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ABSTRACT Optimal treatment options remain unknown for infective endocardi-
tis (IE) caused by penicillin-resistant (PEN-R) viridans group streptococcal (VGS)
strains. The aims of this study were to report two cases of highly PEN-R VGS IE,
perform a literature review, and evaluate various antibiotic combinations in vitro
and in vivo. The following combinations were tested by time-kill studies and in
the rabbit experimental endocarditis (EE) model: PEN-gentamicin, ceftriaxone-
gentamicin, vancomycin-gentamicin, daptomycin-gentamicin, and daptomycin-
ampicillin. Case 1 was caused by Streptococcus parasanguinis (PEN MIC, 4 �g/ml)
and was treated with vancomycin plus cardiac surgery. Case 2 was caused by
Streptococcus mitis (PEN MIC, 8 �g/ml) and was treated with 4 weeks of vanco-
mycin plus gentamicin, followed by 2 weeks of vancomycin alone. Both patients
were alive and relapse-free after �6 months follow-up. For the in vitro studies,
except for daptomycin-ampicillin, all combinations demonstrated both synergy
and bactericidal activity against the S. parasanguinis isolate. Only PEN-gentamicin,
daptomycin-gentamicin, and daptomycin-ampicillin demonstrated both synergy and
bactericidal activity against the S. mitis strain. Both strains developed high-level dap-
tomycin resistance (HLDR) during daptomycin in vitro passage. In the EE studies, PEN
alone failed to clear S. mitis from vegetations, while ceftriaxone and vancomycin
were significantly more effective (P � 0.001). The combination of gentamicin with
PEN or vancomycin increased bacterial eradication compared to that with the re-
spective monotherapies. In summary, two patients with highly PEN-R VGS IE were
cured using vancomycin-based therapy. In vivo, regimens of gentamicin plus either
�-lactams or vancomycin were more active than their respective monotherapies. Fur-
ther clinical studies are needed to confirm the role of vancomycin-based regimens
for highly PEN-R VGS IE. The emergence of HLDR among these strains warrants cau-
tion in the use of daptomycin therapy for VGS IE.

KEYWORDS animal models, combination therapy, high-level penicillin resistance,
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Viridans group streptococci (VGS) are the second most common agent of infective
endocarditis (IE) worldwide (1, 2) and remain the most common cause of IE in

developing countries (3). Although the overall incidence of VGS IE has declined during
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the last 2 decades (4), these infections are challenging for clinicians, especially when the
causative strains are antibiotic resistant.

The prevalence of VGS strains with reduced susceptibility to penicillin (PEN) and
other antibiotics has been increasing in recent years (5). For example, the rates of
“relative resistance” (MIC, �0.12 to �0.5 �g/ml) and resistance (MIC, �0.5 �g/ml) to
PEN among VGS range from 5% to 20%. High-level PEN resistance (PEN-R; MIC,
�4 �g/ml) in VGS is generally caused by modifications in PEN-binding proteins (6).
Recent data suggest that the development of PEN-R among oral cavity VGS isolates is
related to the excessive use of oral �-lactams (6–9).

As described above, the American Heart Association defines relative PEN resistance
and “full” PEN-R in VGS based on PEN MICs of �0.12 to �0.5 �g/ml and �0.5 �g/ml,
respectively (1). In contrast, the European Society of Cardiology defines intermediate
PEN-R and full PEN-R in VGS by penicillin MICs of 0.25 to 2 �g/ml and �4.0 �g/ml,
respectively (2). Both scientific groups and others, however, agree that the clinical
experience in the treatment of IE caused by high-level PEN-R VGS is very limited, and
optimal treatment remains problematic (1, 2, 10). For therapy of IE caused by such VGS,
guidelines recommend regimens somewhat similar to those used for treating entero-
coccal IE (e.g., PEN or ceftriaxone plus gentamicin, or vancomycin alone) (1, 2).

Little published data exist regarding alternatives to vancomycin-based regimens for
treating highly PEN-R VGS. In vitro, the lipoglycopeptides, telavancin, oritavancin, and
dalbavancin all show good activity against VGS, with an overall MIC90 of �0.06 �g/ml
(11–13) for susceptible VGS, as does dalbavancin for highly PEN-R strains (14). The
daptomycin MIC90 was 1 �g/ml in our large collection of Streptococcus mitis, suggesting
that this agent might be a plausible alternative for �-lactam-resistant VGS (15). How-
ever, high-level daptomycin resistance (HLDR) develops rapidly and frequently both in
vitro and in vivo among the Streptococcus mitis-Streptococcus oralis VGS subgroup (15).
Meanwhile, no significant clinical experience is available for lipoglycopeptides against
highly PEN-R VGS. Ceftaroline has excellent in vitro activity against VGS strains (16),
including highly PEN-R strains (17), but clinical experience is also lacking in this
scenario.

In this study, we describe two cases of IE due to highly PEN-R VGS successfully
treated with vancomycin-based therapy and delineate (i) their clinical treatment out-
comes, and (ii) the in vitro and in vivo activities of different antibiotic combinations
against such VGS strains, relevant to treating IE.

(Selected aspects of the data presented in this study were reported in part at the
46th Interscience Conference on Antimicrobial Agents and Chemotherapy [ICAAC], 27
to 30 September 2006, San Francisco, CA, [abstract B-1818] [18]; at the 55th ICAAC/
International Congress of Chemotherapy and Infection [ICC], San Diego, CA, 17 to 21
September 2015 [abstract C-656] [19]; and at the 13th International Symposium on
Modern Concepts on Endocarditis and Cardiovascular Infections [ISCVID], Rio de Ja-
neiro, Brazil, 4 to 6 June 2015 [abstract 28] [20].)

RESULTS
Case reports. (i) Case 1. The case 1 patient was a 49-year-old man with a history of

intravenous drug use who 6 months earlier had undergone aortic bioprosthetic valve
replacement for VGS native valve IE. The patient now presented with low-grade fever,
chills, lightheadedness, dizziness, and palpitations. He denied recent dental or other
procedures, sick contacts, or ongoing substance abuse. His last intravenous drug use
was more than 1 year previously. On admission, he was afebrile, had a heart rate of 40
beats/minute, and had normal blood pressure. There was a systolic ejection murmur
noted but no peripheral stigmata of IE. Electrocardiogram revealed third-degree heart
block. Multiple sets of blood cultures were positive for VGS, later identified to the
species level as Streptococcus parasanguinis (SPAR-8497). Initial empirical treatment was
started with vancomycin (dosage adjusted to achieve trough plasma concentrations of
15 to 20 �g/ml) plus ceftriaxone (2 g/24 h). Transesophageal echocardiography (TEE) on
admission demonstrated a well-seated aortic valve bioprosthesis without vegetations.
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Although he remained stable hemodynamically, 3 days later when blood cultures were
negative, a temporary pacemaker was placed.

Susceptibility testing of the VGS revealed high-level PEN-R (MIC, 4.0 �g/ml), as well
as ceftriaxone resistance, but vancomycin susceptibility (Table 1). Treatment was
continued with vancomycin alone. Repeat TEE done on hospital days 3 and 8 revealed
a 1- by 0.5-cm mobile echodensity on the aortic valve consistent with a vegetation and
an echolucent crescent-shaped area suspicious for a periannular abscess cavity. A
positron emission tomography-computed tomography (PET-CT) scan performed on
hospital day 11 revealed increased 18-FDG* (18F-FDG*) uptake around the prosthetic
aortic valve. His aortic valve was replaced with a 23-mm St. Jude Trifecta valve on
hospital day 14. No overt abscess cavity was observed; however, there was tissue
destruction in the aortic valve root area thought to be consistent with early abscess
formation. Valve and periannular tissue cultures were negative. Although his postop-
erative course was complicated by acute kidney injury and heart failure, he recovered
and was discharged in stable condition to a rehabilitation facility on hospital day 27. He
completed a 6-week course of vancomycin. He was alive and relapse-free at 1 year
follow-up.

(ii) Case 2. The case 2 patient was a 37-year-old man with a history of intravenous
drug use. Seven months earlier, he underwent mitral and aortic valve replacements due
to native valve IE caused by Abiotrophia defectiva. At this present admission, he
described 2 weeks of fever that followed a dental cleaning procedure. On admission,
there were no signs of cardiac failure, new murmurs, or peripheral embolization on
physical examination. Vancomycin (to achieve �20 �g/ml trough serum levels) and
gentamicin (240 mg/day in three divided doses) were started empirically. Blood cul-
tures yielded S. mitis (SMIT-351; PEN MIC, 8 �g/ml). TEE showed a 7-mm vegetation on
the mitral bioprosthesis; no prosthetic dysfunction was noted in either valve.
Abdominal-pelvic CT scans revealed no visceral emboli. Blood cultures 72 h after the
initiation of antibiotic treatment were negative.

The patient received 4 weeks of vancomycin plus gentamicin (stopped due to acute
renal failure that resolved after discontinuation of gentamicin), followed by 2 weeks of
vancomycin alone. He did not require cardiac surgery. Blood cultures remained nega-
tive at the 10-month follow-up. He developed progressive mitral valve dysfunction and
heart failure 10 months after the episode of IE and died due to complications after
cardiac surgery. Surgical pathology and necropsy revealed no evidence of active IE.

In vitro studies. The antibiotic susceptibilities of the two strains used in the in vitro
studies are displayed in Table 1. The PEN MIC of SPAR-8497 was 4 �g/ml; the MICs for
ceftriaxone and vancomycin were 4 �g/ml and 0.25 �g/ml, respectively. For SMIT-351,
the MICs for PEN, ceftriaxone, and vancomycin were 8, 4, and 0.5 �g/ml, respectively.

The results of time-kill studies are summarized in Table 2 and shown graphically in
Fig. S1 and S2 in the supplemental material. Against SPAR-8497, all combinations were
both bactericidal and synergistic, except for daptomycin plus ampicillin, which was
synergistic but not bactericidal. Against SMIT-351, combinations of PEN or daptomycin
with gentamicin and of daptomycin plus ampicillin were each synergistic and bacteri-
cidal. Ceftriaxone plus gentamicin was synergistic but not bactericidal, while the

TABLE 1 Broth microdilution method antibiotic susceptibilities of the two strains used in
the in vitro studies

Antibiotic

MIC (�g/ml) for:

SPAR-8497 SMIT-351

Penicillin 4 8
Ampicillin 16 16
Ceftriaxone 4 4
Gentamicin 2 8
Daptomycin 2 0.5
Vancomycin 0.25 0.5
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combinations of vancomycin plus gentamicin and daptomycin plus ceftriaxone were
indifferent.

Of interest, we have previously shown the propensity of VGS to develop high-level
daptomycin resistance in vitro and in vivo (15). In vitro susceptibility testing of organ-
isms that remained viable after time-kill studies detected the emergence of high-level
daptomycin resistance (MIC, �512 �g/ml) in both study strains after 24 h of exposure
to daptomycin alone at inhibitory or subinhibitory concentrations (previously described
for strain SMIT-351 [15]). Similarly, from the different daptomycin combination regi-
mens tested in vitro, we detected two daptomycin-resistant isolates following dapto-
mycin plus ampicillin exposures (daptomycin MICs, 48 �g/ml and 4 �g/ml).

In vivo studies. The activities of drugs in monotherapy or combination therapy
against SMIT-351 (chosen for EE studies due its higher PEN MIC than that of SPAR-8497)
are summarized in Fig. 1 and Table 3. Except for PEN monotherapy (P � 0.134), all
antibiotics alone or in combination with gentamicin were more active than the control
group in reducing intravegetation bacterial densities. Both ceftriaxone and vancomycin
monotherapies were significantly more effective (P � 0.001) than the PEN regimen.
Retest by Etest of organisms residual after vancomycin treatment did not detect any
change in vancomycin MICs. The combined regimens of PEN plus gentamicin and
vancomycin plus gentamicin were more active than PEN and vancomycin monothera-
pies, respectively, in increasing the proportion of sterile vegetations (P � 0.017 and
0.014, respectively) and reducing the density of bacteria within vegetations (P � 0.001
and �0.001, respectively). Regimens of ceftriaxone with or without gentamicin were
equally effective in reducing or eradicating organisms from vegetations (P � 1.000 and
0.267). In a comparison of the three antibiotic combination therapies, we did not find
any statistical significant difference among them (P � 0.05 for all comparisons). How-
ever, taking into consideration both the reductions in bacterial counts and sterilization
of vegetations, vancomycin plus gentamicin was the most active regimen in this EE
model. Of note, among the 15 animals treated with PEN-gentamicin, 7 had only modest
reductions in bacterial counts per gram of vegetation (Fig. 1).

Literature review. The initial search identified 32 articles, of which only 6 contained
sufficient clinical data to meet our analytic requirements (21–26). In the secondary
search, two additional publications were found; these yielded three relevant IE cases
(27, 28). In total, 17 cases of IE caused by high-level PEN-R VGS were found. The clinical
and therapeutic features of these 17 cases plus our two current cases are shown in
Table 4. Antibiotic treatment was very heterogeneous. Of the 19 cases, 2 patients died
during active therapy for IE (one treated with PEN plus streptomycin, and the other
treated with vancomycin plus gentamicin), and 2 others died months after an apparent
cure of IE. Of those cured, 5 were treated with PEN or ceftriaxone plus an aminogly-
coside, 6 were treated with a �-lactam agent alone, 2 were treated with vancomycin
alone, and 3 were treated with various combinations of vancomycin or ceftriaxone plus
gentamicin. One patient was reportedly cured with gentamicin alone.

DISCUSSION

Treatment guidelines for IE due to VGS that are “resistant to PEN” have been
promulgated for more than 3 decades. Current guidelines are not evidence based but

TABLE 2 Qualitative results of time-killing studies of the two VGS strains obtained from
blood cultures of IE cases 1 and 2a

Antibiotic combination

Qualitative result for strain:

SPAR-8497 SMIT-351

Penicillin � gentamicin Synergy/bactericidal Synergy/bactericidal
Ceftriaxone � gentamicin Synergy/bactericidal Synergy
Vancomycin � gentamicin Synergy/bactericidal Indifference
Daptomycin � gentamicin Synergy/bactericidal Synergy/bactericidal
Daptomycin � ampicillin Synergy Synergy/bactericidal
Daptomycin � ceftriaxone Synergy/bactericidal Indifference
aThe inoculum was equal to 106 CFU/ml.
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rather are based on consensus expert opinion and on a very limited number of case
reports (1, 2). Consequently, additional clinical reports and experimental studies that
help clarify this difficult therapeutic arena, particularly those addressing IE caused by
highly PEN-R VGS, are likely to be valuable.

The current report is one of the first providing both experimental (in vitro and in
vivo) and clinical data related to antibiotic treatment of IE caused by highly PEN-R VGS
strains (PEN MICs, �4 �g/ml). As pointed out by Le and Bayer (29), data documenting
a correlation between favorable clinical outcomes and synergy between �-lactams and
aminoglycosides are relatively scarce.

Our investigations yielded several interesting observations. First, the combination of
PEN plus gentamicin showed significant synergy and bactericidal activity in time-kill

FIG 1 Treatment of experimental endocarditis caused by the SMIT-351 strain. Densities of the SMIT-351
strain (log10 CFU per gram of vegetation) in the IE model without antibiotic treatment and the different
antibiotic treatment arms. For each group, individual data for each rabbit are represented by a dot. The
medians and interquartile ranges are represented by horizontal and vertical bars, respectively. *, number
of rabbits with sterile vegetations/total number of rabbits.

TABLE 3 Treatment of experimental endocarditis caused by SMIT-351 straina

Antibiotic group
No. of sterile veg/
total no. of veg (%)

CFU log10/g
veg (median [IQR])

Control 0/15 (0) 9.1 (9–9.6)
Penicillin 0/15 (0)a 8.6 (7.6–9.4)b,c,d

Ceftriaxone 4/15 (27)e 3.5 (0–6.6)b,f

Vancomycin 0/12 (0)g 3.4 (2–4)c,h

Penicillin � gentamicin 6/15 (38)a 2 (0–6.6)d

Ceftriaxone � gentamicin 4/15 (27)e 2 (1–2.7)f

Vancomycin � gentamicin 6/12 (50)g 1 (0–2.2)h

aEach letter shows the comparison between two antibiotic groups: a, P � 0.017; b, P � 0.001; c, P � 0.001; d,
P � 0.001; e, P � 1.000; f, P � 0.267; g, P � 0.014; h, P � 0.001.
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studies against both of our highly PEN-R strains. Additionally, this combination was
heterogeneously effective against SMIT-351 (PEN MIC, 8 �g/ml) in the animal model,
with marked reduction of bacterial densities in only 8 of the 15 animals. Fujitani et al.
(26) similarly found in vitro synergy for this combination against a high-level-PEN-R S.
parasanguinis strain causing IE. As we found with the SMIT-351 strain, Fujitani et al. also
noted that ceftriaxone plus gentamicin had less activity against their isolate than did
the combination of PEN plus gentamicin. These data provide some support for the
treatment of IE caused by highly PEN-R VGS with a combination of a �-lactam plus
gentamicin, as noted in our literature review (Table 4).

Second, interestingly, in the in vivo model of EE, regimens using gentamicin plus
either PEN or vancomycin were more active than their respective monotherapies
against highly PEN-R VGS IE. Using the same rabbit model of EE, Martínez et al. (30)
tested different combinations of antibiotics against a strain of Streptococcus sanguinis,
with a PEN MIC of 8 �g/ml. The combination of PEN plus gentamicin was not synergistic
against this strain, while the most active combination was vancomycin plus gentamicin.
These observations coupled with the limited impact of the penicillin-plus-gentamicin
regimen in 7 of our animals with EE gave pause to routinely accepting PEN plus

TABLE 4 Clinical and therapeutic features of reported cases of infective endocarditis due to high resistance to PENa

Patient no. by study
(reference)

Yr
diag-nosed Species

PEN MIC
(�g/ml)

Type of
endocarditis Treatment (duration)b Outcome

Garrod and Waterworth (27)
1 1962 ND 4.0 Native SM (7 days), PEN plus SM (10 days) Cured
2 1962 ND 8.0 Native PEN plus ERT, PEN plus SM (6 wk) Cured

Doyle et al. (28)
3 1967 ND 10.0 Native PEN plus SM plus probenecid (3 wk) Cured

Knoll et al. (24)
4 1978 ND 4.0 Native PEN G (3 wk), SM (2 wk) Relapsed, died
5 1987 Streptococcus

sanguinis
4.0 Prosthetic PEN G (4 wk) Cured

6 1987 S. sanguinis 4.0 Prosthetic GM (4 wk) Cured

Levitz (21)
7 1999 Streptococcus mitis �4.0 Prosthetic VAN (4 wk) Cured

Levy et al. (23)
8 2001 S. sanguinis �4.0 Native VAN plus GM (16 days) Died during admission

Sabella et al. (22)
9 2001 S. mitis 4.0 Native VAN plus CEF (6 wk) plus GM (4 wk) Cured

Nandhakumar et al. (25) 2008
10 ND Streptococcus

oralis
4 Native CEF, AMP (4 wk total) Cured

11 ND S. oralis 4 Native AMP, CIPR (4 wk total) Cured
12 ND S. oralis 16 Native CEF, AMP (4 wk total) Cured
13 ND S. oralis 8 Native AMP, CEF (4 wk total) Cured
14 ND S. oralis 8 Native PEN G (4 wk) Cured
15 ND S. oralis 4 Native CEF plus GM (4 wk) Cured
16 ND S. oralis 4 Native CEF plus GM (4 wk) Cured

Fujitani et al. (26)
17 2008 Streptococcus

parasanguinis
4.0 Native VAN plus GM (10 days), CEF plus

GM (7 days), VAN (6 wk)
Cured, but died of

unknown cause
4 mo later

Present study
18 2016 S. parasanguinis 4.0 Prosthetic VAN plus CEF (4 days), VAN (6 wk) Cured
19 2001 S. mitis 8.0 Prosthetic VAN plus GM (4 wk), VAN (2 wk) Cured, but died 10 mo

after IE admission
aHigh resistance was defined as an MIC of �4 �g/ml. ND, not determined.
bSM, streptomycin; PEN, penicillin; ERT, erythromycin; GM, gentamicin; VAN, vancomycin; CEF, ceftriaxone; AMP, ampicillin; CIPR, ciprofloxacin.
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gentamicin as optimal therapy for IE caused by highly PEN-R VGS. Furthermore,
although the combination of gentamicin with PEN, ceftriaxone, or vancomycin in vivo
in the animal model yielded significantly greater antimicrobial activity than with their
respective monotherapies, the overall activity of these combinations was relatively
inferior to that of �-lactam monotherapy against fully PEN-susceptible VGS (31, 32).

Third, the in vitro and in vivo studies of our isolates and the successful treatment of
our two patients add to data supporting the potential utility of vancomycin alone or in
combination with gentamicin (potential nephrotoxicity not withstanding) in the treat-
ment of IE caused by highly PEN-R VGS.

Finally, despite our current compelling observations and our review of the literature,
available laboratory and clinical data remain too limited to draw firm and consensus
conclusions regarding the clinical treatment of IE caused by highly PEN-R VGS. As noted
in Table 4, including our cases, there are only 19 reported cases of this entity. Of these,
17 cases have been treated successfully. Six of them received a �-lactam–aminoglyco-
side combination, 2 were treated with a combination of vancomycin and aminoglyco-
sides, 5 with a �-lactam monotherapy, 1 with vancomycin monotherapy, 1 with
gentamicin monotherapy, 1 with vancomycin plus ceftriaxone, and 1 with ampicillin
plus ciprofloxacin. Notably, of the 2 cases that failed to therapy, one was treated with
�-lactam plus aminoglycoside combination, and the other with vancomycin plus
aminoglycoside combination. Not only was there notable heterogeneity in the type of
antibiotics used for treatment, but the length of therapy among these 17 cases was
surprisingly short. Only 5 cases were treated for longer than 4 weeks, and among the
other 12 cases, 4 patients were treated for less than 4 weeks.

Daptomycin is the only lipoglycopeptide with published in vivo data against VGS
strains causing IE. However, following exposure to daptomycin in monotherapy, rapid
development of HLDR occurs in at least 25% of S. mitis group strains in vitro; this
phenomenon was replicated in vivo in EE (15). Of interest, recent investigations utilizing
either the rabbit IE model or an ex vivo model featuring simulated endocardial
vegetations suggest that daptomycin plus gentamicin (15) or daptomycin plus
advanced-generation cephalosporins (ceftriaxone or ceftaroline) (17), respectively, can
circumvent emergence of HLDR in VGS strains; however, clinical data for such combi-
nations are lacking. We found that daptomycin plus ampicillin was synergistic in
time-kill curves against both tested strains; however, HLDR was detected twice in
SPAR-8497 residual after this exposure. This combination was bactericidal against the
S. mitis strain. Daptomycin plus ampicillin has been shown to be synergistic, and
bactericidal activity against enterococci (33) has prevented or reduced the emergence
of daptomycin resistance in enterococci and Staphylococcus aureus (34, 35). Further-
more, this combination has been effective in the treatment of patients with Enterococ-
cus faecalis endocarditis (36). Our results with the combination of daptomycin and
ceftriaxone, ampicillin, or gentamicin in vitro suggest some potential for daptomycin
combination regimens against PEN-R VGS endocarditis. However, the emergence of
HLDR following the in vitro exposure of SPAR-8497 to daptomycin-ampicillin warrants
caution and further investigation.

The current study has several limitations. Our clinical data come from only two
patients, which precludes any generalization of outcomes. They do, however, add to
the overall data regarding the treatment of IE caused by PEN-R VGS, especially using
vancomycin-based regimens. Also, daptomycin was tested only in the in vitro studies.
Moreover, only one of the two strains from clinical cases was included in the in vivo
studies. Last, vancomycin dosing strategies in our experimental IE studies were not
designed to achieve an area under the concentration-time curve over 24 h in steady
state divided by the MIC (AUC/MIC) of �400 �g/ml, a target that has been correlated
with favorable outcomes in S. aureus bacteremia clinically (37–39).

Our study contributes two additional cases of IE caused by highly PEN-R VGS which
were cured with vancomycin-based regimens. It also explores alternative regimens that
might be used to effectively treat IE caused by such organisms, and it underscores the
potential vulnerability of daptomycin monotherapy and possibly daptomycin plus

Endocarditis Caused by High-Level PEN-R VGS Antimicrobial Agents and Chemotherapy

August 2019 Volume 63 Issue 8 e00516-19 aac.asm.org 7

https://aac.asm.org


�-lactam combination therapy, namely, the emergence of HLDR in vitro in these
settings. In vivo, in terms of the combined metric of reductions in bacterial density in
vegetations plus vegetation sterilizations, regimens of gentamicin plus either PEN or
vancomycin were more active than their respective monotherapies. We urge the
performance of additional experimental and clinical studies to confirm the role of
vancomycin-based regimens for highly PEN-R VGS IE.

MATERIALS AND METHODS
Design. The study design consisted of clinical descriptions of two IE cases caused by highly PEN-R

VGS, in vitro antibiotic susceptibility studies of the initial bloodstream isolates from each case, testing of
optimal antibiotic efficacy with one of these isolates in the rabbit model of EE, and a literature review of
previously reported clinical cases of highly PEN-R VGS IE and their antibiotic therapies.

Setting. The study was conducted in two urban tertiary-care hospitals, with one in Spain (Barcelona)
and one in the United States (Boston, MA).

Study microorganisms. Two highly PEN-R VGS strains were isolated from blood cultures of two
patients diagnosed with pulmonary valve (PV) IE, as follows: Streptococcus parasanguinis strain SPAR-
8497, isolated from Beth Israel Deaconess Medical Center, Boston, MA; and Streptococcus mitis-S. oralis
strain SMIT-351, isolated from Hospital Clínic-IDIBAPS, Barcelona, Spain.

The blood samples were obtained as a part of the routine clinical management of patients with IE
in both institutions. These were processed routinely for identification and antimicrobial susceptibilities in
the respective clinical microbiology laboratories. They were then considered “discarded specimens”; thus,
obtaining an informed consent for use of these samples in our research laboratories was deemed
unnecessary, according to national regulations.

In vitro studies. (i) Identification. The species identification of the two bloodstream VGS isolates
was carried out by a phenotypic method (API Rapid ID32 Strep system) supported by a molecular method
(16S rRNA ribotyping).

(ii) Antibiotic susceptibility testing. MICs were tested by broth microdilution assays using Mueller-
Hinton broth supplemented with 5% lysed horse blood (40). For daptomycin, broth was supplemented
with 50 mg/liter calcium chloride, according to the CLSI recommendations (41). Streptococcus pneu-
moniae ATCC 49619 was used as a quality control strain.

(iii) Time-kill studies. Time-kill study (TKS) methodology was used to test the activity of single versus
combined antibiotic regimens against both strains, according to previously described criteria (42).
Mueller-Hinton broth medium supplemented with horse blood was used to determine the TK curves, as
previously described (15, 43). A final inoculum between 5 � 105 and 1 � 106 CFU/ml was used. Concen-
trations between 0.5 and 1 times the MICs of the study strains were chosen for synergy testing.

Definitions. Synergy was defined as at least a 2-log10 decrease in the number of CFU per milliliter
between the combination regimens compared to that with the most active single agent after 24 h. To
qualify, the number of surviving organisms in the presence of the combination had to be at least 2 log10

CFU/ml less than the starting inoculum. At least one of the drugs in a combination of interest had to be
present in a concentration that did not significantly affect the growth curve of the test organism when
used alone (43). Bactericidal activity for antibiotics alone or in combination was defined a reduction from
the initial inoculum of �3 log10 in CFU at 24 h. Indifference was defined when a reduction in CFU counts
of �2 log10 was achieved with the antibiotic combination versus the most active single agent.

In vivo studies. (i) Animal model. Female New Zealand White rabbits (body weight, �2.5 kg)
provided by San Bernardo Farms (Pamplona, Spain) were used. Housing took place in the animal facilities
of the University of Barcelona, School of Medicine, which are equipped with a high-efficiency particulate
air filter in an automatic air exchange system, as well as circadian light cycles. The rabbits were fed ad
libitum. The Committee of Animals Ethics of the University of Barcelona approved all animal experimen-
tation in this study.

(ii) Human-like pharmacokinetic studies. All antibiotics were administered by using a computer-
controlled infusion pump system designed to reproduce human-equivalent serum pharmacokinetic (PK)
in rabbits after an intravenous (i.v.) infusion. Drug doses were chosen to simulate the human-like PK
profiles of PEN (4 million units/4 h), vancomycin (1 g/12 h), daptomycin (6 mg/kg of body weight every
24 h), ampicillin (2 g/4 h), ceftriaxone (2 g/24 h), and gentamicin (240 mg/24 h).

(iii) Experimental aortic valve IE model. EE was induced according to the method described by
Garrison and Freedman (44). Briefly, a catheter was inserted through the right carotid artery into the left
ventricle of anesthetized rabbits; a separate catheter used for antibiotic administration was placed into
the inferior vena cava through the jugular vein. The infusion pump delivered 2 ml/h of 0.9% saline
solution until the beginning of antimicrobial administration. Twenty-four hours later, each animal was
inoculated via the marginal ear vein with strain SMIT-351 (1 ml of 1 � 108 CFU/ml). This inoculum has
been shown to be greater than or equal to the 95% infective dose (ID95) for this strain in the EE model
(15). Before the initiation of antimicrobial therapy, 1 ml of blood was obtained to confirm bacteremia (i.e.,
successful induction of EE). Antibiotic treatments were then started at 24 h of challenge, and animals
were treated for 48 h. After the completion of treatment, an additional 6 drug half-lives were allowed to
elapse before the animals were sacrificed to limit antibiotic carryover effects (animals were anesthetized
and humanely euthanized by an i.v. bolus of pentobarbital, as per institutional and national guidelines).
Aortic valve vegetations were obtained, weighed, and homogenized in 2 ml of saline solution, and
quantitative and qualitative cultures were then performed.
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(iv) Treatment groups. The infected rabbits were separated into the different treatment arms
simulating human PK, as follows: monotherapy regimens were PEN, ceftriaxone, or vancomycin, and
combination regimens were PEN plus gentamicin, ceftriaxone plus gentamicin, and vancomycin plus
gentamicin. The results of daptomycin monotherapy and combined with gentamicin against SMIT-351
have been previously published and were not repeated (15).

(v) Analysis of endocardial vegetations. The CFU counts recovered from vegetations were ex-
pressed as the median log10 CFU per gram of vegetation (veg). Individual counts were assigned a value
of 2 log10 CFU/g veg if there was no growth on the quantitative plates, but qualitative cultures from the
homogenates incubated for 7 additional days were positive. The result was assigned a value of zero if
both the qualitative and quantitative cultures were negative. Representative isolates recovered from
vegetations from all treatment groups were stored, and their MICs were retested for the study drugs to
detect the potential emergence of in vivo antibiotic resistance.

Statistical analysis. Results were expressed as the median and the interquartile range (IQR) of the
number of log10 CFU/g veg. The Mann-Whitney nonparametric test was used to compare the log10 CFU/g
of valve tissue values among the different treatment groups. Fisher’s exact test was used to compare
treatment groups for their rates of vegetation sterilization.

Review of the literature. We searched PubMed to identify peer-reviewed reports of cases of IE due
to highly PEN-R VGS published from January 1960 to July 2017 in all languages. The search criteria
included the following terms: “viridans streptococci,” “endocarditis,” “PEN resistance,” “high-level PEN
resistance”-“endocarditis,” “streptococci,” and “non-susceptible viridans streptococci”). We included only
articles reporting both the clinical and antibiotic treatment data for adult patients with definite
endocarditis (by modified Duke Criteria [45]) caused by VGS with a PEN MIC of �4 �g/ml and with at
least 6 months follow-up. In a secondary strategy, cases from articles, books, or conference communi-
cations that fulfilled the above-mentioned criteria were also included.

Ethics approval. Information for the patient admitted to the Hospital Clínic of Barcelona was
included in the database of the International Collaboration on Endocarditis, coordinated by the Duke
Clinical Research Institute (NC, USA), for which the institutional review board (IRB) of the Hospital Clínic
de Barcelona provided approval. Regarding the other patient, the Committee on Clinical Investigations
(the institutional review board) of the Beth Israel Deaconess Medical Center waived the need for
committee approval and patient consent for publication based on the use of a discarded clinical
specimen and deidentification of patient-related data. This article does not contain any individual
person’s data that might lead to the identification of the two patients included in the study as the two
the IRB confirmed.
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