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ABSTRACT HAMLET (human alpha-lactalbumin made lethal to tumor cells) is a
protein-lipid complex derived from human milk that was first described for its tu-
moricidal activity. Later studies showed that HAMLET also has direct bactericidal ac-
tivity against select species of bacteria, with highest activity against Streptococcus
pneumoniae. Additionally, HAMLET in combination with various antimicrobial agents
can make a broad range of antibiotic-resistant bacterial species sensitive to antibiot-
ics. Here, we show that HAMLET has direct antibacterial activity not only against
pneumococci but also against Streptococcus pyogenes (group A streptococci [GAS])
and Streptococcus agalactiae (group B streptococci [GBS]). As with pneumococci,
HAMLET treatment of GAS and GBS resulted in depolarization of the bacterial mem-
brane, followed by membrane permeabilization and death, which was able to be in-
hibited by calcium and sodium transport inhibitors. Treatment of clinical antibiotic-
resistant isolates of S. pneumoniae, GAS, and GBS with sublethal concentrations of
HAMLET in combination with antibiotics decreased the MICs of the antibiotics into
the sensitive range. This effect could also be blocked by ion transport inhibitors,
suggesting that HAMLET’s bactericidal and combination treatment effects used simi-
lar mechanisms. Finally, we show that HAMLET potentiated the effects of erythromy-
cin against erythromycin-resistant bacteria more effectively than penicillin G potenti-
ated killing bacteria resistant to erythromycin. These results show that HAMLET
effectively (i) kills three different species of pathogenic streptococci by similar mech-
anisms and also (ii) potentiates the activities of macrolides and lincosamides more
effectively than combination treatment with beta-lactams. These findings suggest a
potential therapeutic role for HAMLET in repurposing antibiotics currently causing
treatment failures in patients.

KEYWORDS HAMLET, alpha-lactalbumin, antibiotic resistance, sensitization,
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Antibiotic resistance is a serious and growing threat to global health. The problem
was addressed by the WHO in a 2014 report, aimed to develop a global action plan

to combat further resistance development. The report proclaimed that if nothing is
done to counteract antibiotic resistance, we will enter a postantibiotic era within this
century (1). Although this has led to increased surveillance of resistance levels in all
member countries and increased efforts to address and combat resistance develop-
ment, antibiotic resistance is still increasing.

Drug-resistant strains of certain bacterial species are considered especially problem-
atic due to their current impact on global health, and therefore, a pathogen priority list
for intervention was presented by the WHO in 2017 (2). Non-penicillin-susceptible
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Streptococcus pneumoniae is among the 13 priority pathogens listed. Additionally,
penicillin-resistant S. pneumoniae is categorized as a serious threat, and macrolide-
resistant group A and B streptococci (GAS and GBS, respectively) are considered
concerning threats to global health by the Centers for Disease Control and Prevention
in the United States. Novel strategies to combat antibiotic resistance in these organisms
are thus acutely needed.

HAMLET (human alpha-lactalbumin made lethal to tumor cells) is a protein-lipid
complex from human milk with direct bactericidal activity against a select set of
Gram-positive and Gram-negative bacteria, such as S. pneumoniae, Haemophilus influ-
enzae, and Mycobacterium tuberculosis (3–5). HAMLET-induced death in S. pneumoniae
requires binding of the complex to the bacterial membrane, resulting in a sodium-
dependent calcium transport and membrane depolarization that can be inhibited by
calcium and sodium transport inhibitors (4). Additionally, HAMLET was shown to
require kinase activity for full bactericidal activity, as kinase inhibition partially blocked
bacterial death (6). However, HAMLET has no bactericidal activity against Escherichia
coli, Staphylococcus aureus, Klebsiella pneumoniae, Pseudomonas aeruginosa, Acineto-
bacter baumannii, or Enterococcus faecalis (3). Yet, HAMLET treatment of methicillin-
resistant S. aureus (MRSA) decreased the MICs of methicillin for MRSA strains to within
the sensitive range, and combination treatment with HAMLET and methicillin was able
to eliminate MRSA nasopharyngeal colonization (7). The ability of HAMLET to make
antibiotic-resistant bacteria more sensitive to the antibiotic to which they are resistant
is true also for HAMLET-resistant, Gram-negative organisms, such as E. coli and A.
baumannii (7), and recent information suggests that combination treatment with
sublethal concentrations of HAMLET and antibiotics can increase the activities of
antibiotics against antibiotic- or drug-resistant strains of S. pneumoniae and M.
tuberculosis (5, 6).

In this study, we first evaluated the antibacterial effect of HAMLET against a panel of
pneumococcal clinical isolates with various antibiotic resistance patterns and show that HAMLET
kills all strains equally well, regardless of their antibiotic resistance mechanism. We next inves-
tigated the antibacterial activity of HAMLET against macrolide-resistant clinical isolates of group
A and group B streptococci and showed (i) that HAMLET had direct antibacterial activity that
required the same signaling mechanisms as seen in pneumococci and (ii) that HAMLET at
sublethal concentrations in combination with macrolides/lincosamides exhibited better bacte-
rial killing than combination treatment with penicillin G (PcG) and erythromycin (Erm). These
results show the potential for the future use of HAMLET-antibiotic combination therapy against
streptococcal infections caused by resistant organisms.

RESULTS
Antibacterial activity of HAMLET against antibiotic-resistant S. pneumoniae

clinical strains. Previous studies have revealed that HAMLET has bactericidal activity
against a select set of Gram-positive and Gram-negative bacteria but fails to directly kill
a number of other species, including E. coli, S. aureus, P. aeruginosa, or E. faecalis (3–5).
Furthermore, HAMLET has been shown to kill various strains of S. pneumoniae, some of
which were resistant to antibiotics, but no comprehensive analysis of HAMLET’s activity
against pneumococcal isolates with various antibiotic resistance characteristics cur-
rently circulating in the population has been done. Additionally, no investigation of
HAMLET’s activity against other pathogenic streptococci has been performed.

To address this, we first tested HAMLET’s activity against a panel of clinical pneu-
mococcal strains with various antibiotic resistance profiles collected and characterized
by the European Committee on Antimicrobial Susceptibility Testing (EUCAST; see
Materials and Methods). The specific antibiotic resistance mechanism for the clinical
strains was determined by PCR amplification of known resistance cassettes, when
possible (see Table S1 in the supplemental material for details). MIC broth dilution
assays were performed according to the CSLI standard, and the assay was validated
using the EUCAST reference and quality control strain S. pneumoniae ATCC 49619.
Using this strain, we obtained MICs of 0.125 to 0.25 �g/ml for penicillin G and
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0.06 �g/ml for erythromycin, in accordance with the quality control limits determined
by Jorgensen et al. (8).

HAMLET had direct antibacterial activity against all S. pneumoniae strains tested,
irrespective of their serotype or antibiotic resistance pattern (Table 1). HAMLET showed
similar MIC values of between 20 and 40 �g/ml (i.e., between 1.2 and 2.4 �M and within
2 dilutions) for all strains tested. Furthermore, HAMLET showed a bactericidal concen-
tration (BC) of at least a 3-log10 reduction in the number of viable organisms after 3 h
of incubation in the broth dilution assay at concentrations between 40 and 80 �g/ml
(i.e., between 2.4 and 4.8 �M and within 2 dilutions), suggesting that HAMLET had
similar antibacterial activities against all strains of pneumococci, regardless of genetic
background or antibiotic resistance mechanism.

To obtain more-specific MIC values for some strains, further MIC assays were
conducted using additional HAMLET concentrations, as exemplified by the wild-type
strain SPN-D39 and its Erm-resistant mutant in Fig. 1A and B, and direct bactericidal
activity was confirmed in short-term killing assays (1-h treatment), where HAMLET
concentrations of 75 to 100 �g/ml (4 to 6 �M) resulted in more than a 3-log10 decrease
in the number of viable pneumococci (Fig. S1A).

Antibacterial activity of HAMLET against Erm-resistant GAS and GBS clinical
isolates. As HAMLET’s activity against other pathogenic streptococci has not been
determined, we performed MIC assays for HAMLET also against Erm-resistant group A
streptococci (GAS) and group B streptococci (GBS) expressing different Erm resistance
mechanisms (as listed in Table 2).

HAMLET-induced antibacterial activity was observed for all clinical GAS and GBS
strains (listed in Table 2 and exemplified visually for two strains in Fig. 1C and D). The
GAS strains were almost as sensitive to HAMLET as pneumococci, with MIC values
ranging from 20 to 50 �g/ml (1.2 to 3 �M) and a 3-log10 reduction in bacterial viability
over 3 h reached at 100 �g/ml (6 �M) for all 6 strains. The GBS strains required slightly
higher HAMLET concentrations, with MIC values ranging from 50 to 100 �g/ml (3 to
12 �M), and a 3-log10 reduction in bacterial viability over 3 h was reached at 200 to
400 �g/ml (12 to 24 �M) for all seven strains. As for pneumococci, this was confirmed
in short-term killing assays where HAMLET concentrations of 75 to 100 �g/ml (4 to
6 �M) resulted in a 3-log10 or higher decrease in the number of viable GAS within 1 h
(Fig. S1B), whereas a concentration of 250 �g/ml (15 �M) was required to obtain the

TABLE 1 HAMLET MICs and BCs for S. pneumoniae clinical isolates

Isolate (serotype) Antibiotic resistance (gene[s] or resistance)a

HAMLET MIC or
range (�g/ml)

HAMLET BC or
range (�g/ml)b

ATCC 49619 None 20 40
3974 (14) Erythromycin (ermB) 20 40
7545 (14) Erythromycin (mef � msrD) 20 80
12627 (6B) Erythromycin (mef � msrD) 20–40 40
13331 (14) Erythromycin (mef � msrD) 40 40
17476 (23A) Erythromycin (mef � msrD) 40 40
1947 (19F) Trimethoprim-sulfamethoxazole (R) 20 80
16467 (6A) Trimethoprim-sulfamethoxazole (R) 20 40
17446 (16A/F) Trimethoprim-sulfamethoxazole (I) 40 40
18091 (23F) Trimethoprim-sulfamethoxazole (I) 40 40
4269 (3) Fluoroquinolone (R) 20 40
13985 (19F) Tetracycline (R) 20 40
17144 (19F) Tetracycline (R) 20 40
6701 (4) Penicillin G (I) 20 40
16998 (6B) Penicillin G (I) 20–40 40
12116 (35B) Penicillin G (I), cephalosporin-ampicillin (R) 20–40 40
16031 (35A) Penicillin G and cephalosporin (I or R) 40 40
19000 (35B) Penicillin G and cephalosporin (I or R) 40 40
18120 (6A) Penicillin G and cephalosporin (I or R) 40 40
4393 (23F) Penicillin G and cephalosporin (I or R) 40 40–80
aI, intermediate resistance; R, resistant.
bBC, bactericidal concentration, as defined by the concentration of HAMLET resulting in at least a 3-log10 reduction in viability in the MIC assay 3 h postinoculation.
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same level of killing in GBS (Fig. S1C). This indicated that higher concentrations of
HAMLET were required to kill GBS than S. pneumoniae and GAS strains but that the
mechanism was potentially the same. The data also show that HAMLET’s activities did
not differ between strains within each species and were not affected by intraspecies
genetic background or antimicrobial resistance mechanisms.

Bacterial growth inhibition and death by HAMLET in streptococci require
membrane depolarization through sodium and calcium transport. Earlier studies
have shown that the direct bactericidal activity of HAMLET in pneumococci requires a

FIG 1 MIC growth curves of pathogenic streptococci. Combined MIC growth curves for D39 (A), D39-C0832 (Erm resistant) (B), GAS clinical
isolate 53 (C), and GBS clinical isolate 113 (D) in the presence of increasing concentrations of HAMLET (HL). Bacteria were grown in the
presence of HAMLET for 18 h at 37°C, with the absorbance at 600 nm (OD600) recorded every 10 min. The lowest concentration of HAMLET
at which no growth was detected over 18 h was considered the MIC. The figure shows combined graphs for each strain based on two
(D39-C0832), three (for the GAS and GBS strains), or four (for D39) separate experiments run in duplicate wells. The OD600 is represented
by a solid line, and dashed lines of the same color represent the standard deviation.

TABLE 2 HAMLET MICs and BCs for erythromycin-resistant S. pyogenes and S. agalactiae
clinical isolates

Species and
isolate

Erythromycin resistance
gene(s)

HAMLET MIC or
range (�g/ml)

HAMLET BC
(�g/ml)a

S. pyogenes
6 mefA and msrD 25–50 100
8 mefA and msrD 25–50 100
138 mefA and msrD 25–50 100
53 ermB 25 100
128 ermB 25–50 100
125 ermTR 50 100

S. agalactiae
114 ermB 100 400
126 ermB 50 200
129 ermB 100 400
51 ermTR 50–100 400
113 ermTR 50–100 400
76 Undetermined 100 400
150 Undetermined 100 400

aBC, bactericidal concentration, as defined by the concentration of HAMLET resulting in at least a 3-log10

reduction in viability in the MIC assay 3 h postinoculation.
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sodium-dependent influx of calcium, resulting in membrane depolarization followed by
membrane disruption, which can be inhibited by the calcium transport inhibitor
ruthenium red (RuR) and the sodium/calcium exchange inhibitor dichlorobenzamil
(DCB) (4, 9). Whether HAMLET-induced growth inhibition uses the same mechanism(s)
and whether membrane depolarization and calcium influx are also involved in the
bacteriostatic and direct bactericidal activity of other streptococci have not been
determined.

We therefore used the pneumococcal strain D39 as a positive control, as it has been
used in previous experiments delineating these mechanisms, and we compared the
results using two strains each of GAS and GBS. We first measured membrane depolar-
ization and disruption/permeabilization in S. pneumoniae, GAS, and GBS after exposure
to increasing concentrations of HAMLET and showed that all three species responded
with a concentration-dependent increase in depolarization (Fig. 2, left panels) and
subsequent membrane permeability (Fig. 2, right panels). Analogously with the results
in the MIC assays above, a higher concentration of HAMLET was required to obtain a

FIG 2 HAMLET-induced membrane depolarization and permeabilization in S. pneumoniae, GAS, and GBS.
Bacteria were grown in THY, washed in PBS, and resuspended in PBS with 25 mM glucose to energize the
cells. DiBAC4(3) and propidium iodide were added to the bacterial suspension, and the cells were allowed
to equilibrate for 40 min at 37°C before the experiment was started. At 0 min, HAMLET was added at 50,
75, and 100 �g/ml (labeled HL50, HL75, and HL100, respectively, in the figure) for SPN-D39 and GAS 53
and at 75, 150, and 250 �g/ml (labeled HL75, HL150, and HL250, respectively, in the figure) for GBS 113.
(Left panels) Membrane polarity was measured every 30 s using a 485/20-nm excitation and 528/20-nm
emission filter combination for 40 min. Depolarization of the membrane is detected through an increased
DiBAC4(3) fluorescence over time. (Right panels) Membrane integrity was recorded every 30 s using a
528/20-nm excitation and 605/20-nm emission filter combination for 40 min. Membrane disruption was
detected through increased propidium (PI) fluorescence intensity over time. The graphs show the
average of results from at least 3 experiments for each strain as a solid line, with dashed lines of the same
color representing the standard deviations. Untr, untreated.
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similar level of depolarization and membrane disruption in the slightly more HAMLET-
resistant GBS strains.

Depolarization and permeabilization of the bacterial cell membrane were effectively
inhibited in the presence of RuR and DCB in all three species (Fig. 3), suggesting that the
mechanisms involved in HAMLET-induced death leading to membrane disruption and
bacterial death were similar in pneumococci, GAS, and GBS. Interestingly, although both
inhibitors reduced membrane depolarization, the inhibitory activity of DCB was generally
stronger than the inhibition seen in the presence of RuR (Fig. 3, left panels). The significant,
albeit varied, reduction in membrane depolarization induced by either inhibitor still re-
sulted in an almost complete inhibition of membrane disruption (Fig. 3, right panels).

Inhibition of sodium and calcium transport by DCB and RuR also resulted in an increased MIC
value of HAMLET for all three species tested, suggesting a role for ion transport in HAMLET’s
antibacterial activity during cell growth (Fig. S2). The HAMLET MIC for S. pneumoniae strain D39
increased from less than 20 �g/ml in the absence of an inhibitor to �50 �g/ml in the presence
of RuR and to 50 �g/ml in the presence of DCB. For both GAS strains, the HAMLET MIC was less
than 20 �g/ml in the absence of inhibitors, which increased to over 50 �g/ml in the presence

FIG 3 Inhibition of membrane depolarization and permeabilization by calcium and sodium transport inhibitors. Bacteria
were grown in THY, washed, and resuspended in PBS with 25 mM glucose to energize the cells. DiBAC4(3) and propidium
iodide were added to the bacterial suspension, and the cells were allowed to equilibrate for 40 min at 37°C before the
experiment was started. At 0 min, the bacterial cells were pretreated with inhibitors (30 �M [final concentration] ruthenium
red [RuR] and 25 �M [final concentration] dichlorobenzamil [DCB]), after which 100 �g/ml (6 �M; for SPN-D39 and GAS
strains) and 250 �g/ml (15 �M; for GBS) of HAMLET was added. The samples were immediately read in a fluorescence plate
reader every 30 s for 40 min. (Left panels) Membrane polarity was measured using a 485/20-nm excitation and 528/20-nm
emission filter combination, and depolarization of the membrane was detected through increased DiBAC4(3) fluorescence
over time. (Right panels) Membrane integrity was recorded using a 528/20-nm excitation and 605/20-nm emission filter,
and membrane disruption was detected through an increased propidium (PI) fluorescence intensity over time. The graphs
show the average of results from 3 experiments for each strain as a solid line, with dashed lines of the same color
representing the standard deviation.
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of either RuR or DCB. For GBS strains, the HAMLET MIC was 50 �g/ml for both strains, which
increased 4-fold to 200 �g/ml in the presence of inhibitors.

Inhibition of calcium and sodium transport had an even more pronounced effect on
HAMLET-induced bacterial death in all three species. Exposure of bacteria to HAMLET
concentrations used to induce membrane depolarization and disruption for 1 h re-
sulted in almost complete rescue of bacterial viability (Fig. 4). Both inhibitors signifi-
cantly and almost completely blocked HAMLET-induced bacterial death in all five
strains tested. Taken together, our results reveal that the bactericidal effect of HAMLET
on GAS and GBS, in addition to pneumococci, is related to sodium and calcium
transport systems in the bacterial cell.

HAMLET enhances the activities of antibiotics against S. pneumoniae. Previous
studies have shown that HAMLET, besides having bactericidal activity against certain
species, enhances the activities of some antibiotics, such as penicillin, erythromycin,
and methicillin, both against strains sensitive to HAMLET-induced killing, such as S.
pneumoniae, and against strains resistant to HAMLET’s direct killing activity, such as S.
aureus (6, 7). To better understand the scope of HAMLET’s ability to increase bacterial
killing or growth inhibition in the presence of antibiotics, we first tested strains with
antibiotic cassettes inserted in the genome of the well-defined lab strain D39. These
experiments indicated that sublethal or subinhibitory concentrations of HAMLET were
able to act in concert with penicillin, a macrolide (Erm), a lincosamide (clindamycin),
and kanamycin, as shown by a decrease in the MICs of these antibiotics, whereas no
combination effect was observed using tetracycline, chloramphenicol, or streptomycin
(Table 3). HAMLET had its strongest effect in combination with Erm and clindamycin,
which resulted in an �8,000-fold decrease in the MIC compared with that of erythro-
mycin alone and a �256-fold decrease in the MIC compared with that of clindamycin
alone against the erythromycin-resistant strain D39-C0832 carrying an ermB cassette
(Table 3; Fig. 5A and B). Combination effects of HAMLET and penicillin against a
penicillin-resistant strain and HAMLET and kanamycin against a kanamycin-resistant
strain resulted in 4-fold or higher decreases in the respective MIC values measured in
the absence of HAMLET.

HAMLET enhances the activities of macrolides against GAS and GBS. Similarly,
subinhibitory concentrations of HAMLET in combination with erythromycin resulted in
a decreased MIC for all GAS and GBS strains compared with the MIC of erythromycin
alone (Table 4). Our results show that treatment of GAS strains with erythromycin in the
presence or absence of sub-MICs of HAMLET revealed a 4- to 256-fold decrease in the
erythromycin MIC when HAMLET was present. For the GBS strains, a �2- to 1,024-fold

FIG 4 Inhibition of HAMLET-induced death. Bacteria were grown in THY and washed and resuspended in PBS with 25 mM glucose to keep the
bacteria energized. The bacterial suspensions were prepared to obtain a starting concentration of approximately 1 � 108 CFU/ml. The bacteria
were preincubated for 5 min at 37°C in the presence or absence of ruthenium red (RuR; 30 �M; red line) or dichlorobenzamil (DCB; 25 �M; green
line). Then, increasing concentrations of HAMLET were added to wells of each bacterial strain, and the bacteria were allowed to incubate for 1 h
at 37°C. Bacteria were then serially diluted, dilutions were plated onto agar, and colonies were allowed to grow for 24 to 48 h. Viable CFU were
counted, and the concentration in numbers of CFU per milliliter was calculated and is depicted in the graphs. (A) S. pneumoniae D39, (B) GAS 53,
and (C) GBS 113. The results represent the mean data from at least 5 separate experiments, with standard deviations. Statistical comparison of
groups was performed using Welch’s ANOVA, with Dunnett’s multiple-comparison test used for comparisons of individual groups. P values are
presented from Dunnett’s comparison of experiments with no inhibitor (No inhib) versus RuR (red asterisks) and no inhibitor versus DCB (green
asterisks). *, P � 0.05; **, P � 0.01; ***, P � 0.001; ns, no significant difference.
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decrease in the erythromycin MIC was observed in the presence of HAMLET. For both
GAS and GBS strains, the highest reduction in the MIC value was observed for those
strains with the greatest erythromycin resistance, which was most often associated with
carrying the ermB gene. Representative growth curves for one GAS strain and one GBS
strain are shown in Fig. 5C and D, and they show that the MIC of erythromycin is
decreased in the presence of subinhibitory concentrations of HAMLET, similarly to what
was observed for S. pneumoniae. This effect was also inhibited by addition of the ion
transport inhibitors RuR and DCB. Using GAS 53 and GBS 113 as examples, in the
absence of inhibitors, addition of subinhibitory concentrations of HAMLET resulted in a
shift of the MIC from 2,048 �g/ml to 16 �g/ml (128-fold) or 8 �g/ml to 1 �g/ml (8-fold)

TABLE 3 Combination treatment of HAMLET with various antibiotics against isogenic
strains carrying resistance cassettes

Strain name Antibiotic resistance

Antibiotic MIC (�g/ml)

Fold reduction MICWithout HAMLET With HAMLETb

SP670a Penicillin G 4 0.25 16

D39-C0832 Erythromycin (ermB) 2,048 0.25 8,192
Clindamycin (ermB) �64 0.25 �256

D39-StkP Kanamycin (aphA3) �1,024 256 �4
D39-PspC Tetracycline (tetM) 8 8 None
D39-PitB Chloramphenicol (cat) �16 �16 None
D39-SmR Streptomycin (rpsL) �16 �16 None
aClinical isolate SP670 was used, as no penicillin G-resistant strain in the D39 background was available.
bThe MICs of HAMLET for the strains were similar between the isogenic mutants (30 �g/ml for the HAMLET
batch used). For the combination experiments, a sub-MIC concentration of HAMLET, representing 50 to 75%
of the MIC (15 to 22 �g/ml) was used.

FIG 5 HAMLET and erythromycin or clindamycin combination treatment of erythromycin-resistant streptococci. Each bacterial strain was grown
in THY in the presence of increasing concentrations of erythromycin (1 �g/ml to 2,048 �g/ml) or clindamycin (0.125 �g/ml to 64 �g/ml) in a 2-fold
dilution series with or without the addition of sub-MICs of HAMLET. For each graph, the untreated bacterial growth curve is shown with a black
line, the specific erythromycin or clindamycin concentration that resulted in no growth in the presence of HAMLET is shown with a red line, the
sub-MIC HAMLET concentration used is shown with a blue line, and the combination treatment (erythromycin [Erm] or clindamycin [Clinda] and
HAMLET) is shown with a purple line. In the title of each graph is the name of each strain, the MIC of erythromycin without HAMLET present, and
the resulting MIC in the presence of HAMLET. (A and B) D39-C0832 (D39 carrying an ermB cassette) treated with erythromycin (A) or clindamycin
(B) alone or in combination with HAMLET. (C and D) GAS 53 (C) and GBS 113 (D) treated with erythromycin alone or in combination with HAMLET.
The figure shows a representative graph for each strain and the MIC shift after combination treatment was determined from at least 3 separate
experiments in duplicate. The complete data set is presented in Tables 3 and 4.
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for GAS 53 and GBS 113, respectively (Fig. 5C and D). However, in the presence of RuR
or DCB, the shift in the MIC for GAS 53 in the presence of HAMLET was only 2-fold (2,048
to 1,024 �g/ml and 4-fold (2,048 to 512 �g/ml), respectively (data not shown). For strain
GBS 113, the MIC did not shift in the presence of RuR and was shifted only 2-fold (from
8 to 4 �g/ml) in the presence of DCB. These results reveal that HAMLET was able to
effectively enhance the activity of erythromycin against macrolide-resistant GAS and
GBS strains and that ion transport plays an important role also in HAMLET’s antibiotic-
potentiating effect.

HAMLET potentiates the effect of Erm against Erm-resistant bacteria more
effectively than PcG. Combination treatments, using two or more antimicrobial drugs to
treat an infection, are commonly used in clinics, with HIV and tuberculosis treatment
regimens as good examples (10–12). As shown above, combination treatment with
HAMLET and antibiotics can increase bacterial death and decrease the MIC of an
antibiotic to the sensitive range also for bacteria resistant to this antibiotic. To inves-
tigate how HAMLET, as an antibacterial agent, compares with another antibiotic, such
as penicillin G (PcG; to which these bacteria are sensitive, with MIC values ranging from
0.016 to 0.032 �g/ml) in potentiating the effect of erythromycin against erythromycin-
resistant bacteria, combination treatments were performed. Macrolide-resistant GAS
and GBS were treated with various concentrations of erythromycin in the presence or
absence of sub-MICs of either HAMLET or PcG. In these experiments, the presence of
sub-MICs of HAMLET was able to decrease the MIC of Erm 256- and 16-fold for GAS 53
and 125, respectively, and 512- and 1,024-fold for GBS 114 and 76, respectively (Table
4; see also Fig. 6 for MIC graphs for strains GAS 53 and GBS 114). The corresponding
effects of combination treatment of Erm with sub-MICs of PcG (i.e., the highest
concentration of PcG at which any growth was detected) were only 2- and 4-fold for
GAS 53 and 125, respectively, and 4- and 2-fold for GBS 114 and 76, respectively (Fig.
6 presents representative MIC graphs for strains GAS 53 and GBS 114). These results
suggest that, at least for erythromycin, combination treatment with sub-MIC HAMLET
concentrations resulted in a much greater reduction of the erythromycin MICs for the
resistant strains than combination treatment with penicillin G.

DISCUSSION

In 2014, the WHO ratified a resolution to combat antimicrobial resistance and
determined this problem to be one of the main threats to human health (1). A recent
study that showed that 33,000 deaths from antibiotic-resistant bacteria occurred within

TABLE 4 Combination treatment of HAMLET and erythromycin against erythromycin-resistant S. pyogenes and S. agalactiae clinical
isolates

Species and
isolate

Erythromycin resistance
gene(s)

Erythromycin MIC (�g/ml)
Fold reduction
(MIC)Without HAMLET With HAMLETa

S. pyogenes
6 mefA and msrD 8 2 4
8 mefA and msrD 8 0.5 16
138 mefA and msrD 8 0.5 16
53 ermB 2,048 8 256
128 ermB 2,048 512 4
125 ermTR 32 2 16

S. agalactiae
114 ermB �2,048 4 �512
126 ermB �2,048 8 �256
129 ermB �2,048 1,024 �2
51 ermTR 16 1 16
113 ermTR 8 1 8
76 Undetermined 1,024 1 1,024
150 Undetermined 32 0.5 64

aThe MICs of HAMLET against the strains were similar between the isogenic mutants (50 and 125 �g/ml for GAS and GBS strains, respectively, with the HAMLET batch
used). For the combination experiments, a sub-MIC concentration of HAMLET, representing 40 to 60% of the MIC (20 to 30 �g/ml for GAS strains and 30 to 75 �g/ml
for GBS strains) was used.
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the European Economic Area in 2015, an increase of almost 250% since 2007 (13). Data
from other parts of the world have shown similarly significant increases in resistance
patterns in bacteria over the last few years (14–16). These and other studies show that
resistance levels vary between bacterial organisms in different parts of the world and
also between various countries or regions within the same economic area and are often
linked to antibiotic use in the community (13, 17–19). Actions with regard to both
antibiotic use and novel strategies to treat infections with antibiotic-resistant organisms
are therefore urgently needed.

In this study, we showed for the first time that HAMLET, a protein-lipid complex from
human milk consisting of �-lactalbumin and oleic acid, has bactericidal activity against
the pathogenic streptococci S. pyogenes and S. agalactiae, as previously shown for
other bacteria (3, 6, 20). Interestingly, the mechanism of bacterial death was associated
with both membrane depolarization and membrane disruption, similar to what has
been observed for S. pneumoniae (4, 9), suggesting this to be a general mode of action
for HAMLET-induced bacterial death. As other agents, including antimicrobial peptides,
with direct effects on membrane function and integrity are being explored and tested
in clinical studies (21–23), this suggests a potential for the use of HAMLET in future
therapy. Similarly, trials have begun to explore the use of lytic bacteriophages as novel
antibacterial treatments (24). The potential advantage of HAMLET and other similar
strategies is that the target, the bacterial membrane, is difficult for the bacteria to
change, resulting in less risk for resistance development.

Besides its bactericidal activity, HAMLET added in combination with antibiotics to
which the treated bacteria are resistant resulted in a reversal of antibiotic resistance for
both GAS and GBS strains resistant to macrolides and S. pneumoniae strains resistant to
various antibiotics. HAMLET’s reversal of antibiotic resistance was strongest for macro-

FIG 6 Combination treatment of erythromycin-resistant streptococci with erythromycin and HAMLET or penicillin G. Each bacterial strain was
grown in THY in the presence of increasing concentrations of erythromycin (1 �g/ml to 2,048 �g/ml) in a 2-fold dilution series with or without
the addition of sub-MICs of HAMLET or penicillin G (PcG). For each graph, the untreated bacterial growth curve is shown with a black line, the
specific erythromycin concentration that resulted in no growth in the presence of HAMLET or PcG is shown with a red line, the sub-MIC HAMLET
or PcG concentrations used are shown with a blue line, and the combination treatment (erythromycin and HAMLET or PcG) is shown with a purple
line. In the title of each graph is the name of each strain, the MIC of erythromycin without HAMLET or PcG, and the resulting MIC in the presence
of HAMLET or PcG at the concentration depicted in the graph legend. (A) GAS 53 treated with erythromycin alone or in combination with either
HAMLET (left) or PcG (right); (B) GBS 114 treated with erythromycin alone or in combination with either HAMLET (left) or PcG (right). The figure
shows a representative graph for each strain and the MIC shift after combination treatment was determined from at least 3 separate experiments
in duplicate; the full data set is presented in Results.
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lides and lincosamides, whereas no significant effect was observed for other intracel-
lular antibiotics, such as tetracycline and chloramphenicol. Previous and preliminary
data from our laboratory has shown that treatment of S. pneumoniae with sublethal
concentrations of HAMLET results in an increased association of fluorescent gentamicin,
an intracellular aminoglycoside, with the bacterial cells (6), potentially explaining the
increased activity of gentamicin in the presence of HAMLET. Thus, increased activities
of intracellular antibiotics may well be related to their intracellular accumulation based on
the decreased function of energy-dependent export of antibiotics due to a decreased
production of ATP in HAMLET-treated cells. However, to what extent such an accumulation
occurs for different antibiotics is, at present, unknown and will be an interesting question
for future studies. Treatment with HAMLET in combination with an antibiotic resulted in the
elimination of bacteria at a concentration that was in the sensitive range based on the
EUCAST breakpoints. This is similar to what has been observed using HAMLET combination
treatment against other bacterial species, including important, serious-threat, priority
pathogens, such as M. tuberculosis, S. aureus, and A. baumannii (5–7). These three organ-
isms, together with penicillin-resistant S. pneumoniae, are listed on the WHO global priority
pathogen list, which includes the 13 most critical antibiotic-resistant organisms threatening
human health (2). Interestingly, so far, HAMLET has been shown to have either a direct
effect or a combination effect with relevant antibiotics on 7 of these 13 organisms, and
further research is in progress to investigate the effect of HAMLET directly or in combination
with antibiotics for the remaining ones.

Combination treatment regimens or other sensitization strategies are currently
being used successfully in clinics or are being explored as promising future strategies
(25–27). Classical examples are the regimen of multiple drugs in treating tuberculosis,
HIV, and malaria based on the problem with antimicrobial resistance development in
these organisms (10, 12, 28–30). Unfortunately, resistance development in both Myco-
bacterium tuberculosis (10, 31, 32) and HIV (33) is still increasing. Another successful
strategy used in clinics is the inclusion of beta-lactamase inhibitors, such as clavulanic
acid, to improve the efficacy of beta-lactam treatment; however, strains expressing a
novel class of beta-lactamases (metallo-beta-lactamases, causing resistance to carbap-
enems) are emerging (34).

With the advent of multidrug-resistant bacteria, combination treatment with two or
more antibiotics of different classes has also been explored against bacterial infections
(25). In vitro and animal infection experiments exploring the activities of combinations
of different antibiotic classes have shown synergistic and improved treatment effects
against multiple Gram-positive and Gram-negative organisms (35–38), including pneu-
mococci (35, 39, 40). Additionally, clinical efficacy has been shown, especially for colistin
or fosfomycin in combination with various antibiotics, in the treatment of infections
caused by multidrug-resistant Gram-negative organisms (41, 42). In this study, treat-
ment of macrolide-resistant GAS and GBS with HAMLET and macrolides showed a
significantly higher synergistic effect than combination treatment of the same bacteria
with macrolides and penicillin. Similarly, our previous results with HAMLET have shown
that HAMLET in combination with antibiotics also has efficacy in vivo. HAMLET-
antibiotic combination therapy against colonization with antibiotic-resistant S. pneu-
moniae or S. aureus caused a significant and almost-complete eradication of the
bacteria (6, 7). Although HAMLET was superior to penicillin G in killing resistant GAS and
GBS strains in combination with macrolides, two aspects need to be considered. First,
although macrolides and beta-lactams have different targets that may potentially cause
additive or synergistic effects, that was not observed to any higher degree in this study.
However, this does not mean that other combinations of antibiotics will not work better
for combination treatment against macrolide-resistant streptococci. Second, despite
the fact that HAMLET was superior to penicillin G in potentiating killing in the presence
of macrolides, future experiments evaluating in vivo efficacy will be required.

These data imply that monotherapy using agents, such as HAMLET, that target
molecules and mechanisms to which the bacteria have a hard time becoming resistant
(43, 44) should be explored further. Additionally, combination treatments with optimal
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combinations of antimicrobial agents, especially including agents that are in them-
selves not antibiotics or have effects that have the potential to escape the evolutionary
pressure necessary for the bacteria to initiate resistance development, are potentially
viable avenues to future treatment strategies to combat antibiotic resistance.

MATERIALS AND METHODS
Reagents. Oligonucleotides for PCR were purchased from Invitrogen/ThermoFisher Scientific (for

primer sequences [see Table S2 in the supplemental material]). Bacterial growth medium (Todd-Hewitt
broth and brain heart infusion broth), yeast extract, and remaining chemicals and inhibitors were
purchased from Sigma-Aldrich at the highest purity level available. Penicillin G, tetracycline, kanamycin,
clindamycin, and streptomycin stocks were suspended in water, while erythromycin and chloramphen-
icol stocks were dissolved in ethanol. Antibiotic stocks were diluted at least 25-fold in phosphate-
buffered saline (PBS; 30 mM Na2HPO4, 10 mM KH2PO4, 120 mM NaCl, pH 7.4), or growth medium before
use in the assays.

Production and characterization of HAMLET from human milk. Human alpha-lactalbumin puri-
fied from human milk was converted into HAMLET by complexing apo-protein (treated with EDTA) with
oleic acid (C18:1; Sigma) on a DEAE-containing ion exchange matrix, and HAMLET complex was eluted
with salt as described previously (32). The eluted HAMLET was dialyzed with water to remove salt, and
the desalted protein-lipid complex was lyophilized and saved at –20°C until use. HAMLET concentrations
presented in this paper represent the weight of the total complex per milliliter of solution.

Bacterial strain characteristics and growth conditions. All pneumococcal strains used in this study
are listed in Table S1 in the supplemental material, and the characteristics of the GAS and GBS strains are
presented in Table 2. The use of all clinical, antibiotic-resistant isolates for this study was kindly
authorized by Gunnar Kahlmeter, Infectious Disease Clinic, Växjö, Sweden, the curator of the collection
of strains from the European Committee on Antimicrobial Susceptibility Testing (EUCAST). Streptomycin-
resistant D39 was generated by growing D39 on blood agar plates containing 200 �g/ml of streptomycin
and isolating spontaneous mutants after overnight growth carrying mutations in the rpsL gene, as
described previously (45, 46). Pneumococcal GAS and GBS strains were grown in Todd-Hewitt medium
with addition of 0.5% yeast extract (THY) as described previously (47), sterile glycerol was added to a final
concentration of approximately 15%, and 1-ml aliquots of each strain were saved at – 80°C as starter
cultures for each experiment. The genetic basis for erythromycin resistance was determined by PCR using
primers listed in Table S2 based on the general protocols presented in references 48 to 50, with slight
modifications and optimization of primer sequences and annealing temperatures. The PCR was per-
formed using reagents from Thermo Fisher Scientific, and the annealing temperature ranged from 50 to
57°C for the various primer pairs, with colonies from plate-grown bacteria serving as the source of
template DNA. For ermB, primers designed for the pneumococcal ermB gene were initially used, and for
ermTR and mefA, published primer sequences (all listed in Table S2) were initially used to detect the
genes in the strain. New primers were designed to optimize the PCR for GAS and GBS strains from which
no product was obtained. Despite specifically designing primers for strains GBS 76 and GBS 150, no
product was obtained.

In vitro susceptibility tests. MICs were determined in 96-well microtiter plates using the microdi-
lution method according to approved standards of the CLSI (51), with some modifications. Rather than
using the prescribed Mueller-Hinton broth, Todd-Hewitt broth with 0.5% yeast extract (THY) was used,
as it is a common medium used for streptococcal growth. As indicated in prior studies, THY produced
reliable MIC values for streptococci and required approximately 15% less HAMLET to obtain activity,
similar to that on Mueller-Hinton broth (6). To test antibiotic or HAMLET susceptibility alone, a 2-fold
dilution series of antibiotics of interest or HAMLET was prepared in duplicate wells. For HAMLET, an initial
2-fold dilution series ranging from 320 �g/ml to 10 �g/ml was used to assess the MICs for pneumococci
and a series ranging from 400 �g/ml to 25 �g/ml was used to assess the MICs for GAS and GBS strains.
Each well was then seeded with a bacterial concentration of approximately 105 CFU/ml in a total volume
of 250 �l THY, and the plate was incubated for 18 h at 37°C in a Synergy 2 microplate reader (BioTek,
Winooski, VT). The optical density at 600 nm (OD600) was recorded every 10 min to monitor bacterial
growth.

For combination treatments, a 2-fold dilution series of antibiotics of choice was prepared to
determine the MIC of each agent as delineated above. At the same time, sub-MICs of HAMLET or
penicillin G (the highest concentration of HAMLET or penicillin G that still resulted in bacterial growth)
was added to dilution series of erythromycin or clindamycin. Finally, the bacterial suspension was added,
and bacterial growth was recorded by monitoring the OD600 as described above. However, when using
an inoculum of 105 CFU/ml in these experiments, we observed that addition of sub-MICs of erythromycin
resulted in a significant right shift of the bacterial growth curve, which was not observed after addition
of, e.g., penicillin G (Fig. S3A, C, and E). This made it difficult to clearly discern the added effects of
HAMLET in these assays over the 18-h time period studied. We therefore performed the MIC assays with
increased bacterial inoculum concentrations. When we used 107 CFU/ml, the growth curves were left
shifted enough to produce more discernible results, without resulting in an effect on the MIC of
erythromycin for either the erythromycin-sensitive reference strain ATCC 49619 or the erythromycin-
resistant GBS 76 strain (Fig. S3B and D). Thus, all experiments with HAMLET-antibiotic or antibiotic-
antibiotic in combination were conducted with this inoculum. The MIC was defined as the lowest
concentration of antimicrobial agent solution at which no increase in OD600 was detected over 18 h. For
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MIC assays involving ion inhibitors, ruthenium Red (RuR; 30 �M) or dichlorobenzamil (DCB; 25 �M) was
added to the bacterial suspension 5 min before addition of the antibiotic dilutions.

Associated with the MIC assay, bactericidal concentrations (BCs) were determined as described
previously (51) from a separate plate set up identically to the MIC plate. Viable organisms were
determined by plating bacterial dilutions from all wells at 3 h after the initiation of the MIC assay. The
BC was defined as the lowest concentration of antimicrobials yielding colony counts that were �0.1% (3
log10 reduction) of the initial inoculum (as determined by colony counts from the growth control well
immediately after inoculation) after overnight growth on blood agar plates at 37°C (51).

Short-time bactericidal assay. To assess the bactericidal activity of HAMLET, bacteria were grown
in THY to late logarithmic phase (OD600 of approximately 0.6), harvested by centrifugation at 9,000 � g
for 2 min in a microcentrifuge, washed once in PBS, and resuspended to the original volume in PBS. The
bacterial suspension was energized with 25 mM glucose and treated with the concentrations of HAMLET
and/or antibiotics indicated in the figures for various times. In experiments examining ion transport, the
ion transport inhibitors RuR (30 �M) and DCB (25 �M) were added to the bacterial suspension 5 min
before the addition of HAMLET and antibiotics. Bacterial viability was assessed by plating 10-fold serial
dilutions of treated and untreated bacterial suspensions on brain heart infusion agar plates. CFU were
counted after overnight growth at 37°C.

Measuring bacterial membrane depolarization and membrane permeabilization. Membrane
polarization and integrity were measured as described in detail in reference 9, with minor modifications.
Streptococci were grown to late log phase (OD600 of approximately 0.6) in THY, pelleted by centrifugation
at 9,000 � g for 2 min in a microcentrifuge, and washed twice by resuspension in PBS. The bacterial pellet
was resuspended in PBS to the original volume and energized by the addition of 25 mM glucose. To
measure membrane potential changes of the streptococcal membrane, a final concentration of 250 nM
DiBAC4(3) [bis-(1,3-dibutylbarbituric acid) trimethine oxonol; Invitrogen] from a 200� stock in dimethyl
sulfoxide (DMSO) was added. Simultaneously, a final concentration of 20 �g/ml propidium iodide (PI;
Sigma) from a 50� stock in PBS was added to monitor the integrity of the bacterial membrane. In a
96-well plate, 180 �l of this bacterial suspension was then added to each well of a microtiter plate, and
the plate was then placed into a prewarmed (37°C) Synergy 2 multimode microplate reader (BioTek),
where fluorescence readings from DiBAC4(3) (485/20-nm excitation, 528/20-nm emission) and PI (528/
20-nm excitation, 605/20-nm emission) were recorded every 30 s for 40 min to allow the bacteria to
energize and equilibrate. The plate was then programmed to exit the plate reader, and 20 �l of PBS
containing vehicle alone or HAMLET and antibiotic combinations was added in the presence or absence
of a specific ion transport inhibitor. Triton X-100 (0.1%; Sigma-Aldrich) was used as a positive control for
membrane depolarization and rupture to validate each assay (data not shown). The plate was then
placed immediately into the fluorescence reader, where fluorescence readings were recorded for another
40 min. The ratio of the fluorescence intensity (in arbitrary units) of the untreated control to that of the
HAMLET-antibiotic-treated sample was calculated for the no-inhibitor samples and for the inhibitor
samples using all values over the final 40 min and plotted.

Statistical analysis. GraphPad (Prism 8 software) was used for graph development and statistical
analysis. Where applicable, statistical significance was determined by Welch’s analysis of variance
(ANOVA) test (assuming nonidentical standard deviations), with Dunnett’s multiple-comparison test for
comparisons of individual groups. P values of �0.05 were considered statistically significant. Data are
presented as mean values, with error bars representing standard deviations, i.e., the errors of mean
values of multiple biological data points, as described in detail in the figure legend for each experiment.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AAC

.01193-19.
SUPPLEMENTAL FILE 1, PDF file, 0.2 MB.
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