














(Fig. 3B and C). When we similarly examined caMHB supplemented with HuLYZ
(10 �g/ml), no high-molecular-mass bands were observed (Fig. 3B). Likewise, in caMHB
supplemented with mouse SA at the mouse physiological concentration of 20 mg/ml
(MIC � 32 �g/ml), no high-molecular-mass bands were observed; however, supple-
mentation with mouse SA at the supraphysiological concentration of 40 mg/ml did
restore both the upper bands and the low MIC (MIC � 4 �g/ml) (Fig. 3D).

Overall, these findings suggest that HSA promotes and/or participates in the for-
mation of stable CF-301 complexes that potentiate antimicrobial activity. The ability of
albumin to form SDS-PAGE-resistant complexes with a variety of other proteins has
been described (25), suggesting that CF-301 may form a hetero-oligomeric complex
with HSA. In support of this, the �150-kDa band was examined by mass spectrometry
and sequencing, and the most abundant fragment signals detected were serum
albumin and CF-301 (data not shown).

Serum lipids are required for the potentiation effect of CF-301. Our observation
that delipidated human serum does not synergize with CF-301 (see Table S1) raised the
notion that fatty acids (FAs) are likely required as part of the mechanism by which
CF-301 synergizes with HSA in serum. Most of the free FAs in circulation are bound to
HSA (26), and the process of delipidation, while not altering HSA levels, does reduce
free-FA levels by approximately one-third (27). To confirm that low FA levels are
responsible for the inability of CF-301 to synergize in delipidated serum, we determined

FIG 3 Western blot analyses (using anti-CF-301 antibodies) of MIC well samples under different incuba-
tion conditions. High-molecular-mass multimers are indicated by arrows. MIC values are indicated
(micrograms per milliliter). (A) Comparison of human serum to caMHB/HiHuS and caMHB. (B) Analysis of
caMHB supplemented with HSA (40 mg/ml) and/or HuLYZ (10 �g/ml). (C) Comparison of caMHB sup-
plemented with HSA (40 mg/ml) or rabbit SA (rabSA) (40 mg/ml). (D) Analysis of caMHB supplemented
with MSA at 40 mg/ml and 20 mg/ml. Molecular mass standards are indicated (in kDa).
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the effects of introducing two of the more common FAs in circulation, oleate and
palmitate (28), on the performance of delipidated serum in the MIC assay format. The
addition of either oleate or palmitate at a physiological concentration of 0.625 mg/ml
resulted in 8- and 16-fold decreases in the CF-301 MIC, respectively, with no further
decreases associated with the concomitant addition of both lipids (see Table S7 in the
supplemental material). Considering that the FAs alone (outside the serum context)
have no impact on CF-301 activity (data not shown), it is likely that the effect is
mediated through HSA. The effect is also likely to reflect a direct interaction between
HSA and CF-301, based on the understanding that FAs bound to high-affinity sites on
HSA act to promote additional binding activities to drugs and other compounds (26).

Cell surface-binding studies using CF-301 and HuLYZ in serum. Fluorescence
microscopy was used to test the effect of pretreating S. aureus strain MW2 with
different animal sera (or caMHB) on subsequent labeling with rhodamine-conjugated
CF-301 (CF-301RHOD). Pretreatment with human or rabbit serum resulted in extensive
cell surface labeling, with a short exposure time of 3 ms (Fig. 4A). In contrast, pretreat-
ment with rat serum, mouse serum, or caMHB resulted in poor or no apparent labeling,
even with long exposure times of 3 s. Interestingly, high-level labeling with CF-301 was
observed in mouse serum after supplementation with 40 mg/ml HSA. In each case,
greater surface labeling with CF-301 correlated with low CF-301 MICs.

The impact of pretreatment with HSA (at 40 mg/ml) on the surface labeling of S.
aureus strain ATCC 700699 with CF-301RHOD was next examined by deconvolution
microscopy. Strain ATCC 700699 is a vancomycin intermediate susceptibility (VISA)
strain, with a thickened cell wall that enables better visualization of cell surface labeling

FIG 4 Binding and activity of CF-301. (A) Effects of serum and medium pretreatments on CF-301 binding to S. aureus MW2 determined by differential
interference contrast (DIC) and fluorescence microscopy. Exposures of 3 ms (human, rabbit, and mouse plus HSA samples) and 3 s (rat, mouse, and caMHB
samples) were used to visualize CF-301RHOD. MIC values for each condition are indicated (micrograms per milliliter). (B) Effect of HSA on CF-301 binding to S.
aureus ATCC 700699 determined by deconvolution microscopy. Maximum-intensity projections are shown. CF-301RHOD, red; DAPI, blue (scale bar, 2 �m). (C)
Effect of CF-301 on HuLYZ binding to S. aureus ATCC 700699 determined by deconvolution microscopy. Maximum-intensity projections are shown. HuLYZAF,
green; DAPI, blue (scale bar, 4 �m). (D) Bactericidal activity of CF-301 in human serum and caMHB determined by TEM. CF-301 was tested at 10�, 1�, and 0.1�
MIC levels for each environment. Direct magnification values: control, �13,000; 10� MIC, �2,600; 1� and 0.1� MIC, �6,600. Scale bars, 1 �m.
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by deconvolution microscopy. For the HSA pretreatment, but not the phosphate-
buffered saline (PBS) control, we observed intense cell surface labeling (Fig. 4B).
Interestingly, the HSA pretreatment did not enable binding of lysins specific for either
Bacillus anthracis or S. pyogenes (PlyG and PlyC, respectively), which do not have activity
against S. aureus (data not shown).

Based on the ability of CF-301 to synergize with HuLYZ, we also used deconvolution
microscopy to test the binding of Alexa Fluor-labeled HuLYZ (HuLYZAF) to staphylo-
cocci treated with CF-301. Treatments with two physiologically relevant concentrations
of CF-301 (1� and 0.5� MIC) for 30 min resulted in extensive surface labeling by
HuLYZAF at 25 �g/ml (Fig. 4C). Furthermore, the CF-301 treatments did not facilitate the
binding of either the PlyG or PlyC lysin (data not shown), supporting the specificity of
the functional interaction between HuLYZ and CF-301 on S. aureus cells.

Visualization of CF-301-mediated bacteriolysis in human serum. Transmission
electron microscopy (TEM) was used to demonstrate the bacteriolytic effect of CF-301
on S. aureus strain MW2 after a short (15-min) treatment in caMHB or human serum. In
caMHB, we observed the classic image of lysin-mediated cytoplasmic membrane
“bubbling and extrusion” just prior to lysis (29) after treatment with 10� and 1� MIC
levels (320 �g/ml and 32 �g/ml, respectively) (Fig. 4D; see Fig. S4). In contrast, treat-
ments in serum, across a range of CF-301 concentrations from 10� to 0.1� MIC (5 to
0.05 �g/ml), resulted in a circumferential dissolution of the electron-dense cell wall
material with the staphylococci encased in a proteinaceous sheath possibly consisting
of host proteins, including HSA (Fig. 4D; see Fig. S5 in the supplemental material). The
bacterial debris in serum also appeared to remain ensheathed after lysis. There was no
evidence of cytoplasmic-membrane bubbling after CF-301 treatment in serum.

In vivo efficacy in the IE model further validates ex vivo findings. We used the
gold standard MRSA IE models (30, 31) to compare in vivo efficacy profiles of CF-301 in
animals for which in vitro studies predicted CF-301 synergy with host factors in animal
serum (i.e., rabbits) versus in animals for which this synergy was not expected (i.e., rats).
Readouts from the IE models are based on pharmacokinetic (PK)/pharmacodynamic
(PD) relationships as measured by the exposure levels required for efficacy (i.e., reduc-
tions in heart valve vegetation CFU burdens). We also evaluated the efficacy of CF-301
treatment in combination with daptomycin to reflect the common use of the agent in
serious MRSA infections.

In the rat IE model, a CF-301 dose of 10 mg/kg of body weight administered in
addition to the daptomycin human therapeutic dose (HTD) equivalent (40 mg/kg in
rats) resulted in an �6-log10-unit drop in CFU per gram in heart valve vegetations
compared to an �3-log10-unit drop in CFU per gram with daptomycin alone (Fig. 5A).
The same �6-log10-unit decrease in bacterial densities was achieved in the rabbit IE
model after administration of total CF-301 doses of only 0.09 to 0.18 mg/kg in addition
to a dose of daptomycin lower than the HTD equivalent (Fig. 5B). The sub-HTD
equivalent dose of daptomycin in rabbits was chosen, based on the results of a
dose-response study (see Fig. S6 in the supplemental material), to match the anti-
staphylococcal activity previously described using the 40-mg/kg dose in rats (32). The
enhanced efficacy of CF-301 in the rabbit IE model (which we attribute to the synergy
of CF-301 with rabbit serum components) is thus even more significant, considering the
10-fold higher dose of daptomycin used in the rat than in the rabbit model.

In the rat IE model, the estimated area under the concentration-time curve (AUC)/
MIC ratio of �0.87 required for efficacy (e.g., an additional �3-log10-unit drop in CFU
per gram in heart valve vegetation when CF-301 was added to daptomycin) was
achieved at the 10-mg/kg dose of CF-301 (Fig. 5; see Table S8 in the supplemental
material). A similar AUC/MIC value was obtained in the rabbit model at substantially
lower exposures and MICs, using a CF-301 dose of 0.18 mg/kg, in addition to dapto-
mycin. Overall, the in vivo studies demonstrated that a �50-fold higher dose (and
�20-fold higher AUC exposure) was required to achieve efficacy in rats (10 mg/kg)
similar to that in rabbits (0.18 mg/kg). Importantly, these data further support the
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selection of the 0.25-mg/kg CF-301 dose as an anticipated efficacious dose of CF-301 in
patients with invasive S. aureus infections.

DISCUSSION
CF-301 synergizes with human blood components. In this report, we describe the

substantial ability of CF-301 to activate and synergize with elements of human blood
to potentiate an enhanced level of antistaphylococcal activity over that predicted from
AST following standardized (e.g., CLSI) procedures using caMHB reference broth. Our
findings were initially based on in vitro time-kill assays demonstrating reductions of
�100-fold in the minimum sterilizing concentration of CF-301 against 11 staphylococ-
cal strains in blood matrices from up to 34 different sources compared to caMHB. We
further demonstrated a �32-fold reduction in the MIC90 against 171 S. aureus isolates
tested in human serum and a consistently low level of MIC variability in the blood, sera,
and plasma from 61 different human sources. In combinations with either daptomycin
or vancomycin, we observed synergistic activities in human serum at CF-301 concen-
trations up to 160 times lower than in caMHB. Overall, these results support the
potential effectiveness of CF-301 as an intravenously (i.v.) administered antimicrobial
agent for the treatment of S. aureus bacteremia and endocarditis.

Furthermore, our findings implicate synergy between CF-301 and two specific
components of human blood (i.e., lysozyme and albumin), with no apparent (single-
agent) intrinsic antistaphylococcal activity, as key factors associated with enhanced
activity and efficacy. The unique ability of CF-301 to activate and synergize with
otherwise dormant host “bystanders” (with respect to killing staphylococci) has impor-
tant implications for the potential therapeutic use of CF-301 and the measurement of
its antimicrobial activity. Furthermore, our findings distinctly contrast with the general
understanding that, for many systemically delivered conventional small-molecule an-
tibiotics, protein binding in circulation (primarily to albumin) may serve to reduce such
drug activity (10, 12, 14, 16, 33–35).

CF-301 leverages the activity of human serum albumin. There have been no
previous descriptions of a role for HSA in promoting antimicrobial activity in the
synergistic manner described for CF-301. Our assumptions regarding HSA are based on
the following observations: (i) synergy with CF-301 in multiple assay formats, including

FIG 5 Evaluation of the blood effect in vivo using pharmacodynamic studies. Shown are efficacies in the rat (A) and rabbit (B)
infective-endocarditis model for various CF 301 dosing regimens added to daptomycin. The data are plotted as treatment
regimen versus average log10 CFU per gram of tissue for each dose group. Medians and SEM are shown. The insets show the
reductions of the bacterial burden in the heart valve vegetation after treatment with a single bolus of the highest
concentration of CF-301 (i.e., 10 mg/kg in rat and 1.4 mg/kg in rabbit).
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checkerboards, time-kill assays, and the lytic assay; (ii) the ability of exogenous HSA and
rabbit SA to reconstitute the serum effect; (iii) a putative interaction with CF-301
detected by Western blot analysis; and (iv) the promotion of CF-301 binding to the
staphylococcal cell surface detected by microscopy. It was particularly notable that rat
SA and mouse SA could reconstitute the HSA effect when added at the supraphysi-
ological concentration of 40 mg/ml. The relatively low physiological SA concentrations
in rodents of 20 mg/ml, which is half of that observed in rabbits and humans, at least
partially explains the inability of rodent sera to serve as substrates for high-level CF-301
activity. While there are undoubtedly other differences in the compositions of rodent
and human sera, it is most striking that protein binding, primarily to albumin, is lower
in rodents than in humans for most antimicrobials (10, 36, 37). Binding preferences of
up to 1,000-fold for HSA over rodent SA have been reported, and there are distinct
structural differences in the binding sites of human and rodent albumins to account for
differences in the extent of drug binding (38–40). Thus, the reduced capacity of rodent
albumins to support high-level CF-301 activity (compared to HSA) may be attributed to
both the lower physiological concentration of albumin in rodents. It is also important
that a similar hierarchical effect was noted for the antimicrobial peptide polymyxin B
nonapeptide, which exhibited superior activity in human serum, intermediate activity in
rat serum, and poor activity in mouse serum (41).

Our experiments with delipidated serum further suggest a direct interaction be-
tween CF-301 and HSA as part of the mechanism for enhanced activity. The circulating
HSA monomer is commonly complexed with lipids, and there are at least 7 high- and
intermediate-affinity FA binding sites that can, when bound to FAs, modify and alter
interactions with antibiotics and other molecules over the known high-affinity drug and
protein binding sites of albumin (including subdomains IIA and IIIA) (26, 42, 43). We
hypothesize that the observed interaction with albumin occurs over the SH3b domain
of CF-301, which has been shown, in the context of other proteins, to mediate
protein-protein interactions (perhaps over a flat, hydrophobic, ligand-binding pocket)
(44–46). Such an interaction with albumin is supported by studies showing that
albumin may perform chaperone-like functions for client proteins and that the pres-
ence of free FAs, at physiological concentrations, stabilizes the chaperone activity (25,
47); furthermore, these interactions lead to the formation of stable high-molecular-
weight species observable by SDS-PAGE and similar to that formed between CF-301
and albumin.

S. aureus expresses a range of host matrix binding proteins on its surface in addition
to albumin-binding activities (48–50). One of the albumin-binding proteins, Ebh, has
been shown to contribute to survival in blood and the overall pathogenesis of
staphylococcal infections (49). Albumin-binding proteins are, furthermore, found on a
range of pathogenic microorganisms that may adsorb HSA as part of a survival strategy
in host tissues (51). Accordingly, we observed rapid accumulation of a dense protein-
aceous surface layer on S. aureus in human serum, possibly consisting of albumin
and/or other blood components. The layer formed a visible sheath around the staph-
ylococci that modified the visual manifestation of CF-301-mediated bacteriolysis (com-
pared to the event in caMHB); this interaction ultimately resulted in bacterial ghost-like
structures (52), often with intact cell envelopes encased in a matrix of possibly
host-derived material. The encasement of bacterial debris and fragments (formed
postlysis) could help mitigate the potential risk for proinflammatory responses associ-
ated with the free release of these fragments into the bloodstream of the host.
Furthermore, encasement of bacteria and CF-301 in HSA matrices may also reduce the
risk of potentially deleterious immunological reactions. Overall, our findings support
the hypothesis that the natural ability of staphylococci to coat themselves with HSA in
the bloodstream and thus evade human immune surveillance may be an Achilles’ heel
with respect to the enhanced capacity of HSA for binding CF-301, which leads to
increased bacteriolysis. In other words, the mechanism of synergy between CF-301 and
HSA is based on improved accumulation kinetics for CF-301 at the bacterial cell surface
mediated by HSA, resulting in more rapid and efficient bacterial killing by CF-301. While
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the interaction between CF-301 and HSA was strong, as evidenced by its maintenance
in SDS-PAGE gels, the equilibrium binding affinities of lysins for cell wall targets lies in
the picomolar to nanomolar range (53, 54) and may thus be favored.

CF-301 leverages the activity of human lysozyme. The results presented here also
allow conclusions to be drawn regarding the ability of CF-301 to activate lysozyme
against S. aureus in human serum. First, there is a general understanding that mature
S. aureus peptidoglycan is resistant to HuLYZ activity by virtue of O-acetylation at the
C-6 position of cell wall N-acetylmuramic acid (21, 55). Accordingly, we observed no
antistaphylococcal activity whatsoever for HuLYZ tested alone over a wide range of
concentrations in multiple different AST formats. Based on our findings, we propose
that CF-301 accumulates at the cell surface in a preferential manner by virtue of
interactions with HSA and that cell wall hydrolysis by CF-301 in turn facilitates the
activation of HuLYZ. While the exact nature of HuLYZ activity here is unknown, one
possible explanation is that CF-301-mediated cleavage of peptidoglycan initiates access
of HuLYZ to nascent peptidoglycan formed prior to O-acetylation and that the subse-
quent hydrolytic activity of HuLYZ promotes more CF-301 binding as bacteriolysis
proceeds.

Ex vivo observations translate into in vivo activity. To understand the in vivo

efficacy profile of CF-301 in the intended clinical indication of staphylococcal bactere-
mia and endocarditis, we conducted experiments in two species (rabbits and rats) with
observed differences in the capacity of CF-301 (in addition to daptomycin) to synergize
with the respective serum types in the ex vivo formats reported here. The IE model is
well established in both rabbits and rats (30, 31) and has a significant biofilm compo-
nent that is highly relevant with respect to the intended clinical indication for CF-301.
In accordance with our ex vivo observations of potent CF-301 synergy in rabbit, but not
rat, serum, we observed that a �50-fold higher dose of CF-301 and a �20-fold higher
AUC exposure was required to obtain a bactericidal effect in rats (10 mg/kg) similar to
that in rabbits (0.18 mg/kg). These models provide further evidence for the potential
therapeutic implications of the ability of CF-301 to activate and synergize with HSA and
HuLYZ and support the anticipated efficacy of CF-301.

Extension to other lysins. CF-301 was originally identified as a Streptococcus suis

prophage lysin exhibiting a domain arrangement commonly observed in many anti-
staphylococcal lysins (5, 56) and defined by a catalytic N-terminal cysteine-histidine-
dependent amidohydrolase/peptidase (CHAP) domain linked to a cell wall– binding
C-terminal domain belonging to the SH3b family of proteins (57, 58). We predicted that
lysins of this group, which include enzymes active against both staphylococci and
streptococci (like CF-301), as well as enzymes active against only staphylococci (59),
would all exhibit the CF-301-like potentiation effect in human blood. As expected, the
32-fold decrease in the MIC observed for CF-301 against S. aureus strain MW2 tested in
human serum versus caMHB was similarly observed for a range of antistaphylococcal
lytic enzymes, including lysostaphin and LysK (data not shown). These findings suggest
a class effect for at least a subset of antistaphylococcal lysins.

Summary and next steps. Overall, our data demonstrate that the potency of
CF-301 can be greatly enhanced as a result of synergistic interactions with the human
blood components HSA and lysozyme, which otherwise have no intrinsic antistaphy-
lococcal activity. The proposed mechanism by which CF-301 activates host components
to synergize and kill bacteria more efficiently highlights the remarkable potential of the
lysin (and possibly the entire lysin class) to serve as an adjunct therapeutic strategy in
life-threatening systemic infections in humans. Our findings also distinguish CF-301
from small-molecule antibiotics, which typically exhibit diminished systemic activity
because of binding to albumin. Rather than inhibiting activity, CF-301, a biological
agent chemically distinct from antibiotics, appears to substantially increase its activity
through its interactions with albumin. Our laboratories are currently carrying out
investigations to define the exact mechanistic nature of the synergistic interactions
between antibiotics and CF-301.
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Other pathogenic staphylococci and streptococci also express albumin-binding
proteins on their surfaces that may adsorb HSA in systemic settings and thus may
exhibit enhanced susceptibility to lysin-mediated activity. The possibility of targeting
microorganisms other than S. aureus with CF-301 can be examined and is supported by
the finding, described in this report, that S. pyogenes is susceptible to the synergistic
activity of CF-301 in human serum. Other lysins in our research pipeline may also have
the ability to synergize with HuLYZ and/or HSA against S. aureus and potentially other
pathogens. Finally, we may also consider an expanded array of host environments in
which to seek such an effect, including synovial fluid (which has albumin concentra-
tions similar to that of blood) and infected bone, skin, and/or soft tissues that may be
infiltrated with such blood components. In this manner, we will continue to develop
CF-301, and possibly other, related lysins, to address the issue of widespread antibiotic
resistance and emerging infectious threats.

MATERIALS AND METHODS
Bacteria, media, and growth conditions. A subset of the bacterial strains used in this study are

listed in Table S8. The 171 S. aureus strains used in Table 1 were previously described (5), including 74
MSSA and 75 MRSA clinical isolates from 2011 that were obtained by JMI Laboratories (North Liberty, IA)
from 66 different hospital sites throughout the United States. The JMI isolates were recovered from a
variety of different infection sources (i.e., bloodstream, respiratory, skin/soft tissue, and urinary tract
infections) and consist of a genetically heterogeneous group based on sequence analysis (targeting loci
including hlgBC, lukSF, and hla) and, for the MRSA strains, SCCmec typing, which identified types I to IV.
The bacteria were cultivated on either BBL Trypticase soy agar with 5% sheep blood (TSAB) (Becton,
Dickinson & Company [BD]), BBL Mueller-Hinton II broth, caMHB (BD), or brain heart infusion broth (BHI) (BD)
unless otherwise indicated. With the exception of HyClone fetal bovine serum (0.1-�m filtered; GE Healthcare
Lifesciences), the source, description, and lot number of all human and animal blood matrices tested are listed
in Tables S1 and S2. Staphylococci were grown at 37°C with aeration unless otherwise indicated.

Reagents. Lysin CF-301 was expressed, purified, and stored as previously described (5). Human
anti-CF-301 IgG3 monoclonal antibody (expressed and purified by ContraFect Corporation) and mouse
anti-human IgG3 heavy chain antibody, AP conjugate (ThermoFisher; 05-3622), were used as primary and
secondary antibodies at 1:1,000 dilution for Western blots. Cloned constructs of the human anti-CF-301
IgG3 heavy and light chains were transiently cotransfected in HEK293 cells in serum-free medium. The
culture supernatant was harvested 5 days after transfection, and affinity chromatography (Hi Trap Protein
G HP column) was used to purify the anti-CF-301 IgG3. The monoclonal antibody (MAb) was selectively
bound to the affinity column; washed with 20 mM sodium phosphate, pH 7.0; and eluted in 100 mM
glycine-hydrochloric acid, pH 2.7. The fractions of the elution peak were analyzed on a 4 to 12% PAGE
gel to confirm the purity of the protein. No degradation or aggregation was observed. A sample was
buffer exchanged into 1� Dulbecco’s phosphate-buffered saline and concentrated to 1.4 mg/ml. West-
ern blot analysis confirmed the immunological specificity of the monoclonal antibody.

The agents (and vendor sources) tested in combination with CF-301 were as follows: �-defensin-3,
human (Anaspec); Leap-1, human (Anaspec); Leap-2, human (GenScript); LL-37, human (Anaspec);
LL-18-37 (Anaspec); histatin-5, human (Anaspec); HNP-1, human (Anaspec); HNP-2, human (Anaspec);
human platelet factor IV 18 (Anaspec); lactoferrin, human milk (Sigma-Aldrich); lactoferrin, bovine
colostrum (Sigma-Aldrich); lactoferricin H, human (Anaspec); human lysozyme, recombinant expressed in
rice (Sigma-Aldrich); lysozyme, hen egg (Sigma-Aldrich); lysozyme, human neutrophil derived (Aviva
Biosciences); lysozyme, human neutrophil derived (RayBiotech); human serum albumin, recombinant
expressed in rice (Sigma-Aldrich); human serum albumin, fraction V (Sigma-Aldrich); human serum
albumin, fraction V, fatty acid free, globulin free (Sigma-Aldrich); human serum albumin, recombinant
expressed in Saccharomyces cerevisiae (Albumin Bioscience); mouse serum albumin, recombinant ex-
pressed in yeast (Albumin Biosciences); rabbit serum albumin (Sigma-Aldrich); and rat serum albumin
(Sigma-Aldrich). Sodium oleate, sodium palmitate, vancomycin hydrochloride, daptomycin, and protei-
nase K-agarose from Tritirachium album were obtained from Sigma-Aldrich. For microscopy, DAPI
(4=,6-diamidino-2-phenylindole), Alexa Fluor 488, and NHS-rhodamine were obtained from ThermoFisher
Scientific. The labeling and purification of CF-301 conjugated to NHS-rhodamine and HuLYZ conjugated
to Alexa Fluor 488 were performed as described by the manufacturer’s protocol. Nonreacted fluorophores
were removed using PD-10 desalting columns (GE Healthcare), and labeling efficiencies were determined to
be �80% in each case. The activity of CF-301RHOD was confirmed to be equivalent to that of CF-301 using the
standard MIC assay. The activity of HuLYZAF was confirmed to be equivalent to that of HuLYZ using a drop
dilution assay on a 1% agarose surface impregnated with 1 mg/ml peptidoglycan from Micrococcus luteus
(Sigma-Aldrich). The production, purification, and use of green fluorescent protein (GFP)-labeled PlyG
(PlyGGFP) and Alexa Fluor 488-labeled PlyC (PlyCAF) were previously described (60, 61).

Time-kill assays. Bactericidal activities were tested using a standardized time-kill assay format
defined by the CLSI (17). The assays were performed in 10 ml of caMHB or the indicated (undiluted) blood
matrix with a bacterial inoculum of 5 � 105 CFU/ml in 125-ml glass Erlenmeyer flasks with agitation. The
indicated agents were tested across a 10-fold range of concentrations. For daptomycin, caMHB cultures
were supplemented with 50 �g/ml Ca2	. Growth controls with buffer alone were always included.
Immediately before treatment and at the indicated time intervals thereafter up to 24 h, culture aliquots
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were removed and diluted in activated charcoal (to impede or halt drug activity). A series of 10-fold
dilutions of the inactivated cultures were then plated on TSAB and incubated at 37°C for 24 h prior to
colony enumeration. Bactericidal activity was defined as a decrease of �3 log10 CFU/ml relative to the
initial inoculum. The time-kill curve data were, in every case, provided as arithmetic means and standard
deviations from the results of at least 3 independent experiments, exactly according to standard time-kill
methodology (17, 62–67). For analyses in serum, blood, and plasma, all replicates were performed using
the indicated number (n � 3) of biologically independent samples representing different lot numbers
(Tables 1 and 2); thus, if 5 biologically independent replicates are indicated, the analysis was performed
in the blood, sera, or plasma of 5 different individuals and/or pooled samples.

MIC assays. MIC values were determined by broth microdilution using the CLSI reference method
(68) in either caMHB or the indicated blood matrices. caMHB/HiHuS was prepared by supplementing
caMHB with 50% human serum and then filtering it through a Microcon centrifugal filter unit (Amicon
Ultra-15; Millipore) with a 50-kDa cutoff before incubation at 70°C for 20 min to completely inactivate the
component(s) responsible for synergy with CF-301. For the supplementation of delipidated serum with
fatty acids, 50-mg/ml stock solutions of either oleate in H2O or palmitate in 100% ethanol were prepared
and added to the serum to achieve a final concentration of 0.625 mg/ml; the supplemented serum was
then incubated at 37°C for 1 h prior to use to promote fatty acid binding to HSA. Colorimetric
determination of CF-301 MIC values was performed using alamarBlue (Thermo Fisher Scientific) exactly
according to the manufacturer’s protocol. The analysis of CF-301 activity in human serum pretreated for
3 h with proteinase K-agarose beads (Sigma-Aldrich) was performed according to the manufacturer’s
protocol. As a control for protease carryover after the removal of proteinase K-agarose beads, the treated
serum was diluted 3:4 in untreated serum prior to MIC determination; the addition of untreated serum
was expected to restore the synergistic effect only if there was no carryover of either unbound proteinase
K or the proteinase K-agarose beads.

Lytic assays. Overnight cultures of MRSA strain MW2 were diluted 1:100 in BHI and grown for 2.5 h
at 37°C with aeration. The exponential-phase cells were washed, concentrated 10-fold in 20 mM
phosphate buffer (PB) (pH 7.4), and split into aliquots to which either HSA (Albumin Biosciences) or
human neutrophil-derived lysozyme (Aviva Bioscience) over a range of concentrations was added. For
each concentration of HSA or lysozyme, 0.1 ml of the mixture was aliquoted in duplicate to a 96-well,
flat-bottom, non-tissue-culture-treated microtiter plate (BD). The lytic reaction was then started by
adding to all the wells 0.1 ml CF-301 (in phosphate) to a final concentration of 4 �g/ml. Control wells with
CF-301, HSA, or HuLYZ alone at appropriate concentrations were included. Samples were mixed, and the
optical density at 600 nm (OD600) was followed for 15 min at room temperature in a SpectraMax M5
microplate reader (Molecular Devices).

A variation of the lytic assay was performed to determine CF-301 specific activity. Exponential-phase
MW2 cells were prepared as described above and divided into 4-ml aliquots containing either phosphate
buffer (reaction mixtures without agents added, with cells alone) or HSA (Albumin Biosciences) and/or
human lysozyme (Aviva Bioscience). The CF-301 (starting at 0.5 mg/ml) was 2-fold serially diluted across
columns 1 through 11 of a 96-well plate with 20 mM phosphate, pH 7.4, at a volume of 0.1 ml. Column
12 contained no enzyme, only buffer, and was used as an assay control well. Bacterial cells mixed with
either buffer, HSA, lysozyme, or HSA combined with HuLYZ were added as 0.1-ml aliquots to each well
of three rows of serially diluted CF-301. Each plate was read at 600 nm for 15 min (with shaking for 3 s
between reads) at room temperature using a microplate reader as described above. The specific activity
in units per milligram of CF-301 was determined based on the CF-301 dilutions displaying curves just
above and below the optical density that was 50% of the buffer control at 15 min.

Checkerboard assays. The checkerboard assay was performed as described previously (18) and was
adapted from the CLSI method for broth microdilution (68). Checkerboards were prepared by first
aliquoting in each column of a 96-well polystyrene microtiter plate the same amount of CF-301 diluted
2-fold along the x axis. In a separate plate, corresponding rows were prepared in which each well had
the same amount of another agent diluted 2-fold along the y axis. The dilutions were then combined,
so that each column had a constant amount of CF-301 and doubling dilutions of the second agent, while
each row had a constant amount of the second agent and doubling dilutions of CF-301. Each well thus
had a unique combination of CF-301 and the second agent. Bacteria were added to each well at
concentrations of �5 � 105 CFU/ml in caMHB or human serum (pooled male, type AB; sterile filtered; U.S.
origin; Sigma-Aldrich). The MIC of each drug, alone and in combination, was recorded after 18 h at 37°C
in ambient air. The results are expressed in terms of a �FIC index equal to the sum of the FICs for each
drug; the FIC for a drug is defined as the MIC of the drug in combination divided by the MIC of the drug
used alone. Both the �FICMIN and �FICAVG are reported for each paired agent. If the �FIC index was �0.5,
the combination was interpreted as being synergistic; between �0.5 and �2 was interpreted as additive;
and �2 was interpreted as antagonistic (18). Colorimetric determinations of CF-301 MIC values were also
performed using alamarBlue (ThermoFisher Scientific) according to the manufacturer’s protocol.

Synergy time-kill assays. Synergy time-kill curves were performed according to the method
described by the CLSI (17). Strain MW2 was suspended in caMHB with 50% HiHuS at a concentration of
5 � 105 CFU/ml and exposed to CF-301 and/or daptomycin, HSA (Albumin Biosciences), and HuLYZ
(Aviva Bioscience) for 24 h at 35°C in ambient air with agitation. At timed intervals, culture samples were
removed, serially diluted, and plated to determine the number of CFU per milliliter. The resulting kill
kinetics determinations are shown graphically by plotting log10 CFU per milliliter versus time. Mean
values are indicated (�standard errors of the mean [SEM]) for three independent experiments using the
single indicated serum sample. Synergy was defined as a �2-log10-unit decrease in the number of CFU
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per milliliter between the combination and its most active constituent, with the least active constituent
tested at an ineffective concentration.

Fluorescence microscopy. (i) Binding of CF-301 to the bacterial cell surface in different serum
environments. Mid-log phase MRSA strain MW2 was suspended at 1 � 107 CFU/ml in either caMHB or 100%
serum from either human (Sigma-Aldrich), rabbit (Gibco), rat (BioreclamationIVT), or mouse (Bioreclama-
tionIVT) sources and incubated for 30 min at 37°C. An additional mouse serum sample containing 40 mg/ml
HSA (Albumin Biosciences) was also tested. After the preincubation, the bacteria were washed with 1� PBS,
resuspended in 50 �l of PBS, and attached to the surface of a poly-L-lysine-coated cover glass. The cells were
washed and treated with CF-301RHOD (2 �g/ml in PBS) for 10 min before washing and counterstaining with
DAPI. Slides were mounted in 50% glycerol and 0.1% p-phenylenediamine in PBS, pH 8. Fluorescence
microscopy was performed using a Nikon Eclipse E400 microscope equipped with a Nikon 100�/1.25-
numerical-aperture (NA) oil immersion lens and a Retiga EXi fast 1394 camera (QImaging). QCapture Pro
version 5.1.1.14 software (QImaging) was used for image capture and processing.

(ii) CF-301 binding in the presence of HSA. Bacteria were grown, mounted, stained, and visualized
as described previously (69). Briefly, 10 �l of exponential-phase VISA strain ATCC 700699 in caMHB was
placed on the surface of a poly-L-lysine-coated glass slide for 10 min at room temperature, and
unattached cells were removed by washing 5 times with 100 �l PBS. Adherent bacteria were then treated
for 30 min with 10 �l PBS containing HSA (Albumin Biosciences) or PBS alone. Duplicate samples were
supplemented with 1/10 of the original volume of PBS, or PBS containing NHS-rhodamine-labeled
CF-301, to a final concentration of 4 �g/ml (0.25� MIC). The cells were incubated for a further 30 min,
washed 5 times with 100 �l PBS, and fixed with 2.6% paraformaldehyde in PBS for 45 min. The slides were
then washed 5 times with 100 �l PBS and mounted in PBS, pH 8.0, containing 50% glycerol and 0.1%
p-phenylenediamine. DAPI was used as a counterstain under all assay conditions. All the incubation steps
were done in a moist environment, and the cells were not allowed to dry. Deconvolution microscopy was
performed using a DeltaVision image restoration microscope (Applied Precision/Olympus) equipped with
a CoolSnap QE cooled charge-coupled-device (CCD) camera (Photometrics). Imaging was done using an
Olympus 100�/1.40-NA UPLS Apo oil immersion objective combined with a 1.5� optovar (magnification
enhancer). Z-stacks were taken at 0.15-�m intervals. Images were deconvolved using SoftWoRx software
(Applied Precision/DeltaVision), corrected for chromatic aberrations, and presented as maximum-
intensity projections combining all relevant z-sections. In a complementary analysis, similar to that
described above, the NHS-rhodamine-labeled CF-301 was replaced with either 25 �g/ml PlyGGFP or
PlyCAF. After treatment, the samples were visualized by fluorescence microscopy using a Nikon Eclipse
E400 microscope equipped with a Nikon 100�/1.25-NA oil immersion lens.

(iii) HuLYZ binding in the presence of CF-301. Bacteria were prepared and attached to the cover
glass as described above. The cells were treated for 30 min at room temperature with 50 �l PBS
containing CF-301 at different concentrations or PBS alone. Duplicate samples were then supplemented
with 1/10 the original volume of PBS or PBS containing Alexa Fluor 488-labeled HuLYZ to a final
concentration of 10 �g/ml. The cells were incubated for a further 30 min at room temperature, washed
with PBS, and fixed with 2.6% paraformaldehyde in PBS for 45 min at room temperature. The slides were
then washed with PBS and mounted in 20 mM Tris, pH 8.0, 90% glycerol, 0.5% n-propyl gallate. DAPI was
used as a counterstain. Deconvolution microscopy was performed as described above. In a complemen-
tary analysis, Alexa Fluor 488-labeled CF-301 was replaced with either 25 �g/ml PlyGGFP or PlyCAF. After
treatment, the samples were visualized by fluorescence microscopy using a Nikon Eclipse E400 micro-
scope equipped with a Nikon 100�/1.25-NA oil immersion lens.

Electron microscopy. Mid-log-phase strain MW2 growing in either caMHB or human serum (Sigma-
Aldrich) was treated with the indicated concentrations of CF-301 or buffer alone (control) at 37°C for 15
min. The cells were then washed with 1� PB and resuspended in a solution of 4% paraformaldehyde and
2% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4). The samples were postfixed in 1% osmium
tetroxide, block stained with uranyl acetate, and processed according to standard procedures by the
Rockefeller University Electron Microscopy Service. Samples were visualized using a Tecnai Spirit BT
transmission electron microscope (FEI). The human serum was sterile filtered and obtained from a pooled
male population (�70 subjects) of U.S. origin with type AB blood.

Western blot analysis. The CF-301 MIC well samples taken from the indicated medium types were
analyzed by Western blotting. Sample aliquots of 10 �l each were run on 4 to 12% Tris-glycine minigels
(Novex) and then transferred to a polyvinylidene difluoride (PVDF) membrane via electroblotting. The
PVDF membranes were incubated with an anti-CF-301-specific protein G affinity-purified human IgG3
recombinant monoclonal antibody, followed by a secondary monoclonal murine anti-IgG3-alkaline
phosphatase conjugate detection antibody. Both the primary and secondary antibodies were used at
1:1,000 dilutions. The membrane was stained with nitroblue tetrazolium and 5-bromo-4-chloro-3-
indolylphosphate (NBT-BCIP) chromogenic substrate. The molecular weight of visible bands was deter-
mined by comparison to the bands of a molecular weight standard run in the same gel.

Rat infective-endocarditis model. Sprague-Dawley rats (250 to 275 g), anesthetized with a ket-
amine (87 mg/kg) and xylazine (13 mg/kg) cocktail via intraperitoneal (i.p.) injection, underwent a
standard indwelling transcarotid-transaortic valve to left ventricle catheterization. After 48 h, the animals
were challenged with S. aureus strain MW2 (�1 � 105 CFU/rat i.v.) to induce endocarditis. At 24 h
postinfection, a cohort of rats were euthanized and heart valve vegetations were collected to determine
initial tissue burdens (control group). The remaining rats were treated with either vehicle (saline; a single
i.v. dose) or diaminopimelic acid (DAP) alone (40 mg/kg; subcutaneous [s.c.] injection; once a day [q.d.]
for 4 days) or with DAP in addition to CF-301. CF-301 was administered i.v. as a single slow bolus
(injection over 5 to 10 min) on the first day of treatment only, just after the initial DAP dose, in four
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dosing regimens (1, 2.5, 5, and 10 mg/kg). The treated animals were euthanized (sodium pentobarbital
at 200 mg/kg by rapid i.p. push) 24 h after the last DAP treatment (5 days postinfection), and the cardiac
valve vegetation was removed, weighed, homogenized, and serially diluted in sterile PBS for quantitative
culture onto TSAB. All the culture plates were incubated at 37°C for 24 h, and the resulting colonies were
enumerated and expressed as log10 CFU per gram of tissue. Data for each organ for different treatment
groups were calculated as the median log10 CFU per gram of tissue � 95% confidence interval (CI).

Population PK modeling of CF-301. PK data were collected from previous nonclinical toxicology
studies that included rats and dogs treated with CF-301 at varying doses (70, 71). Postdose plasma was
collected over a time course and analyzed using a validated CF-301 enzyme-linked immunosorbent assay
(ELISA). The predicted AUC values for CF-301 at doses of 1, 2.5, 5, and 10 mg/kg as a 10-min intravenous
infusion were derived from population PK modeling based on the nonclinical rat and dog PK experiments. For
the current study, the previously reported AUC values were divided by the MIC value determined in rat serum
(i.e., 16 �g/ml) for MRSA isolate MW2 to yield the calculated AUC/MIC ratios reported in Table S7.

Rabbit infective-endocarditis model. New Zealand White rabbits (2.2 to 2.5 kg), anesthetized with
a ketamine (35 mg/kg) and xylazine (5 mg/kg) cocktail via intramuscular (i.m.) injection, underwent a
standard indwelling transcarotid-transaortic valve to left ventricle catheterization (72). At 48 h post-
catheter placement, the animals were challenged i.v. with an inoculum of �2 � 105 CFU of S. aureus
strain MW2 to induce IE. In previous studies, this inoculum has been shown to induce IE in �95% of
catheterized animals. At 24 h postinfection, a cohort of rabbits were euthanized, and heart valve
vegetations were collected to determine initial tissue burdens (control group). The remaining rabbits
were treated with either vehicle (saline; single i.v. dose), DAP alone (4 mg/kg i.v.; q.d. for 4 days), CF-301
alone, or DAP in addition to CF-301. CF-301 was administered i.v. as a single slow bolus (injection over
5 to 10 min) on the first day of treatment only, just after the initial DAP dose, at five dosing regimens
(0.09, 0.18, 0.35, 0.70, and 1.4 mg/kg). The treated animals were euthanized (sodium pentobarbital at
200 mg/kg by rapid i.p. push) 24 h after the last DAP treatment (5 days postinfection), and the cardiac
valve vegetation was removed, weighed, homogenized, and serially diluted in sterile PBS for quantitative
culture onto TSAB. All the culture plates were incubated at 37°C for 24 h, and the resulting colonies were
enumerated and expressed as log10 CFU per gram of tissue. The data for each organ for different
treatment groups were calculated as the median log10 CFU per gram of tissue � 95% CI.

Rabbit pharmacokinetics. New Zealand White rabbits were dosed with CF-301 (i.v.; slow bolus) at
0.18, 0.35, 0.07, or 1.4 mg/kg. After increasing amounts of time postdose, plasma was collected and
analyzed using a validated CF-301 ELISA in the manner described previously (70, 71). The predicted AUC
values for CF-301 at doses of 1, 2.5, 5, and 10 mg/kg as a 10-min intravenous infusion were derived using
the pharmacokinetic software package WinNonLin (data not shown). These values, divided by the MIC
value (1 �g/ml in rabbit serum) of MRSA isolate MW2, resulted in the calculated AUC/MIC ratios reported
in Table S8.

Daptomycin dose rationale in rabbits. Daptomycin dose-response experiments were performed at
doses ranging from 1 mg/kg to 10 mg/kg i.v. once daily for 4 days in the rabbit IE model caused by S.
aureus strain MW2. While each of the 7 treatment groups used �3 animals, the vehicle control used only
2 animals; the vehicle control is also supported by a preestablished understanding of control group data
in the rabbit IE model (73). Daptomycin at 4 mg/kg, representing a dose below the human therapeutic
dose equivalent, was chosen to explore the benefit of CF-301 therapy in addition to daptomycin. In the
rabbit IE model, a daptomycin dose of 4 mg/kg i.v. provided an �2- to 3-log10-unit reduction in the
bacterial burden compared to vehicle-treated controls. The treated animals still had significant burdens
of �5 to 7 log10 units, providing a significant dynamic range to observe the added effect of CF-301 on
the treatment regimen.

Ethics statement. Animals were maintained in accordance with the American Association for
Accreditation of Laboratory Animal Care criteria and were cared for in accordance with national
guidelines. The Animal Research Committee (IACUC) of the LABioMed Research Institute at Harbor-UCLA
Medical Center approved the animal IE studies under protocol number 021683.
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