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Combinations of human lysozyme (hLYS) and antimicrobial peptides

(AMPs) are known to exhibit either additive or synergistic activity, and as

a result, they have therapeutic potential for persistent and antibiotic-resis-

tant infections. We examined hLYS activity against Pseudomonas aerugi-

nosa when combined with six different AMPs. In contrast to prior reports,

we discovered that some therapeutically relevant AMPs manifest striking

antagonistic interactions with hLYS across particular concentration ranges.

We further found that the synthetic AMP Tet009 can inhibit hLYS-medi-

ated bacterial lysis. To the best of our knowledge, these results represent

the first observations of antagonism between hLYS and AMPs, and they

advise that future development of lytic enzyme and AMP combination

therapies considers the potential for antagonistic interactions.

Antibiotic-resistant pathogens such as Pseudomonas

aeruginosa pose a serious and growing threat to

human health [1]. P. aeruginosa is an opportunistic

Gram-negative bacterium that can infect numerous

tissues and organs [2,3]. It is the dominant pathogen

associated with cystic fibrosis, a genetic disorder in

which patients suffer from treatment-refractory lung

infections that typically lead to respiratory failure [4].

More generally, P. aeruginosa encodes a diverse array

of countermeasures against conventional antibacterial

chemotherapies, and it can rapidly develop resis-

tance to standard treatment regimens [5,6]. Thus,

there is an urgent need to develop novel antibacte-

rial agents to more effectively combat P. aeruginosa

[7,8].

Bacteriolytic enzymes, such as human lysozyme

(hLYS), have drawn long-standing interest as potential

treatments for antibiotic-resistant bacteria. These

agents function by effecting bacterial lysis via catalytic

hydrolysis of cell wall peptidoglycan, and they are at

the forefront of next-generation antibiotic development

[9]. While most studies of bacteriolytic enzymes focus

on Gram-positive pathogens, there is growing interest

in anti-Gram-negative enzymes [10,11], including

hLYS [12–15]. Importantly, however, the outer mem-

brane of Gram-negative bacteria shields the underlying

peptidoglycan from ready access by lytic enzymes, and

enzyme-mediated lysis of Gram-negative bacteria

therefore necessitates penetrating this outer membrane

barrier.

Abbreviations

hLYS, human lysozyme; AMP, antimicrobial peptide; PTG1, protegrin 1 AMP; hBD3, human beta defensin 3 AMP; DT, dextrose/tris

screening buffer; FIC, fractional inhibitory concentration; FICI, fractional inhibitory concentration index; Vmax, maximum reaction velocity.
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Antimicrobial peptides (AMPs) are short peptides

with diverse secondary structure that, along with hLYS,

comprise important molecular components of animal

innate immunity. AMPs represent another attractive

source of antibacterial agents [16–18], due in part to

their unique mode of action: membrane disruption. A

well-established body of literature has found antibacte-

rial synergy between hLYS and most AMPs (Table S1),

with the remainder of tested combinations exhibiting

additive interactions. Thus, combinations of hLYS and

AMPs offer a promising new paradigm for treating

antibiotic-resistant infections, particularly those caused

by Gram-negative pathogens. Here, we evaluated a

small panel of six AMPs combined with hLYS, and in

contrast to all prior reports, we found that at least two

of these combinations exhibited striking antagonistic

activity across specific concentration ranges.

Materials and methods

Bacterial strains and antimicrobial agents

The mucoid bioluminescent P. aeruginosa strain Xen05 was

purchased from Caliper life Sciences, Inc. The nonmucoid bio-

luminescent strain H1001 was the kind gift of Robert Hancock

(University of British Columbia, Vancouver, BC, Canada).

Both strains were stored as glycerol stocks at �80 °C. Recom-

binant hLYS and freeze-dried Micrococcus luteus were pur-

chased from Sigma Millipore (Burlington, MA, USA).

Protegrin 1 AMP (PTG1) and HB71 peptides (> 95% purity)

were obtained from Peptide 2.0. LL-37, Melittin, and Tet009

peptides (> 95% purity) were purchased from GenScript (Pis-

cataway, NJ, USA). Human beta defensin 3 AMP (hBD3) pep-

tide was purchased from AnaSpec. Peptide stock solutions

were stored at �20 °C. All other reagents and materials were

purchased from Fisher Scientific (Waltham,MA, USA).

Antibacterial EC50 assay

We analyzed the dose–response potency of each AMP

against both strains via a well-validated luminescence assay

[19]. Hundred microlitre of exponential phase cells (5 9 106

cells/mL) in dextrose/tris (DT) buffer (20 mM dextrose,

100 mM Tris, pH 7.4) were incubated with a 1 : 2 dilution

series of each AMP in white, flat-bottomed, 96-well plates at

37 °C for 4 h. Culture luminescence was then quantified by

imaging with a CCD camera (Bio-Rad ChemiDoc XRS Sys-

tem, Hercules, CA, USA). Measurements were normalized

to the no-treatment controls on the same plate, and potency

was quantified by a 3-parameter logistic regression of lumi-

nescence versus AMP concentration, yielding EC50 values

(Fig. S1). Importantly, the luminescence of these P. aerugi-

nosa strains is known to correlate with bacterial viability

[20]. Assays were done in technical triplicate or quadrupli-

cate and repeated at least twice.

Luminescence checkerboard assay

Checkerboard, or 2-D MIC, assays were performed analo-

gous to the single agent dose–response studies above,

except that 1 : 2 serial dilutions of hLYS were made across

the rows of a 96-well plate, and 1 : 2 serial dilutions of the

AMP were made down the columns of the same plate, such

that each well contained a unique concentration mixture of

the two agents. Controls without treatment (growth con-

trol) and without bacteria (sterility control) were included

on all plates. Assays were repeated as three independent tri-

als (biological replicates), and results are the average of all

measurements.

To quantify antibacterial interactions, fractional inhibi-

tory concentrations (FIC) and FIC index values (FICI)

were calculated as described elsewhere [21], though in this

case using EC50 values in place of conventional growth/no

growth visual observations. Briefly, the FIC for one agent

is the ratio of its EC50 value as a standalone treatment

(denominator) and the concentration of that agent yielding

a 50% luminescence reduction in the presence of a fixed

concentration of a second agent (numerator). The corre-

sponding FIC values for the two agents in each row and

column, respectively, of a checkerboard plate may be

summed, and the lowest FIC sum on the plate is desig-

nated the FICI.

Lysozyme kinetic assays with Micrococcus luteus

hLYS lysis rates for M. luteus were measured using an adap-

tation of our previously reported methods [22]. Briefly, lytic

rates were quantified in 96-well plates by tracking M. luteus

turbidity reduction as a function of time. Reactions, run in

DT buffer, contained 200 ng�mL�1 hLYS and freeze-dried

M. luteus bacterial substrate at concentrations ranging from

50 to 500 µg�mL�1. Initial reaction rates were determined

from slopes of the linear portions of time course data, and

pseudo-Michaelis–Menten kinetics (i.e., determination of

Vmax and Km kinetic parameters) were analyzed by nonlinear

regression of initial rates versus M. luteus substrate concen-

tration. To assess inhibition, Tet009 was added to reactions

at concentrations ranging from 0 to 200 ng�mL�1. Impor-

tantly, by using freeze-dried M. luteus as a reporter sub-

strate, we selectivity quantified hLYS-mediated bacteriolysis

independent of Tet009-mediated membrane disruption and

cell killing. All reactions were run in triplicate, and the maxi-

mum reaction velocity (Vmax) is reported as the hyperbolic

asymptote and 95% confidence interval for the best-fit

regression line to a given data set.

Results

Here we sought to evaluate antipseudomonal interac-

tions between hLYS and six different AMPs, testing

combinations against mucoid Xen05 and nonmucoid
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H1001 P. aeruginosa strains. Both Xen05 and H1001

have been engineered for bioluminescence via a

genomically inserted Photorhabdus luminescens lux

operon, and each has been validated as a tool for

screening and evaluation of antibacterial agents,

including biologics such as AMPs [19,23,24]. Impor-

tantly, the luminescence of these engineered strains has

been shown to correlate with bacterial viability [20].

Determination of single agent potency: EC50

assays

Our small panel of AMPs were derived from diverse

origins (human, pig, bee, and purely synthetic), with

two representatives each from the a-helical, b-sheet,
and extended AMP structural classes (Table 1). We

first analyzed dose–response potency of each AMP

against both strains via a luminescence assay [19]

(Fig. S1). Most AMPs exhibited similar EC50 values

for the mucoid and nonmucoid strains (Table 1), and

these values were largely consistent with previously

published MIC values for each peptide [23–33].

Evaluation of antibacterial interactions: 2-

dimensional MIC or ‘checkerboard’ assays

Based on the EC50 values of AMP monotherapies, we

designed checkerboard assays [21] wherein antibacte-

rial interactions between hLYS and each AMP were

quantified. Classical drug interactions such as synergy,

additivity, or antagonism manifest characteristic trends

across a given checkerboard assay plate, where

FICI < 0.5 is defined as synergy, 0.5 ≤ FICI < 4 is

defined as additivity, and FICI ≥ 4 is defined as antag-

onism [34]. Nonclassical interactions, as observed in

some of our checkerboard results, might include a con-

centration-dependent switch from synergy (or additiv-

ity) to antagonism. In extreme cases, we observed

inversion of the dose–response curves for specific com-

binations and concentration ranges of our antibacterial

agents, as discussed below.

Classical additive or synergistic activities were

observed for combinations of hLYS with PTG1,

HBD3, LL37, and melittin (Table 2), although the

interactions were not always consistent between

mucoid and nonmucoid strains. The porcine b-sheet
AMP PTG1 exhibited synergy with hLYS against both

P. aeruginosa isolates, similar to prior literature

reports (Figs 1A and 2A) [35]. The human b-sheet
AMP HBD3 exhibited additivity with hLYS against

the mucoid strain Xen05 (Fig. 1B) and synergy with

hLYS against the nonmucoid strain H1001 (Fig. 2B).

The human a-helical AMP LL37 exhibited additive T
a
b
le

1
.
A
n
ti
m
ic
ro
b
ia
l
a
g
e
n
ts

u
s
e
d
in

th
is

s
tu
d
y
.

A
g
e
n
t

O
ri
g
in

S
tr
u
c
tu
re

N
e
t
c
h
a
rg
e

E
C
5
0
(l
g
�m

L
�
1
)

S
e
q
u
e
n
c
e

S
o
u
rc
e

R
e
fe
re
n
c
e

X
e
n
0
5

H
1
0
0
1

h
L
Y
S

H
u
m
a
n

M
ix
e
d

+
5

9
9
0

8
9
0

U
n
iP
ro
t—

B
2
R
4
C
5

S
ig
m
a
M
ill
ip
o
re

(L
1
6
6
7
)

[1
2
]

L
L
3
7

H
u
m
a
n

a
h
e
lix

+
6

5
.0

6
.1

L
L
G
D
F
F
R
K
S
K
E
K
I
G
K
E
F
K
R
I
V
Q
R
I
K
D
F
L
R
N
L
V
P
R
T
E
S

G
e
n
S
c
ri
p
t
(>

9
5
%
)

[2
9
]

h
B
D
3

H
u
m
a
n

b
s
h
e
e
t

+
1
1

6
.0

7
.0

G
I
I
N
T
L
Q
K
Y
Y
C
R
V
R
G
G
R
C
A
V
L
S
C
L
P
K
E
E
Q
I
G
K
C
S
T
R
G
R
K
C
C
R
R
K
K

A
n
a
S
p
e
c
(A
S
-6
0
7
4
1
)

[2
7
]

P
T
G
-1

P
ig

b
s
h
e
e
t

+
6

1
.1

1
.7

R
G
G
R
L
C
Y
C
R
R
R
F
C
V
C
V
G
R

P
e
p
ti
d
e
2
.0

(>
9
5
%
)

[2
5
]

H
B
7
1

S
y
n
th
e
ti
c

E
x
te
n
d
e
d

+
9

1
.6

2
.6

F
A
K
K
L
A
K
K
L
K
K
L
A
K
K
L
A
K

P
e
p
ti
d
e
2
.0

(>
9
5
%
)

[3
3
]

M
e
lit
ti
n

B
e
e

a
h
e
lix

+
5

4
.5

3
.5

G
I
G
A
V
L
K
V
L
T
T
G
L
P
A
L
I
S
W
I
K
R
K
R
Q
Q

G
e
n
S
c
ri
p
t
(>

9
5
%
)

[3
1
]

T
e
t0
0
9

S
y
n
th
e
ti
c

E
x
te
n
d
e
d

+
6

1
.5

2
.7

R
R
W
K
I
V
V
I
R
W
R
R

G
e
n
S
c
ri
p
t
(>

9
5
%
)

[2
4
]

707FEBS Open Bio 11 (2021) 705–713 ª 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

I. Blumenthal et al. Nonclassical antagonism between AMPs and Lysozyme

http://www.uniprot.org/uniprot/B2R4C5


hLYS interactions against both Xen05 and H1001

strains (Figs 1C and 2C), although FICI values were

borderline synergistic (Table 2). Lastly, the a-helical
bee venom peptide melittin demonstrated hLYS syn-

ergy against the nonmucoid strain H1001 (Fig. 2D).

In the remaining hLYS-AMP combinations, we

observed nonclassical behavior of differing types.

Against mucoid Xen05, the hLYS dose response at

high melittin concentrations was inverted, showing

greater luminescence at higher concentrations of hLYS

(Fig. 1D). It should be noted, however, that all wells

exhibited relatively low luminescence at high melittin

concentrations, indicative of strong overall antibacte-

rial activity. Against strain H1001, the extended syn-

thetic peptide HB71 caused a similar inversion of

hLYS dose response at high AMP concentrations,

whereas the dose response for HB71 itself was largely

flattened at intermediate luminescence values when

combined with high hLYS concentrations (Fig. 2E).

For mucoid strain Xen05, the hLYS dose response

was flattened or even inverted at high HB71 concentra-

tions, though similar to melittin combinations, the

bacterial luminescence was generally low at high HB71

concentrations (Fig. 1E). Perhaps most striking, at

high hLYS concentrations the Tet009 dose response

was inverted with both strains (Figs 1F and 2F), where

the effect was most pronounced with nonmucoid

H1001. Similarly, we observed that the hLYS dose

response against both strains was inverted at high

Tet009 concentrations. As presented here, the various

inverted dose–response curves are, to the best of our

knowledge, the first description of nonclassical in vitro

interactions between hLYS and AMPs. Although this

panel of AMPs is too small to draw definitive conclu-

sions, we noted that the AMP-LYS interactions

loosely correlated with AMP secondary structure: the

two b-sheet peptides generally exhibited hLYS synergy,

whereas the two extended peptides generally mani-

fested nonclassical antagonistic activity. Notably, our

checkerboard results show that Tet009 and hLYS are

mutually antagonistic, each inhibiting the other but

only at higher concentrations.

Analyzing Tet009 inhibition of hLYS catalytic

activity

The strong dose–response inversion observed in the

hLYS and Tet009 checkerboard assays suggested that

Tet009 could be interfering with hLYS-mediated pep-

tidoglycan hydrolysis. To further probe this hypothe-

sis, we employed a kinetic bacteriolysis assay using

nonviable M. luteus cells as substrate [22]. Initial

reaction rates were determined from slopes of the

linear portions of time course data, and pseudo-

Michaelis–Menten kinetics were analyzed by

nonlinear regression of initial rates versus M. luteus

substrate concentration (Fig. S2). At Tet009 concen-

trations from 0.02 to 12.5 ng�mL�1, hLYS lytic rates

(quantified as apparent Vmax) accelerated, reaching a

maximum rate at 12.5 ng�mL�1 AMP (Fig. 3). How-

ever, the effect was reversed at Tet009 concentrations

above 12.5 ng�mL�1, with the slowest apparent rate

at 200 ng�mL�1 Tet009 (Fig. 3). While these experi-

ments do not conclusively distinguish between direct

Tet009 inhibition of hLYS catalysis and Tet009 com-

petition for hLYS binding sites on M. luteus cell

walls, the results do reinforce the observed nonclassi-

cal antagonism observed in the checkerboard assays.

Specifically, we found complementary activity of the

two agents up to a threshold Tet009 concentration

followed by a switch to antagonism above that

threshold.

Discussion

To the best of our knowledge, these results represent

the first observations of antagonism between hLYS

and AMPs. Fully assessing the broader significance of

these results, obtained in a screening medium, will

require further study. However, we note that similar

bioluminescence assays in DT buffer have been used

previously for screening and identification of AMP

therapeutic candidates [19,24,36]. Our results are there-

fore directly relevant to screening efforts aimed at

identifying AMP-enzyme combination therapies. Addi-

tionally, in a prior publication we made the unex-

pected observation that, in a murine model of acute

P. aeruginosa lung infection, Tet009 and hLYS combi-

nation therapy manifested a weak trend toward

reduced efficacy compared to hLYS monotherapy [37].

Thus, antagonistic interactions may indeed be relevant

to in vivo environments. Notwithstanding the limita-

tions of the in vitro methods employed here, our

results advise that future development of lytic enzyme-

AMP combinations should carefully consider the

potential for antagonism.

Table 2. FICI for AMP-hLYS combinations. N.C., nonclassical

interaction. See Figs 1 and 2.

AMP FICI Xen05 FICI H1001

PTG-1 0.3 � 0.2 0.4 � 0.1

HBD3 1.02 � 0.09 0.3 � 0.3

Melittin N.C. 0.4 � 0.2

LL37 0.5 � 0.2 0.5 � 0.2

HB71 N.C. N.C.

Tet009 N.C. N.C.
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Fig. 1. 2-D MIC assays (i.e., checkerboard assays) for hLYS and AMPs against mucoid P. aeruginosa strain Xen05. Peptides are (A) PTG1,

(B) HBD3, (C) LL37, (D) melittin, (E) HB71, and (F) Tet009. Bacterial viability reported as luminescence units, and values are normalized to

the luminescence of the no-treatment control well. Antimicrobial therapies typically exhibit a dose–response killing curve from low to high

concentrations, as seen for both PTG1 and hLYS in panel (A). In this study, noncanonical dose–response curves were observed for several

hLYS-AMP combinations, including (D) melittin, (E) HB71, and (F) Tet009. Shown in each panel are the mean values from three independent

experiments.
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Fig. 2. 2-D MIC assays (i.e., checkerboard assays) for hLYS and AMPs against nonmucoid P. aeruginosa strain H1001. Peptides are (A)

PTG1, (B) HBD3, (C) LL37, (D) melittin, (E) HB71, and (F) Tet009. Bacterial viability is reported as luminescence units, and values are

normalized to the luminescence of the no-treatment control wells. Antimicrobial therapies typically exhibit a dose–response killing curve

from low to high concentrations, as seen for both PTG1 and hLYS in panel (A). In this study, noncanonical dose–response curves were

observed for several hLYS-AMP combinations, including (E) HB71 and (F) Tet009. Shown in each panel are the mean values from three

independent experiments.
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Fig. S1. Dose–response curves of each antimicrobial

agent against P. aeruginosa strains Xen05 (A-F, M)

and H1001 (G-L, N). 95% confidence intervals for

EC50 values in µg�mL�1: (A) 1.4–1.5; (B) 5.5–6.5; (C)

1.4–1.8; (D) 3.8–5.4; (E) 1.1–1.2; (F) 4.8–5.1; (G) 2.5–
2.9; (H) 6.9–7.1; (J) 3.4–3.6; (K) 1.6–1.8; (L) 5.7–6.6;
(M) 800–1200; (N) 700–1100. Experiments were con-

ducted as technical triplicate or quadruplicate mea-

surements and were repeated at least twice.

Fig. S2. Pseudo-Michaelis–Menten kinetic analysis of

hLYS lytic rates toward Gram-positive M. luteus bac-

teria in the presence of the specified concentration of

Tet009 AMP. All reactions were evaluated in triplicate

and shown are the means and standard deviation of

the initial rate at each bacterial substrate concentra-

tion. The best-fit hyperbola for each data set is shown,

and Vmax values from the regressions are provided in

Fig. 3.

Table S1. Literature Review of AMP Interactions with

Lysozyme.
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