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Abstract

Background—Given the increasing evidence of safe application of elevated temperature in other
clinical contexts, we consider the potential for supplemental hyperthermia to augment the effects
of vancomycin against staphylococci, a major source of post-operative and post-traumatic sepsis.

Methods—Laboratory reference strains and libraries of clinical blood isolates of S. epidermidis
and methicillin resistant S. aureus, both as planktonic cells and as established biofilms, were
assessed for thermosensitivity and increased susceptibility to vancomycin in the setting of thermal
treatment. In addition to viability measures, patterns of stress gene expression were assessed with
gPCR and structural changes were measured using quantitative transmission electron microscopy.

Results—Laboratory strains of both species had reduced growth and biofilm viability at 45°C, a
temperature commonly employed in other domains such as adjuvant treatments of malignancy.
Blood isolates of S. epidermidis were consistent in this regard as well, but significant between-
isolate variability in thermosensitivity was seen in blood isolates of S. aureus. Expression profiling
and ultrastructural measurements confirmed that elevated temperature was a substantial stressor
with or without vancomycin treatment.

Conclusions—Our findings suggest that temperature elevations shown to be tolerated in
humans in other settings hold the potential to be used as an adjuvant to antibiotic therapy against
staphylococcal biofilms.

Keywords

Central line associated bloodstream infections; postoperative wound infection; medical device
infection

INTRODUCTION

Implanted materials and devices are an essential element of the surgical treatment of trauma,

shock, and sepsis. While the composition and location of these tools is highly diverse,
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contamination and infection is a common and sustained clinical problem. It is believed that
each year in the United States, 2 million instances of nosocomial infection related to devices
and materials occur, with an estimated economic impact of more than 8 billion dollars
annually (1-3). Beyond the financial implications, the resilience of device-associated
bacterial biofilms to conventional antibiotic treatment very often results in the need to
remove and replace the degraded device, a procedure which may vary from inconvenient to
life threatening (1, 3). Over the past two decades, tremendous effort has been exerted on
reducing the incidence of device infections through a combination of improved device
surface characteristics and changes in clinical practice (4-6), and it is clear that strides have
been made. For example, central line associated bloodstream infections (CLABSI) declined
by 14.1% between 2008 and 2012, while the incidence rate of methicillin resistant
Saphylococcus aureus (MRSA) infection fell by an average of 8.7% per year (7). However,
despite these advances, device-related infections continue to be a part of daily medical
practice for many care providers (8). What the next significant advance in reducing device
infections will be is not clear, which has prompted some investigators to consider better
strategies for treating the seemingly inevitable instances of infection that arise in
contemporary care (9).

Heat is an important tool in managing microbial contamination in medical and nonmedical
contexts. Autoclaving and pasteurization are ubiquitous examples of this strategy (10). The
use of supplemental heat for infection is reported but not common - treatment of infected
cutaneous lesions is a recent promising development (11, 12). A mouse model of heat as an
adjunctive therapy has also been described (13).

Recently, applied heat (extrinsically by way of microwave irradiation, internally by way of
modified cardiopulmonary bypass) has found some utility in the treatment of advanced
metastatic malignancy, where evidence suggests it may have a role as a ‘second hit’
sensitizing cancer cells to chemotherapy. Remarkably, the warming of tissue by either
strategy appears well-tolerated (14). The appearance of new applications and technologies
for thermal therapy prompted us to consider a possible role for this technique in the
treatment of medical device infection.

In the current report, we consider the use of supplemental thermal treatment as a means of
augmenting the killing of Staphylococcus aureus and Staphylococcus epidermidis by
vancomycin. We specifically evaluated the temperature sensitivity of laboratory and clinical
isolates in terms of growth and antibiotic susceptibility, stress response as measured by heat
shock and cell wall reparative gene expression, cell morphology, and biofilm persistence.
Our results support further exploration of therapeutic hyperthermia as an adjunctive means
to manage infected medical devices.

MATERIALS AND METHODS

Strains, media, and antibiotics

Strains used in this study are summarized in Table I. Staphylococcus epidermidis RP62A
and Saphylococcus aureus 27660 were obtained from American Type Culture Collection
(Manassas, VA). Clinical blood isolates of both species were obtained from the University
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of Michigan Hospital Clinical Microbiology Laboratory. For S. epidermidis isolates, we
used only MLST-2 and -5, the types most strongly associated with clinical infection (15).
All S. aureus strains were methicillin resistant by standard clinical methods. On the day
prior to use, cultures were grown in tryptic soy broth with added 1% glucose (TSB-G).
Media were supplemented with vancomycin where indicated.

Thermal sensitivity of planktonic cells and effect of vancomycin and serum

Organisms were grown on an orbital shaker at 200 rpm at temperatures from 27°C to 50°C.
Turbidity was measured at 600 nm every 30 minutes and a first order exponential growth
rate k (i.e., B; = BoeK) was determined by least squares. Clinical isolates were tested only at
37°C and 45°C. In some experiments, vancomycin was added at various concentrations
spanning at least 10-fold above and below the minimal inhibitory concentration (MIC). In
additional experiments, cells were treated with heat for 2 hours, then exposed to normal
human serum for 30 minutes. In vancomycin and serum exposure experiments, CFU before
and after treatment, rather than growth Kinetics, were the measured endpoints.

Heat shock and cell wall repair gene expression

Following lysostaphin lysis, proteinase K digestion, and mechanical disruption (micro-
MiniBeadbeater, Biospec, Bartlesville, OK), total RNA was isolated (RNeasy Mini Kit,
Qiagen, Valencia, CA). Quantitative PCR (qPCR) was carried out for hsp60, murAB (in S.
epidermidis) and murZ (in S. aureus), using dihydrofolate reductase (dhfr) as the
endogenous control. Primers are shown in Table 1. cDNA was synthesized using the
QuantiTect Reverse Transcription Kit (Qiagen). gPCR was performed using SYBR Green
reagents (QuantiTect SYBR Green PCR Kit, Qiagen) and the Applied Biosystems StepOne
Plus (Life Technologies, Carlsbad, CA).

Thermal and vancomycin sensitivity of established biofilms

Exponential phase organisms were seeded into 96-well cell culture-treated plates. The plates
were incubated overnight (18 hours) at 37°C without shaking. Thusly formed biofilms were
then subjected to 2 additional hours of 37°C or 45°C treatment with or without vancomycin.
Post-treatment biofilm viability was assessed using the FilmTracer LIVE/DEAD Biofilm
Viability Kit (Life Technologies) according to manufacturer instructions. Fluorescence
intensity was measured with the Enspire 2300 Multimode Plate Reader (Perkin Elmer,
Waltham, Massachusetts). For some biofilms, biofilm extent and cellular viability were
confirmed with confocal microscopy as we have previously described (16, 17).

Cell wall integrity

Cells were incubated at 37°C or 45°C for 2 hours with or without vancomycin at MIC level,
then washed once with 0.1 M Sorensen’s Buffer and resuspended in 2.5% glutaraldehyde.
These were embedded in EMbed-812 resin (Electron Microscopy Sciences, Hatfield PA).
Ultra-thin sections, 70 nm in thickness, were mounted on copper grids for transmission
electron microscopy (TEM). Grids were post-stained with uranyl acetate and Reynolds lead
citrate. Sections were examined using a Philips CM100 Transmission Electron Microscope
at 60 kV. Images were recorded digitally using a Hamamatsu ORCA-HR digital camera
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system, operated using AMT software (Advanced Microscopy Techniques Corp., Danvers,
MA). The cell wall thickness was determined in ImagelJ by identifying the geometric center
of each cell and constructing a radius through a representative region of cell wall. The length
of radius passing from the cell membrane to the outer edge of the cell wall was defined as
the cell wall thickness.

Statistical methods

Standard parametric methods were used throughout. All analyses were performed in R 3.02.

RESULTS

Both S aureusand S. epidermidis reference strains demonstrated a sharp reduction in
growth at temperatures above 40°C. (Figure 1, panels A and B). As 45°C is the highest
previously reported temperature for use in vivo (18), this temperature was chosen for all
other experiments. In planktonic cultures of both species, incubation at 45°C synergized
with vancomycin and imparted an additional 1.5 log killing (Figure 1, panels C and D). The
S epidermidis blood isolates all showed remarkable temperature sensitivity. However, the S.
aureus isolates were less sensitive overall, with 7 out of 10 isolates showing some degree of
thermotolerance at 45°C (Figure 1, Panels E and F). When examined at 37°C, all strains
were resistant to human serum-mediated cell lysis, and this did not change after growth at
45°C (data not shown).

Two stress response genes (hsp60, which contributes to the misfolded protein response, and
mur AB/Z, which is the first committed step in staphylococcal cell wall synthesis and is
known to participate in cell wall repair), were upregulated at elevated temperature (Figure
2). Expression across both temperatures and the presence or absence of vancomycin was
compared with two-way ANOVA. Of the two interventions, temperature had the strongest
statistical effect on gene expression. These results were interpreted (especially in light of the
transmission electron micrographic results) as reflecting significant activation of heat-
defensive mechanisms via hsp60. These stress responses were not seen as strongly with
vancomycin therapy alone, and based on the several log-fold reduction in cell viability, were
not sufficient to protect staphylococci from the combined antibiotic and thermal attack.

Viability of staphylococcal biofilms was assessed quantitatively using LIVE/DEAD
intravital staining to evaluate one round of an imagined clinical treatment regimen (Figure
3a). Following 18 hours of development, biofilms were re-fed with fresh media and treated
with vancomycin at concentrations ranging from 0 to 100 ug/ml and temperatures of 37°C or
45°C for 2 hours. All biofilms were then returned to 37°C and observed for an additional 10
hours (for a total of 12 hours of antibiotic treatment). Representative confocal microscopic
images of biofilms fluorescently stained for cell viability are shown in Figure 3b, and
qualitatively indicate diffuse disruption of cell membranes in heat-treated biofilms.
Quantitatively, as in planktonic culture, S. epidermidis biofilms grown in this system were
very sensitive to elevated temperature, with the post-treatment viability of cultures treated
with 1 ug/ml vancomycin and 45°C showing killing comparable to that achieved with 100
ug/ml vancomycin in the absence of increased temperature. Also as in planktonic
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measurements, the response of S aureuswas not as pronounced, although statistically
significant (p < 0.05).

TEM images revealed easily detectable morphological changes in the cell walls of cells
exposed to two hours of elevated temperature (Figure 4). In both species, cell walls became
significantly thicker and irregular, and overall cell shape also showed greater irregularities.
Using formal image processing, cell wall thickness was found to be noticeably increased at
45°C in both species. The magnitude of this effect was greatest with S. epidermidis.
Corroborating the above described gene expression measurements, increases in cell wall
thickness were mostly driven by differences in temperature, not vancomycin treatment.

DISCUSSION

With one- to two-percent of all implanted medical devices ultimately becoming infected,
managing contaminated devices is a prominent clinical problem with no obvious end in sight
(19). Advances in clinical practice and antimicrobial surface coatings have produced
improvements, but the problem remains ubiquitous in clinical practice. In most instances,
infection cannot be managed successfully without explantation of the compromised device.
Microorganisms sequestered on an artificial surface form structures known as bacterial
biofilms which provide a physical and metabolic niche from which antibiotics are
notoriously excluded (20, 21). Removal may be technically trivial (e.g., most peripherally
inserted central catheters) or life threatening (e.g., prosthetic heart valves). As the
consequences and costs of removal and replacement increase, questions may arise about the
possibility of leaving the device in place and ‘treating through’ the acute infection. This plan
is successful in a minority of cases, presumably because of the array of persistence
mechanisms brought to bear by the inciting bacterial biofilm (22).

In the current work, we began to examine a potential adjuvant therapy for infected devices,
namely the application of low level heating to augment the susceptibility of staphylococcal
biofilms to vancomycin. The evidence for efficient killing of microbial organisms by means
of thermal treatment dates to the nineteenth century (23). Industrial interest in both the use
of heat to protect the food supply and in understanding heat’s effects on bacterial viability
and detectability via production surveillance remains as high today as ever. However, the
possible utility of thermal augmentation of antibiotics against biofilms, particularly in the
context of in situ treatment of infected medical devices, remains largely unexplored. The
human in vivo application of heat is a more recent phenomenon, and may seek tissue
destruction — such as in radio frequency induced coagulation of abnormal conductive tissue
in the heart — or simply sensitization of abnormal tissue to other therapies — such as in
treatment of hepatocellular carcinoma (24). In the case of tissue ablation, tissue destruction
is achieved at temperatures in excess of 57°C. For adjuvant therapy in cancer, temperature
targets are more modest, frequently in the range of 41°C to 45°C (18).

We found that 45°C treatment, alone and especially in conjunction with vancomycin, was
strongly inhibitory of planktonic growth and of biofilm viability. This level of temperature
elevation provided at least 10-fold greater bacterial killing at vancomycin doses from 0.1 to
10 ug/ml in planktonic cells. Comparable effects were seen in established biofilms pulsed
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with heat for 2 hours and returned to physiologic temperature. The effect was most marked
with S epidermidis and was found consistently across ten blood isolates from patients with
confirmed coagulase-negative staphylococcal bacteremia (15). In the laboratory reference
strain of S aureus that we examined, neither the impact of elevated temperature nor the
combination of heat and antibiotics was as pronounced, and there was variability among
clinical isolates as to the effectiveness of heat on either growth or biofilm viability.

Exposure to elevated temperature is known to elicit a number of responses in staphylococci
and this was observed here. Quantitative assessment of gene expression showed increased
presence of cell wall synthetic enzyme transcripts, corresponding to ultrastructural evidence
of increased cell wall thickness and corroborating previous reports of increased muropeptide
production during heat stress by S aureus (25). These responses are recognized to have
complex origins (13, 26, 27), to be tied to temperature-variant susceptibility to antibiotics
(28), and, at least among isolates of S. aureus, to vary between isolates. From previous
reports, as here, it is not clear whether these represent an adaptive or maladaptive response.
In a recent report, we have noted that elevated temperature may have other beneficial effects
against staphylococcal biofilms. Temperature increases similar to those studied in this report
appear to mechanically destabilize intact biofilms (17, 29). Thus, it is possible that elevated
temperature, through a combination of decreased cellular viability and degraded mechanical
durability, could represent a significant adjuvant role in the in situ treatment of infected
devices. Beyond its application in infected implanted material, we note that approximately
95% of all staphylococcal infections are focal (skin and soft tissue, respiratory, urinary) and
that these sites are all biofilm-associated (30). The use of focal hyperthermia more broadly
against intransigent staphylococcal infections warrants consideration.

As technologies to achieve focal internal heating are in clinical use currently, our results
hold some promise for an accelerated path to clinical application. However, they also
prompt several important questions that must be addressed. The first is tissue tolerability.
Staphylococcal infections are well recognized to promote apoptotic changes similar to those
seen during hyperthermic cancer therapy (31). In some tissues, sustained temperatures
comparable to those studied here are sufficient to induce apoptosis and, presumably, injury
in the vicinity of the device. We do note that the important clinical question is not, “Will
elevated temperature damage tissue?’ but rather, “Will elevated temperature injure tissue
more than what is being experienced as a result of the infected device?’ The answer to this
question will certainly vary from site to site not just because of differences in tissue
composition, but also in the local heat transport characteristics. For example, the rate at
which excess heat is carried away from a dialysis catheter located in the superior vena cava
would be expected to be much greater than the rate of thermal dissipation in proximity to a
sheet of infected mesh in a previously repaired ventral hernia. Thus host thermotolerance
will likely vary from one clinical application to the next.

A related question is precisely how intensely and for how long does temperature need to be
applied to achieve therapeutic goals. In the current report we used two hours of sustained
hyperthermia. Our data in Figure 1 suggest that this temperature may be necessary to
achieve bacterial killing and biofilm devitalization. We are curious if the use of intermittent
pulses of heat to 45°C or greater might have similar effects while sparing surrounding tissue.
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Complex temperature profiles might provide a broader therapeutic window and would likely
drive the particulars of heaters to be used. Before implementation of thermal augmentation
treatments, highly optimized therapies for in vitro clearance of experimental biofilms will
also need to be developed. However, the next priority for developing clinical treatments is to
understand the trade-offs in bacterial clearance and tissue insult at elevated temperature, a
process that will necessarily be iterative and in vivo.

Lastly and importantly, our observations suggest that S. epidermidis isolates were much
more consistently affected by temperature than isolates of S. aureus. The latter organism is
typically more virulent, but from the standpoint of device infection, both organisms are very
common; even if therapy was only effective against coagulase-negative staphylococci, heat
therapy could still have an importantly clinical impact. Additional understanding of
between-species differences is needed, as well as experience with the other typical Gram-
positive and Gram-negative organisms encountered in this clinical setting.

CONCLUSIONS

In the current work, we demonstrated a significant susceptibility of staphylococci to elevated
temperatures that have been safely achieved in human experience. This level of
hyperthermia significantly augmented the effectiveness of vancomycin against both
planktonic and biofilm-embedded organisms. A role for hyperthermia may exist in the in
situ treatment of focal staphylococcal infections.
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Figure 1. Thermal sensitivity of planktonic S. epidermidisand S. aureus
Panel A. Representative turbidometric growth curves obtained at temperatures ranging from

27°C to 50°C (S epidermidis shown in this case). These were converted into first order
growth constants (slope of fitted line). Panel B. Growth constants as a function temperature.
Shown are the detailed temperature sensitivities of the reference strains S. epidermidis
RP62a and S aureus 27660. Measurements at each temperature were repeated at least 5
times and are shown as mean and standard deviation. From these data, the 45°C temperature
point was selected as a compromise between bacterial inhibition and potential host tissue
injury. Panels C and D. Synergism between vancomycin and increased temperature for S
epidermidisand S. aureus. For both species, treatment at 45°C significantly reduced post-
treatment cell viability at all concentrations of vancomycin studied (p < 0.05 by two-way
ANOVA). Each plot represents the mean of at least 5 replicates with associated standard
deviation bars. Panels E and F. Thermal susceptibility to clinical blood isolates of S.
epidermidisand S aureus. As with the reference strain, all S. epidermidisisolates were
exquisitely sensitive to elevated temperature, with none showing optically detectable growth
at 45°C. This was not the case with S aureus clinical isolates, where a majority
demonstrated some capacity to grow at elevate temperature. The individual growth curves
for S aureusisolates are shown to clarify the variability in behavior.
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Figure 2. Effect of heat on stress gene expression
gPCR was performed on planktonic cells after two hours of heat treatment, assessing heat

shock protein 60 (hsp60, upper panels) and a cell wall synthetic enzyme (murAB/murZ,
lower panels), and expressed as —ddCT normalized to dihydrofolate reductase (dhfr)
expression as the housekeeping gene. White and gray backgrounds represent treatment in the
absence or presence, respectively, of MIC concentrations of vancomycin for each strain.
Conditions were compared using two-factor analysis of variance, with the p value for each
term shown in each plot. Data plotted as 5, 251, median, 75!, and 95t percentiles of 5
more or measurements in each case. Because of differences in PCR efficiency between the
primer sets used for S epidermidisand S. aureus, comparisons between conditions should
only be made within species, not between.
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Figure 3. Thermal sensitivity of S. epidermidisand S. aureus biofilms
Panel A. Design of experiment. Heat-treated and control biofilms were established over 18

hours, then treated with vancomycin. Heat-treated biofilms received two hours of 45°C
heating and then returned to 37°C for the duration of the experiment.

Panel B. Representative examples of treated and untreated biofilms as assessed by confocal
microscopy. Biofilms were treated using the protocol in Figure 3 Panel A. In these images,
cells staining green represent viable staphylococci, while those staining yellow have
disrupted cell membrane integrity, indicating compromised viability. Panel C. Biofilm
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viability following treatment. Treated biofilms were assessed at 30 hours (10 hours after the
conclusion of heat treatment) for viability as measured by live:dead (SYTQO9:propidium
iodide) staining under fluorescence microscopy. Both species showed increased vancomyecin
sensitivity in the presence of heat treatment (p < 0.05 by two-way ANOVA), but the effect
was only modest in S. aureus. Among S. epidermidis biofilms treated, the impact of heat on
cell viability was comparable to vancomycin treatment at 100x MIC. Data plotted as mean
and standard deviation of at least 5 replicates.
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Figure 4. Effect of heat on cell wall morphology
Planktonic cultures of S. epidermidisand S. aureus were grown at 37°C and 45°C for two

hours then preserved and visualized with transmission electron microscopy. Panel A.
Representative sections from both species. At 37°C, S epidermidis had a thicker cell wall
and its response to heat was more pronounced. Panel B. Formal cell wall thickness
measurements for both experimental conditions. Data are shown as the 5, 25t, 50th, 75t
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and 95! percentile of more than 100 cell wall measurements per condition. P values are
reported from two factor analysis of variance.
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Table |

Strains and primers used in this report.

Laboratory Strains Char acteristicé/Comments References
S epidermidis RP62A (26)
S aureus ATCC 27660  Methicillin Sensitive This report
Clinical strains
S epidermidis  Five each of MLST-5 and MLST-2 (15)
S aureus mecA+ This report
Primers Forward (5° to 3%) Reverse (5’ to 37)
S epidermidis
hsp60 TCTTAAGAATGTTACAAGTGGTGCAA AATCTCATGGAGCGCTTCTATAGC (27)
(Accession # AF029245) (Accession # AF029245)
murAB  TAAGTGTTGGAGCGACGATT TCCTCTAATATCAGCACCCA This report
(Accession # NC_002976) (Accession # NC_002976)
dhfr  GGGAAACCATTGCCAAATAGAC CGAATAACGTTTGTCCTCCAAATA  (27,28)
(Accession # Z48233) (Accession # Z48233)
S aureus
hsp60 TTGCTGGTGACGGTACGACAA TAACGCTTCAACAGCAACTT This report
(Accession # CP002388) (Accession # CP002388)
murZ AAGAGGTGGACGCACACTAA ATCAGAGATTTGCGGTAACCCTT This report
(Accession # CP007454) (Accession # CP007454)
dhfr  ACCGAATCGTCGAAATGTTGT GAAAACATGGCCCGGTAGTTG This report

(Accession # NC_002758)

(Accession # NC_002758)
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