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ABSTRACT The in vitro activities of ceftaroline and tedizolid were compared against
Staphylococcus aureus, Enterococcus faecalis, and Enterococcus faecium clinical isolates
collected from the China Antimicrobial Surveillance Network. Ceftaroline demon-
strated potent activity against S. aureus isolates (MIC50/90, �0.25/1 mg/liter). Tedi-
zolid was also highly active against S. aureus (MIC50/90, 0.25/0.5 mg/liter) and Entero-
coccus (MIC50/90, 0.5/0.5 mg/liter) isolates. Our results support the clinical usefulness
of ceftaroline and tedizolid in treating Gram-positive infections.

KEYWORDS ceftaroline, tedizolid, antimicrobial susceptibility testing, Staphylococcus
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Staphylococcus aureus and Enterococcus spp. represent the major Gram-positive
pathogens causing bacteremia, infective endocarditis, and pneumonia, as well as

bloodstream, skin and soft tissue, and urinary tract infections (1). According to data
from the China Antimicrobial Surveillance Network (CHINET) (2), S. aureus accounted for
9.3% (23,323/249,758) of all clinical isolates, while Enterococcus faecalis and Enterococ-
cus faecium accounted for 3.1% (7,676/249,758) and 4.2% (10,413/249,758), respec-
tively. Ceftaroline, a novel broad-spectrum �-lactam cephalosporin, was approved in
2010 by the U.S. Food and Drug Administration (FDA) for the treatment of acute
bacterial skin and skin structure infections (ABSSSI) and community-acquired bacterial
pneumonia (3) due to its activity against methicillin-resistant S. aureus (MRSA). Tedizolid
is an oxazolidinone antibacterial agent. In 2014, tedizolid was approved in the United
States for the treatment of ABSSSI caused by susceptible strains of S. aureus, Strepto-
coccus, and E. faecalis (4). Currently, the antimicrobial activity and spectrum of ceftaro-
line and tedizolid have not been studied extensively with clinical strains in China. Here,
we compared the in vitro activities of ceftaroline, tedizolid, and other comparators
against a large panel of clinical isolates with the purpose to support the clinical use of
ceftaroline and tedizolid.

A total of 2,058 nonduplicate clinical isolates of S. aureus (n � 1,191), E. faecalis
(n � 417), and E. faecium (n � 450) were collected from 44 hospitals in 26 provinces or
cities across China in 2018, as part of CHINET. S. aureus ATCC 29213 and E. faecalis ATCC
29212 isolates were used as quality controls for antimicrobial susceptibility testing.
MICs were determined by the reference broth microdilution method as recommended
by the Clinical and Laboratory Standards Institute (CLSI) (5). The results were inter-
preted according to 2019 CLSI breakpoints for all the agents tested with the exception
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of tigecycline, for which CLSI criteria were not available (6). Tigecycline MICs were
interpreted by FDA breakpoints for S. aureus (susceptible, �0.5 mg/liter) and E. faecalis
(susceptible, �0.25 mg/liter) (7).

Ceftaroline inhibited 99.2% of the S. aureus strains at a concentration of 1 mg/liter
(breakpoint for susceptibility), showing excellent activity against MRSA (MIC50/90, 0.5/
1 mg/liter) and methicillin-susceptible S. aureus (MSSA) (MIC50/90, 0.25/0.5 mg/liter)
strains (Table 1). Tedizolid inhibited 100% of the S. aureus strains at a concentration of
0.5 mg/liter (MIC50/90, 0.25/0.5 mg/liter). Nine (0.8%) strains of S. aureus were
susceptible-dose dependent to ceftaroline (MIC, 2 to 4 mg/liter) (Table 1). Tedizolid was
highly active (MIC50/90, 0.5/0.5 mg/liter) against Enterococcus isolates by inhibiting
100% of the 867 strains at a concentration of 2 mg/liter (Table 1).

Overall, 99.2%, 100%, and 100% of the S. aureus strains tested were susceptible to
ceftaroline, tedizolid, and linezolid, respectively, but had relatively lower susceptibility
to the comparators erythromycin (31.7%), clindamycin (58.3%), gentamicin (77.8%), and
levofloxacin (77.7%). In terms of susceptibility rates, vancomycin (100%), tedizolid
(100%), linezolid (100%), tigecycline (98.2), and trimethoprim-sulfamethoxazole (95.6%)
were similar to ceftaroline. Tedizolid and ceftaroline inhibited 100% and 97.8% of the
MRSA isolates, respectively, which was much higher than erythromycin, clindamycin,
gentamicin, and levofloxacin (14.1% to 67.2%). All MSSA strains were susceptible to
ceftaroline, tedizolid, linezolid, tigecycline, and vancomycin and better than any other
antibiotic tested (Table 2).

Tedizolid inhibited most of the Enterococcus strains, similar to linezolid, tigecy-
cline, and vancomycin (95.5% to 99.1%) and better than all of the other antibiotics
tested. More E. faecalis strains than E. faecium strains were susceptible to ampicillin
(98.1% versus 8.4%), nitrofurantoin (98.8% versus 12.9%), levofloxacin (64% versus
7.1%), tigecycline (100% versus 98.2%), and vancomycin (99.8% versus 94.7%)
(Table 2).

Gram-positive pathogens develop resistance to virtually all antimicrobials currently
available in clinical practice because of an immense pool of resistant genes (8). Data
from the CHINET program showed that S. aureus and Enterococcus strains were the
most frequently isolated Gram-positive pathogens (2, 9, 10).

Sader et al. (11) reported the activity of ceftaroline against 21,056 clinical strains of
S. aureus isolated from 42 medical centers in the United States, showing MIC50/90 values
of 0.25/0.25 mg/liter against MSSA (100% susceptible) and 0.5/1 mg/liter against MRSA
(97.2% susceptible). This is consistent with our results (modal MIC, 0.25 mg/liter).
Andrey et al. (12) reported that 24% of the strains were resistant to ceftaroline
(MIC, �2 mg/liter) according to EUCAST breakpoints. We found a much lower incidence
(0.8%, 9/1,191) of ceftaroline-nonsusceptible S. aureus (MIC, 2 to 4 mg/liter). The
percentage of ceftaroline resistance should be interpreted cautiously because the
collection of clinical strains and the breakpoints are different.

The MIC values of tedizolid in our study were similar to those in previous reports,

TABLE 1 MIC frequency distribution of ceftaroline and tedizolid against S. aureus, E. faecalis, and E. faecium

Organisma Antimicrobial agent

No. (cumulative %) of isolates at MIC (mg/liter) of:

0.125 0.25 0.5 1 2 4

S. aureus (n � 1,191) Ceftaroline 716 (60.1) 299 (85.2) 167 (99.2) 8 (99.9) 1 (100.0)
Tedizolid 22 (1.8) 834 (71.9) 335 (100)

MRSA (n � 411) Ceftaroline 25 (6.1) 225 (60.8) 152 (97.8) 8 (99.8) 1 (100.0)
Tedizolid 9 (2.2) 299 (74.9) 103 (100.0)

MSSA (n � 780) Ceftaroline 691 (88.6) 74 (98.1) 15 (100.0)
Tedizolid 13 (1.7) 535 (70.3) 232 (100.0)

Enterococcus spp. (n � 867) Tedizolid 5 (0.6) 208 (24.6) 623 (96.4) 30 (99.9) 1 (100.0)
E. faecalis (n � 417) Tedizolid 4 (1.0) 105 (26.1) 283(94.0) 25 (100.0)
E. faecium (n � 450) Tedizolid 1 (0.2) 103 (23.1) 340 (98.7) 5 (99.8) 1 (100.0)

aMRSA, methicillin-resistant Staphylococcus aureus; MSSA, methicillin-susceptible Staphylococcus aureus.
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e.g., MIC50/90 values of 0.25/0.5 mg/liter against 1,839 strains of MRSA collected from
the Asia Pacific region (13). Most (96.4%) of the Enterococcus isolates were susceptible
to tedizolid, with a modal MIC of 0.5 mg/liter, which was 4- to 8-fold lower than that of
linezolid. In this study, we found that 3.6% of Enterococcus strains were nonsusceptible

TABLE 2 Activities of ceftaroline, tedizolid, and comparators against clinical isolates

Organisma Antimicrobial agent

MIC (mg/liter) Susceptibility (%)b

Range 50% 90% Susceptible Resistant

S. aureus (n � 1,191) Ceftaroline �0.25 to 4 �0.25 1 99.2 0.8c

Tedizolid 0.125 to 0.5 0.25 0.5 100 0
Linezolid 0.5 to 4 2 2 100 0
Erythromycin �0.5 to �16 �16 �16 31.7 66.1
Clindamycin �0.5 to �16 �0.5 �16 58.3 40.2
Gentamicin �1 to �32 �1 32 77.8 20.3
Levofloxacin �0.25 to �32 �0.25 32 77.7 21.2
Trimethoprim-sulfamethoxazole �0.25 to �8 �0.25 1 95.6 4.4
Tigecycline �0.06 to 2 0.125 0.25 98.2 0
Vancomycin �0.12 to 2 1 1 100 0

MRSA (n � 411) Ceftaroline �0.25 to 4 0.5 1 97.8 2.2c

Tedizolid 0.125 to 0.5 0.25 0.5 100 0
Linezolid 0.5 to 4 2 2 100 0
Erythromycin �0.5 to �16 �16 �16 14.1 83.5
Clindamycin �0.5 to �16 �16 �16 34.3 63.5
Gentamicin �1 to �32 �1 �32 67.2 31.6
Levofloxacin �0.25 to �32 0.5 �32 59.1 40.1
Trimethoprim-sulfamethoxazole �0.25 to �8 �0.25 0.5 97.6 2.5
Tigecycline �0.06 to 2 0.125 0.5 94.6 0
Vancomycin �0.12 to 2 1 1 100 0

MSSA (n � 780) Ceftaroline �0.25 to 1 �0.25 0.5 100 0
Tedizolid 0.125 to 0.5 0.25 0.5 100 0
Linezolid 0.5 to 4 2 2 100 0
Erythromycin �0.5 to �16 �16 �16 41 56.9
Clindamycin �0.5 to �16 �0.5 32 70.9 27.9
Gentamicin �1 to �32 �1 16 83.5 14.4
Levofloxacin �0.25 to �32 �0.25 4 87.6 11.3
Trimethoprim-sulfamethoxazole �0.25 to �8 �0.25 1 94.6 5.4
Tigecycline �0.06 to 0.5 0.125 0.25 100 0
Vancomycin �0.12 to 2 1 1 100 0

Enterococcus spp. (n � 867) Tedizolid 0.125 to 2 0.5 0.5 96.4 3.6c

Linezolid �0.06 to �8 2 2 95.5 3.8
Ampicillin �1 to �64 4 �64 51.6 48.4
Nitrofurantoin 2 to �256 32 256 54.2 28.4
Levofloxacin �0.25 to �32 32 �32 34.5 62.6
Erythromycin �0.5 to �16 �16 �16 5.2 79.8
Tigecycline �0.06 to 2 0.125 0.25 99.1 0
Vancomycin �0.12 to �8 1 2 97.1 0

E. faecalis (n � 417) Tedizolid 0.125 to 1 0.5 0.5 94.0 6.0c

Linezolid �0.06 to 8 2 2 92.1 6.5
Ampicillin �1 to �64 �1 2 98.1 1.9
Nitrofurantoin 2 to 128 8 16 98.8 0.5
Levofloxacin �0.25 to �32 2 32 64 34.3
Erythromycin �0.5 to �16 �16 �16 5.3 72.2
Tigecycline �0.06 to 0.25 �0.06 0.125 100 0
Vancomycin �0.12 to �8 1 2 99.8 0

E. faecium (n � 450) Tedizolid 0.125 to 2 0.5 0.5 98.7 1.3c

Linezolid 0.5 to �8 2 2 98.7 1.3
Ampicillin �1 to �64 �64 �64 8.4 91.6
Nitrofurantoin 8 to �256 128 256 12.9 54.2
Levofloxacin 0.5 to �32 �32 �32 7.1 88.9
Erythromycin �0.5 to �16 �16 �16 5.1 86.9
Tigecycline �0.06 to 2 0.125 0.25 98.2 0
Vancomycin 0.25 to �8 1 2 94.7 0

aMRSA, methicillin-resistant S. aureus; MSSA, methicillin-susceptible S. aureus.
bTedizolid breakpoints for Staphylococcus spp.: susceptible, �0.5 mg/liter; intermediate, 1 mg/liter; resistant, �2 mg/liter; for Enterococcus spp.: susceptible, �0.5 mg/
liter. Ceftaroline breakpoints for S. aureus: susceptible, �1 mg/liter; susceptible-dose dependent, 2 to 4 mg/liter; resistant, �8 mg/liter. Linezolid breakpoints for S.
aureus: susceptible, �4 mg/liter; resistant, �8 mg/liter; for Enterococcus spp.: susceptible, �2 mg/liter; intermediate, 4 mg/liter; resistant, �8 mg/liter.

cNonsusceptible.
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to tedizolid (MIC, 1 to 2 mg/liter), and all of these strains were not susceptible to
linezolid (data not shown).

In summary, ceftaroline and tedizolid have demonstrated good activity against
clinical isolates of Gram-positive organisms in our surveillance program. Both drugs
have shown promise for treatment of Gram-positive pathogens.

ACKNOWLEDGMENTS
We gratefully acknowledge the contribution of the members of CHINET for collection of

the isolates in this study: Yingchun Xu and Xiaojiang Zhang from Peking Union Medical
College Hospital; Zhaoxia Zhang and Ping Ji from the First Affiliated Hospital of Xinjiang
Medical University; Mei Kang and Chao He from West China Hospital, Sichuan University;
Chuanqing Wang and Leiyan He from Children’s Hospital of Fudan University; Yuanhong Xu
and Ying Huang from the First Affiliated Hospital of Anhui Medical University; Zhongju
Chen and Ziyong Sun from Tongji Hospital, Tongji Medical College, Huazhong University of
Science & Technology; Yuxing Ni and Jingyong Sun from Ruijin Hospital, Shanghai Jiaotong
University School of Medicine; Yunzhuo Chu and Sufei Tian from the First Affiliated Hospital
of China Medical University; Zhidong Hu and Jin Li from Tianjin Medical University General
Hospital; Yunsong Yu and Jie Lin from Sir Run Run Shaw Hospital, Zhejiang University
School of Medicine; Bin Shan and Yan Du from the First Affiliated Hospital of Kunming
Medical University; Sufang Guo and Yanyan Wang from the First Affiliated Hospital of Inner
Mongolia Medical University; Lianhua Wei and Xin Wang from Gansu Provincial Hospital;
Hong Zhang and Chun Wang from Children’s Hospital of Shanghai; Yunjian Hu and
Xiaoman Ai from Beijing Hospital; Chao Zhuo and Danhong Su from the First Affiliated
Hospital of Guangzhou Medical University; Ruizhong Wang and Hua Fang from Pudong
New Area People’s Hospital; Bixia Yu from Zhejiang Ningbo Zhenhai Longsai Hospital; Ping
Gong and Miao Song from the People’s Hospital of Zigui, Hubei Province; Dawen Guo and
Jinying Zhao from the First Affiliated Hospital of Harbin Medical University; Wen’en Liu and
Yanming Li from Xiangya Hospital, Central South University; Yan Jin and Yueling Wang from
Shandong Provincial Hospital; Kaizhen Weng and Yirong Zhang from Jinjiang Municipal
Hospital; Xuesong Xu and Chao Yan from China-Japan Union Hospital, Jilin University;
Xiangning Huang and Hua Yu from Sichuan Provincial People’s Hospital; Yi Li and Shanmei
Wang from Henan Provincial People’s Hospital; Lixia Zhang and Juan Ma from Shaanxi
Provincial People’s Hospital; Shuping Zhou and Jiangwei Ke from Jiangxi Provincial Chil-
dren’s Hospital; Lei Zhu and Jinhua Meng from Children’s Hospital of Shanxi; Wenqi Song
and Fang Dong from Beijing Children’s Hospital, Capital Medical University; Han Shen and
Wanqing Zhou from Nanjing Drum Tower Hospital, Affiliated Hospital of Nanjing; Gang Li
and Wei Jia from General Hospital of Ningxia Medical University; Jinsong Wu and Yuemei
Lu from Shenzhen People’s Hospital; Jihong Li from the Second Hospital of Hebei Medical
University; Jiangshan Liu from Jinchang Hospital of integrated traditional Chinese and
Western Medicine; Longfeng Liao from the People’s Hospital of Ganxian; Hongqin Gu from
Guangrao County People’s Hospital; Lin Jiang from the People’s Hospital of Huixian, Henan
Province; Wen He from Central Hospital of Yingkou Development Zone, Liaoning Province;
Shunhong Xue from Huzhu County People’s Hospital, Qinghai Province; Jiao Feng from the
People’s Hospital of Linshui, Sichuan Province; Rui Dou from Lixin County People’s Hospital;
and Chunlei Yue from Jiutai People’s Hospital.

The study protocol was approved by the Institutional Review Board of Huashan
Hospital, Fudan University (no. 2018-408).

This work was supported by National Mega-project for Innovative Drugs
(2019ZX09721001-006-004), the National Natural Science Foundation of China (grant
no. 81902100 to Y.G.), the Science and Technology Innovation Action Plan of Shanghai
Science and Technology Committee (grant no. 17DZ1910403 to Y.G.), and China
Antimicrobial Surveillance Network (grant no. WI207259).

The funders had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

We have no conflicts of interest to declare.

Guo et al. Antimicrobial Agents and Chemotherapy

November 2020 Volume 64 Issue 11 e01461-20 aac.asm.org 4

 on O
ctober 20, 2020 by guest

http://aac.asm
.org/

D
ow

nloaded from
 

https://aac.asm.org
http://aac.asm.org/


REFERENCES
1. Tong SY, Davis JS, Eichenberger E, Holland TL, Fowler VG, Jr. 2015.

Staphylococcus aureus infections: epidemiology, pathophysiology, clini-
cal manifestations, and management. Clin Microbiol Rev 28:603– 661.
https://doi.org/10.1128/CMR.00134-14.

2. Hu F, Guo Y, Zhu D, 2020. CHINET surveillance of bacterial resistance
across tertiary hospitals in 2019. Chin J Infect Chemother 20:233–243et
al https://doi.org/10.16718/j.1009-7708.2017.05.001.

3. Scott LJ. 2016. Ceftaroline fosamil: a review in complicated skin and soft
tissue infections and community-acquired pneumonia. Drugs 76:
1659 –1674. https://doi.org/10.1007/s40265-016-0654-4.

4. U.S. Food and Drug Administration. 2014. Drug trials snapshot: Sivextro
(tedizolid). U.S. Food and Drug Administration, Silver Spring, MD. https://
www.fda.gov/drugs/drug-approvals-and-databases/drug-trials-snapshot
-sivextro-tedizolid.

5. Clinical and Laboratory Standards Institute. 2018. Methods for dilu-
tion antimicrobial susceptibility testing of bacteria that grow aero-
bically. CLSI document M07-A11. Clinical and Laboratory Standards
Institute, Wayne, PA.

6. Clinical and Laboratory Standards Institute. 2019. Performance standards
for antimicrobial susceptibility testing—29th ed. CLSI document M100.
Clinical and Laboratory Standards Institute, Wayne, PA.

7. U.S. Food and Drug Administration. 2019. Tigecycline – injection prod-
ucts. U.S. Food and Drug Administration, Silver Spring, MD. https://www
.fda.gov/drugs/development-resources/tigecycline-injection-products.

8. Frieri M, Kumar K, Boutin A. 2017. Antibiotic resistance. J Infect Public
Health 10:369 –378. https://doi.org/10.1016/j.jiph.2016.08.007.

9. Hu FP, Zhu DM, Wang F, Wang MG. 2018. Current status and trends of
antibacterial resistance in China. Clin Infect Dis 67:S128 –S134. https://
doi.org/10.1093/cid/ciy657.

10. Hu FP, Guo Y, Yang Y, Zheng YG, Wu S, Jiang XF, Zhu DM, Wang F, China
Antimicrobial Surveillance Network (CHINET) Study Group. 2019. Resis-
tance reported from China Antimicrobial Surveillance Network (CHINET)
in 2018. Eur J Clin Microbiol Infect Dis 38:2275–2281. https://doi.org/10
.1007/s10096-019-03673-1.

11. Sader HS, Mendes RE, Streit JM, Flamm RK. 2017. Antimicrobial suscep-
tibility trends among Staphylococcus aureus isolates from U.S. hospitals:
results from 7 years of the ceftaroline (AWARE) surveillance program,
2010 to 2016. Antimicrob Agents Chemother 61:e01043-17. https://doi
.org/10.1128/AAC.01043-17.

12. Andrey DO, Francois P, Manzano C, Bonetti EJ, Harbarth S, Schrenzel J,
Kelley WL, Renzoni A. 2017. Antimicrobial activity of ceftaroline against
methicillin-resistant Staphylococcus aureus (MRSA) isolates collected in
2013–2014 at the Geneva University Hospitals. Eur J Clin Microbiol Infect
Dis 36:343–350. https://doi.org/10.1007/s10096-016-2807-5.

13. Karlowsky JA, Hackel MA, Bouchillon SK, Alder J, Sahm DF. 2017. In vitro
activities of tedizolid and comparator antimicrobial agents against clin-
ical isolates of Staphylococcus aureus collected in 12 countries from
2014 to 2016. Diagn Microbiol Infect Dis 89:151–157. https://doi.org/10
.1016/j.diagmicrobio.2017.07.001.

In Vitro Activities of Ceftaroline and Tedizolid Antimicrobial Agents and Chemotherapy

November 2020 Volume 64 Issue 11 e01461-20 aac.asm.org 5

 on O
ctober 20, 2020 by guest

http://aac.asm
.org/

D
ow

nloaded from
 

https://doi.org/10.1128/CMR.00134-14
https://doi.org/10.16718/j.1009-7708.2017.05.001
https://doi.org/10.1007/s40265-016-0654-4
https://www.fda.gov/drugs/drug-approvals-and-databases/drug-trials-snapshot-sivextro-tedizolid
https://www.fda.gov/drugs/drug-approvals-and-databases/drug-trials-snapshot-sivextro-tedizolid
https://www.fda.gov/drugs/drug-approvals-and-databases/drug-trials-snapshot-sivextro-tedizolid
https://www.fda.gov/drugs/development-resources/tigecycline-injection-products
https://www.fda.gov/drugs/development-resources/tigecycline-injection-products
https://doi.org/10.1016/j.jiph.2016.08.007
https://doi.org/10.1093/cid/ciy657
https://doi.org/10.1093/cid/ciy657
https://doi.org/10.1007/s10096-019-03673-1
https://doi.org/10.1007/s10096-019-03673-1
https://doi.org/10.1128/AAC.01043-17
https://doi.org/10.1128/AAC.01043-17
https://doi.org/10.1007/s10096-016-2807-5
https://doi.org/10.1016/j.diagmicrobio.2017.07.001
https://doi.org/10.1016/j.diagmicrobio.2017.07.001
https://aac.asm.org
http://aac.asm.org/

	ACKNOWLEDGMENTS
	REFERENCES

