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Abstract

Recombinant scfv antibodies specific for CYP1A1 and CYP1B1 P450 enzymes were combined
with targeted imaging mass spectrometry to simultaneously detect the P450 enzymes present in
archived, paraffin-embedded, human breast cancer tissue sections. By using CYP1A1 and
CYP1B1 specific scfv, each coupled to a unique reporter molecule (i.e., a mass tag) it was
possible to simultaneously detect multiple antigens within a single tissue sample with high
sensitivity and specificity using mass spectrometry. The capability of imaging multiple antigens
at the same time is a significant advance that overcomes technical barriers encountered when
using present day approaches to develop assays that can simultaneously detect more than a
single antigen in the same tissue sample.

Key words: Targeted multiplex imaging mass spectrometry, Laser desorption ionization mass
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Introduction Single chain fragment variable (scfv) antibodies are small
heterodimers composed of the antibody variable heavy-chain

ntibodies are commonly used in clinical studies for (Vi) and variable light-chain (V) domains joined together
both diagnostic and therapeutic applications [1-4]. by a linker peptide (Figure 1) [5, 6]. They represent the
smallest functional V-V domains of the antibody neces-

R sary for high affinity antigen binding [7]. Antigen-specific
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enzyme-linked immunosorbent assay (ELISA), Western
blot, immunohistochemistry, etc.). Large libraries of phage-
displayed scfv antibodies have been created and used to
select for antigen-specific recombinant antibodies. The main
advantages in using phage displayed scfv libraries are (1)
antibody genes have been cloned into microbes so animals
are not needed to obtain antigen-specific antibodies, (2)
antigen-specific scfv can be readily selected to poorly
immunogenic molecules, (3) scfv can be easily conjugated
with biotin, dyes or mass tags, and (4) a large number of
different antigen-specific scfv can be conjugated with
different reporter molecules (e.g., biotin, fluorescent dyes,
etc.) and used in a multiplex assay format to simultaneously
detect different antigens in a single sample. These advan-
tages have already been explored in other studies [8—11].

Estrogens have been identified as key risk factors for breast
cancer. The cytochrome P450 enzymes designated CYP1A1
and CYP1BI are enzymes that metabolize the estrogen known
as estradiol. Metabolized estradiol may play a role in breast
cancer development and therapy in that its metabolites can
lead to the formation of DNA adducts and subsequent
mutational events [12]. Additionally, CYP1BI1 is also up-
regulated in other forms of cancer such as colon, esophageal,
lung, ovarian cancers and soft-tissue carcinomas [13] and may
serve as a biomarker for tumor development. Although both
CYP1A1 and CYPIBI are involved in similar activities, their
location and potential sites for biological activity with respect
to one another in breast cancer cells is not known.

Targeted multiplex mass spectrometry imaging (TAMSIM)
has been used to specifically detect antigens in situ [14, 15].
The combination of immunohistochemical procedures with
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Matrix-Assisted Laser Desorption Ionization (MALDI)-imag-
ing mass spectrometry (IMS) [16] provides a method that is
exogenous matrix free to simultaneously image multiple
antigens using different antigen-specific antibodies, each
coupled to a unique mass tag. The mass tags on antibodies
bound to different antigens on a tissue section are released from
the section by laser desorption ionization (LDI). After tissue
scanning, mass spectrometry images are created using the
masses of each tag as a surrogate marker for the specific
antigens. In this study, we describe the use of antigen-specific
monoclonal and recombinant scfv antibodies and IMS to detect
CYPIALI and CYPIBI in breast cancer tissue section. Results
suggest that both antibody formats can be used for IMS to
detect antigens in tissue sections.

Materials and Methods

Purified recombinant CYP1A1 and CYP1B1 were used to
obtain antigen-specific hybridoma monoclonal and scfv
antibodies. Hybridoma monoclonal antibodies were made
using CYP1B1 immunized female Balb/c mice as a source
of B-cells. Cell fusions and assays to detect CYP1BI
specific monoclonal antibodies were carried out according
to modifications of previously published protocols [17].
Anti-CYP1B1 monoclonal antibodies were purified from
serum-free tissue culture medium using protein A/G conju-
gated to sepharose beads.

For phage display, spleens from outbred, newborn and 3—
4 wk-old mice and rats were used to create the large (~2.9
billion member) interspecies (mouse X rat), naive phage
antibody library to obtain antigen-specific scfv. Recombi-
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nant scfv expressed using the phage antibody library bear a
tag known as the E-tag. Recombinant E-tagged scfv were
detected in assays using an anti-E tag monoclonal antibody
conjugated to peroxidase [(Anti-E/HRP) cat. no. 27-9413
G.E. Healthcare, Piscataway, NJ, USA] and affinity purified
using an anti-E tag monoclonal antibody column (cat. no.
17-1362-01 G.E. Healthcare) according to product protocols,
with some modification. Phage selection, scfv detection,
characterization, purification, conjugation [i.e., biotinylation]
and use in assays have been described for the anti-CYP1B1
scfv (designated D23/120) [18]. A similar approach was also
used to obtain the anti-CYP1A1 scfv (designated P1).

The production, detection, characterization and use of the
anti-rabbit IgG scfv (designated A10B) and anti-CYP1BI
scfv (designated D23) have been described [10, 18]. Since
the A10B scfv has been well characterized, is easily
expressed and purified, and binds to an inexpensive and
readily available antigen (i.e., rabbit IgG), it was initially
used as a model system to develop and optimize mass tag
labeling and assay conditions.

Enzyme-linked immunosorbent assays (ELISAs) were
used to determine biotinylated and mass tag conjugated scfv
or avidin binding activity prior to use for IMS. All scfv bear
an 11 amino acid peptide sequence recognized by the anti-E
tag monoclonal antibody (McAb). The anti-E tag monoclo-
nal antibody conjugated to peroxidase, a peroxidase sub-
strate (H,O,) and color developer [e.g., (ABTS)=2,2"-azino-
bis (3-ethylbenzothiazoline-6-sulfonic acid)] were used to
detect E-tagged scfv bound to antigens in assays.

Reporter molecules (e.g., biotin, dye, or mass tag) when
conjugated directly to antibodies (e.g., scfv) can adversely
affect antibody binding activity and specificity. This scenario
becomes more probable as the number of reporter molecules
used to label an antibody is increased to enhance assay
sensitivity. To ascertain the influence of mass tag labeling on
assay specificity, scfv were directly conjugated to mass tags
and assayed by an ELISA to determine binding activity to
positive and negative control antigens. To enhance assay
sensitivity, scfv can be labeled with just 1-2 biotins to retain
antigen-binding specificity. Biotinylated scfv bound to an
antigen in assays can then be indirectly detected using avidin
that is conjugated with a large number of reporter molecules
or mass tags. Two approaches were followed to develop scfv
for IMS. In the first or direct approach, scfv were directly
labeled with mass tags at low to high mass tag:scfv molar
ratios, then used in assays to detect antigen. In the second or
indirect approach, scfv were labeled with biotin at low biotin:
scfv ratios, then indirectly detected using avidin labeled with
mass tags at low to high mass tag:avidin ratios.

Conjugation of scfv and Monoclonal Antibodies
to Biotin and Avidin to Mass Tags

Purified scfv and avidin (cat. no. A9275 Sigma St. Louis,
Mo, USA) in phosphate buffered saline (PBS) were
conjugated to mass tags (Figures 1 and 2) via their free
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amines at different (1:1; 2:1; 4:1; 8:1; 16:1; 32:1; 64:1) mass
tag:scfv or avidin molar ratios. Unincorporated mass tags
were removed from avidin by size exclusion chromatography.
Aliquots of the same scfv and an anti-CYP1B1 monoclonal
antibody (McAb) were labeled with biotin (biotinamidocap-
roate-NHS; cat. no. B2643 Sigma) at a 2:1 biotin:antibody
molar ratio. An ELISA was used to determine mass-tagged
scfv antigen-binding specificity. Purified recombinant
CYP1A1, CYPIBI, or rabbit IgG were used, respectively
as positive control antigens for anti-CYP1A1l, CYPIBI, or
A10B antibodies. Commercially available BSA was used as a
negative control antigen. For multiplex assays, each biotiny-
lated scfv specific for a different antigen was coupled to
avidin (conjugated to a unique mass tag) to form an immune
complex (IC). A cocktail of ICs specific for different antigens
was applied to tissue in a multiplex assay format to detect
different antigens in the same sample.

ELISAs to Detect Antigen-Bound scfv Directly
or Indirectly Labeled with Mass Tags

Costar 2595 microtiter plates were coated with either rabbit
IgG (positive control antigen) or BSA (negative control
antigen) diluted to 10 pg/mL PBS, 25 pL/well for 1 h at
room temperature. Wells were emptied and filled with PBS
containing 0.1 % Tween 20 (PBS-T) for 15 or more min at
room temperature to prevent nonspecific binding of scfv or
avidin to microtiter wells. A10B scfv labeled directly with
mass tags, biotinylated A10B scfv (only), and biotinylated
A10B scfv premixed with mass-tagged conjugated avidin
were added to rabbit IgG and BSA-coated wells, incubated
for 1 h at room temperature, then microtiter wells washed
with PBS-T. For wells in which biotinylated A10B scfv
(only) was added, mass tags conjugated to avidin were
added, incubated for 1 h at room temperature, then washed
with PBS-T to remove unbound mass-tagged conjugated
avidin. Scfv bound to rabbit IgG and BSA in microtiter
plates were detected using Anti-E/HRP, H,O, and ABTS.
Absorbance (405 nm) readings for microtiter wells were
determined using a BioTek EIXNB800 plate reader.

ELISAs to Indirectly Detect Antigen-Bound,
Biotinylated scfv Using Mass-Tagged Avidin

Biotinylated scfv in combination with avidin, streptavidin, or
neutravidin conjugated to reporter molecules (e.g., dyes and
enzymes) can be used to specifically detect antigens in
assays [18]. Avidin was conjugated directly to mass tags at
1:1, 2:1, 4:1, 8:1, 16:1, 32:1, and 64:1 mass tags:avidin ratio.
Two types of biotin scfv and avidin-mass tag immunoassays
were carried out, one-step assay and two-step assay.

Immune Complex (IC) Assay

One step assay: Biotinylated A10B scfv was pre-mixed with
mass-tagged avidin at a ratio of 1 biotinylated scfv: 1 mass-
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Figure 2. (a) Schematic of an assay used to detect mass-tagged avidin bound to biotinylated A10B scfv on rabbit IgG coated

beads. (b) The mass spectrum for the mass tag

tagged avidin for 20 minutes at room temperature to form an
IC. The IC was then applied to rabbit IgG and BSA coated
wells as described previously, incubated for 1 h at room
temperature, then wells washed using PBS-T. Two-step
assay: In a more traditional approach, biotinylated A10B
scfv was added to antigen-coated wells, incubated for 1 h at
room temperature, then wells washed with PBS-T. Mass-
tagged avidin was then added to antigen-coated wells,
incubated for 1 h and wells washed again. Anti-E/HRP
diluted 1:8,000 in PBS-T was then added to detect antigen-
bound E-tagged A10B scfv plus mass-tagged avidin in both
ICs, one-step and two-step assays. Wells were washed with
PBS-T to remove unbound Anti-E/HRP. Twenty-five pL of
H,0,/ABTS was added to each well for color development.
Plates were then read as described previously.

IMS Using Mass Tag Conjugated scfv

Six pm thick, paraffin-embedded breast cancer tissue
sections were cut and mounted on glass slides. Sections
were deparaffinized with xylene and rehydrated with ethanol
(100 %-70 %—-50 %) then water. Sections were incubated
with 10 mM citrate buffer to unmask antigen epitopes, then
blocked with PBS-containing 0.1 % Tween 20 (PBS-T) to
prevent nonspecific antibody binding. Sections were incu-
bated with mass tag directly conjugated to scfv antibody at
different concentration values 2, 5, 10, 20 pg/mL for 1 h at
room temperature, washed with PBS-T and water, dried then
visualized using LDI MS.

Enzyme and Mass Tag-Antibody Conjugate
Methods

Deparaffinized and rehydrated sections were incubated with
10 mM citrate buffer to unmask antigen epitopes as
described above. Endogenous peroxidase activity in tissue
sections was quenched with PBS containing 3 % H,0, and

30 % methanol. Tissue sections were blocked with PBS-T,
then incubated with 5 pg/mL of biotinylated D-23 scfv or
anti-CYP1B1 IgG monoclonal antibody for 1 h at room
temperature, washed with PBS-T, then probed with strepta-
vidin conjugated to either alkaline phosphatase or peroxi-
dase. D23 scfv and anti-CYP1B1 IgG monoclonal antibody-
binding activities were detected with either the alkaline
phosphatase chromogen Fast red, the peroxidase chromogen
DAB or 5 pg/mL biotinylated scfv coupled to mass-tagged
avidin.

Mass Tag Compound

Trityl mass tag was synthesized from 77is(4-methoxyphenyl)-
methanol (Catalog No. B24516, Alfa Aesar, Ward Hill, MA,
USA) and N-hydroxysuccinimide (Sigma). Trityl mass tag was
synthesized as N-Hydroxysuccinimide ester (Catalog No.
130672, Sigma-Aldrich) that binds to proteins (e.g., scfv,
avidin) via free amines under neutral pH buffer conditions [19].

Mass Spectrometry Analysis

A MALDI TOF/TOF mass spectrometer (UltrafleXtreme;
Bruker Daltonik GmbH, Bremen, Germany) equipped with a
1 kHz, 355 nm Nd:YAG laser was used for IMS experi-
ments. Mass spectra (500 shots/spectra) were acquired in
positive ion reflectron time-of-flight mode. Spatial resolution
was 45 um. FlexImaging (Bruker Daltonic GmbH, Bremen,
Germany) was used to create MS images.

Identification of the precipitable peroxidase substrate m/z
424 ions were made by mass accuracy and MS/MS data
from a MALDI FT-ICR mass spectrometer (9.4 Tesla Apex-
Qe; Bruker Daltonics, Billerica, MA, USA) equipped with
an Apollo II dual ions source and a 355 nm solid-state laser.
External calibration was done using a peptide mixture of
bradykinin 1-7, angiotensin II, and [Glul]-fibrinopeptide
with the MALDI matrix o-cyano-4-hydroxycinnamic acid
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(CHCA). Mass accuracies of better than 2 ppm were
achieved using a series of CHCA clusters and the peptide
standards for calibration. Fragmentation was performed in
the source region of the instrument that has a mass-selecting
quadrupole and an accumulation hexapole that is held at
elevated Ar pressure (~1x107> mbar) for collision-induced
dissociation (CID) experiments.

Results

Antibody scfv structure and mass tag labeling approaches
are illustrated in Figures 1 and 2. The A10B scfv and rabbit
IgG (the antigen for A10B) were used in ELISAs and mass
spectrometry as a model scfv:antigen system to optimize
scfv mass tag-labeling.

ELISA and IMS Results for scfv Directly
Conjugated with Mass Tags

When A10B scfv was conjugated directly to mass tags and
used in ELISA to detect the rabbit IgG antigen, the scfv
retained antigen-binding specificity when conjugated with
four or fewer mass tags. When conjugated with more than
four mass tags, the scfv lost binding specificity and bound
both the positive (rabbit IgG) and negative (BSA) control
antigens. Additionally, A10B scfv conjugated directly with
fewer than eight mass tags could not be resolved by LDI MS
when bound to rabbit IgG on beads (data not shown). Based
on these results, it was concluded that the scfv could not be
directly labeled with a sufficient number of mass tags for use
in IMS without loss of scfv antigen-binding specificity and/
or sensitivity.

ELISA Results for Biotinylated scfv Coupled
to Mass Tag Conjugated Avidin

When the A10B scfv was biotinylated and coupled to avidin
conjugated to mass tags (at 1:1 on up to 64:1 mass tags:
avidin ratios), scfv antigen-binding specificity, and sensitiv-
ity were retained.

Two different ELISA formats were used to determine if
biotinylated scfv, coupled to mass tag conjugated avidin,
could be used to specifically detect antigens in assays. In the
one-step format, biotinylated A10B scfv was pre-mixed with
mass tag conjugated avidin to form an immune complex
(IC), then applied to microtiter wells coated with either
positive (rabbit IgG) or negative (BSA) control antigens. In
the two-step format, biotinylated A10B scfv was applied to
microtiter wells coated with the same antigens, washed from
the wells after incubation, and probed with mass tag
conjugated avidin.

In both the one-step and two-step ELISA formats,
biotinylated A10B scfv and mass tag avidin interacted
specifically with the positive (but not negative) control
antigens, regardless of the number of mass tags conjugated
to avidin (Figure 3).
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Immunoactivity of scfv Versus McAb Using IMS

The anti-CYP1B1 D23 scfv and an anti-CYP1B1 IgG McAb
were labeled with biotin and used to detect CYP1BI in
breast cancer tumor tissue sections. Biotinylated antibody
bound to CYPIBI in sections was detected using tagged-
avidin. Both biotinylated anti-CYP1B1 D23 scfv and McAb
produced similar results when used for LDI MS to detect
CYPIBI in serial sections of breast cancer tissue samples
(Figure 4).

Multiplexing Antigen Detection Using Biotinylated
scfv, Enzyme, or Mass Tag Conjugated Avidin
and IMS

A biotinylated anti-CYP1A1 scfv (designated P1) and anti-
CYPIBI scfv were used to simultaneously detect, respec-
tively, CYPIAI and CYP1BI1 on the same tissue section.
The biotinylated P1 scfv was incubated and then, avidin
conjugated to peroxidase was added for CYP1A1 detection
(Figure 5a). The biotinylated D23 scfv was premixed with
mass tag-conjugated avidin to form an IC. The IC was
applied to tissue sections to detect CYP1B1, and binding
was detected at m/z 333 (Figure 5b). A peroxidase
precipitable color developer [DAB (m/z 424)] was used to
visualize anti-CYP1A1 binding activity for IMS (Figure 5a).
Both the anti-CYP1A1 and anti-CYP1BI1 scfv simultaneously
bound respective antigens in tissue sections (Figure 5c¢ and d,
respectively) and co-localized to the same location within the
tissue (Figure 5e).

Figure 6 illustrates the immunolabeling control. Biotiny-
lated scfv labeled with mass-tagged avidin (IC) was applied
on a normal breast tissue and at no time did the IC bind to
normal breast.

The LDI FT-ICR mass spectrum of DAB (the precipitate
peroxidase reaction product), is presented in Figure Sl
(Supplemental Information). The ion m/z 424.21191 has been
identified as the covalently bound dimer of the precipitable
peroxidase substrate. Mass accuracy (C,4H,4Ng®" theoretical
m/z: 424.21184) shows the loss of 2 H, upon dimerization
suggesting that, during desorption and ionization, the highly
energetic molecular species undergo hydrogen extraction
followed by Diels-Alder cycloaddition to form the proposed
covalently bound dimer. Fragmentation data (not shown) is
consistent with this structure highlighted by neutral losses such
as C3H5N; (69.04524 Da, mass accuracy: 0.43 ppm), C¢H7N,
(107.06109 Da, mass accuracy: 1.59 ppm) and CoH; N3
(160.08750 Da, mass accuracy: 0.19 ppm).

Discussion

In this study, we report the feasibility of using reporter
molecule-scfv conjugate methods in LDI MS to image scfv
binding to antigens in breast tumor tissue sections. Recom-
binant scfv and monoclonal IgG antibodies were used to
specifically detect CYP1A1 or CYPIBI in breast tumor
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Figure 3. ELISA results for biotinylated A10B scfv linked to mass tag (m/z 333) conjugated avidin on positive (rabbit IgG) and
negative (BSA) control antigens. Results are presented for the premixed or one-step (a) and two-step (b) formats

tissue sections. In preliminary studies, it was determined that
scfv needed to be conjugated with eight or more mass tags to
be detected when bound to antigen. However, scfv lost
antigen-binding specificity when conjugated directly to four
or more mass tags. To circumvent this problem, scfv were
conjugated, via a spacer, to biotin. The biotinylated scfv
were then mixed and coupled to avidin conjugated to mass
tags to form an immune complex (IC). Essentially, the IC

100 pm

Figure 4.

approach allowed scfv to be linked to mass tags through
biotin and avidin. The scfv, linked to mass tags using an IC
approach, could be used to specifically detect antigens in
assays (Figure 3). Biotinylated antibodies and tagged-avidin
were used to detect CYP1A1 or CYPIBI in breast tumor
tissue sections. Antibody binding to CYP1Al or CYPIBI
was detected by imaging reporter molecules as indicators of
antibody binding. Anti-CYPIB1 scfv and IgG McAb

100 pm

IMS activity of anti-CYP1B1 scfv (D23) and monoclonal antibody on breast cancer tissue. (a) MS image of anti-CYP1B1

scfv (D23). (b) Light microscopy image of anti-CYP1B1 scfv (D23). (c) MS image anti-CYP1B1 monoclonal antibody. This figure
demonstrates that scfv and monoclonal antibodies (McAb) to CYP1B1 exhibit comparable IHC/IMS antigen-binding activity



G. Thiery et al.: Imaging MS with scfv Recombinant Antibodies 1695

250 pm

Figure 5. LDI MS multiplexing assay results for anti-CYP1B1scfv and anti-CYP1A1scfv on breast cancer tissue. (a) Assays
formats used to simultaneously image CYP1A1 and CYP1B1 on a breast tumor tissue section. (b) Mass spectra of the two
reporter groups (m/z 333, mass tag; m/z 424, peroxidase precipitable substrate) used to simultaneously image CYP1A1 and
CYP1B1. (c) MS image of CYP1A1 on tissue section. (d) MS image of CYP1B1 on tissue section. (e) MS image of CYP1A1 and

CYP1B1 co-localized on the same tissue section

demonstrated similar antigen-binding sensitivities and spe-
cificities when used as imaging agents (Figure 4), suggesting
that either antibody format (scfv versus McAb) is suitable
for targeted mass spectrometry imaging. Immune complexes

containing either (biotin-anti-CYP1Alscfv + avidin-peroxi-
dase) or (biotin-anti-CYP1Bl1scfv + avidin-mass tag) could
be combined and used to detect, respectively, CYP1A1l and
CYPIBI in the same breast tumor tissue section (Figures 5c

Biotinylated scfv labeled 250 pm
with mass-tagged avidin (IC)

Figure 6. Negative control of biotinylated anti-CYP1B1 scfv labeled with mass-tagged avidin (IC) on normal breast tissue. (a)
Optical image of normal breast tissue stains with hematoxylin and eosin. (b) MS image of normal breast tissue treated by
biotinylated anti-CYP1B1 scfv labeled with mass-tagged avidin antibody. This image demonstrates that the labeling scfv (IC)

does not bind on normal cells



1696

and d). It was also determined that CYP1A1 and CYP1BI1
co-localized within the tumor tissue sample (Figure 5e). At
no time did biotinylated scfv labeled with mass-tagged
avidin (IC) bind on normal breast tissues (Figure 6) and no
m/z 333 signal was obtained when mass tag conjugated
avidin itself was applied to tumor tissue. These results
demonstrate that scfv specifically bound their antigens and
can be used in LDI MS in a multiplex assay format to
simultaneously detect more than one antigen in a single
tissue section.

Conclusion

Recombinant scfv and monoclonal IgG antibodies can be
successfully used in targeted IMS assays to visualize
antigen/antibody interactions in tumor tissue sections.
Recombinant scfv antibodies can be successfully conjugated
to both biotin and mass tags. However, antigen-binding
specificity can be lost when scfv antibodies are directly
conjugated to mass tags. Biotin scfv antibody and mass tag
avidin conjugation methodologies were used to overcome
this loss of scfv antibody-binding specificity. Biotinylated
scfv antibody and mass tag conjugated avidin can be
combined, prior to use in assays, to form an IC. The IC
links the scfv antigens on tissue sections without compro-
mising assay sensitivity and specificity. This provides a
unique opportunity to use enzyme or fluorescent-labeled ICs
to select a specific group of cells on tissue by light or
fluorescence microscopy and then study the immunoreactiv-
ity of these cells, on the same section, using mass tag ICs to
detect antigens of interest. A sub-cellular spatial resolution
could be easily reached using laser desorption ionization in
transmission geometry and thus, this study could be
ultimately be carried out on individual cells [20].

Lastly, it is likely that avidin can be conjugated to a large
number of unique mass tags. If so, then unique avidin mass
tag conjugates could be used interchangeably to link
different biotinylated antigen-specific scfv antibodies to
unique mass tags. Such an approach would provide the
flexibility needed to optimize multiplex assays for targeted
IMS.
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