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Antibody conjugates are widely used as diagnostics and imaging
reagents. However, many such conjugates suffer losses in sensitivity
and specificity due to nonspecific labeling techniques. We have de-
veloped methodology to site-specifically conjugate oligonucleotides
to antibodies containing a genetically encoded unnatural amino acid
with orthogonal chemical reactivity. These oligobody molecules
were used in immuno-PCR assays to detect Her2* cells with greater
sensitivity and specificity than nonspecifically coupled fragments,
and can detect extremely rare Her2+ cells in a complex cellular envir-
onment. Such designed antibody-oligonucleotide conjugates should
provide sensitive and specific reagents for diagnostics, as well as en-
able other unique applications based on oligobody building blocks.

he ability to detect very rare cells or low concentrations

of proteins in the blood with accuracy and sensitivity is still
a significant problem for molecular diagnostics. With the ampli-
fication power of PCR, the detection of single nucleic acid
molecules is now routine. Hybridization of DNA to its template
is highly sensitive and specific, but until recently has only been
applied to detect nucleic acids. Typical protein detection methods
like enzyme-linked immunosorbent assays (ELISAs) are still not
sensitive enough to detect low concentrations of important
biological markers such as troponin, prostate-specific antigen,
or viral coat proteins. More recent DNA-linked methods for sen-
sitive protein detection have been reported (1, 2); however, these
assays are not easily applied to cellular detection, as in the case
with rare circulating tumor cells. Immuno-PCR, first developed
by Sano et al. (3), combines the specificity of antibodies with the
amplification power of PCR allowing a 10-1,000-fold increase
in sensitivity compared to traditional antigen detection methods
(3, 4). Moreover, rolling circular amplification (RCA) occurs
isothermally, allowing visualization of endogenous proteins on
cells (Fig. 14) (5, 6). Many immuno-PCR improvements have
been made, including proximity ligation with RCA which enables
detection of protein-protein interactions (7-9), real-time quanti-
tative immuno-PCR (10-12), and amplification using T7 RNA
polymerase, which can afford femtomolar sensitivity (13).

Even with these developments, there are still significant chal-
lenges with the antibodies and conjugation methods that prevent
immuno-PCR from becoming a broadly useful and reliable diag-
nostic tool. For example, most methods of DNA conjugation
rely on nonspecific amide bond formation with lysine residues,
resulting in heterogeneous mixtures that can alter antigen binding
and lead to antibody aggregation (14, 15). The synthesis of intein-
fusion proteins results in site-specific conjugation, but does not
allow precise control over the site of conjugation (16, 17). Meth-
ods that rely on conjugated polyclonal secondary antibodies for
detection can have higher background and altered specificity
(18, 19), and variations in secondary antibody preparations can
also impair consistency of a diagnostic (20-22). Thus, a homoge-
neous, chemically defined antibody conjugate that allows protein
or cellular detection with the same sensitivity as traditional
nucleic acid amplification techniques is highly desirable. Here
we describe the synthesis of site-specific antibody-oligonucleotide
conjugates using genetically encoded unnatural amino acids
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(UAAs) with unique chemical reactivity. Moreover, we demon-
strate that these conjugates can detect antigens with improved sen-
sitivity and lower nonspecific background than conventional
methods based on lysine conjugation.

Results and Discussion

An Anti-Her2 Antibody-Oligonucleotide Model System. To determine
whether the orthogonal chemical reactivity of genetically encoded
unnatural amino acids can lead to chemically defined antibody-
oligonucleotide conjugates with improved properties, we used tras-
tuzumab (Herceptin, Genentech/Roche) as a model system. The
Her2 oncogene is overexpressed in 25-30% of breast cancers. Stan-
dard of care for metastatic Her2" cancers includes treatment with
trastuzumab; however, many tumors develop resistance and pro-
gress. Metastatic cancer spreads hematogenously, and enumera-
tion of circulating tumor cells (CTCs) is becoming an important
prognostic test (23). The biology of CTCs has not been extensively
investigated; for example, it is unclear whether the phenotype of
CTCs match the primary tumor. Given that Her2 is druggable by
both trastuzumab, trastuzumab-drug conjugates, and small mole-
cule kinase inhibitors, the detection and analysis of Her2* CTCs
could be an important predictive biomarker if proven out in a clin-
ical trial. Additionally, the ability to isolate and characterize CTCs
may provide information on the evolution of the disease within a
patient under therapeutic pressure, and could guide treatment in
relation to other phenotypic and genotypic markers. Molecular
characterization of CTCs is difficult, however, because their rarity
(1 in 10° blood cells) poses a challenge for conventional detection
methods (24).

A reliable and accurate immuno-PCR method must fulfill a
few important requirements. First, the antibody needs to have
very high affinity and specificity for its antigen (25). Dissociation
constants (K4) below expected serum concentrations of the target
(and in particular, slow off-rates), combined with a high melting
temperature of the oligonucleotide primer are important charac-
teristics of an amplifiable diagnostic reagent. The trastuzumab
Fab fragment binds to domain 4 of Her2 with subnanomolar K4
and is thus a clinically relevant model with the requisite affinity.
Second, covalent modification of the antibody with an oligonucleo-
tide cannot adversely affect antibody binding or solubility; conjuga-
tion sites that affect hybridization or subsequent PCR amplification
will also limit sensitivity. For example, nonspecific electrophilic con-
jugation can modify lysine residues in the antigen binding site. We
have developed an approach using genetically encoded UAAs that
allows conjugation to antibodies in a site-specific manner (26, 27).
This approach relies on the site-specific incorporation of p-acetyl-
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Fig. 1.

Oligobody construction for immuno-PCR. (A) Scheme depicting site-specific immuno-PCR. A complementary single-stranded oligonucleotide (68 nt)

(blue) is annealed to the oligobody (red). T4 ligase is added to form a circular oligonucleotide, which is now the template for RCA. The antibody-oligonucleo-
tide conjugate is bound to Her2 on cells and phi29 polymerase is added to isothermally amplify the DNA, creating multiple copies of the 20 nt sequence. Small
complementary oligonucleotides derivatized with Alexa Fluor 488 (20 nt) are then added to obtain a fluorescent signal. (B) Residues (K169 or S202) in anti-Her2
Fab mutated to pAcF for site-specific conjugation are shown in sphere form in orange, in the light chain (LC) in blue and the heavy chain (HC) in red. The Her2
antigen (green) is distant from all mutations. (C) Oliognucleotide conjugation to Fab. Either anti-Her2 pAcF (K169X, lanes 1, 3) or wild-type Fab (lanes 2, 4) was
incubated without (lanes 1, 2) or with (lanes 3, 4) 3 mM aminoxy-modified ssDNA (100 mM methoxy aniline, 37 °C, 16 h). Reactions were analyzed by SDS-PAGE
(Top), or transferred to nitrocellulose and incubated with anti-kappa-HRP (Middle) or a biotinylated antisense oligonucleotide, then detected with strepta-
vidin-HRP (Bottom). The anti-kappa-HRP and streptavidin-HRP blots were developed colorimetrically with the metal enhanced DAB kit (Pierce). (D) Purified site-
specific oligonucleotide conjugates and nonspecifically labeled oligonucleotide conjugate. Lanes 2 and 3 correspond to oligonucleotide site-specifically

coupled to anti-Her2 pAcF mutant Fab. Lane 4 has multiple oligonucleotides (1-6) coupled to various lysines in anti-Her2 wild-type Fab.

phenylalanine (pAcF) or p-azidophenylalanine (pAzF) into the
protein in response to an amber nonsense codon in either bacteria,
yeast, or mammalian cells. The unique reactivity of the aryl ketone
or azide allows selective modification with alkoxyamines or al-
kynes, respectively, under mild conditions. Third, the antibody
conjugate should be a homogenous, chemically defined entity such
that it can be reproducibly synthesized and its activity quantita-
tively assessed. A homogeneous product naturally results from
site-specific conjugation through a single unnatural amino acid.

Synthesis of Anti-Her2 Fab-Oligonucleotide Conjugate. We conjugated
an oligonucleotide to the trastuzumab Fab fragment (anti-Her2
Fab) at a single uniquely reactive UAA distant from the antigen
binding site such that it can bind to its protein target and serve
as an amplification primer for immuno-PCR. We mutated sites
K169 and S202 in anti-Her2 Fab (Fig. 1B) to pAcF because of their
surface accessibility and previously demonstrated high coupling
efficiencies to aminooxy-modified Alexa Fluor 488 dyes (26). pAcF
was site-specifically introduced into the anti-Her2 Fab in response
to the amber nonsense codon TAG with an orthogonal amber
suppressor aminoacyl-tRNA synthetase/tRNA pair derived from
Methanococcus jannaschii (28). Both mutants were either ex-
pressed in shake flasks or fermented in Escherichia coli with similar
yields to wild-type Fab (>200 mg/L with fermentation) and pur-
ified using Protein G chromatography. Mass spectrometry and
SDS-PAGE gel showed >95% purity (26).

An aminooxy-hexyl maleimide bifunctional linker (27), was
coupled to commercially available 5’-thiol modified ssDNA
primer (32 nt, IDT Technologies) (See SI Materials and Methods)
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(9). To synthesize the antibody-oligonucleotide conjugate, we re-
acted 100 uM anti-Her2 Fab (K169pAcF or S202pAcF) at 37°C
with 3 mM aminooxy-ssDNA in the presence of 100 mM meth-
oxyaniline (29) in 100 mM acetate buffer (pH 4.5). After 16 h, the
product was analyzed by SDS-PAGE (Fig. 1C, lane 3 and Fig. 1D,
lanes 2 and 3). A new lower mobility band was formed that
migrated at a slightly higher molecular weight than the expected
molecular weight of the Fab-ssDNA complex (60 kDa). This band
only formed in the presence of pAcF mutant Fabs and DNA
(compare Fig. 1C, lanes 1 and 3), and not with wild-type Fab
(compare Fig. 1C, lanes 2 and 4). The yield of this band was
>90% as determined by densitometry (Fig. S1). To verify that
the new band contained both Fab and ssDNA, we performed
a Western blotting analysis with anti-kappa-HRP (Fig. 1C, Mid-
dle, lane 3), as well as a Southwestern blotting analysis with the
biotin-labeled complement of the oligonucleotide (Fig. 1C, Bot-
tom, lane 3). Indeed, the high molecular weight band contained
both Fab (Fig. 1C, Middle) and ssDNA (Fig. 1C, Bottom). The
exact mass of the monoconjugated antibody-oligonucleotide mo-
lecule was confirmed by mass spectrometry (Fig. S2).

Immuno-PCR Detection of Her2* Cells. We performed immuno-PCR
using the RCA method with the breast cancer cell lines SK-BR-3
(Her2") and MDA-MB-231 (Her2") to test the oligobody speci-
ficity for Her2. Cells were fixed with 4% paraformaldehyde, per-
meabilized with 0.1% Triton-X 100 and blocked for 1 h at 37°C
with BSA and salmon sperm DNA. The circle oligonucleotide,
68 nt in length and complementary with the antibody-conjugated
oligonucleotide (See Materials and Methods), was incubated with
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the oligobody (K169pAcF or S202pAcF) (2 pug/mL) and T4 ligase
for 1 h at 37 °C before adding to cells. Phi29 polymerase was used
to amplify the DNA. After 1.5 h at 37°C, a complementary 20 nt
oligonucleotide-Alexa Fluor 488 conjugate and Hoechst 33342
nuclear stain were added to cells (Fig. S3). The cells were imaged
with either a fluorescence or confocal microscope. Both the anti-
Her2 K169pAcF and S202pAcF Fab-oligonucleotide conjugates
readily detected Her2 antigen on SK-BR-3 cells, as seen by the am-
plified fluorescent signal (Fig. 2.4 and B). On MDA-MB-231 cells
(Her27), the signal was undetectable, even with a longer exposure
time (Fig. 2 E and F). To further demonstrate the sensitivity of the
site-specific conjugates, we used MCF-7 cells which express low
levels (30) of Her2. With longer exposure, the Her2 antigen was
detectable, whereas there was still no detectible signal for the Her2
negative cell line (Fig. S4). Furthermore, the oligobodies showed
no signal on CHO cells that do not express any human Her2 anti-
gen, but did recognize CHO cells transiently transfected with hu-
man Her2 (Fig. S5). This result shows that the Fab-oligonucleotide
conjugates are specific only for cells expressing the Her2 antigen.
For comparison, immuno-PCR was approximately 15-fold more
sensitive in detection of Her2* SK-BR-3 cells than an anti-Her2
Fab site-specifically conjugated with a single Alexa Fluor 488 dye
(Fig. S6).

Because the site of conjugation can potentially affect the
immuno-PCR signal through steric interactions with the antigen,
oligonucleotide, or cell surface, we tested the activities of the
S202pAcF versus K169pAcF oligobodies. The K169pAcF mutant
provided a 2-fold greater signal compared to the S202pAcF con-
jugate on SK-BR-3 cells (Fig. 2 4 and B, and quantified in D,
Left). Importantly, neither mutant had background signal on
Her2™ cells (Fig. 2 E and F, and H, Right). Thus, steric factors
can influence either the binding and/or amplification. Interest-
ingly, a biotinylated S202pAcF mutant was previously shown to
more efficiently form neutravidin tetramers and inhibited Her2
phosphorylation more effectively than the K169pAcF mutant
in previous studies (26).

Comparison of Site-Specific and Nonspecific Antibody-Oligonucleo-
tide Conjugates. Although site-specific oligobodies can easily de-
tect Her2" cells, it is possible that the signal afforded as a result
of greater DNA loading per Fab by nonspecific lysine coupling
might be higher. Therefore we directly compared our oligobodies
to the corresponding nonspecifically conjugated Fab. The latter

anti-Her2 Fab S202pAcF

anti-Her2 Fab K169pAcF

SK-BR-3

MDA-MB-231

was synthesized by coupling an aldehyde modified oligonucleo-
tide to an anti-Her2 Fab, in which the lysine residues were non-
specifically modified with hydrazine (Solulink Technologies) (31).
The purified conjugate was resolved on an SDS-PAGE gel and
stained with Coommassie blue (Fig. 1D). Whereas only one oli-
gonucleotide was coupled to both the anti-Her2 K169pAcF and
anti-Her2 S202pAcF Fabs, there were multiple oligonucleotides
(1-6) coupled to various lysines in the nonspecifically labeled
Fab (Fig. 1D, compare lanes 2 and 3 with lane 4) on the basis of
mobility on a Coommassie blue-stained gel. We performed im-
muno-PCR as described above, and used an Alexa Fluor 488 de-
rivatized complementary oligonucleotide for detection. Despite
increased oligonucleotide loading, the signal from the SK-BR-3
cells for the nonspecifically labeled Fab was 5- and 2.5-fold lower
than for the K169pAcF- and S202pAcF-labeled Fabs, respectively
(Fig. 2, compare A, B, and C, signals quantified in D). More sig-
nificantly, the background signal from the MDA-MB-231 cells
(Her2™) with the nonspecifically labeled Fab was at least 200-fold
higher than the site-specific oligobodies (Fig. 2 E, F, and G,
signals quantified in H). Although derived from a triple-negative
tumor, MDA-MB-231 cells might express very low basal levels of
Her2. CHO cells do not express any human Her2, and serve as a
completely Her2-negative cell. Remarkably, significant signal was
seen for the nonspecifically labeled Fab on CHO cells, whereas
the signal was undetectable for the S202pAcF or K169pAcF
oligobodies (Fig. S7). Thus, the nonspecifically labeled Fab ap-
pears to bind alternative antigens on cells that do not express hu-
man Her2, leading to a higher false positive signal. In addition,
this site-specific approach was compared with proximity ligation
immuno-PCR (Olink Bioscience) which utilizes secondary anti-
bodies with nonspecifically labeled oligonucleotides (Fig. S8).
The procedure using secondary antibodies showed nonspecific
binding to cells, whereas there was no detectable signal with
the site-specifically labeled oligobodies.

Rare Cell Detection by Immuno-PCR. To use an oligobody as a cel-
lular detection tool in a context similar to a patient situation, we
spiked SK-BR-3 or MDA-MB-231 cells into a normal white blood
cell (WBC) preparation at a ratio of 1:3,000. Immuno-PCR was
performed in addition to the use of pan anti-cytokeratin (CK) and
anti-CD45 primary antibodies to visualize circulating tumor cells
and leukocytes, respectively. Slides were sealed with coverglass
and imaged using a customized high-throughput fluorescence
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Fig. 2. Oligobody sensitivity and specificity in detecting Her2* cells by immuno-PCR. Immuno-PCR on (A-C) SK-BR-3 (Her2") and (E-G) MDA-MB-231 (Her2").
Site-specific oligonucleotide-Fab conjugates (K169pAcF or S202pAcF) or the nonspecifically labeled oligonucleotide-Fab conjugate were added to fixed Her2
cell lines and immuno-PCR was performed as previously described. Hoechst 33342 was used as the nuclear stain (blue) and Alexa Fluor 488 complementary
fluorescent probes were used to detect Her2 (green). (D and H) Fluorescence from the immuno-PCR signal was quantified with ImageJ and error bars corre-
spond to the standard deviation from triplicate frames. One-way ANOVA test indicated p value <0.001. Tukey's post hoc test, p value *<0.05, **<0.01,

**%<0.001. Exposure times: A-C, 40 ms; E-G, 200 ms. Scale bar, 25 pm.
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Fig. 3. Immuno-PCR in a complex mixture derived from human blood. Cells are identified by nuclear staining (blue). The anti-CK antibodies (anti-CK19, 1:100,
Dako and anti-panCK, 1:100, Sigma) (red) stained both the (4) SK-BR-3 cells and (B) MDA-MB-231 cells, whereas the Her2 immuno-PCR with K169pAcF oligo-
body (green) only stained (A) SK-BR-3 cells. Anti-CD45 (1:125, AbD Serotec) (gray) only stain WBCs. (C) MDA-MB-231 cells were stained with CellTracker Red
(Invitrogen) (orange) and both SK-BR-3 and MDA-MB-231 cells were spiked into WBCs. SK-BR-3 cells were stained with Her2 immuno-PCR (green) and CK
antibodies (red), whereas MDA-MB-231 cells were only stained with CK antibodies (red). (D) Approximately 1,000 cells were spiked into approximately three
million WBCs and scanned on a fluorescent microscope (1:3,000). The Alexa Fluor 488 standard deviation of the mean (SDOM) of a representative amount of
cells were graphed. (E) Eleven SK-BR-3 cells were spiked into 1.4 million WBCs, scanned and all cells were identified by immuno-PCR. Scale bar, 25 um.

microscope with 10x magnification (32-34). Cells were identified
using Hoechst 33342 nuclear staining and the fluorescence inten-
sity of SK-BR-3 and MDA-MB-231 was determined. Relative in-
tensity measurements of the cancer cell lines were then compared
against WBCs (Fig. 3D). The cells were also compiled in a four-
channel assay, with no emission overlap between the nuclear stain
(blue), CK (red), CD45 (gray), and Her2 immuno-PCR (green)
(Fig. 34 and B and Fig. S9). There was signal from immuno-PCR
only on Her?2 positive cells (SK-BR-3), whereas the CK antibodies
stain both the SK-BR-3 and MDA-MB-231 cells (35). We also
spiked both SK-BR-3 and MDA-MB-231 cells (stained with Cell-
Tracker Red) as a mixed population into WBCs (1:10), and were
able to distinguish between them using both immuno-PCR and
CK staining (See Fig. 3C and Fig. S10). This finding is especially
important because the relationship between the Her2 status of
CTCs and the primary tumor is not clear. In this regard, it is
known that Her2* tumors can convert to Her2~ status during
progression, and patients with Her2~ primary tumors can have
Her2™ CTCs (36-39). In the latter case, such patients could be
candidates for Her2 specific therapy. This experiment also
further demonstrates the specificity of our conjugate in a complex
cellular context. To assess the ability of the oligobody to detect
extremely rare cells reproducibly, we determined that we could
easily detect 11 Her?2 positive cells in 1.4 million WBCs (Fig. 3E).
Remarkably, we identified 100% of the spiked cells.

Conclusion

In summary, we site-specifically labeled a Fab fragment with an
oligonucleotide to afford a homogeneous oligobody. We demon-
strated that (i) site-specific conjugation generates enhanced
positive signal and lower background signal compared to nonspe-
cific conjugation, (ii) the conjugation position affects immuno-
PCR signal, and (iii) Her2 antigen can be detected on cells with
high selectivity and sensitivity by oligobodies both on isolated
cells and in a mixed population of cancer cells and WBCs. We
and others have shown that nonspecific conjugation to an anti-
body surface lowers binding affinity to its target (26, 40, 41). It is
not surprising that specificity can also be altered. Wild-type Fab
or oligobody does not bind CHO or MDA-MB-231 cells, whereas
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the nonspecifically labeled anti-Her2 Fab generated significant sig-
nal on these Her2-negative cell lines. Apparently, the nonspecifi-
cally labeled anti-Her2 acquires affinity to one or more unknown
antigens that are expressed on these Her2~ cells. This decrease
in specificity may result from either the affects of nonspecific la-
beling at or near the antigen binding site, or from the attachment
of multiple oligobodies to an antibody surface, which may result in
nonspecific binding interactions. As most antibodies are tested for
specificity by analyzing a few antigens by ELISA, our results show
that it is important to evaluate the large number of antigens on the
surface of cells to ensure that a nonspecifically labeled conjugate
retains specificity when used to identify cells in a complex envir-
onment, as is the case with circulating tumor cells.

There are a number of advantages in the use of site-specifically
labeled oligobodies for immuno-PCR. Antibodies conjugated with
enzymes can also amplify signal, however immuno-PCR has the
advantage of maintaining a covalent link with the amplified nucleic
acid. Thus, fluorescent products do not wash away in solvent,
allowing for spatial resolution as well as amplification in immuno-
fluorescent applications. Additionally, proximity ligation immuno-
PCR has the unique ability to detect specific protein-protein inter-
actions. For example, the ability to detect and quantify Her2-Her2
dimers, Her2 heterodimers or other members of the ErbB family
(ErbB1/EGFR, ErbB3, ErbB4) could provide insights into tumor
biology, and in particular the biology of CTCs. Given the proven
prognostic significance of CTCs, elucidation of the molecular de-
tails of this pathway in CTCs could be important in developing pre-
dictive tests for cancer therapy. Importantly, the ability to create a
recombinantly produced, homogeneous antibody : oligonucleotide
conjugate in a 1:1 ratio is likely to have utility beyond immuno-
PCR. The Watson—Crick base pairing properties of DNA should
allow unique oligobody multimeric structures to be designed and
self-assembled. Thus, oligonucleotides could be generated that
allow formation of bispecific antibodies or even higher order het-
ero- or homomultimers. Such multivalent, multispecific molecules
are very difficult to produce using genetic fusion technology. The
ability to couple an oligonucleotide to any surface exposed residue
could also enable orientation and steric control of the oligobody’s
antigen binding site for immobilization on surfaces. Beyond
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medical applications, oligobodies could also allow creation of
unique nanostructures or even become tools used in unique self-
assembly biocomputation applications (42).

Materials and Methods

Site-Specific Oligonucleotide Conjugation. Expression and purification of
anti-Her2 Fabs containing unnatural amino acids was carried out as described
previously (26, 27). The anti-Her2 K169pAcF or anti-Her2 S202pAcF Fab
(100 pM) was reacted with 3 mM aminooxy-modified oligonucleotide
(5-ThiolC6-AAA AAA AAA ATA TGA CAG AAC TAG ACA CTC TT -3, IDT Tech-
nologies) in 100 mM acetate buffer, pH 4.5, at 37 °C. After 16 h, the reaction
was buffer exchanged with PBS (pH 7.0) with Zeba desalting columns (Pierce),
and the crude reaction was purified by anion exchange chromatography
(Mono Q 5/50 G, Buffer A: 20 mM Tris, 10 mM NaCl, pH 7.5; Buffer B:
20 mM Tris, 2 M NaCl, pH 7.5) to remove excess DNA and unreacted protein.
The conjugate was analyzed with a reducing SDS-PAGE (4-20% Tris-Glycine,
Invitrogen) and stained with Coommassie blue (Fig. 1C, Top), or transferred
to nitrocellulose and probed with anti-kappa-HRP (Sigma, 1:1,000 dilution)
(Fig. 1C, Middle) or the complementary biotinylated oligonucleotide (Fig. 1C,
Bottom). The latter was then detected with streptavidin-HRP (Sigma, 1:1,000
dilution). Middle and Bottom blots were developed colorimetrically using
the metal enhanced DAB kit (Pierce). Benchmark Prestained Protein Ladder
(Invitrogen) was used as the molecular weight marker.

Immuno-PCR on Cancer Cell Lines. SK-BR-3, MDA-MB-231, and MCF-7 cells
[American Type Culture Collection (ATCC)] were grown in DMEM (Invitrogen)
supplemented with 10% FBS in a 5% CO, humidified incubator. Cells were
trypsinized and plated on poly-b-lysine coated coverslips and grown for
1-2 d. Cells were washed with 1x PBS, fixed with 4% paraformaldehyde,
and permeabilized with 0.1% Triton-X 100 for 10 min. Cells were washed
with 1x PBS and blocked with 1 mg/mL BSA, 50 pg/mL RNase A, 300 ng/mL
salmon sperm DNA (Sigma), 5 mM EDTA, and 0.05% Tween 20 in 1x PBS for
1 h at 37°C (9). During the blocking step, the antibody-oligonucleotide con-
jugate (2 pg/mL) was added to a separate solution of 1 mg/mL BSA, 2.5 mM
L-cysteine, 300 ng/mL salmon sperm DNA, 1 mM ATP, 0.05% Tween 20,
250 mM Nacl, 0.05 U/pL T4 ligase (New England Biolabs), and 125 nM circle
oligo (5- PO,™-GTT CTG TCA TAT TTC AGT GAA TGC GAG TCC GTC TAA GAG
AGT AGT ACA GCA GCC GTC AAG AGT GTC TA -3) in 1x ligation buffer
(10 mM Tris-acetate, 10 mM magnesium acetate, 50 mM potassium acetate,
pH 7.5) for 1 h at 37 °C. Nucleotides (indicated in bold) anneal to the oligo-
body to form a circular oligonucleotide, which is the template for RCA. Cells
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were washed two times with PBST (0.05% Tween 20) and then the antibody-
oligonucleotide solution was added to the cells for 40-60 min at 37 °C. The
cells were washed three times with PBST and the polymerase solution con-
taining 1 mg/mL BSA, 250 pM dNTPs, 0.05% Tween 20, 0.125 U/pL phi29
polymerase (New England Biolabs) in 1x polymerase buffer [50 mM Tris-HCl,
10 mM MgCl,, 10 mM (NH,4),SO4, pH 7.5] was added for 1.5 h at 37 °C. The
cells were washed three times with PBST and the detection solution contain-
ing 1 mg/mL BSA, 300 ng/mL salmon sperm DNA, 1x SSC, 0.05% Tween 20,
1 pg/mL Hoechst, and 62.5 nM of the detection oligonucleotide (5- Alexa488-
CAG TGA ATG CGA GTC CGT CT -3) was added for 40-60 min at 37 °C. Cells
were washed three times with PBST and once with 1x PBS. Glass coverslips
were mounted on glass slides and cells were imaged with a confocal micro-
scope (Olympus FluoView 1000) using Velocity software (Perkin Elmer), or
with a fluorescent microscope (Nikon Eclipse Ti) using NIS-Elements software.
Quantification of fluorescence was by ImageJ [National Institutes of Health
(NIH)]. Background signal was subtracted for SK-BR-3 and MDA-MB-231 cells.
Error bars represent the standard deviation between the average signal of
triplicate frames.

Immuno-PCR Detection in Blood Samples. Blood was collected from The Scripps
Research Institute Normal Blood Donor Service under Institutional Review
Board approved protocols. WBC count was determined with a HemoCue
(HemoCue). Red blood cells (RBCs) were lysed (150 mM NH4Cl, 10 mM
KHCO3, 130 nM EDTA), pelleted, and the RBCs in the supernatant were as-
pirated. The remaining WBCs were resuspended in 1x PBS. For cell line spik-
ing experiments, either SK-BR-3, MDA-MB-231, or a mixture of the two, were
added to normal blood donor. For mixture experiments, MDA-MB-231 cells
were prelabeled with CellTracker Red (Invitrogen) according to the manufac-
turer’s instructions before spiking into WBCs. Spiked WBCs were then pre-
pared as previously reported (32). In addition to automated identification,
WBCs spiked with both SK-BR-3 and MDA-MB-231 (labeled with CellTracker)
cells were also imaged with a confocal microscope (Zeiss 710).
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