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Background: Yersinia pestis is a category A infective agent that causes bubonic, septicemic, 
and pneumonic plague. Notably, the acquisition of antimicrobial or multidrug resistance 
through natural or purposed means qualifies Y. pestis as a potential biothreat agent. 
Therefore, high-quality antibodies designed for accurate and sensitive Y. pestis diagnostics, 
and therapeutics potentiating or replacing traditional antibiotics are of utmost need for 
national security and public health preparedness.
Methods: Here, we describe a set of human monoclonal immunoglobulins (IgG1s) targeting 
Y. pestis fraction 1 (F1) antigen, previously derived from in vitro evolution of a phage- 
display library of single-chain antibodies (scFv). We extensively characterized these anti-
bodies and their effect on bacterial and mammalian cells via: ELISA, flow cytometry, mass 
spectrometry, spectroscopy, and various metabolic assays.
Results: Two of our anti-F1 IgG (αF1Ig 2 and αF1Ig 8) stood out for high production yield, 
specificity, and stability. These two antibodies were additionally attractive in that they 
displayed picomolar affinity, did not compete when binding Y. pestis, and retained immunor-
eactivity upon chemical derivatization. Most importantly, these antibodies detected <1,000 Y. 
pestis cells in sandwich ELISA, did not harm respiratory epithelial cells, induced Y. pestis 
agglutination at low concentration (350 nM), and caused apparent reduction in cell growth 
when radiolabeled at a nonagglutinating concentration (34 nM).
Conclusion: These antibodies are amenable to the development of accurate and sensitive 
diagnostics and immuno/radioimmunotherapeutics.
Keywords: immunodiagnostic, radioimmunotherapy, RIT, immunotherapy, radiolabeling, 
immunoantibiotic, lateral flow assay, LFA

Introduction
Yersinia pestis is a Gram negative bacterium listed as a category A infective agent 
that causes bubonic, septicemic, and pneumonic plague.1 The latter form is of special 
interest to biodefense, as it is highly lethal and transmitted through aerosol.2 Fraction 
1 (F1) is the dominant surface antigen of Y. pestis and an important determinant in the 
virulence of this microorganism. F1 is produced from the Caf1 (capsular antigen F1) 
region of pMT1 plasmid in high yields at 35°C–37°C, and is displayed on the 
bacterial surface.3,4 After the initial intracellular stage of infection, F1-positive Y. 
pestis strains are released from macrophages and express large amounts of F1,5 some 
of which can be found in serum, urine, and buboes, and can be used as a diagnostic 
marker.6,7 Together with other antiphagocytic factors, F1 efficiently limits 
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phagocytosis of Y. pestis by host cells and contributes to the 
extracellular survival of Y. pestis in vivo.8,9 Not surpris-
ingly, F1-negative Y. pestis strains have lower virulence.5,10 

However it is important to note that highly virulent F1- 
negative strains have been described.11–14 While anti-F1 
antibodies will not be effective against these strains, they 
have shown efficacy in ameliorating the effects of F1-posi-
tive Y. pestis infection.15–19 These antibodies are mainly 
polyclonal and animal-derived, and are thus unsuitable for 
human therapy. The presence of F1 in specimens from 
infected individuals and the positive contribution of F1 to 
the success of Y. pestis infections makes this antigen an 
ideal target for the development of antibody-based 
diagnostics6,20,21 and novel antiplague therapeutics with 
the potential to fight drug resistance.22

Antibody-based diagnostics are popular for analysis of 
complex samples, owing to limited sample-processing 
needs, high specificity, and limited instrumentation 
requirements.23 Antibody-based therapeutics, on the other 
hand, while popular in targeted treatment of cancer and 
autoimmune diseases,24–27 have only recently been 
deployed more broadly in the medical field. Examples 
include the proposition that antibodies could be quite 
effective in fighting antibiotic-resistant bacteria, provided 
that they bind the target with high specificity (only the 
pathogen is recognized) and high affinity (low dissociation 
constant [KD], and low dosage requirement),28–30 have 
favorable pharmacokinetics, and can be produced in large 
quantities. There are currently three FDA-approved anti-
bodies (raxibacumab, obiltoxaximab, and bezlotoxumab) 
that protect infected individuals through neutralization of 
bacterial exotoxins.31 Nine other antibodies are currently 
in clinical trials, five of which act through specific binding 
of bacteria, rather than toxin neutralization.31 The FDA- 
approved antibiotic antibodies are administered 
intravenously;32–34 however, methods for inhalation stra-
tegies for more targeted treatments are under exploration. 
Antibiotic antibodies, when highly selective for the target 
bacteria, should not affect healthy tissue or the natural 
microbiota (even when administered intravenously), pro-
mising higher efficacy and safety than traditional 
antibiotics.35

Currently, there are no well-established methods to 
ensure that antibodies selected for binding bacterial anti-
gens have antimicrobial activity. Therefore, for therapeu-
tic (and most definitely for diagnostic) applications, 
derivatization of antibodies with cytotoxic molecules, 
DNA, or fluorophores is usually required. While site- 

selective derivatization of antibodies to avoid the anti-
gen-binding region is possible,36–39 popular methods to 
obtain antibody conjugates exploit natural amino-acid 
side-chain reactivity, commonly free amines on lysine 
residues and/or solvent-exposed thiols on cystine 
residues.40 These strategies require optimization so as to 
avoid partial or total loss of immunoreactivity and/or 
fragmentation.41 It is also critical that unconjugated anti-
bodies have affinity and specificity high enough that upon 
derivatization for therapeutic/diagnostic use, they retain a 
level of immunoreactivity compatible with efficient treat-
ment/detection. For antibiotic use in humans, it is prefer-
able that therapeutic antibodies be human-derived or 
humanized to avoid an adverse immunoresponse. Finally, 
a therapeutic cocktail of antibodies is preferable to a 
single antibody in fighting drug resistance. When a single 
antibody is used, minimal mutation of the target antigen 
might result in resistance to antibody treatment.42–45 

However, mutations in multiple epitopes of a functional 
antigen (eg, Y. pestis F1 antigen) are unlikely to happen, 
since they might result in loss of function (eg, Y. pestis 
efficiency in escaping host-cell phagocytosis). Therefore, 
an antibody cocktail targeting multiple epitopes of an 
antigen is better suited to fight resistance than a single 
antibody. This oligoclonal antibody approach is analogous 
to the clinical administration of multiple classes of small- 
molecule antibiotics so as to attack resistance-prone bac-
teria simultaneously and reduce chances of emerging 
resistance.46,47

In vitro selection of antibodies from display libraries,48 

(mainly using phage49,50 and yeast51 display methods), 
enables identification of highly specific monoclonal anti-
bodies and offers advantages over more common methods 
(eg, in vivo selection approaches). A library presubtraction 
step can be added to the in vitro selection process, allow-
ing elimination of antibody binding to negative targets, 
which is not possible in animals.52–55 Furthermore, tog-
gling between different display platforms that relay on 
the protein-production machinery of different organisms 
(eg, phage-producing Escherichia coli and yeast 
Saccharomyces cerevisiae) increases the likelihood of 
selecting antibodies that are well expressed and stable. 
Finally, in vitro selections allow improvement in antibody 
affinity for the target (when needed) by a process known 
as affinity maturation.56

We have previously selected a set of seven human anti-F1 
single-chain antibodies (scFvs) from a large phage-display 
library57 and demonstrated their specificity for F1-positive Y. 
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pestis as phage-displayed antibodies.58 The motivation of the 
present work was to further develop these antibodies for 
potential diagnostic and therapeutic applications. The results 
have potential for creating new biodefense tools and advan-
cing the field of immunoantibiotics in general. While the 
majority of this study was focused on determining affinity 
and specificity (as free, chemically derivatized, and radiola-
beled proteins) of two antibodies binding to Y. pestis non- 
competitively, we also characterized these antibodies’ stabi-
lity and effect on human cells and Y. pestis . Also included are 
“proof-of-principle” experiments that highlight potential use 
of these antibodies as targeted α-therapeutics. The results 
suggested that these antibodies are amenable to the develop-
ment of accurate and sensitive diagnostics and immuno/ 
radioimmunotherapeutics.

Methods
Bacterial Target Preparation
Y. pestis A1122 and Bacillus anthracis Sterne were obtained 
from archived culture stocks in the Los Alamos National 
Laboratory. Y. pseudotuberculosis ATCC 27,802 and 
Pseudomonas fluorescens ATCC 13,475 were obtained 
from the American Tissue Culture Collection. E. coli BL21 
DE3 cells were purchased from New England Biolabs 
(Ipswich, MA, USA). All bacterial species were grown 
from single clones on tryptic soy broth (TSB; MP 
Biomedicals, Irvine, CA, USA) agar plates incubated at 26° 
C overnight, and liquid cultures were prepared in brain–heart 
infusion (BHI) broth (BD Biosciences, Franklin Lakes, NJ, 
USA) at 37°C overnight. F1-positive Y. pestis was cultured at 
37°C in BHI medium supplemented with 2.5 mM CaCl2. F1- 
negative Y. pestis cultures were grown at 23°C without CaCl2. 
Live cells were washed and resuspended in PBS prior to 
antibody staining. Bacterial cell fixation was achieved using 
cold 4% paraformaldehyde (Sigma-Aldrich, St Louis, MO, 
USA), and cells were washed with PBS before and after 
fixation. Cell washing was performed by centrifugation at 
8,500 g for 10 minutes. Absence of live cells (before using 
fixed cells in BSL1 conditions) was assessed by plating 100 
µL fixed cell suspension on a TSB agar plate and checking for 
colony formation after incubation at 26°C overnight. Fixed 
cells were stored at 4°C for several months in the presence of 
0.1% sodium azide.

Antibodies
The previously described anti-F1 scFv antibodies58 were 
converted to IgGs by inserting the amino-acid sequences 

corresponding to the variable heavy (VH) and variable 
light (VL) antibody regions into a standard IgG1 scaffold. 
The resulting protein sequences were submitted to ATUM 
(Newark, CA, USA) for codon-optimized back-translation, 
gene synthesis, and expression as full-length IgG1 antibo-
dies in HEK293 cells. Commercial anti-F1 YPF19 from 
Advanced ImmunoChemical (Long Beach, CA, USA) was 
used as positive control and natural human IgG1 (Abcam, 
Cambridge, MA, USA) as negative control in various 
binding assays. In addition, scFv and IgG formats of an 
anti-influenza M2 scFv59 were also used as negative con-
trols, since these antibodies use the same vector systems as 
the anti-F1 antibodies described here. Enzymatic and/or 
fluorescent labeling of antibodies (eg, horseradish perox-
idase [HRP], phycoerythrin [PE], and allophycocyanine 
[APC]) was performed using Lightning Link kits (Novus 
Biologicals, Centennial, CO, USA) according to the man-
ufacturer’s instructions. All antibody-binding assays were 
performed at 25°C.

Preparation of Biotinylated F1 Antigen
Purified F1V (BEI Resources, Manassas, VA) and nega-
tive-control antigen myoglobin (Sigma-Aldrich) were bio-
tinylated using an NHS LC-LC biotinylation kit (Thermo 
Fisher Scientific, Waltham, MA, USA) as per the manu-
facturer’s instructions. Protein quality was assessed by gel 
electrophoresis and Coomassie staining. Biotinylation was 
assessed by Western blot analysis with streptavidin HRP 
(Thermo Fisher Scientific). Protein quantification was per-
formed using absorbance at 280 nm.

Yeast Display–Based Screening of scFvs
Yeast-display construct preparation, yeast staining, and 
flow cytometry–based analysis were performed as pre-
viously described.54,55,60,61 Briefly, the αF1 scFvs-encod-
ing genes were amplified from phage-display vector 
plasmids previously described58 using specific primers 
containing regions of DNA overlapping with the yeast- 
display vector pDNL6.55,61 The yeast vector was 
digested with restriction enzymes BssH II, Nhe I and 
Nco I (NEB) and purified using PCR purification col-
umns (Qiagen, German Town, MD, USA). Vector and 
scFv fragments were cotransformed into yeast cells using 
a Yeast 1 kit (Sigma-Aldrich) to allow cloning by gap 
repair.60 Yeast cells were labeled with anti-SV5-PE to 
assess scFv-display levels. Streptavidin labeled with 
Alexa 633 (Thermo Fisher Scientific) was used to detect 
binding of biotinylated proteins. Recognition signal was 
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assessed at 500 nM concentration of F1V or myoglobin 
(negative control antigen). The scFv Z359 (recognizes 
M2 protein of influenza A) was used as negative-control 
antibody.

ELISA-Based Characterization of 
Antibodies
General Protocol
Most ELISAs were based on a slight modification of 
a previously described protocol,58 and are briefly outlined 
herein. F1V dimer–enriched protein (BEI), fixed bacterial 
cells, or live bacterial cells were used as ELISA targets. 
Biotinylated F1V (1 mg) or 104 bacterial cells in 100 µL 
PBS per well were used. Target attachment to 96-well 
MaxiSorp ELISA plates (Thermo Fisher Scientific) was 
achieved with overnight incubation at 4°C followed by 
PBS washes. Plate blocking was achieved by adding 250 
µL Wonder Block (WB; 0.3% BSA, 0.3% skimmed milk, 
and 0.3% fish gelatin in PBS) to each well and incubating 
for 1 hour. The primary antibody stock (LANL anti-F1 
IgGs, commercial anti-F1 YPF19, or natural human) was 
serially diluted in 1:10 PBS-diluted WB (light WB 
[LWB]), and 100 µL dilution was added to each antigen- 
coated and blocked well. After 1 hour’s incubation, the 
antibody solution was removed and the plate washed three 
times with 250 µL/well cold PBST (PBS + 0.05% Tween 
20) and three times with PBSLT (PBS + 0.005% Tween 
20). To detect the amount of primary antibody bound to 
the immobilized target, HRP-conjugated anti-human anti-
body (Abcam) diluted 1:1,000 in LWB was added and the 
plate incubated at 25°C for 1 hour. After washing as 
described above, 100 µL/well TMB substrate (Sigma- 
Aldrich) was added to each well and the reaction stopped 
by adding 100 µL/well 0.18 M H2SO4. The absorbance at 
λ 450 nm of each well was measured with a plate reader 
(Infinite M200; Tecan, Männedorf, Switzerland). 
Experiments were performed in triplicate. Background 
absorbance (obtained for negative-control antibody) was 
subtracted from each data point, and the averages of 
the resulting numbers plus standard deviations were 
plotted against the corresponding primary-antibody con-
centration using Microsoft Excel (version 16.34) and/or 
KaleidaGraph (version 4.5).

Measurement of Affinity for Cell-Expressed F1
For this set of ELISAs, we used fixed cells and serially 
diluted primary antibodies (starting concentrations 17–180 
nM). Data were plotted using KaleidaGraph and fitted to 

the Michaelis–Menten equation adapted for antibody bind-
ing: AB = ABmax× [A]/(KD+[A], where AB = antibody 
binding, ABmax = maximum antibody binding, [A] = 
initial antibody concentration, and KD = antibody-disso-
ciation constant.

Epitope Binning
This ELISA protocol was similar to that just described, 
except that : 1) the MaxiSorp plate was coated with 50 µL/ 
well 170 nM capturing antibody; 2) cells were added after 
the blocking step; 3) plate-attached cells were saturated 
with the capturing antibody at 60 nM; and 4) the solution 
containing excess antibody was removed and used to seri-
ally dilute the other member of the antibody pair labeled 
with HRP.

Limit of Cell Detection by Sandwich ELISA
For this ELISA application, the protocol was similar to the 
epitope binning, except that: 1) cells were serially diluted, 
starting at a density of 7×106 cells in 100 µL in LWB (22 
two-fold dilutions in total) before the capturing step, 2) 
cells were not saturated with the capturing antibody; and 
3) captured cells were incubated with HRP-labeled αF1Ig 
8 at a fixed concentration of 30 nM in LWB.

Determination of Antibody Stability
Antibodies were dissolved in PBS plus 1% BSA, 0.02% 
NaN3, and 10% glycerol at concentrations of 0.5 mg/mL 
(αF1Ig 2) and 2.7 mg/mL (αF1Ig 8), and aliquoted in 
various PCR tubes (20 µL/tube) equipped with tight-fitting 
flat caps (VWR, Radnor, PA, USA). Antibodies were 
incubated at 37°C in a PCR thermocycler (Applied 
Biosystems, Foster City, CA, USA). One tube/antibody 
was removed from the incubation and stored at −20°C at 
regular 1-week intervals for a total of 3 weeks. The bind-
ing curve of each antibody sample before storage at 37°C 
(week 0) was obtained by whole-cell ELISA. This initial 
test allowed determination of the antibody-concentration 
range corresponding to the linear increment portion of the 
binding curve. The samples subjected to the stability stu-
dies were diluted to this concentration range and analyzed 
in triplicate by whole-cell ELISA. All plots obtained were 
linear (lowest R2=0.95). The slopes of these lines were 
used as a measure of activity (the higher the slope, the 
higher the activity). They were averaged, plotted (with the 
corresponding standard deviations) against the storage 
times, and fitted to a basic sigmoidal Boltzmann function, 
using ProFit 7.0.15.
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Flow Cytometry–Based Characterization 
of Antibodies
Fixed Y. pestis and labeled antibodies were prepared as 
already described: 1×108 cells/mL in a 1.5 mL Eppendorf 
tube (for general assessment of F1 expression) or in a 
multi-well plate (Thermo Fisher Scientific, for assessment 
of multiple antibody binding) were used in these assays. 
The resulting cell suspension was incubated with the 
labelled antibody in LWB for 1 hour with shaking at 
1,000 rpm. Cells were washed twice and analyzed with 
Accuri Plus6 flow cytometry (BD Biosciences). Unlabeled 
cells were used as controls to set the flow-cytometry 
parameters.

Epitope Binning
In all these experiments, we used fixed cells. In the first 
experiment, sample preparation was conducted as already 
described above, with the following modifications. APC- 
labeled αF1Ig 8 was used to stain cells at saturating con-
centration (150 nM, 1 hour’s incubation). Without wash-
ing, cells were subsequently incubated with PE-labeled 
αF1Ig 2 serially diluted from 6.9 nM. For a second set of 
experiments, a saturating concentration of unlabeled αF1Ig 
8 (500 nM) was added to Y. pestis cells and incubated for 1 
hour (some of the cells were not saturated with αF1Ig 8 
and used as a control). Aliquots (100 µL) of the saturated 
cells were pipetted in a 96 conical well plate (Thermo 
Fisher Scientific) and harvested by centrifugation. 
Supernatants were used to serially dilute PE-labeled 
αF1Ig 2 in a separate plate, starting at a concentration of 
250 nM. Dilutions were used to resuspend the washed 
pellets in the plate, followed by 1 hour’s incubation. 
Cells were washed twice and analyzed by flow cytometry.

Detection of F1V Antigen by Lateral Flow 
Assay (LFA)
Antibody–Colloidal Gold Conjugation
αF1Ig 2 (27.5 nM, from stock in 10 mM phosphate buffer 
pH 7.4) in 200 µL colloidal gold (DCN, Carlsbad, CA) 
brought to pH 8.5 with K2CO3 was incubated for 15 
minutes at 37°C with agitation. The reaction was stopped 
by adding 20 µL 50 mM borate buffer pH 9 plus 10% BSA 
and incubating at 37°C for 30 minutes with agitation. The 
resulting suspension was centrifuged for 20 minutes 
(14,000 rcf), the supernatant removed, and the colloidal 
gold pellet resuspended in 15 µL 50 mM borate buffer pH 
9 plus 1% BSA.

LFA-Strip Preparation
αF1Ig 8 (1 µL of a 1 mg/mL solution) in PBS plus 20% 
sucrose and 5% trehalose was deposited at the test region 
of a FF170HP nitrocellulose (NC)-membrane strip 
(2.5×0.5 cm, DCN). Mouse anti-human antibody (65 ng; 
Abcam) in the same buffer was deposited at the control 
region of the NC strip. The strip was dried at 50°C for 
30 minutes, reinforced with an adhesive baking card, and 
equipped with a wicking pad at the top. Various amounts 
of F1V antigen (BEI, monomer-enriched, 5–10 ng) in 
50 µL PBS plus 1% Tween, 1% BSA, and 4 µL colloidal 
gold–conjugated αF1Ig 2 were allowed to travel through 
the NC membrane.

Analysis of Mixed Bacterial Communities
Preparation of Stained Mixed Bacterial Communities
The bacterial species were grown and prepared as 
described before. Live bacterial cells were used in these 
assays. The 10% F1-positive Y. pestis A1122 suspension 
was prepared by overnight cultures being diluted to 0.2 
OD600 in sterile TSB, 200 µL of each of the control 
bacterial species and 100 µL of F1 positive Y. pestis 
being pooled, and 100 µL of TSB making up the remain-
ing 1 mL volume. The resulting cell suspension was cen-
trifuged at 5,000 g for 10 minutes and, upon supernatant 
removal, the cell pellet was resuspended in 1 mL sterile 
LWB and stored on ice for subsequent immunostaining.

FACS Analysis and Sorting
Cells were stained by incubation with 150 nM PE-labeled 
αF1Ig 2 or 8 at 25°C for 1 hour. They were subsequently 
washed by three cycles of centrifugation, removal of the 
supernatant, and resuspension in PBS. Stained cells were 
resuspended in sterile PBS to a density of OD600 = 0.1 and 
transferred to a 5 mL culture tube for fluorescence-acti-
vated cell sorting (FACS) analysis. FACS was performed 
with a BD Influx flow cytometer/cell sorter (BD 
Biosciences). Cytometry setup, analysis, and sorting pro-
cedures were performed as previously described.62 Data 
analysis and cytograph generation were done with FlowJo 
version 10.0 (FlowJo, Ashland, OR, USA). Unstained 
mock community samples (ie, without antibody) were 
first analyzed to determine placement of bacterial cells 
under SSC (side scatter, y-axis) vs FSC (forward scatter, 
x-axis). The total unstained cell population was gated and 
secondarily analyzed under SSC (y-axis) vs 530/40 (x- 
axis) to verify the absence of any fluorescence signal. 
After establishing the voltages of these parameters, the 
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antibody-stained mock community samples were analyzed 
under identical conditions, whereby the fluorescence-emit-
ting population under 530/40 were considered to be the 
target F1-positive Y. pestis and the remaining nonfluores-
cent population the other bacterial constituents. Separate 
gates of these two populations were established and used 
for genome-based identification.

Molecular Assays: Whole-Genome Amplification and 
PCR
Fluorescent cells (suspected Y. pestis) and nonfluorescent cells 
(other bacterial species) were gated and sorted for subsequent 
whole-genome amplification and PCR assays, as previously 
described.62,63 Populations from each antibody-stained com-
munity were single-sorted into PCR-reaction tubes containing 
2 µL high-alkaline lysis buffer with four replicates per popula-
tion. Four such populations were collected for analysis: stained 
with αF1Ig 2, stained with αF1Ig 8, unstained population, and 
a population depicting the entire bacterial constituents. DNA 
templates were used to amplify various specific regions using 
two sets of primers targeting 1) the bacterial 16S rRNA gene, 
8F (5′-AGAGTTTGATCCTGGCTCAG) and 1492R (5′-GG 
TTACCTTGTTACGACTT) or 2) a Y. pestis–specific geno-
mic region, YpA forward (5ʹ-TTGAAACAGCCAACCG 
CC) and YpA reverse (5ʹ-GGAGAGGGGATGATGCA 
GG) to produce 1,500 bp amplicons and 200 bp amplicons, 
respectively. PCR controls included purified YpA (positive 
control) and Yps (negative control) genomes. PCR amplicons 
were assessed on 1% agarose gel.

Effect of αF1 IgGs on Human Epithelial 
Cells and Y. pestis
Upper respiratory human bronchial epithelial cells 
(HBTECs) and lower respiratory airway human small-air-
way epithelial cells (HSAECs) were purchased from 
LifeLine Cell Technology and cultured in BronchiaLife 
Media w/Lifefactor (Lifeline Cell Technology, Franklin, 
MD, USA). Cells were used at passage 1–2 in all experi-
ments. Y. pestis or Y. pseudotuberculosis were grown as 
described previously.

Respiratory Cells Cultured with Antibodies and Y. 
pestis
For studies using respiratory cells, HBTECs or HSAECs 
were seeded into a 96-well CellBIND plate (Corning, NY, 
USA) at 121,000 cells/cm2 in BronchiaLife Media with 
Lifefactor with antibiotics, 48 hour prior to bacterial or 
antibody exposure to allow the cells to form a confluent 

monolayer overnight. Y. pestis was also grown 1 day prior 
to exposure from a glycerol stock overnight in 5 mL TSB. 
The day of exposure, respiratory cells were washed twice 
in PBS and put in BronchiaLife Media with Lifefactor 
containing no antibiotics. Bacteria were pelleted at 
10,000 g for 10 minutes at 4°C and diluted in 
BronchiaLife Media with Lifefactor containing no antibio-
tics to 0.3 OD600. This bacterial suspension (2 µL) or IgGs 
(final concentration = 0.35 µM) were added to the cells 
(final volume = 220 µL). The plate was then incubated for 
18 hours before imaging.

Respiratory Cell Tolerance to IgGs
HBTECs and HSAECs were seeded into a 96-well 
CellBind plate at 120,000 cells/cm2 in BronchiaLife 
media with LifeFactor and incubated overnight. IgGs 
were added to expose the cells to 0.35 µM final concentra-
tion of antibody. Cells were incubated with antibody over-
night before cell metabolism/viability and damage were 
assessed using a WST1 Kit (Roche, Mannheim, Germany) 
and an LDH kit (ScienCell; Carlsbad, CA, USA) as per 
manufacturers’ instructions.

Effect of Radiolabeled Antibodies on 
Y. pestis
Conjugation of αF1Ig 2 and αF1Ig 8 with DTPA
Pellets were then resuspended in BronchiaLife media with 
Lifefactor without antibiotic and cell density measured. The 
suspension was then diluted so that 103 Y. pestis cells could 
be plated into a 96-well plate at a final volume of 200 µL. 
Antibodies αF1Ig 2, αF1Ig 8, and αM2IgG were then added 
to each well at concentrations of 0.35–0.09 µM. The plate 
was incubated at 37°C into a Biotek NTX Plate reader (cap-
able of shaking) and cell-density readings (OD600) were 
taken overnight every 10 minutes after 1 minute’s shaking 
to track bacterial growth. αF1Igs were conjugated with p- 
SCN-Bn-CHX-A”-DTPA (Macrocyclics, Plano, TX, USA), 
through solvent-exposed lysines' condensation to thiourea. 
Briefly, a 10 mg/mL solution of p-SCN-Bn-CHX-A”-DTPA 
was prepared in DMSO. The antibodies were buffer- 
exchanged into NaHCO3 (0.1 M, pH 8.5) using a Zeba 
Spin desalting column (Thermo Fisher Scientific), and a 
molar ratio of 10:1 p-SCN-Bn-CHX-A”-DTPA in DMSO 
was added. The reaction was allowed to proceed for 1 hour 
at 37°C with vigorous shaking. Excess p-SCN-Bn-CHX-A”- 
DTPA and salts were removed by a second buffer exchange 
into NH4CH3COO (0.1 M, pH 5.5) with a second Zeba spin 
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desalting column. The final concentration of antibody was 
determined with a Bradford assay.

MALDI Analysis of Unconjugated and DTPA- 
Conjugated IgGs
Matrix assisted laser desorption/ionization (MALDI) 
analysis of unconjugated and conjugated antibodies 
was performed using a previously described matrix 
combination.64 MALDI-MS analysis was performed in 
positive-ion mode with a 4800 MALDI–TOF/TOF sys-
tem (Applied Biosystems, Framingham, MA, USA). 
Laser intensity was set to 3,000–5,000. Mass range 
was set to 20,000–200,000. As expected at this mass 
range, the peak widths were broad, and multiply-charged 
peaks were observed. We calculated an average mass 
based on clearly discernible multiply-charged peaks and 
used that information to determine the approximate con-
jugation efficiency.

213Bi-Generator Preparation
A 225Ac/213Bi generator was prepared by adapting a pub-
lished procedure 65 (Supplementary Figure S10). Starting 
from pure 229Th (legacy material courtesy of the DOE iso-
tope program), 225Ac/223Ra was separated by anion- 
exchange chromatography (AG 1×8 200–400 mesh, Cl– 

form), where in HNO3 (8 M) the 229Th anion is retained 
and the 225Ac/223Ra is eluted in subsequent wash fractions 
(adaptation of a published prodedure66). The 225Ac can then 
be obtained pure by separation on a DGA (N,N,N',N'-tetra- 
n-octyldiglycolamide, 100–200 mesh Eichrom) column, 
where the 225Ac is retained on the column in HNO3 (6 M) 
and the daughters are removed in subsequent washes. Pure 
225Ac is obtained by elution in HCl (0.1 M), followed by the 
removal of organics by passing the solution through prefilter 
resin (100–200 mesh Eichrom).67 The resulting 225Ac gen-
erator is prepared by reducing the solution to soft dryness, 
resuspending in HCl (concentrated three times) then loading 
40 µCi 225Ac onto the generator cation resin AG MP-500 
(Bio-Rad, Hercules, CA, USA), with 60 mg of resin for the 
generator and a 30 mg catcher column. Separations were 
monitored by γ-spectroscopy using an EG&G Ortec model 
GMX-35200-S HPGe detector system in combination with a 
Canberra model 35 Plus multichannel analyzer and 
GammaVision software.

Radiolabeling of IgGs
213Bi was eluted as the BiI4

– anion from the generator by 
flowing a solution of HCl/NaI (0.1 M) dropwise through the 
generator. The pH of the resulting solution was adjusted to 5.5 

with NH4CH3COO. Conjugated antibodies αF1Ig 2–DTPA 
and αF1Ig 8–DTPA (3 µg) were then radiolabeled with the 
pH-adjusted 213Bi by incubation for ~30 minutes at 37°C. 
Excess 213Bi and salts were removed by the Zeba spin desalt-
ing column. Final 213Bi labeling was determined by γ-spectro-
scopy using a 2470 Wizard2 NI automatic γ-counter and 
protein concentration determined with NanoDrop 2000 micro-
volume UV-vis spectrophotometry (Thermo Fisher Scientific). 
Final radiolabeling efficiency was 80% or greater.

Binding of Radiolabeled IgGs to Y. pestis
Two, 10 mL cultures of Y. pestis A1122 were grown over-
night in TSB, one at 37 ºC (F1 +) and the other at ambient 
temperature (F1 –). Two dilutions of each culture were pre-
pared at 106 CFU/mL and blocked for 1 hour with 10% WB 
in TSB. Cells were pelleted by centrifugation at 10,000 x g 
and washed 3 times with PBS. Cells were resuspended in 
LWB and incubated with 1 µg of 213Bi labeled αF1Ig 8. One 
set of samples was incubated for 1.3 hours the other set was 
washed immediately (within 10 minutes) by centrifugation 
and gamma counted on a Wizard2 gamma spectrometer at 
the 411 keV gamma line recorded in counts per minute 
(cpm). This process was repeated for the sample incubated 
for 1.3 hours.

Effect of Radiolabeled IgGs on Y. pestiss
Efficacy of growth inhibition by αF1Ig 2–213Bi-DTPA and 
αF1Ig 8–213Bi-DTPA was evaluated in a 96-well plate. The 
Y. pestis cultured as described earlier and diluted to 106 

organisms/well was determined by OD600 on 
a BioPhotometer Plus (Eppendorf, Hamburg, Germany). 
Cells were plated in a Corning 96-well plate and blocked 
with WB. Plated cells were treated with three serial dilu-
tions of each radiolabeled antibody (1 µg, 0.1 µg, and 0.01 
µg)-]. Negative controls included untreated cells and cells 
treated with unlabeled αF1Ig 2 and αF1Ig 8 (1 µg). Cells 
were incubated at 37°C with periodic orbital shaking over-
night. Absorbance at 600 nm was measured overnight 
every 10 minutes (after 1 min shaking) on a Synergy 
HTX multimode microplate reader (BioTek Instruments, 
Winooski, VT, USA)

Sequence Comparison of αF1Ig 2 and 
αF1Ig 8 with Anti-F1 m252 Antibody
The variable regions of anti-F1 m252 sequence68 and 
either αF1Ig 2 or αF2Ig 8 were imported to the 
“Pairwise sequence alignment” tool available at https:// 
www.ebi.ac.uk, which uses the program Emboss Needle 
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to calculate percentage identity and homology. CRDs were 
identified based on the Kabat definition.69

Results
Screening of Antibody Set
A set of seven previously selected human anti-F1 scFvs58 

were evaluated for their ability to recognize recombinant 
F1 antigen as yeast-displayed antibodies by flow cytome-
try (Supplementary Figure S1). Expression and activity as 
yeast-displayed proteins can be used as a proxy for proper 
folding.70 Six of the seven scFvs were well expressed and 
active, so they were converted to full-length IgG1s with 
ATUM (www.atum.bio) and called αF1Ig X (where X 
indicated the number of a specific clone). Production 
yield was above average (>0.1 mg/mL culture, Table 1), 
with αF1Ig 8 yield being particularly remarkable (0.6 
mg/mL). All αF1Igs were subsequently tested for specifi-
city of interaction with whole F1-positive biosafety level 
2 (BSL2) Y. pestis A1122.71 Capsular antigen F1 was well 
expressed on Y. pestis surfaces during growth at 37°C; 
however, it was not expressed at detectable levels at 
23°C. Therefore, in most experiments described herein, 
Y. pestis grown at 23°C and/or Y. pseudotuberculosis (a 
F1-negative mildly pathogenic Yersinia) were used as 
negative control bacteria. Based on ELISA using whole 
Y. pestis cells (whole-cell ELISA, Figure 1A) or recombi-
nant F1V antigen (Supplementary Figure S2), five of six 
αF1Igs bound F1-positive Y. pestis (both live and fixed) 
and four of six αF1Igs bound F1V. The discrepancy 
between efficiency of antibody binding to cell-expressed 
F1 versus purified F1V antigen might be due to the higher 
stability of the former versus the latter. Taken together, the 
results of these assays suggest that αF1Ig 2, 3, 6, and 8 are 
the strongest antibodies. The whole-cell ELISA experi-
ment (Figure 1A) revealed that immunoreactivity of our 
antibodies did not change significantly when using live 

versus fixed cells. These data gave us the option of 
performing experiments in BSL1 conditions. Antibody 
specificity for F1+ Y. pestis was further confirmed by 
flow-cytometry analyses of bacteria stained with PE-con-
jugated antibodies (Figure 1B). We were able to distin-
guish the F1+ from the F1– Y. pestis even by the naked eye, 
since only the F1+ cell pellet, obtained after antibody 
staining and centrifugation, appeared pink, whereas the 
F1– pellet was cream-colored (Figure 1B insets). We 
included anti-F1 mouse antibody YPF19, a popular com-
mercial antiplague antibody,72 as a positive control, and 
a polyclonal mixture of human IgGs as negative control. 
F1+ Y. pestis treated with any of the LANL antibodies and 
the commercial positive control were significantly more 
fluorescent than the same cells treated with the negative- 
control antibody(Figure 1B, left side), and more fluores-
cent than F- Y. pestis treated in the same way (Figure 1B, 
right side). As expected, αF1Ig 4, which performed poorly 
in whole-cell ELISA, afforded the weakest fluorescence. 
All other LANL antibodies and YPF19 generated fluores-
cent staining up to three orders of magnitude higher than 
the negative-control antibody. This flow-cytometry experi-
ment not only confirmed the whole-cell ELISA results 
(Figure 1A) but also revealed that amine-mediated conju-
gation with a large protein (PE MW = 250 kDA, average 
IgG:PE ratio of 1:1 indicated by the vendor of the labeling 
kit used) did not affect recognition of F1+ Y. pestis.

Antibody avidity (functional affinity) for cell-expressed 
F1 was measured by whole-cell ELISA using various con-
centrations of antibody (Supplementary Figure S3A). 
Functional KDs were determined as described previously,73 

using the Michaelis–Menten equation adapted to antibody 
binding: KD = [A] × (ABmax – AB)/AB. The term [A] stands 
for antibody concentration during the experiment, ([A] 
initial – [A] bound), and can be approximated to the initial 
antibody concentration ([A] initial), based on the assump-
tion that the concentration of bound antibody is much less 
then total antibody ([A] initial » [A] bound). At the lowest 
concentration of antibody used in this study (1.7 femto-
moles/well), approximately 109 molecules of antibody 
were added to 104 of Y. pestis. Assuming that each Y. pestis 
cell bears as many as 104 F1 molecules (total 108 F1, an 
overestimate) and assuming that all of the antibody mole-
cules are bound (also an overestimate), ([A] initial – [A] 
bound) would only be 10% lower than [A] initial, resulting 
in a 10% error in KD. Experiments were performed in 
triplicate, and average functional KD values with corre-
sponding standard deviations are reported in Table 2. 

Table 1 Yields of Antibody Production

Antibodya Yield 
(mg/mL Culture)

Yield Quality  
(-Fold Above Average)b

αF1Ig 1 0.257 2.6

αF1Ig 2 0.449 4.5

αF1Ig 3 0.246 2.5
αF1Ig 4 0.045 0.5

αF1Ig 6 0.123 1.2

αF1Ig 8 0.595 6.0

Notes: aαF1Ig = anti-F1 IgG1. The number indicates the specific clone. bAverage 
yield 0.1 mg/mL.
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Results indicated that αF1Ig 2, 3, 8 were the antibodies with 
the highest avidity (lowest functional KD). Furthermore, the 
avidity of these antibodies seems to be between 17- and 48- 
fold higher than the commercial antibody YPF19.

Epitope Targeting and Stability of Best 
Antibodies
The two antibodies with the highest affinity and production 
yield, αF1Ig 2 and αF1Ig 8, were tested in a set of 

Figure 1 Antibody specificity of binding to F1–positive Yersinia pestis. (A) Whole-cell ELISA. Plastic-bound whole Y. pestis or Y. pseudotuberculosis were used as “antigens”. 
Cells are indicated as YP (Y. pestis) or YPS (Y. pseudotuberculosis) 37 or 23 (grown at 37°C or 23°C respectively), F1+ or F1–(F1 positive or negative respectively). The binding 
of primary antibodies (anti-F1 IgG isotype 1: αF1Ig 1 [gray], αF1Ig 2 [red], αF1Ig 3 [green], αF1Ig 4 [purple], αF1Ig 6 [yellow], αF1Ig 8 (blue), or negative-control natural 
human IgG1 [brown]) to cells was detected using a goat anti-human-horseradish peroxidase (HRP) conjugate and HRP substrate TMB (whose acidified product causes 
absorbance at 450 nM (Abs450). All αF1Ig types bound to F1+ Y. pestis, both live and fixed, but not to F1–Y. pestis grown at 23°C, live or fixed, or to F1– Y. pseudotuberculosis 
grown at 37°C, live or fixed. (B) Flow cytometry. Live Y. pestis grown at 37°C (left side) or at 23°C (right side) were incubated with phycoerythrin-conjugated antibodies 
(same color coding as for ELISA, αF1Ig 1 not included) and analyzed with flow cytometry. Commercial anti-F1 mouse antibody YPF19 (black) and natural human IgG1 
(brown) were used as positive and negative controls, respectively. All αF1Ig clones bound to F1+ Y. pestis significantly more than the negative-control antibody (left), but did 
not bind to F1– Y. pestis (right). F1+ Y. pestis treated with PE-labeled αF1 antibodies could be distinguished from its F1- counterpart even by naked-eye observation of the cell 
pellets obtained after antibody treatment (insets, only αF1Ig 2–PE staining is shown, but other antibody conjugates behaved similarly).
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competition experiments (Figure 2 and Supplementary 
Figure S4) to assess their performance as capturer/detector 
pair. Results suggest that the two antibodies do not compete 
in binding Y. pestis. The first competition experiment was a 
sandwich ELISA (Figure 2A). After cell capture and block-
ing with αF1Ig 8, αF1Ig 2-HRP conjugate bound Y. pestis 
with affinity similar to the unconjugated counterpart (KD 

~0.5 nM for αF1Ig2–HRP vs KD 0.23 nM for αF1Ig 2). 
After cell capture and preblocking with αF1Ig 2, αF1Ig 
8–HRP also bound cells with fairly high affinity (KD ~1 
nM); however, the reduction of affinity with respect to the 
unconjugated counterpart binding to unblocked cells was 
more pronounced (KD ~1 nM for αF1Ig 8–HRP vs KD 0.08 
nM for αF1Ig 8) than for αF1Ig2–HRP. Note that affinity 
reduction of labeled vs unlabeled antibodies, especially 
when the conjugated molecule is as large as HRP (MW 44 
kDa), and when labeling can occur in various antibody 

regions containing solvent-exposed primary amines, is 
expected to influence antigen binding. In conclusion, our 
data suggest that αF1Ig 8 and αF1Ig 2 affected each other’s 
binding very minimally, and that αF1Ig 2 and αF1Ig 
8 worked best as an affinity-reagent pair when αF1Ig 
8 was used as the cell-capturing antibody and αF1Ig 2 as 
the cell-detecting antibody. To measure the detecting sensi-
tivity of this configuration, we performed a noncompetitive 
sandwich ELISA (Figure 2B). We used αF1Ig 8 to capture 
a variable number of Y. pestiscells, and a saturating concen-
tration of αF1Ig 2–HRP to detect the captured cells. The 
detection signal increased linearly with the number of cells 
in the thousand-cell range (Figure 2B inset). Fewer than 
1,000 were detected.

Confirmation that αF1Ig 8 and αF1Ig 2 influenced 
each other’s binding very minimally was obtained by 
flow cytometry (Supplementary Figure S4). In the first 
flow-cytometry experiment (Supplementary Figure 
S4A), Y. pestis cells were presaturated with αF1Ig 8– 
APC and subsequently incubated with αF1Ig 2–PE. APC 
labeling remained at saturation levels when cells were 
treated with various concentrations of αF1Ig 2–PE, even 
when saturation concentration of this antibody was used 
(highest red bar). In the second flow experiment 
(Supplementary Figure S4B), Y. pestis cells presaturated 
with unlabeled αF1Ig 8 or not were incubated with 
αF1Ig 2–PE. In both cases, αF1Ig 2–PE bound cells 
with the same affinity (same functional KD within 
error); however, the maximum amount of αF1Ig 2–PE 

Table 2 Affinity of Anti-F1 IgGs for Cell-expressed F1

Antibodya Affinity 
(KD, nM)

LANLb vs Commercial Antibody 
(YPF19 KD/LANL Ab KD)

αF1Ig 1 31.26±6.78 0.12

αF1Ig 2 0.23±0.02 16.65

αF1Ig 3 0.23±0.02 16.65
αF1Ig 6 82.87±8.89 0.05

αF1Ig 8 0.08±0.005 47.88

YPF19c 3.83±0.39 1.00

Notes: aαF1Ig = anti-F1 IgG1. The number indicates the specific clone. bLANL, Los 
Alamos National Laboratory. cCommercial benchmark antibody.

Figure 2 αF1Ig 2 and αF1Ig 8 did not compete in binding Y. pestis–expressed F1 antigen and worked well in sandwich ELISA. (A) αF1Ig 2–HRP (blue squares) and αF1Ig 8– 
HRP (red circles) bound to Y. pestis (captured with immobilized αF1Ig 8 and αF1Ig 2, respectively) with high affinity, despite Y. pestis presaturation with αF1Ig 8 and αF1Ig 2, 
respectively, and despite conjugation of the detecting antibodies with HRP (a 44 kDa protein). (B) Using αF1Ig 8 as capturing antibody and αF1Ig 2–HRP as detecting antibody 
in whole-cell sandwich ELISA, we tested various numbers of cells. The correlation between cell number and antibody binding was linear in the thousand-cell range (inset) 
showing that <1,000 Y. pestis cells can be detected.
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binding was reduced when cells were presaturated with 
αF1Ig 8. This was probably due to the steric clash of the 
bulky PE with the F1-bound αF1Ig 8. PE labeling also 
seemed to negatively influence αF1Ig 2 affinity (KD ~18 
nM for conjugate vs KD 0.23 nM for unconjugated 
αF1Ig 2). Notice that the reduction in affinity was 
much less pronounced for αF1Ig 2–HRP (Figure 2A) 
than for αF1Ig 2–PE (Supplementary Figure S4B), sup-
porting our theory that conjugated molecules suffer from 
steric hindrance (HRP is around fivefold smaller 
than PE).

The experiments described so far suggest that αF1Ig 
2 and 8 might recognize orthogonal regions of F1 anti-
gen. This conclusion was supported by the ability to 
detect as little as 5 ng monomeric F1 in a lateral flow 
assay using αF1Ig 8 and αF1Ig 2–colloidal gold conju-
gate as the capturing and detecting antibody, respectively 
(Supplementary Figure S5). In order to predict their shelf 
life, αF1Ig 2 and αF1Ig 8 were dissolved in a preserva-
tive mixture of BSA, glycerol, and sodium azide, and 
were tested for retention of immunoreactivity at 37°C for 
3 weeks. Based on the slope of the linear portion of the 
binding curve obtained by whole-cell ELISA 
(Supplementary Figure S6), we estimate that αF1Ig 2 
and αF1Ig 8 were stable for about 12 days (Figure 3).

Antibody Ability to Recognize Y. pestis in 
a Mixed Bacterial Community
αF1Ig 2 and αF1Ig 8 were further tested for their ability to 
recognize Y. pestis (10% representation) within a mixed 
bacterial community of Y. pseudotuberculosis, B. anthracis 
Sterne, P. fluorescens, and E. coli (each equally repre-
sented at 22.5%, 90% of total cell population). Even in 
this set of experiments, we immediately visually distin-
guished the community containing F1+ Y. pestis from that 
containing F1– Y. pestis by the pink color imparted to the 
pellet of the former by αF1Ig2–PE (Figure 4A). The 
stained mixed communities were analyzed by flow cyto-
metry (Figure 4B) and single events (dots in figure), 
stained (right side of the graphs) and unstained (left side 
of the graphs) were sorted and characterized by PCR 
(Figure 4C). A 16S rRNA-encoding region (16S RNA, 
present in any bacteria, 1,500 bp in length) or a fragment 
(~200 bp) unique to the genome of Y. pestis (putative 
“helix-turn-helix” [HTH] protein) were targeted for PCR 
amplification. While flow-sorted stained and unstained 
single events tested positive for the 16S rRNA (confirming 
that the sorted events were bacteria), only the stained 
bacteria tested positive for HTH and were thus identified 
as Y. pestis. The discrepancy between the intended Y. pestis 
representation (10%) and percentages of fluorescent cells 

Figure 3 Assessment of antibody stability at 37°C. αF1Ig 2 (red circles) and αF1Ig 8 (blue circles) were evaluated for stability at 37°C for 3 weeks. We used the slope of the 
linear increment portion of the binding activity of these two antibodies (see Figure S5) as a proxy of stability. The data points are averages of two or more experiments with 
corresponding standard deviations. αF1Ig 2 and αF1Ig 8 seemed be as active at time 0 as after about 1.8 weeks.
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(13.9% and 15.7% for αF1Ig 2–PE and αF1Ig 8–PE stain-
ing, respectively) was likely due to the inaccuracy of the 
relationship between OD600 (optical density based on 

Abs600, OD600) and cell numbers. Note that various bac-
terial suspensions used in this experiment were assumed to 
contain 108 cells/mL when OD600 was 0.2.

Figure 4 αF1Ig 2 and αF1Ig 8 recognize Y. pestis (YP) in a mixed bacterial community. (A) A mixed bacterial community of Y. pseudotuberculosis, Pseudomonas fluorescens, Escherichia 
coli, and Bacillus anthracis Sterne (represented equally at 22.5% each) was spiked with YP (10% representation) grown either at 37°C (YP 37, F1+) or 23°C (YP 23, F1–). The resulting 
cell suspensions were stained with αF1Ig 2–phycoerythrin (PE). After one wash, the bacterial pellet containing YP 37 (F1+) appeared lightly pink, whereas the pellet containing YP 23 
(F1–) appeared white. (B) The mixed community spiked with YP 37 (F1+), stained with either αF1Ig 2–PE or αF1Ig 8–PE was analyzed by flow cytometry. Proportionally, 13.9% (αF1Ig 
2–PE staining) and 15.7% (αF1Ig 8–PE staining) of the total events were fluorescent (gated events detected by side scatter, SSC, and PE fluorescence). (C) Single cells sorted during 
the flow experiment depicted in B were lysed. The resulting DNA was used as template for PCR amplification of either the 16S rRNA–encoding region (16S RNA, present in any 
bacteria, 1,500 bp in length) or a fragment (~200 bp) unique to the genome of Y. pestis (putative “helix-turn-helix” protein [HTH]). While flow-sorted stained and unstained single 
events tested positive for the 16S rRNA (showing that the detected events were actually bacteria), only the fluorescently labeled bacteria tested positive for HTH and were thus 
confirmed to be Y. pestis. The discrepancy between the intended YP representation and the representation measured by flow was likely due to inaccuracy in the relationship 
between cell density (OD600) and cell number, which for the various bacteria used in this experiment was assumed to be OD600 = 0.2 → ×108 cells/mL.

Figure 5 Effect of antibodies on Yersinia pestis. F1–positive Yersinia pestis (A) and F1–negative Yersinia pseudotuberculosis (B) growth was monitored by densitometry (Abs600) 
for 20 hours in the absence (gray) or the presence of F1–specific αF1Ig 2 (red), αF1Ig 8 (blue), or negative-control antibody αM2Ig (black) at a final concentration of 340 nM. 
Each point represents the average of three measurements with corresponding standard deviation (error bar).
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Antibody Effect on Y. pestis and 
Respiratory Epithelial Cells
Cell densitometry (Abs600 or OD600) analysis suggested 
that αF1Ig 8 and αF1Ig 2 had a negative influence on Y. 
pestis growth (Figure 5A), but not on Y. pseudotuberculosis 
growth (Figure 5B) at 340 nM and even 85 nM (αF1Ig 2, 
Supplementary Figure S7A). However, microscopy showed 
evidence of antibody-mediated cell agglutination 
(Supplementary Figure S7B), which could account for the 
lower cell density of the treated Y. pestis cultures. Under 
such conditions, bacteria may still be healthy and dividing. 
Agglutination could have favorable implications in the 
potential therapeutic (and diagnostic) application of our 
antibodies, since it is widely recognized that cell size and 
morphology can affect virulence among pathogenic 
microbes,74 and in particular that antibody-mediated agglu-
tination promotes complement-dependent cell phagocytosis 
in S. pneumoniae and H. influenzae infections.75,76 

Additional in vivo studies will of course be needed to 
investigate the potential protective effect of our antibodies 
in their unmodified form.

Based on two assays (cell damage assessed by lactic 
acid dehydrogenase Supplementary Figure S8A, and cell 
viability assessed by metabolization of water-soluble tetra-
zolium Supplementary Figure S8B) lower respiratory air-
way epithelial cells were not affected by these antibodies. 
The fact that αF1Ig 2 and αF1Ig 8 are not toxic to the 
respiratory epithelia is critical for potential therapeutic 
application. Next, αF1Ig 2 and αF1Ig 8 were conjugated 
with metal chelator p-SCN-BN-CHX-A”-diethylenetria-
mine pentaacetic acid (DTPA-SCN) through solvent- 
exposed free amines. Based on MS analysis (MALDI- 
TOF, Supplementary Figure S9) of the conjugates, the 
chelator:antibody ratio was ~1:1 (αF1Ig 2–DTPA) and 
2:1 (αF1Ig 8–DTPA) (Table 3). This level of conjugation 
did not affect antibody affinity, as confirmed by kinetic 

studies showing a minimal difference in functional KD 

between free and conjugated antibody (Table 3 and 
Supplementary Figure S3). DTPA-conjugated αF1Ig 8 
was then labeled with radioactive bismuth (213Bi). The 
resulting complex was found capable of delivering radio-
activity specifically to F1–positive Y. pestis (Figure 6A), as 
shown by the significantly higher detection of 213Bi on 
cells grown at 37°C vs 23°C. Further, both 213Bi-radiola-
beled αF1Ig 2 and 8 stunted Y. pestis growth at antibody 
concentrations that do not affect cell growth in the absence 
of radiolabeling (34 nM). Y. pestis growth was signifi-
cantly impacted at ~103 cpm, this can be approximated 
to single µCis activity, well within amounts amenable for 
therapeutic use in humans. In both the αF1Ig 2– and 8– 
DTPA–213Bi treatments in the 10 cpm range, there was a 
slight but noticeable increase in growth that can be attrib-
uted to accelerated proliferation from oxidative stress. 
Small amounts of radioactive materials create reactive 
oxygen species, which at sufficient concentrations can 
prove lethal to cells, but at lower doses can increase cell 
proliferation.77

Comparison with Human Anti-F1 m252 
Antibody
Comparison of αF1Ig 2 and 8 to a previously described 
human anti-F1 antibody m25268 revealed that these anti-
bodies have similar affinity for F1 (although different 
methods were used for their kinetic study) and high spe-
cificity for the target. We could not compare the produc-
tion yield or stability, since these characteristics were not 
reported for m252. Sequence alignment revealed very low 
similarity (Supplementary Figure S11), supporting the 
uniqueness of our antibodies and our contribution of two 
novel human orthogonal F1–targeting IgGs to the pull of 
antibodies with potential for development of plague diag-
nostics and therapeutics.

Table 3 Affinity of Chelator–Antibody Conjugates and Efficiency of Conjugation

Antibodya Affinity 
(KD, nM)

Affinity Reduction  
Upon Conjugation 
(Conj Ab KD/Unconj Ab KD)b

MALDIc MW 
(Da)

Efficiency of Conjugation 
(DTPAd:IgG)e

αF1Ig 2 0.23±0.02 — 147,632±39 —
αF1Ig 2–DTPA 0.21±0.03 0.9 148,648±393 1.9±0.7

αF1Ig 8 0.08±0.00 — 145,213±58 —

αF1Ig 8–DTPA 0.19±0.03 2.4 145,841±98 1.2±0.3

Notes: aαF1Ig = anti-F1 IgG1. The number indicates the specific clone. b≤1 = no affinity reduction. cMALDI, matrix-assisted laser-desorption ionization. dDTPA, S-2-(4- 
isothiocyanatobenzyl)-diethylenetriamine pentaacetic acid. e(MWconjugated IgG–MW IgG)/MW conjugated DTPA (541 Da).
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Discussion
In a world plagued by emerging pathogenic threats, there 
remains a great need for targeting strategies that enable 
accurate and sensitive diagnostics and effective therapeu-
tics. Human monoclonal antibodies, like the ones pre-
sented herein, offer the opportunity for accurate and 
sensitive immunodiagnostics and/or potent imnunoantibio-
tics. Ideally, these antibodies have no adverse effects on 
human microbiota/tissue while binding their pathogen- 
derived antigens with high specificity and high affinity. 
Immunoantibiotics might provide unique resilience to 
pathogen mutations, as they can be deployed as an oligo-
clonal mixture, ie, targeting different epitopes of the same 
antigen. Developing antibodies with these characteristics 
is possible using in vitro evolution of human-antibody 
libraries by various display technologies. This approach 
allows for the selection of pathogen-specific antibodies, 
especially when negative selection steps are included to 
deplete the library of antibodies interacting with human 
cells and/or other microorganisms. Furthermore, the use of 
complementary display platforms (eg, phage and yeast, as 
previously described54,61) allows selection of reagents that 
tend to be relatively well expressed in comparison to 
traditional selection methods. This results in high-specifi-
city human antibodies that are more likely to retain immu-
noreactivity outside the display context and thus rapidly 
developable into commercial products. Affinity of these 
antibodies can eventually be increased by in vitro affinity 
maturation, should the need arise.

Here, we carefully characterized a set of previously 
reported antibodies obtained by in vitro selection of a 
phage-display library of single-chain human antibodies 
for binding to recombinant Y. pestis virulence factor 
F1.58 Among these antibodies, we downselected αF1Ig 2 
and αF1Ig 8, based on features required for development 
of accurate, sensitive, and portable diagnostics, and tar-
geted therapeutics. We further derivatized αF1Ig 2 and 
αF1Ig 8 to bind radiometals for alternative antibiotic appli-
cations. Their retention of immunoreactivity as phage-58 

and yeast-displayed scFvs (Supplementary Figure S1), 
indicates that the functionality of αF1Ig 2 and αF1Ig 8 is 
unaffected by display context. Their above-average 
expression yield as IgG1s in mammalian cells (Table 1) 
and their affinity preservation after prolonged storage at 
37°C (Figure 3) suggests that αF1Ig 2 and αF1Ig 8 could 
be developed into commercial products. These antibodies 

Figure 6 Specificity of binding and effect on Y. pestis growth of radiolabeled IgGs. 
(A) αF1Ig 8 conjugated with p-SCN-BN-CHX-A-diethylenetriamine pentaacetic 
acid (DTPA) and labeled with 213Bi (αF1Ig 8–DTPA–213Bi) bound significantly 
more to F1+ Y. pestis (37°C, red bars) than to F1– Y. pestis (23°C, blue bars) 
immediately after washing (time 0) and 1.3 hours after washing (B) ~103 cpm αF1Ig 
2–DTPA–213Bi (red circles in top graph) and αF1Ig 8–DTPA–213Bi (dark-blue circles 
in bottom graph) had a deleterious effect on Y. pestis growth at antibody concen-
tration of 34 nM. Treatment with 102 cpm αF1Ig 2–DTPA–213Bi (orange circles in 
top graph) and αF1Ig 8–DTPA–213Bi (blue circles in bottom graph) showed little 
effect on cell growth compared to the control in the absence of antibody (black 
circles in both graphs). A small amount (~10 cpm) αF1Ig 2–DTPA–213Bi (yellow 
circles in top graph) and αF1Ig 8-DTPA–213Bi (light blue circles in bottom graph) 
appeared to favor Y. pestis growth. Each point represents the average of three 
measurements with corresponding standard deviation (error bar).
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are particularly attractive in that they selectively bind F1- 
positive Y. pestis (Figure 1). We observed this specificity 
even in a mixed bacterial community of five organisms 
where Y. pestis was the sole immunostained organism 
(Figure 4). B. anthracis Sterne and Y. pseudotuberculosis 
were primarily selected for the mixed microbial commu-
nity, owing to their relevance in the biodefense/potential 
human pathogen space, much like Y. pestis. Y. pseudotu-
berculosis was also selected to demonstrate no cross-reac-
tivity with a member of the same Yersinia genus, but of a 
different species. P. fluorescens and E. coli were selected 
to demonstrate no cross-reactivity to other Gram-negative 
bacteria of different genera. The specificity of αF1Ig 2 and 
αF1Ig 8 for F1-positive Y. pestis (Figures 1 and 4), the 
minimal interference with each other’s binding (Figures 2, 
S4 and S5), their picomolar affinity for Y. pestis–expressed 
F1 antigen (Table 2 and Supplementary Figure S3), and 
retention of specificity upon conjugation with the large 
fluorophore PE and the enzyme HRP (Figures 1B, 2 and 
4) indicates their potential to yield accurate and sensitive 
diagnostics.

High affinity and specificity for the antigen, and target-
ing of two F1 epitopes are also features supporting even-
tual therapeutic use of these antibodies. The specificity of 
these antibodies might even result in lack of cross-reactiv-
ity with other organisms in the human microbiome, since 
the mixed microbial community used for cross-reactivity 
studies represent the Firmicutes and Gammaproteobacteria 
taxonomic groups normally found in the human gut and 
skin microbiomes in large abundance. Of course, addi-
tional studies using a mixed community that better repre-
sent the human microbiome are needed to support this 
claim. Ideally, a continuation of this work would also 
include identification of the epitopes targeted by αF1Ig 2 
and 8, which might provide hints on potential for protec-
tive effects, based on previously studied protective 
antibodies.68 An additional promising feature supporting 
the safety of our antibodies (and potential therapeutic 
application) is their lack of effect on respiratory epithelial 
cell metabolism and viability (Supplementary Figure S8). 
Furthermore, our antibodies promote Y. pestis agglutina-
tion (Figure 5 and Supplementary Figure S7), which might 
favor bacterial clearance by the immune system during 
infection.74–76 Notably, we also demonstrate that radiola-
beled αF1Ig 2–DTPA–213Bi antibodies retained specificity 
of interaction with F1-positive Y. pestis (Figure 6A) and 
that both αF1Ig 2–DTPA–213Bi and αF1Ig 8–DTPA–213Bi 
adversely affected growth of Y. pestis at concentrations 

that do not affect cell density in the absence of radioactive 
labeling (Figure 6B). In sum, these data suggest that αF1Ig 
2 and αF1Ig 8, if not protective as unmodified proteins, 
could be used to selectively deliver small lethal doses of 
radionuclides (and possibly antibiotics78). In either case, 
further in vitro and/or in vivo experiments are needed to 
support protection against plague. We are aware of only 
one human anti-F1 antibody described in the literature.68 

We are pleased to contribute two high-yield/stability/affi-
nity/specificity orthogonal anti-F1 human antibodies to 
further the pool of potential diagnostics/therapeutics 
against plague.

Conclusion
We have developed a set of two human IgG1s, αF1Ig 2 and 8, 
specifically binding Y. pestis–expressed F1 antigen noncom-
petitively, with picomolar affinity. These antibodies show 
promising commercial developability (high expression yield 
and stability) and might be safe for use in humans (high 
specificity for the target bacterium and no effect on human 
epithelial cells). Although we have shown that these antibodies 
cause agglutination of Y. pestis, which could play a role in 
infection clearance, additional in vitro/in vivo experiments 
will be needed to demonstrate eventual protective effect of 
these antibodies as unmodified proteins. Importantly, however, 
these antibodies retain high specificity and affinity upon che-
mical conjugation to metal chelators, and have adverse effects 
on Y. pestis growth when radiolabeled. This result highlights 
that our antibodies could be excellent agents for selective 
delivery of cytotoxic compounds. We conclude that αF1Ig 2 
and 8 have many of the features desirable for developing 
accurate/sensitive diagnostic reagents and therapeutics alter-
native to traditional antibiotics.

Abbreviations
213Bi, bismuth isotope 213; APC, allopycocyanine; BHI, 
brain–heart infusion; CaCl2, calcium chloride; BSL, biosafety 
level; Caf1, capsular antigen F1; DGA, N,N,N',N'-tetra-n- 
octyldiglycolamide; DTPA, diethylenetriamine pentaacetic 
acid; F1, fraction 1; FACS, fluorescence-activated cell sorting; 
HBTECs, human bronchial epithelial cells; FFS, forward 
scatter; HRP, horseradish peroxidase; HSAECs, human 
small-airway epithelial cells; KD, dissociation constant; 
LDH, lactic acid dehydrogenase; LWB, light wonder block; 
MALDI, matrix-assisted laser-desorption ionization; NHS, N- 
hydroxysuccinimide; PBSLT, PBS light tween; PBST, PBS 
tween; PE, phycoerythrin; scFv, single chain–fragment vari-
able; SSC, side scatter; TMB, tetramethylbenzidine; TOF, 
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time of flight; TSB, tryptic soy broth; VH, variable heavy; VL, 
variable light; WST, water-soluble tetrazolium.
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