukemia (B-CLL) is the most com-
mon leukemia in the United States, accounting for approxi-
mately 30% of all adult leukemia cases.1,2 Over 14,620
individuals develop B-CLL annually, there are circa 4,650
deaths 3 and no curative therapies.4 The small molecule inhibi-
tors, such as BTK and PI3-kinase inhibitors, and Bcl-2 family
inhibitors, as well as purine nucleoside analogs (PNAs), that
are used as the standard treatment for B-CLL patients have
shown response rates ranging between 19 to 70%.5-9 However,
treatment with such agents is invariably associated with side
effects that range from mild to severe, and eventual emergence
of drug resistance. In addition, immunotherapies against B-
CLL, including ofatumumab (Arzerra�, anti-CD20), rituximab
(Rituxan�, anti-CD20), and alemtuzumab (Campath�, anti-
CD52), show a common caveat that the targeted cell surface
markers are indistinctively expressed on both normal and
malignant B cells or very poorly expressed on B-CLL cells.10-13

Therefore, there is an immediate need for an alternative ther-
apy that is specific toward malignant cells in B-CLL patients.

One characteristic of B-CLL is that their B cell receptors
(BCR) have shown biased immunoglobulin (Ig) heavy chain
(IGHV) usage.14 In addition, current understanding of patho-
logical mechanisms involved in B-CLL suggest that there are
two distinct subgroups of patients based on the absence or pres-
ence of somatic mutations in the variable regions of the IGHV
genes.14-16 It is estimated that half of B-CLL cases express vari-
able heavy chain (VH) gene mutations, compared to the
patient’s VH germline gene sequence, whereas the other half
express essentially unmutated VH genes (<2 % deviation from
germline sequence).17 Patients with unmutated VH genes have
a distinctly more aggressive and malignant disease with much
shorter survival rates.15,16 In addition, a high proportion of
IGHV-unmutated B-CLL cases often carry complementarity-
determining region (CDR) 3 stereotyped rearrangement of the
V, D, and J segments. Both the biased germline gene usage and
the stereotyped VH CDR3 (CDR-H3) rearrangements present
a highly restricted set of BCRs that may serve as distinctive
immunological markers or tumor-associated antigens for
targeted immunotherapy.18-22
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The IGHV1-69 germline gene was among the first of the
genes shown to be overrepresented in B-CLL patients with
unmutated IGHV genes, and has the highest frequencies
(>40 %) of stereotyped VHDHJH rearrangements.19,21 Several
studies have reported that 10 to 20% of B-CLL patients overex-
press IGHV1-69 encoded BCRs by their leukemic cells.12,14,23-25

The IGHV1-69 locus shows extensive allelic polymorphism,
with evidence of gene duplication and deletions and 14 alleles
that are broadly characterized as belonging to either the 51p1
and hv1263 allelic groups. An individual can utilize one or
more copies of either or both allelic groups for BCR expression.
The 51p1 alleles of the IGHV1-69 germline gene are distinctly
expressed by the BCRs of B-CLL cells.23,24,26,27

Murine G6 (MuG6) is a heavy chain directed anti-IGHV1-
69 idiotypic antibody that is generally not affected by the struc-
ture of the CDR-H3.28 The IGHV1-69 idiotype (G6-idC) is
expressed by the eight 51p1 alleles, but not the six hv1263
alleles of the IGHV1-69 germline gene that differ by 3 residues
in CDR-H2 and one residue in framework (FRW)-H3.29 MuG6
preferentially recognizes antibodies encoded by IGHV1-69
51p1 alleles that are expressed in their germline configuration,
and is particularly sensitive to amino acid substitutions in its
distinctly hydrophobic CDR-H2 loop.30

Since circa 6.16§0.55 of the circulating IGH repertoire from
healthy individuals express IGHV1-69 BCRs, an anti-cancer
reagent that targets this B cell subset will not lead to global B
cell depletion, and therefore offers the potential for a new preci-
sion medicine that a more selective therapeutic agent for this
aggressive subset of B-CLL.30,31 In this study, we report the
humanization of MuG6 and experiments performed to investi-
gate its therapeutic potential to immunodeplete malignant B
cells from B-CLL patients that utilize IGHV1-69-expressing
BCRs. The most potent humanized antibody HuG6.3 showed
higher binding affinity than the parental MuG6 and exhibited
potent killing activity on multiple G6-idC IGHV1-69 expressing
cells and human B-CLL tumor cells in vitro and in a humanized
mouse model in vivo.

Results

MuG6 antibody mediates systemic depletion of IGHV1-69
encoding B cells in GTL mice

To determine if MuG6 could mediate in vivo depletion of
IGHV1-69 G6-idC expressing lymphocytes, we utilized a GTL
mouse model (NOD.Cg-PrkdcscidIl2rgtm1wjl/SzJ (NSG) mice
engrafted with human fetal bone marrow, liver, and thymus tis-
sue for generation of human immunity) to investigate the in
vivo immunodepletion activity of MuG6 on the reconstituted B
cell population. First, the peripheral blood from GTL mice was
stained for human CD45C mononuclear cells at 16 weeks post
immune reconstruction to verify levels of engraftment. These
GTL mice were then randomly assigned into different groups
and treated with MuG6 or control antibody. Seven days after
treatment, mouse blood was harvested to analyze serum MuG6
levels, as well as the total CD20C B cell population and the G6-
idC B cells by fluorescence-activated cell sorting (FACS). Serum
MuG6 levels at days 7, 9 and 10 were 12.4, 7.2 and 5.4 ng/ml,
respectively, after correcting for background binding by normal

mouse serum (Fig. S1). As shown in Fig. 1A, MuG6 treatment
did not result in a change in the total B-cell population; how-
ever, the G6-idC B cell subpopulation dramatically decreased in
MuG6-treated mice compared to the other groups (Fig. 1B).
While it is possible that this result could be due to saturation of
51p1 allele encoded BCRs by serum MuG6, this is unlikely
because the day 7 serum MuG6 level (0.08 nM) was signifi-
cantly below the equilibrium dissociation constant (KD) of
MuG6 for the IGHV1-69 idiotype (discussed below). Moreover,
the expression of the cognate IgM and IgG G6-idC antibodies
in the plasma of the MuG6-treated but not control IgG-treated
mice was markedly decreased at day 7 (Fig. 1C and 1D) and
day 21 (Fig. S2). The dramatic loss of G6-idC B cells and loss of
51p1 allele encoding IgM and IgG in MuG6-treated mouse
plasma demonstrate that MuG6 has the capacity to deplete
IGHV1-69 G6-idC B cells in vivo.

Humanization of MuG6

The MuG6 heavy and light chain variable regions (VH and VL)
genes from the hybridoma cell line were individually recovered
by RT-PCR using specific primers for mouse antibody variable
genes. The MuG6 VH and VL belong to mouse VH1 (IGHV1-
5�01), JH4 (IGHJ4�01) and DH2 (IGHD2-12�01) and VK14
(IGKV14-100�01) and JK5 (IGKJ5�01) segments, respectively
(Fig. 2). Next, the structure-guided CDR grafting approach was
employed to humanize MuG6. For selection of the human
acceptor FRW template for CDR-grafting, the VH and VL
amino acid sequences of MuG6 were separately compared to
human antibody sequences in the IMGT database to identify
the most similar human antibody and Ig germline VH and VL
sequences. The best-matched human Ig germline V sequences
were IGHV1-46�13 (68.4% homology to MuG6-VH) and
IGKV1-16�01 (67.4% homology to MuG6-VL). Using IgG pro-
tein sequence blast, MuG6 was compared with other human-
ized or human monoclonal antibodies (mAbs), including 5c8
(anti-CD40L), Fab 7G10 (anti-IL23), hATR-5 (anti-Tissue fac-
tor), 1C12 (anti-musk odorant traseolide), CAMPATH-1H
(anti-CD52), and a mouse Fab 64M-2 (anti-DNA t(6-4) T pho-
toproduct), and revealed variable degree of sequence homology.
Subsequently, Fab 64M-2 structure (PDB-ID: 1EHL) was cho-
sen as a template for VH chain, with 87.5% sequence identity
and 92% similarity to MuG6. As such, the FRW residues of
1EHL VH chain were unchanged, but the CDRs were mutated
to reflect MuG6 CDRs. Closer examination of this modified
structure did not reveal any major steric clashes. In addition,
1C12 structure was chosen as a template for VL chain, with
94% sequence identity and 96% similarity to MuG6 sequence.
Further analysis in the structure revealed one steric clash with
Val89 (CDR-L3) when Leu4 (FRW-L1) was replaced with Met4
(humanized). The final humanized MuG6 was designed
through multiple sequence alignment (CLUSTALX) and the
most conserved FWR residues. In addition, we manually
exchanged the residues in both VH and VL FWRs to the con-
sensus human germline sequence and then generated HuG6
version 1 (HuG6.1). Sequence alignment of amino acids
between the MuG6 and HuG6.1 is shown in Fig. 2, with 18 and
18 amino acids mutations in the VH and VL, respectively.
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Structure-based ab-initio generation of antibody
homology model for humanization

The ab-initio generated homology model of MuG6 was used to
identify surface accessible (solvent exposed) residues via WAM
32 server and visualized through DeepView program (Swiss-
PdbViewer, http://www.expasy.org/spdbv/) 33 (Fig. 3A). These
residues were identical to the human germline sequence in the
FWR regions. In-silico mutations were performed via PyMOL
mutagenesis tool to replace framework residues of mouse to
human HuG6.1 sequence (Delano scientific-www.pymol.org).
GROMOS force field energy minimization parameter was then
applied to the homology model HuG6.1 using DeepView pro-
gram with default settings, and displayed certain residues with
high entropy in their side chain rotamers (Fig. 3B).34,35 Exami-
nation of this energy minimized homology model of HuG6.1
revealed residues that had distorted geometry or steric clashes
with other residues. These anomalies upon closer examination

with either distorted geometry or steric clashes were further
visualized in PyMOL (Fig. 3C-F). Residues with steric clashes
included (Fig. 3C, left) Lys73 (FRW-H3) with Gly54 (CDR-
H2), (Fig. 3D, left) Met4 (FRW-L1) with Cys88 (FRW-L3),
(Fig. 3E, left) Tyr36 (FRW-L2) with Leu100b (CDR-H3), and
(Fig. 3F, left) Gln79 (FRW-L3) with Arg61 (FRW-L3). Based
on the conserved homologous sequence alignment and struc-
tural analysis, the residues that caused steric clashes were back
mutated to the mouse counterpart, including (1) Lys73 to
Thr73 (Fig. 3C, right), (2) Met4 to Leu4 (Fig. 3D, right), (3)
Tyr36 to Leu36 (Fig. 3E, right), and (4) Gln79 to Glu79
(Fig. 3F, right). In summary, four identified residues were
mutated back to the original mouse residues, including one res-
idue in VH (Thr73) and three residues in VL (Leu4, Leu36,
Glu79), creating HuG6 version 2 (HuG6.2). Furthermore, to
test the contribution of threonine (mouse germline VH chain)
as opposed to lysine (human germline) in binding to the target,

Figure 2. Amino acid sequence alignment of the rearranged mouse and humanized variable heavy (VH) and variable light kappa (VK) domains. The complementarity
determining regions (CDRs) of heavy and light chains are marked in black rectangles. There are 18 mutations in the heavy chain and 18 mutations in light chain between
HuG6.1 and MuG6. One residue is changed (VH-Threonine73 to Lysine73) between HuG6.2 and HuG6.3.

Figure 1. The in vivo function of MuG6 in the humanized GTL mice model. (A) GTL mice were injected with MuG6, control mouse IgG, or the equal amount of PBS. After
7 days, mouse blood were harvested and the percentage of human B cells in the total human lymphocytes was analyzed via flow cytometry. (B) The percentage of
IGHV1-69 expressing cells was measured in the total human B cells from GTL mice blood. (C) IGHV1-69 encoded human IgM and (D) IgG responses as detected by ELISA
in GTL plasma samples obtained on day 7 after antibody injection. Each symbol is representative of a single GTL mouse. P value is determined by two-tailed Mann–Whit-
ney U-test to analyze significant differences between median values of the datasets. Individual plasma samples were tested at a 1:100 dilution.
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this T73K mutation (Fig. 3C) was made as HuG6 version 3
(HuG6.3). The sequence alignment highlighted the differences
in MuG6 with different versions of HuG6 (HuG6.1, HuG6.2,
and HuG6.3) as shown in Fig. 2.

Binding affinities of MuG6 and HuG6 variants antibodies
for G6-idC D80 mAb

The humanized VH and VL genes of HuG6 variants (HuG6s)
were de novo synthesized and codon-optimized for mammalian
cell expression. The binding affinities of MuG6 and HuG6s
scFv-Fcs to G6-idC D80 IgG were further analyzed by ELISA.
The results in Fig. 4A showed that HuG6.1 lost its binding abil-
ity; however, HuG6.2 and HuG6.3 exhibited even better bind-
ing affinity than the parental MuG6. Next, we used BIAcore to
interrogate the binding kinetics of MuG6 and HuG6s scFv-Fcs
against D80 scFv. As shown in Fig. 4B and Fig. S3 the KD of
MuG6, HuG6.2, and HuG6.3 against D80 scFv were 0.35, 0.23,
and 0.16 nM, respectively. These results were consistent with
the apparent higher affinity of HuG6.2 and HuG6.3 over
MuG6 by ELISA.

Interestingly, only one residue difference between HuG6.2
(Thr73) and HuG6.3 (Lys73) influenced the binding affinity,
suggesting a definitive role of lysine in modulating the binding
pattern. The in-silico modeling suggested that residue Lys73
(FRW-H2) has a steric clash with Gly54 (CDR-H2), and thus
the Lys73 was back mutated to mouse residue Thr73 (Fig. 3C).
However, this resulted in loss of affinity, albeit small, indicating
that Lys73 may cause subtle changes in the binding site to posi-
tion CDR-H2 in a conformation that enables HuG6.3 to
increase its binding affinity to D80. These results showed that
humanization of MuG6 was successful and HuG6.2 and
HuG6.3 have better binding affinity than MuG6.

HuG6.3 binds with higher affinity to two IGHV1-69
antibodies with unmutated VH segments

Three IGHV1-69 encoding scFvs (D80, F43, and F70) and one
control IGHV1-18 encoding scFv (S37) were investigated the
binding affinity to HuG6.3 using Meso Scale Discovery (MSD)
immunoassay. Interestingly, HuG6.3 bound more strongly to
F43 and F70, which are scFvs with 100% identity to IGHV1-

Figure 3. Antibody structural homology model. (A) The 3D structure of MuG6 is generated from web antibody modeling program (WAM). Light chain, heavy chain, and
CDRs are colored in green, blue, and red, respectively. (B) The energy homology model of HuG6.1 is minimized with GROMOS force field energetics (identical orientation
as the MuG6 homology model). Residues with steric clashes, bad field problems, and buried side chain with no hydrogen bonds are colored in red, yellow, and orange,
respectively. (C-F) The residues with steric clashes are identified in the humanized G6.1 structural homology model. (C) Lys73 (FRW-H3) steric clashed with Gly54 (CDR-
H2) (left) is mutated back to Thr73 (right). (D) Met4 (FRW-L1) steric clashed with Cys88 (FRW-L3) (left) is mutated back to Leu3 (right). (E) Tyr36 (FRW-L2) has a potential
non-relevant hydrogen bond with Leu100B (CDR-H3) (left) and is mutated back to Leu36 (right). (F) Gln79 (FRW-L3) is steric clashed with Arg61 (FRW-L3) (left). Arg resi-
due is conserved across different homologous antibodies but Gln79 is not. Thus, Gln79 was back mutated to Glu79 (right).
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69�01 germline gene, compared to D80 (89% identity). There
was no reactivity of HuG6.3 to S37 scFv (Fig. 4C). To further
test the binding affinity, a HuG6.3-labeled sensor system was
used to measure the association and dissociation kinetics
against IGHV1-69 encoding D80 and F43 scFv-Fcs coated on
the SA sensor tip surfaces (Fig. S4). The Octet-Red assay results
showed specific binding between the HuG6.3 and IGHV1-69
encoding scFv-Fcs, whereas it did not bind the control scFv-Fc.
Moreover, there was a 3.5-fold slower Kon for HuG6.3 binding
to germline F43 compared to D80 scFv-Fc and a circa 600-fold
slower Koff with a resulting 50-fold increase in binding affinity.
These results provide additional support that HuG6.3 can spe-
cifically bind to IGHV1-69 encoding immunoglobulins with
higher affinity binding for unmutated IGHV1-69 51p1 alleles.

MuG6 and HuG6s mediates killing of IGHV1-69 encoded
G6-idC cells through CDC and ADCC

To delineate the biological mechanism(s) by which MuG6
treatment caused depletion of G6-idC B cells, CDC and ADCC
assays were performed. To mimic G6-idC B-CLL cells, we used
IGHV1-69 encoding D80, F70, and F43 scFvs (Fig. S5A) that
showed 89, 100, and 100% identity to IGHV1-69�01 germline
gene, respectively, to construct G6-idC 293T cells by

transfection (Fig. S5A). To anchor the surface-expressed G6-
idC scFv to the cell membrane, scFv-Fc proteins were fused, in
frame, to a transmembrane moiety.36 To follow transfection
efficiency, ZsGreen was co-expressed in the bicistronic message
and was visualized by fluorescence microscope (Fig. S5B). Sur-
face expression of the G6-idC and G6-id¡ (11A-scFv) antibod-
ies was analyzed by FACS stained with allophycocyanin
(APC)-conjugated MuG6 and ZsGreen (Fig. S5C).

IGHV1-69 and non-IGHV1-69 transduced 293T cells were
used as the target cells for CDC and ADCC assays. The
HuG6.2 and HuG6.3 scFv-Fcs were further evaluated for their
capacity to mediate CDC activity on the G6-idC 293T cells
using rabbit serum. As shown in Fig. 5A-C, circa 20% of target
cells were killed when treated with Mu/HuG6s. HuG6.3 exhib-
ited a slightly better potent CDC activity than HuG6.2 against
the three G6-idC 293T cells, and had comparable CDC activity
as MuG6. The specificity of the CDC-mediated killing was
shown by the lack of cytotoxicity on negative control G6-id¡

11A-293T cells (Fig. 5D). We further tested the activity of
mouse anti-human Fc IgG2a and showed 25% killing activity
among all transduced cells (Fig. S6A). We subsequently focused
on HuG6.3 IgG1 alone in the evaluation of ADCC activity. As
shown in Fig. 6A-C, HuG6.3 maintained potent ADCC activity
against the three G6-idC cell lines at 20 mg/ml, and more vari-
able killing activity compared to MuG6 at lower antibody con-
centrations. Again, neither MuG6 nor HuG6.3 killed negative
control G6-id¡ 11A-293T cells by ADCC (Fig. 6D). A mouse
anti-human Fc IgG2a was used in the ADCC assay and showed
40% killing activity on all transduced 293T cells (Fig. S6B).

MuG6 and HuG6s mediate killing of IGHV1-69 G6-idC B-
CLL cells

We investigated whether HuG6.3 could induce ADCC of
IGHV1-69 G6-idC B-CLL cells obtained from peripheral blood
samples of B-CLL patients. The in vitro lactate dehydrogenase
(LDH) release assay was performed by co-incubation of B-CLL
target cells with peripheral blood mononuclear cells (PBMCs)
from healthy donors in the presence of different antibodies.
The results showed that both MuG6 and HuG6.3, but not con-
trol antibody, could mediate ADCC in a dose-dependent man-
ner (Fig. 6E). Next, an in vivo examination of HuG6.3-
mediated B-CLL cell killing was performed in which G6-idC

and G6-id¡ B-CLL cells (Fig. S7A) were injected with human
natural killer (NK) cells and MuG6/HuG6s into NSG mice
intravenously. To further confirm whether HuG6.3 could func-
tionally deplete G6-idC B-CLL cells, we generated a double
mutant (L234A, L235A) HuG6.3 (mHuG6.3, that did not bind
either FcgR or C1q) for in vivo examination. After 16-hour cir-
culation, mouse blood was harvested and circulating cells were
detected by FACS. The results in Fig. 6F show that G6-idC B-
CLL cells were depleted in vivo in both MuG6-treated and
HuG6.3-treated mice, but not in mice treated with control and
Fc-mutated HuG6.3 (mHuG6.3). In contrast to G6-idC patients
1–3, G6-id¡ patient 4 did not show depletion of CD19 B-CLL
cells (Fig. S7B). Taken together, HuG6.3 demonstrates ADCC-
and CDC-mediated killing of G6-idC 293T cells and IGHV1-
69-encoding G6-idC B-CLL cells in vitro and in vivo.

Figure 4. Binding affinity and kinetics of MuG6 and HuG6s. (A) Qualitative binding
analysis of MuG6 and HuG6s scFv-Fc antibodies (0–10 mg/ml) to D80 IgG (2 mg/
ml) through ELISA. (B) BIAcore surface plasmon resonance kinetic data for MuG6,
HuG6.2, and HuG6.3 scFv-Fcs binding to immobilized D80 scFv. (C) Relative bind-
ing relationships between HuG6.3 and IGHV1-69 encoding scFvs, D80, F43 and
F70, were measured by MSD.
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Discussion

In this study, we sought to humanize murine anti-IGHV1-69
idiotope antibody MuG6 because of its unique binding proper-
ties and potential broad clinical application. Studies in human-
ized mice demonstrated that MuG6 IgG1 was able to selectively
deplete G6-idC B cells, which lead to prolonged loss of serum
IGHV1-69-encoded IgM and IgG over the 21-day study. Suc-
cessful humanization of MuG6 was achieved using an in silico
modeling approach combined with structure aided antibody
design. Two versions of humanized G6 resulted in improved
binding affinities compared to parental MuG6. In comparative
in vitro biological studies of ADCC and CDC activities,
HuG6.3 proved its ability to kill G6-idC cells and G6-idC B-
CLL cells irrespective of CDR-H3 diversity and light chain pair-
ing (Figs. 2 and 5).

To develop a de novo antibody homology-based structure,
the ab-initio generation of antibody homology model in WAM
program provided us with the canonical structure of MuG6.32

Our approach using this uniform conformational sampling
combined with iterative CONGEN algorithm and visualized by
DEEPVIEW further predicted the conformation of side chain
in the loops and yielded the most energetically minimized con-
formation and modeling of non-canonical loop regions from
the structures in the protein data bank.37 In addition, this
model is energy minimized and sorted in a root mean square
deviation screen, which has the advantage over the sequence-
based design to reveal any potential steric clashes or distorted

geometry in the “humanized” homology model.38-41 This ide-
ally led to a humanized homology model with an appropriate
scaffold, which is most conformationally compatible with the
engrafted CDRs, and retains the affinity similar to the equiva-
lent mouse antibody. In this study, the sequence-based homol-
ogy approach was not sufficient to generate an ideal humanized
antibody, which resulted in the completely lost binding affinity
of HuG6.1. To overcome this problem, we further used CDR
grafting combined with certain conserved key residues to fur-
ther create two humanized versions via selection of suitable
scaffold surrounding the CDRs.42-44 Consequently, the human-
ized antibodies HuG6.2 and HuG6.3 revealed increased binding
affinity (»1.5–2 folds) and slower off rates over the parental
molecule. In addition, the 100% IGHV1-69-encoding F43 scFv-
Fc has exhibited more than 10-fold higher affinity to HuG6.3
compared to D80 scFv-Fc (89% IGHV-encoding immunoglob-
ulin) (Fig. S8). It is well known that affinity loss is a frequent
side effect of humanization; 45 however, our data demonstrate
that this multi-parameter modeling strategy resulted in success-
ful humanization of MuG6 with higher affinity.

Current small-animal models have limited usefulness in
analyzing the therapeutic effects of antibody treatment to
tumor-associated antigens expressed on tumor cells and in
developing antibody treatments for B-CLL.46 The experimental
evaluation of specificity of anti-idiotypic therapies in vivo is
even more challenging due to the low percentage of idC human
B cells. In this study, we utilized two different humanized
mouse models in our evaluation of humanized G6 mAb. To

Figure 5. Mu/HuG6s mediate killing of IGHV1-69-expressing cells via CDC. 293T cells were transfected to express the IGHV1-69 G6-idC idiotype, including (A) D80-293T,
(B) F70-293T, and (C) F43-293T, and (D) non-IGHV1-69 encoded 11A-293T. IGHV1-69-G6-idC expressing cells were incubated with rabbit serum and either Mu/HuG6s or a
control human IgG. Percent of cell death was measured using a LDH kit. Bars represent§ standard deviation. “�,” p < 0.05; “��,” p < 0.01.
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reconstruct a natural human B cell repertoire in mice, we
employed the GTL mouse model that utilizes human fetal liver
and thymus tissues on the NSG background strain in addition
to CD34C haematopoietic stem cells to support the develop-
ment of an immune system that is more capable of developing
a robust adaptive B cell response. This model allowed us to use
mAb G6 to monitor the reconstruction of the G6-idC popula-
tion of BCR-bearing B cells that utilize the 51p1 alleles of
IGHV1-69 germline gene. Donor CD34C stem cells can encode
2–4 copies of IGHV1-69 germline gene through chromosomal
gene duplication and deletion, which leads to a proportional

variation in the percentage of B cells in the circulating reper-
toire, respectively.47 We demonstrated rapid and efficient
depletion of G6-idC IGHV1-69 BCR-bearing B cells that
resulted in markedly reduced human IGHV1-69-encoded IgG
and IgM for an extended period of time. The mechanism(s) of
anti-idiotype depletion in this mouse model is presumably
mediated through ADCC by mouse myeloid cells, as we have
demonstrated with other human mAbs.48,49 In addition, while
complement component C5a is also defective,50 some level of
CDC may still occur that could lead to depletion of G6-idC B
cells.

Figure 6. MuG6 and HuG6s mediate killing of IGHV1-69-expressing cells and B-CLL cells via ADCC. MuG6 and HuG6.3 induce specific ADCC activities against IGHV1-69 G6-
idC cells when compared with control antibody. Freshly isolated human PBMC cells were used as the effector cells in the ADCC assay. (A) D80-293T, (B) F70-293T, (C) F43-
293T, and (D) 11A-293T (non-IGHV1-69 encoding 293T cells as negative target cells) were incubated with PBMCs at the ratio of 25 (effector (E) cells) to 1 (target (T) cells).
In panel (E) IGHV1-69 G6-idC B cell from CLL patients were used as target (T) cells and mixed with the PBMCs at an E/T ratio of 25 to 1. Antibodies over a concentration
range of 0.2 to 20 mg/mL were tested. (F) Patient B-CLL cells were injected into mice treated with or without G6 antibodies for 16 hours. Mouse blood were harvested
and stained with human CD19. The percentage of human CD19 as well as B-CLL cells was quantified. Graph represents data were performed in three individual experi-
ments. mHuG6.3, a L234A and L235A mutation version of HuG6.3. Values are mean (§ SEM) of triplicate measurements. “�,” p < 0.05; “��,” p < 0.01.
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In a second mouse model of B-CLL, we directly co-
injected NSG mice with B-CLL patient PBMCs that were
almost entirely composed of the malignant clones (data not
shown) due to the very little G6-id¡ B-CLL cells (Fig. S7)
and CD56C NK cells from a healthy donor, and depletion
of the G6-idC malignant B cells was evaluated 16 hours
later. This early time point was chosen for several reasons,
including the limited number of B-CLL cells that were
injected into the mice (10-fold lower than in other mouse
models 51), their expected rapid killing by NK cells and the
well-known limited long-term viability of the malignant
cells in these mice. This NSG model may be further
improved upon as reported by Bagnara 52 by use of patient
PBMCs instead of purified B cells together with allogeneic
antigen-presenting cells. These authors were able to demon-
strate B-CLL proliferation in vivo over several doublings
that was mediated by proliferating autologous CD4C T cells
that were activated in response to alloantigens. While the
B-CLL cells ultimately died in these mice over several
weeks, the authors noted more robust B-CLL proliferation
and survival in the mouse spleen compared to peripheral
blood, a finding that has been seen by other investiga-
tors.53,54 There was also evidence of proliferation center for-
mation and T cells in and around follicular structures. The
addition of allogeneic human NK cells or CD14C antigen-
presenting cells to this model, as we and others 46,55 have
used, may provide the opportunity to further improve the
evaluation of mAb HuG6.3 with additional patient samples.

Most patients with B-CLL and other B cell malignancies
remain incurable with currently available therapies, and
therefore the discovery of novel agents to treat these disor-
ders is urgently needed. The use of anti-idiotypic mAbs as
anti-cancer agents is not a new concept, nor has it gained
wide acceptance, in part due to the success of other pan-
immunodepleting mAbs such as anti-CD20 (rituximab) and
anti-CD52 (alemtuzumab), and to the perception that
cross-reactive idiotypes are not conserved on malignant B
cells from different patients. B cell tumors can be targeted
more specifically with antibodies against idiotopes encoded
by their unique surface immunoglobulins.56,57 Active vacci-
nation of follicular lymphoma patients with the id protein
from their tumors has shown some promising effects, par-
ticularly in patients that developed anti-id antibody
responses.58 In this new era of precision cancer medicine,
HuG6.3 immunotherapy may be able to fill a void for the
10–20% of B-CLL patients in whom the selective depletion
of the IGHV1-69-encoding G6-idC BCR-expressing leukemic
cells is the treatment goal. This may also serve as an alter-
native targeted immunotherapy for G6-idC patients who
may have suboptimal clinical responses to rituximab due to
down-regulation of CD20 expression 59 or due to heteroge-
neity of CD20 expression.60 In addition, given the involve-
ment of IGHV1-69 germline gene in several disorders
involving pathophysiologic B-cell clonal expansion, includ-
ing idiopathic thrombocytopenic purpura, mixed cryoglobu-
linemia, and hepatitis C virus-induced B cell clonal
disorder,61-64 a broader range of potential therapeutic appli-
cations for this humanized anti-idiotypic mAb should be
investigated.

Material and methods

Cells

293T (CRL-11268) cell line was purchased from American
Type Culture Collection and incubated in 10% FBS Dulbecco’s
Modified Eagle’s Medium. 293F cell line was purchased from
InvitrogenTM and incubated in 293 FreeStyle serum-free
medium (Life Technologies, Carlsbad, CA). IGHV1-69 positive
B-CLL cells were isolated from B-CLL patients, obtained from
Dr. Jennifer Brown (Dana-Farber Cancer Institute, Department
of Medical Oncology) and cultured in IMDM, GlutaMAX
medium (Life Technologies) supplemented with 10% Human
AB Serum (Gemini Bio-Products, West Sacramento, CA), peni-
cillin and streptomycin at concentrations of 100 U/ml and
100 mg/ml (Sigma-Aldrich, St. Louis, MO), 50 mg/ml Transfer-
rin (Roche, Mannheim, Germany) and 5 mg/ml Human Insulin
(Roche). All patients had signed written informed consent to
an institutional review board-approved tissue acquisition
protocol.

Expression and purification of antibodies

MuG6, HuG6 variants, IGHV1-69 idiotypic antibodies (D80,
F70, and F43) and control antibody (11A) were produced as
described previously.48 Briefly, scFv-Fcs were constructed by
cloning the scFv into pcDNA3.1-Hinge vector in frame with
human IgG1 Fc region without CH1 domain. IgG1s were gen-
erated by cloning heavy chain variable region (VH) and light
chain variable region (VL) into TCAE5.3 vector.65 Fc-mutated
HuG6.3 was constructed in TCAE5.3 with Leu234Ala and
Leu235Ala mutations on CH2 domain. Antibodies (scFv-Fc
and IgG1) were produced in 293F cells and MuG6 was har-
vested from the supernatant of MuG6 hybridoma. All the anti-
bodies were further purified by protein A sepharose affinity
chromatography (GE Healthcare, Newark, NJ). In addition,
D80 scFv was cloned into C-terminal histidine tagged pET22b
(C) bacterial expression vector (Novagen, Madison, WI),
expressed in E. coli BL21(DE3) (Novagen), and purified from
supernatant of lysed cells using Nickel affinity chromatography
via €AKTAPurifier FPLC (GE Healthcare).66

Construction of the humanized GTL mouse model and the
verification of G6 in vivo activity using flow cytometry

The humanized mice were constructed in 5- to 7-week-old
female NSG mice (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ, Jackson
Laboratories, Bar Harbor, ME, as described previously,67-69

after sublethal whole body irradiation (325 rads) with a
Gammacell 40 Exactor (Best Theratronics, Ottawa, ON,
Canada) and by injecting CD34C haematopoietic stem cells
intravenously and implanting 1 mm3 pieces of human fetal
thymus and liver tissues under the kidney capsule. Each
cohort was produced with tissues from a single donor.
CD34C HSC were isolated from the remaining portion of
the same fetal liver using anti-human CD34 microbeads
(Miltenyi, Auburn, CA) with > 98% purity determined by
flow cytometry after staining with anti-CD34-PE (Miltenyi).
All engrafted mice were housed under Biosafety Level-2
conditions and provided with autoclaved food and water
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supplemented with Baytril (Bayer, Shawnee Mission, KS).
All animal experiments were approved by the Institutional
Animal Care and Research Committee and the Office of
Human Subjects Research at the Dana-Farber Cancer Insti-
tute, Boston, MA.

After 16 weeks post-engraftment, the levels of human
immune reconstitution were measured by flow cytometry.
The GTL mice were randomly assigned into different
groups and treated with recombinant human CD40 ligand
(rCD40L for maintaining B cell population).70,71 The mice
were additionally treated in the presence or absence of
10 mg MuG6 or control antibody by intravenously injection.
All the mice were bled out 7 d post-injection; blood samples
were centrifuged to separate the plasma fraction, and then
the cell pellets were treated with ammonium chloride
(ACK) lysing solution (Life Technologies) to enrich for
PBMCs. PBMCs and mouse plasma were further stained
with fluorochrome-conjugated antibodies to different cell
surface markers, followed by multi-color flow cytometry
using a LSRII (BD Biosciences, San Jose, CA). The following
fluorochrome-conjugated antibodies were used: anti-human
CD45-APC (clone H130), CD20-phycoerythrin (PE)
(MB19-1) (both from eBioscience, San Diego, CA), and
MuG6-FITC (conjugated using Pierce FITC antibody label-
ing kit, Thermo Scientific, Hudson, NH). Gating was per-
formed on viable lymphoid cells based on the forward and
side scatter profiles of the total cells, and stained cells were
analyzed within the lymphoid gate. A comparison between
the percentages of human CD45C and endogenous mouse
CD45C was performed to measure the level of immune
reconstitution in GTL mice, and other markers were used
to analyze the different human B-lymphocyte subsets. Back-
ground staining was determined using the corresponding
isotype controls or staining cells isolated from non-
engrafted animals. Data were analyzed using flowjo version
8.6.3 (Tree Star, Ashland, OR).

ELISA binding assay

The binding activities of MuG6 and HuG6 variants (HuG6s,
including HuG6.1, HuG6.2, and HuG6.3) were tested and com-
pared using an IGHV1-69 cognate antibody. D80 IgG1 was
chosen as an antigen (cross-reactive idiotope) that uses the
51p1 sequence with IGHV1-69 germline configuration. Biotiny-
lation of MuG6 and HuG6s were done with a commercial bioti-
nylation kit (Pierce) and ELISA analysis was performed. Briefly,
D80 IgG1 (2 mg/ml) were coated on to a 96-well Maxisorp plate
and incubated overnight at 4�C. Unbound protein was washed
away with PBST (0.05% Tween-20 in PBS) and blocked with
2% milk for 1 hour at 25�C. Diluted biotinylated MuG6 and
HuG6s as scFv-Fc format were added to the wells and incu-
bated at 25�C for 1 hour. Plates were washed with PBST, added
streptavidin-HRP (1:1000), and then incubated at 25�C for 30
minutes. The results were measured at OD450 using an ELISA
reader by developing with tetramethylbenzidine solution. For
human IgG and IgM ELISA, plates were coated overnight at
4�C with capture antibody MuG6 (100 mg/ml) and developed
with detection antibodies, anti-human IgM and IgG (Bethyl
Labs), conjugated with HRP.

BIAcore biosensor assay

The binding of MuG6, HuG6.2, or HuG6.3 scFv-Fcs to D80
scFv was compared using surface plasmon resonance instru-
ment BIAcore T100 optical biosensor (BIAcore AB, Uppsala,
Sweden). The experiments were performed at 4�C in HBS-P
buffer (150 mM NaCl, 10 mM HEPES, 0.05% surfactant P20,
and 50 mM EDTA). Briefly, the C-terminal histidine-tagged
D80 scFv was first immobilized on a NTA sensor chip with
around 100 RU captured level. MuG6 and HuG6s were then
injected at various concentrations (0.1, 0.5, 1.5, 4.5, and
14.5 nM) via single cycle kinetics wizard program. The capture
surface was regenerated using 0.35 M EDTA, followed by the
injection of the running buffer. Double reference subtraction of
the data was performed to correct for the buffer contribution to
the instrument signal to noise ratio. After this initial subtrac-
tion, kinetics analysis of the data was performed using the
BIAevaluation software version 2.0.3 (Biacore AB) assuming a
simple 1:1 analyte binding model.

Meso scale discovery immunoassay

MSD plates were coated overnight at 4�C with 6 ml of 1.042 mg/
ml HuG6.3 IgG1 in PBS. Coated plates were washed and
blocked with 75 ml 2% BSA in PBS at 37�C for 1 h. D80, F43,
F70, and S37 (IGHV1-18-encoding scFv) phagemids were
diluted in 2% milk PBST and added to the wells. The plates
were incubated at 37�C for 1 h. Plates were washed three times
with PBST and then incubated with 10 ml of diluted sulfo-
tagged-anti-M13 mAb (6 mg/ml) at 37�C for 1 h. After another
wash step, 1X Read Buffer was added and the electrochemilu-
minescence was measured with a MSD Sector Imager 2400 or
6000.

CDC and ADCC assays

The IGHV1-69 cognate antibodies (D80, F70, and F43) and an
irrelevant control antibody (11A) were constructed into an
expression vector, pHAGE.36 The scFv of antibodies were
inserted between the leader peptide (LP) and the Fc region of a
human IgG1 molecule. The Fc domain was linked in-frame to
a short segment of extracellular domain of CD28, followed by
the respective transmembrane domain and cytoplamic domain
of CD28 and the incorporation motif of HIV-1 gp41, forming a
sequence as LP-scFvs-CD28-gp41. A reporter gene, IRES-
ZsGreen, was further constructed into the vector after the gp41.
293T cells were transfected with DNA encoding for scFvs-Fc-
CD28-gp41-IRES-ZsGreen plasmids. At 48 hours post transfec-
tion, the expression of D80, F70, F43, and 11A on 293T cells
were analyzed by a fluorescence microscope and flow cytome-
try using APC-conjugated G6 or anti-human IgG (Biolegend,
San Diego, CA) antibodies. The ZsGreen positive cells were fur-
ther sorted (via FACS) as target cells.

The LDH release assay was described previously.48 Briefly,
D80-, F70-, F43-, and 11A-expressed 293T cells were used as
target cells (4£104 cells/well) and incubated with medium con-
taining rabbit serum complement (Cedarlane Laboratories,
Hornby, Ontario, Canada) in the absence and presence of
MuG6 and HuG6s. After 6 hours incubation, the supernatants
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were harvested and measured using non-radioactive cytotoxic-
ity assay kits (Promega, Madison, WI) at 490 nm.

For ADCC, human PBMCs were used as effector cells and
incubated with target cells (2£104 cells/well). Cells were plated
into 96-well plates, incubated with antibodies at different con-
centrations, and then effector cells were added at an effector/
target (E/T) ratio of 25:1 for 4 hours incubation at 37�C. The
supernatants were harvested and detected by LDH release
assay.

In vivo activity of HuG6.3 on xenogeneic B-CLL from
patients

Eight-week-old NSG mice received 1£106 PBMCs from B-CLL
patients and 5£106 human nature killer (NK) cells through
intravenous injection. PBMCs from B-CLL patients consented
as described above were isolated by Ficoll-Paque PLUS (GE
Healthcare Life Sciences, Pittsburgh, PA). NK cells were iso-
lated using EasySepTM Human NK Cell Enrichment Kit (Stem-
Cell Technologies, Vancouver, British Columbia, Canada).
Mice were further treated with 10 mg/kg control IgG1, MuG6,
HuG6.3, and mHuG6.3 (a mutation version of HuG6.3 with
L234A and L235A mutation in Fc domain 72) intravenously.
After 16 hours, mouse blood samples were harvested for further
staining, including human CD45, CD19, and CD56, and then
analyzed by flow cytometry.

Statistics

Data were analyzed using One-Way ANOVA or two-sided
unpaired Student’s t-test. The difference was considered statis-
tically significant if P value < 0.05. “�,'' “��,'' and “���” indicate
p < 0.05, 0.01 and 0.001, respectively. All values and bars are
represented as mean § standard deviation (SD).
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