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Coronavirus Disease 2019, Superinfections, and
Antimicrobial Development: What Can We Expect?
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Coronavirus disease 2019 (COVID-19) arose at a time of great concern about antimicrobial resistance (AMR). No studies have spe-
cifically assessed COVID-19-associated superinfections or AMR. Based on limited data from case series, it is reasonable to antici-
pate that an appreciable minority of patients with severe COVID-19 will develop superinfections, most commonly pneumonia due
to nosocomial bacteria and Aspergillus. Microbiology and AMR patterns are likely to reflect institutional ecology. Broad-spectrum
antimicrobial use is likely to be widespread among hospitalized patients, both as directed and empiric therapy. Stewardship will have
a crucial role in limiting unnecessary antimicrobial use and AMR. Congressional COVID-19 relief bills are considering antimicro-
bial reimbursement reforms and antimicrobial subscription models, but it is unclear if these will be included in final legislation.
Prospective studies on COVID-19 superinfections are needed, data from which can inform rational antimicrobial treatment and

stewardship strategies, and models for market reform and sustainable drug development.
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Repeated warnings have been sounded about public health
threats posed by pandemic viral and antimicrobial-resistant
infections [1, 2]. The world is currently experiencing wide-
spread dissemination of coronavirus disease 2019 (COVID-19),
which is imposing the worst infectious disease crisis since the
1918 influenza pandemic. During the 1918 and subsequent in-
fluenza pandemics, Streptococcus pneumoniae and other bac-
terial superinfections were common causes of mortality and
morbidity [3]. Recent retrospective studies have suggested that
aspergillosis and other fungal infections are underrecognized
complications of severe influenza [4, 5]. The extent to which
COVID-19 is complicated by bacterial or fungal superinfections
is unclear.

Prior to emergence of COVID-19, an estimated 3 mil-
lion Americans were infected each year with a high-priority
antimicrobial-resistant pathogen [6, 7]. Antimicrobial-resistant
infections are conservatively estimated to cause 700 000 deaths
annually worldwide, a number that is projected to increase to 10
million per year by 2050 [8]. Despite the burden of antimicro-
bial resistance (AMR), antimicrobial development is in crisis.
Five companies (Allergan, The Medicines Company, Achaogen,
Melinta, and Tetraphase) that brought new agents to market
in the past 3 years have declared bankruptcy or abandoned
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the field [9]. Several factors constrain the antimicrobial mar-
ketplace. Antimicrobials are generally administered for short
treatment courses. Older agents remain active against a vast
majority of infections. Responsible stewardship practices re-
strict use of newer agents to antimicrobial-resistant infections
in which older drugs are inactive. Overly restrictive stewardship
may limit uptake of new antimicrobials in favor of cheaper, less
effective alternatives [10, 11]. Many aspects of modern medi-
cine depend upon the ability to prevent and treat infections, but
payment models based on per-prescription reimbursement do
not capture the societal value of antimicrobials [12]. Without
reforms to reimbursement and drug development models, sus-
tainability of the antimicrobial pipeline is uncertain. In con-
fronting COVID-19, it is imperative that medical, public health,
policy, and political communities do not lose sight of looming
AMR and antimicrobial development crises [2].

In this article, we review the limited published data on bacte-
rial and fungal infections among COVID-19 patients, and offer
perspectives on what to expect with superinfections, AMR, and
antimicrobial development during the pandemic.

SUPERINFECTIONS AND ANTIMICROBIAL USAGE IN
COVID-19: WHAT DO WE KNOW?

As of this writing, no studies have specifically investigated
COVID-19 superinfections. Superinfections and antimicrobial
(antibacterial, antifungal) usage are presented in a few sentences
or within tables of articles, without mention of diagnostic cri-
teria or case definitions. Information from retrospective reports
published through 21 April 2020 is summarized in Table 1.
Secondary infections were reported in 5%-27% of adults in-
fected with severe acute respiratory syndrome coronavirus 2
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Table 1. Clinical Reports Mentioning Superinfections and/or Antibiotic Use in Patients With Coronavirus Disease 2019

Antibiotic/
First Author Patients, Type of Antifungal Types of Infection/
[Reference] Site(s) No. Patients Invasive MV Use Steroid Use  Superinfections Organisms
Huang [13] Wuhan, 41 Hospitalized 5% Abx, 100% 22% 10% (31% in NS NS
1 hospital 32% in ICU ICU)
Chen N [15] Wuhan, 99 Hospitalized 4% Abx, 71%AF, 19% 5% NS MDR Acinetobacter
1 hospital 15% baumannii, Klebsiella
pneumoniae, Aspergillus
flavus, Candida albicans,
Candida glabrata
Yang[16] Wuhan, 52 ICU 42% Abx, 94% 58% 13.5% Pneumonia, 9%; pneumonia
1 hospital + BSI, 2%; urinary, 2%
KPC-K. pneumoniae, ESBL
K. pneumoniae, ESBL
Pseudomonas aeruginosa,
Serratia marcescens,
A. fumigatus, Aspergillus
flavus, C. albicans
Guan®[17] China, 552 1099 Hospitalized 5% 2.3%  Abx, 58% 19% NS NS NS
hospitals, 30 in ICU (80% of
provinces severely ill)
AF, 75%
Zhou[18] Wuhan, 191 Hospitalized 17% Abx, 95% 30% 15% NS NS
2 hospitals 26% in ICU
Wang [19] Wuhan, 69 Hospitalized NS Abx, 98.5% 15% 17% (10%  Positive sputum cultures, no
1 hospital AF, 12% excluding clinical details Enterobacter
Candida)® cloacae, A. baumannii,
C. albicans
Dong [20] Wuhan, M Hospitalized NS Abx, 27% 27% 9% Secondary pneumonia
3 hospitals Gram-positive cocci and
gram-negative rods, not
further characterized
ChenT°[14] Wuhan, 274° Hospitalized 43% Abx, 91% 79% NS NS NS
1 hospital
Cao[21] Wuhan, 102 Hospitalized 14% Abx, 99% 50% 17% NS NS
1 hospital 18% in ICU
Lian[22] Zhejiang prov- 788 Hospitalized 1% NS 13% None® NS NS
ince, “all
hospitals”
Du Y[23] Wuhan, 85 Hospitalized 21% Abx, 91% 76.5% 33% (3/9) NS NS
2 hospitals 100% died AF, 15% fungi® 0% (0/12)
bacteria
Chen X[24] Wuhan, 48 Hospitalized NS NS NS 27% fungi’ NS NS
1 hospital 44% mod- 2% bacteria
erate, 56%
severe or
critically ill
Goyal[25] NYC, 393 Hospitalized 33% NS 12% 6% BSI? NS
2 hospitals (25% if MV) (12% if MV)
Lescure[26] France, 5 Hospitalized 20% Abx, 20% None 20% (n=1) Secondary pneumonia
3 hospitals 60% (n = 3), n=1) n=1) A. baumannii, A. flavus
ICU 40%
(n = 2), mild
Arentz[27] Kirkland, WA, 21 ICU 71% NS NS 5% (n=1) BSI P aeruginosa
1 hospital
Bhatraju[28] Seattle, 24 ICU 75% NS None None NS NS
9 hospital

Studies were identified by a PubMed search conducted through 21 April 2020, using the terms “COVID-19," “novel coronavirus,” and “SARS-CoV-2." Studies were included if they were
published in English in a peerreviewed publication, and if they provided data on superinfections or secondary infections, or data on antimicrobial use in hospitalized patients with coronavirus
disease 2019.

Abbreviations: Abx, antibiotics; AF, antifungals; BSI, bloodstream infection; ESBL, extended-spectrum f-lactamase; ICU, intensive care unit; KPC, Klebsiella pneumoniae carbapenemase;
MDR, multidrug-resistant; MV, mechanical ventilation; NS, not stated; NYC, New York City; WA, Washington.

“Cultures positive for Candida may have represented colonization rather than disease.

PStudies did not include information on superinfections. They are included in the table because they are large studies that provide data on antimicrobial use.
“Compared 113 deaths with 161 survivors, from a cohort of 799 patients.

9Unclear from wording of article if no superinfections were diagnosed in patients receiving corticosteroids, or in the entire cohort.

®Sputum culture results. Other patients were not tested. It is unclear if positive cultures represented colonization or disease.

‘Bacterial and fungal infections were reported in 44% and 4% of severely or critically ill patients, respectively.

9Data only provided for BSls. Other types of superinfection were not mentioned.
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(SARS-CoV-2) in several hospitals in Wuhan, China, through
mid-February 2020, including 50%-100% of those who died
[13, 15, 18, 20, 21, 24]. Secondary infections were identified in
13.5%-44% of intensive care unit (ICU) patients with COVID-
19 [16, 20, 24]. The most common type of infection among
ICU patients was bacterial or fungal pneumonia; bloodstream
and urinary tract infections were also noted. Organisms cul-
tured from patients included pandrug-resistant Acinetobacter
baumannii, Klebsiella pneumoniae carbapenemase—produ-
cing K. pneumoniae, extended-spectrum B-lactamase (ESBL)-
producing K. pneumoniae, ESBL-producing Pseudomonas
aeruginosa, Enterobacter  cloacae, Serratia  marcescens,
Aspergillus fumigatus, Aspergillus flavus, Candida albicans, and
Candida glabrata [15, 16, 19]. Median times to ICU admission
and onset of secondary infection among patients at 2 hospitals
were 10-12 days and 17 days after the first COVID-19 symp-
toms, respectively [13, 18]. Median time to death was 19 days,
suggesting that superinfections were often terminal events. In
March 2020 at 2 New York City hospitals, bacteremia was found
in 6% and 12% of all COVID-19 patients and mechanically ven-
tilated patients, respectively [25]. In the first European series, 1
of 3 patients with severe COVID-19 in France was diagnosed
with secondary A. baumannii and A. flavus coinfection [26].

In a report from 552 hospitals in 30 Chinese provinces, 58%
of patients with COVID-19 were treated with antibiotics [18].
Antibiotics and antifungals were administered to 80%-100%
and 7.5%-15%, respectively, of critically ill COVID-19 patients
in Chinese ICUs [13, 17, 19-21, 23]. At several Wuhan hospitals,
fluoroquinolones, cephalosporins, carbapenems, azithromycin,
vancomycin, and linezolid were the most common empiric
agents, but details on dosing and treatment courses were lacking
[14, 19, 21, 23, 29]. Empiric antimicrobial usage was likely wide-
spread because 25%-70% of severely ill COVID-19 patients
manifested evidence of sepsis, and it was very difficult to exclude
bacterial or fungal superinfections based on signs and symptoms,
physical findings, radiographic abnormalities, and laboratory
results [13, 15, 18]. The French patient with severe COVID-
19 and aspergillosis was treated with various combinations of
meropenem, tigecycline, levofloxacin, aerosolized colistimethate,
voriconazole, and/or isavuconazole before dying [26].

In contrast to the data above, studies of COVID-19 in 788
hospitalized patients in Zhejiang Province, China and in 24 pa-
tients in Seattle ICUs in January-February 2020 reported that
there were no superinfections [22, 28]. In an article on 21 crit-
ically ill COVID-19 patients at a Kirkland, Washington hos-
pital, 1 P. aeruginosa bloodstream infection was noted [27].
Other COVID-19 cases series did not report information on
superinfections [29, 30]. It is unclear if superinfections were not
encountered; if data were incomplete, unavailable, or not ana-
lyzed; or if information was simply not presented.

Reasons for discrepant findings between studies are un-
clear. Incidence of superinfections may have been impacted by

differing criteria for hospital or ICU admission, overstated by
failure to distinguish colonization from disease, or understated
by high mortality rates among ICU patients (ranging from 16%
to 78%) and insufficient patient follow-up among survivors
[13, 16, 18, 27, 29, 30]. Fifty-eight percent of survivors in the
Seattle cohort were still mechanically ventilated or in hospital
at time of writing and 70% of survivors in the Kirkland hospital
remained critically ill, which meant they remained at risk for
superinfection. Finally, results may reflect differences in clinical
and infection prevention practices. For example, corticosteroids
were administered to 25%-80% of seriously ill patients in the
Chinese and New York reports [16-19, 22, 25]. In contrast, no
patients received corticosteroids in Seattle ICUs. Enhanced in-
fection prevention measures for COVID-19 would be expected
to reduce risks of nosocomial infections. In the chaotic first
waves of COVID-19 to hit hospitals in disease epicenters, how-
ever, it is possible that preventive measures were employed less
rigorously than they were later in the pandemic.

There are several plausible explanations for the paucity of
data on superinfections. The most immediate priorities for hos-
pitals and healthcare providers have been providing acute med-
ical care, keeping critically ill patients alive, and protecting staff
and non-COVID-19 patients, rather than collecting, analyzing,
and publishing clinical data. Early publications understandably
have focused on describing basic epidemiology, clinical mani-
festations, and outcomes of COVID-19. Since studies have been
retrospective, there were no systematic protocols for collecting
sputum, blood, or other samples for microbiologic cultures.
Furthermore, diagnostic testing for superinfections was almost
certainly constrained by restrictions on procedures such as
bronchoscopies or induced sputum collection due to potential
for SARS-CoV-2 aerosolization [31]. In general, laboratory and
microbiology testing has been minimized in hospitalized pa-
tients due to extreme workloads and to protect from exposure
to the virus. In addition, culture results may have been blunted
by empiric antimicrobial use.

It is plausible that COVID-19 predisposes to superinfections
through 2, non-mutually exclusive mechanisms. First, hospi-
talized patients, especially those who are undergoing mechan-
ical ventilation or otherwise critically ill, are at increased risk
for infections, independent of SARS-CoV-2 infection. To date,
mechanical ventilation was reported in 21%-88% of ICU pa-
tients in COVID-19 series from China, Italy, New York City,
and Washington [16, 23, 25, 27, 29, 30]. Second, severe COVID-
19 is associated with immune dysregulation, which may create a
milieu for bacterial or fungal proliferation [13, 32, 33]. Patients
with severe COVID-19 have higher proinflammatory (eg, in-
terleukin [IL] 2, soluble IL-2 receptor, IL-6, tumor necrosis
factor-a) and anti-inflammatory (eg, IL-4, IL-10) cytokine
levels, fewer CD4 and CDS8 cells, and less interferon-y expres-
sion by CD4 cells than those with more moderate disease, which
likely contributes to lung pathology [32, 33]. Cytokine release
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syndrome, immune exhaustion, and/or lung damage may pre-
dispose to superinfection.

SUPERINFECTIONS AND ANTIMICROBIAL USE IN
COVID-19: WHAT CAN WE EXPECT?

Present uncertainties about COVID-19 superinfections will
be resolved as the pandemic unfolds and greater time and re-
sources are available to publish detailed data based on rigorous
case definitions. Bacterial or fungal coinfections are unlikely to
be common in patients with mild COVID-19 or in those with
more serious disease upon admission to the hospital. It is rea-
sonable to anticipate that superinfections will occur in an ap-
preciable minority of critically ill, hospitalized patients, as risk
factors for nosocomial infections such as advanced age, under-
lying systemic diseases, mechanical ventilation, and prolonged
hospital and ICU stays are prominent features of severe disease
[14, 29]. Susceptibility to infections may be abetted by immune
dysregulation coinciding with acute respiratory distress. The
use of corticosteroids, tocilizumab (anti-IL-6 monoclonal an-
tibody) or other immunomodulatory agents for treatment of
COVID-19 could have unintended consequences for secondary
infections. Adherence to rigorous infection prevention prac-
tices will be crucial in limiting nosocomial infections.

Bacterial and fungal pneumonias, especially ventilator-
associated pneumonias, will likely be the most common
superinfections; patients will also be susceptible to blood-
stream and urinary tract infections. Microbiology and AMR
patterns are likely to be consistent with institutional ecology.
Hospitals and regions with high prevalence of AMR should be
prepared for potential upswings in numbers of infections by
these pathogens. Early indications are that Aspergillus species
and other fungi may play prominent roles at certain centers.
Broad-spectrum antimicrobial use is likely to be prevalent in
critically ill patients, both as empiric and pathogen-directed
therapy. Managing antimicrobial usage will be a stewardship
challenge. A stewardship issue we have observed is that sample
collection for therapeutic drug monitoring may be limited,
impacting use of agents like vancomycin. As always, patients
receiving antimicrobials should be observed for Clostridioides
difficile infection and invasive candidiasis. Clinicians, hospitals,
microbiology laboratories, and public health organizations
must be vigilant in monitoring the potential impact of increased
antimicrobial consumption on emergence of resistance in in-
dividual patients and at the institutional and regional levels.
As the COVID-19 pandemic unfolds, availability of specific
antimicrobials may be limited if there are disruptions in global
manufacturing or supply chains, especially at possible choke
points for raw materials and active pharmaceutical ingredients
in China and India, respectively [34]. Local evolution of AMR
will occur against the backdrop of larger, ongoing trends, such
as the remarkable growth of pandrug-resistant A. baumannii
and metallo-B-lactamase-producing Enterobacteriaceae in

Asia, and ESBL-producing Enterobacteriaceae in the United
States (US) [6, 35].

BEFORE COVID-19: ANTIMICROBIAL
REIMBURSEMENT AND DEVELOPMENT

COVID-19 has emerged at a crucial time for antimicrobial
development. Realizations in the early 2000s that the antibi-
otic pipeline was inadequate to meet the challenge of AMR
prompted public and private investments to support drug de-
velopment [36, 37]. As a result of these “push” incentives, 15
antimicrobials with activity against top priority, antimicrobial-
resistant pathogens gained US Food and Drug Administration
(FDA) approval during 2014-2019 [38]. However, most of
these agents have had negligible US sales [39]. The pipeline is
the most robust it has been in decades, with > 60 agents, in-
cluding novel biologics, in development against priority bac-
teria and fungi [40, 41]. At the same time, many pipeline agents
have overlapping spectra of activity. For example, 6 antibiotics
that are active against carbapenem resistant Enterobacteriaceae
(CRE) have been approved since 2015, and there are 9 CRE-
active agents in the pipeline. While incremental improvements
of pipeline agents over existing antimicrobials may have signif-
icant clinical utility [42], economic prospects for these drugs
are uncertain. If companies consistently fail and/or the pipe-
line is not replenished, hard-won gains may be squandered,
and next-generation drugs may not be available against future
AMR threats. There is a small window of time to rectify the
antimicrobial marketplace and development model.

Several proposals for reforming the marketplace and bol-
stering sustainability of antimicrobial development have been
advanced [43, 44]. Details and potential strengths and limi-
tations of various models are listed in Table 2. Reforms have
already been enacted by the US Centers for Medicare and
Medicaid Services (CMS), as part of their 2020 Final Rule for
reimbursing hospitals [45, 46]. These measures were not meant
to fix the broken marketplace, but rather to ameliorate financial
pressures on hospitals that stem from use of newly approved
antimicrobials. Despite their shortcomings, CMS’s actions were
important federal recognition of a need to address present inad-
equacies of antimicrobial reimbursement.

Like CMS reforms, most proposals target the existing
for-profit, private industry model through “pull” incentives
that assure revenue after FDA approval of a drug. Payment
to US hospitals by Medicare for care of an individual is made
as a bundled disbursement, based on the diagnosis-related
group (DRG) classification of the case. Since all services and
treatments are subsumed under the DRG, use of higher-cost
new antimicrobials in hospitals may be disincentivized. The
DISARM (Developing an Innovative Strategy for Antimicrobial
Resistant Microorganisms) Act is bipartisan legislation in the US
Congress that would codify and extend CMS reforms by carving
out designated antimicrobials from the DRG, and reimbursing
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hospitals for use of these drugs at or slightly above cost [45].
DISARM sets stewardship criteria for hospitals and mandates
reporting of data on antimicrobial use. For both CMS reforms
and DISARM, reimbursement is still linked to per-unit drug
use, which creates tension between tying revenue to prescrip-
tion volume and responsible stewardship. Moreover, these re-
forms do not address the biggest challenge in the market, which
is that numbers of antimicrobial-resistant infections requiring a
new drug are currently insufficient in the US to support more
than a few agents. For example, we estimated that the annual
US market for new anti-CRE drugs is only approximately $300
million, even with full reimbursement [10, 45]. Other models
propose to de-link revenue from use, thereby attempting to
compensate the societal or insurance value of antibiotics against
antimicrobial-resistant pathogens [12]. De-linkage models are
often described using a fire extinguisher analogy: You pay for
a fire extinguisher in case you need it, rather than trying to
find or manufacture one after a fire starts [9, 46]. The costs of
these models are paid upfront, which may present challenges in
securing funding.

An alternative model proposes that a nonprofit entity or
entities, funded by government and/or foundation seed grants,
replace or operate alongside entrepreneurial companies [48].
Reducing the need to maximize revenue may lower drug costs.
A nonprofit model would be less able to leverage financial re-
sources of investment markets, which would almost certainly
mean fewer products reaching the clinic and may lessen inno-
vation. A counterargument is that there are already too many
drugs in certain spaces, such as anti-CRE and anti-methicillin-
resistant Staphylococcus aureus agents. Nonprofits have de-
veloped tuberculosis and malaria drugs, but their ability to
sustain a successful pipeline against multiple pathogens and
to respond to newly emergent threats is unproven. In addition
to drug discovery and development expenses, nonprofits that
brought a new agent to market themselves would face formi-
dable postapproval costs for manufacturing, regulatory compli-
ance, and pharmacovigilance (at least $350 million over the first
10 years) [49]. Failure to enact antimicrobial reimbursement re-
forms may lead to a nonprofit model by default.

COVID-19 AND ANTIMICROBIAL DEVELOPMENT:
WHAT CAN WE EXPECT?

Medical and economic devastation wrought by COVID-19 has
drawn much-needed attention to threats posed by emergent in-
fections and the importance of investing in public health. Within
policy discussions and debates on these issues, there is unprec-
edented opportunity to also reconsider AMR and antimicrobial
development. Prior to COVID-19, there was steadily growing
appreciation of the importance of these issues by governments
and policy groups. The US Congress passed the first pull in-
centive in 2012. The GAIN (Generating Antibiotic Incentives
Now) Act granted 5 years of additional market exclusivity for

new antibiotics, but its impact was undermined by the unprof-
itability of these drugs [43]. New market exclusivity legislation,
the REVAMP (Re-Valuing Anti-Microbial Products) Act, failed
to pass Congress in 2018. REVAMP proposed a 12-month exclu-
sivity extension for any brand-name drug, if a company brought
a novel antibiotic to approval. DISARM has circulated for 2 years
in the current Congress, and it was included in the original Senate
version of the CARES (Coronavirus Aid, Relief and Economic
Security) Act that was drafted in response to COVID-19. The
bill was removed, however, from the final $2.3 trillion legislation
passed by Congress and a $500 billion relief package that followed.

At least 1 other large COVID-19 relief bill will likely be con-
sidered by Congress. Groups endorsing antibiotic reform are
advocating for DISARM or an antibiotic subscription model,
along the lines of programs being piloted in the United Kingdom
and Sweden [9, 46]. Details of the PASTEUR (Pioneering
Antimicrobial Subscriptions to End Upsurging Resistance) Act
were being finalized as this manuscript was written. Since sub-
scription models propose that government pays companies a
fee to ensure unfettered access to specified antibiotics in event
of need, the legislation may fit within broader calls for invest-
ment in infectious diseases and public health preparedness in
the aftermath of COVID-19. However, given competition be-
tween funding priorities and the scale of economic disruption
imposed by the pandemic, prospects for enacting antimicrobial
market reform are uncertain.

If DISARM or PASTEUR are not included in comprehensive
COVID-19 response legislation, the issues of AMR and antimicro-
bial development will likely not be considered again until the new
US Congress in 2021. In the interim, legislative priorities will be
impacted by the course of COVID-19 and the November 2020 US
elections. Another year without some reform to the marketplace will
undoubtedly lead to more companies failing, and to further chilling
of investor enthusiasm for new antibiotic development. As time
passes, more drastic measures may be needed to salvage antibiotic
development even as AMR increases.

CONCLUSIONS

As the COVID-19 pandemic proceeds, prospective studies are
needed to systematically collect epidemiologic, clinical, micro-
biologic and AMR data on superinfections. Particular atten-
tion should be paid to high-risk patient populations, such as
transplant recipients and other immunosuppressed hosts. The
linking of immune profiling data from COVID-19 patients
with infections is also a priority. Results from carefully designed
studies early in the pandemic can be used to inform rational
antimicrobial treatment and stewardship strategies, and to de-
velop diagnostic criteria for superinfections. Furthermore, ac-
curate information on antimicrobial usage and AMR over the
duration of the pandemic can guide future efforts at market and
drug development reform.

6 « CID 2020:XX (XX XXXX) « VIEWPOINTS

0202 J9qUIBAON 1 U0 }s8nb AQ 9E¥8Z8S/PZSGERID/PIO/EE0 L 0 |/I0P/0IHE-8OUBAPE/PIO/WOD ANO"0IWaPESE//:SARY WO} POPEOIUMOQ



Notes

Potential conflicts of interest. C. J. C. has been awarded investigator-
initiated research grants from Astellas, Merck, Melinta, and Cidara for
studies unrelated to this project; has served on advisory boards or consulted
for Astellas, Merck, The Medicines Company, Cidara, Scynexis, Shionogi,
Qpex, and Needham & Company; and has spoken at symposia sponsored
by Merck and T2Biosystems. M. H. N. has been awarded investigator-
initiated research grants from Astellas, Merck, Melinta, and Cidara for pro-
jects unrelated to this study, and has served on advisory boards for Astellas,
Cidara, Merck, The Medicines Company, Scynexis, and Shionogi. Both au-
thors have submitted the ICMJE Form for Disclosure of Potential Conflicts
of Interest. Conflicts that the editors consider relevant to the content of the
manuscript have been disclosed.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Osterholm MT. Preparing for the next pandemic. N Engl ] Med 2005;
352:1839-42.

. Talbot GH, Jezek A, Murray BE, et al. The Infectious Diseases Society of America’s

10 x 20 initiative (10 new systemic antibacterial agents US Food and Drug
Administration approved by 2020): is 20 x "20 a possibility? Clin Infect Dis 2019;
69:1-11.

. Morens DM, Taubenberger JK, Fauci AS. Predominant role of bacterial pneu-

monia as a cause of death in pandemic influenza: implications for pandemic in-
fluenza preparedness. ] Infect Dis 2008; 198:962-70.

. van de Veerdonk FL, Gresnigt MS, Romani L, Netea MG, Latge JP. Aspergillus

fumigatus morphology and dynamic host interactions. Nat Rev Microbiol 2017;
15:661-74.

. Schauwvlieghe AFAD, Rijnders BJA, Philips N, et al; Dutch-Belgian Mycosis

Study Group. Invasive aspergillosis in patients admitted to the intensive care
unit with severe influenza: a retrospective cohort study. Lancet Respir Med 2018;
6:782-92.

. Jernigan JA, Hatfield KM, Wolford H, et al. Multidrug-resistant bacterial infec-

tions in U.S. hospitalized patients, 2012-2017. N Engl ] Med 2020; 382:1309-19.

. Centers for Disease Control and Prevention. Antimicrobial resistance threats in

the United States, 2019. Available at: https://www.cdc.gov/drugresistance/pdf/
threats-report/2019-ar-threats-report-508.pdf. Accessed 26 April 2020.

. Review on Antimicrobial Resistance; O’Neill ], Chair. Tackling drug-resistant in-

fections globally: final report and recommendations. 2016. Available at:https://
amr-review.org/sites/default/files/160518_Final%20paper_with%20cover.pdf.
Accessed 2 May 2020.

. Rex J. Tetraphase sold for $14m ... and $600m goes up in smoke! Antimicrobial

resistance solutions blog. 2020. Available at: https://amrsolutions/2020/03/23/
tetraphase-sold-for-14m-and-600m-goes-up-in-smoke/. Accessed 26 April 2020.
Clancy CJ, Potoski BA, Buehrle D, Nguyen MH. Estimating the treatment of
carbapenem-resistant Enterobacteriaceae infections in the United States using
antibiotic prescription data. Open Forum Infect Dis 2019; 6:0fz344.

Vickers RJ, Bassetti M, Clancy CJ, et al. Combating resistance while maintaining
innovation: the future of antimicrobial stewardship. Future Microbiol 2019;
14:1331-41.

Boucher HW, File TM, Fowler VG, Jezek A, Rex JH, Outterson K. Antibiotic de-
velopment incentives that reflect societal value of antibiotics [manuscript pub-
lished online ahead of print 30 January 2020]. Clin Infect Dis 2020. doi:10.1093/
cid/ciaa092.

Huang C, Wang Y, Li X, et al. Clinical features of patients infected with 2019 novel
coronavirus in Wuhan, China. Lancet 2020; 395:497-506.

Chen T, Wu D, Chen H, et al. Clinical characteristics of 113 deceased patients
with coronavirus disease 2019: retrospective study. BMJ 2020; 368:m1091.

Chen N, Zhou M, Dong X, et al. Epidemiological and clinical characteristics of 99
cases of 2019 novel coronavirus pneumonia in Wuhan, China: a descriptive study.
Lancet 2020; 395:507-13.

Yang X, Yu'Y, XuJ, et al. Clinical course and outcomes of critically ill patients with
SARS-CoV-2 pneumonia in Wuhan, China: a single-centered, retrospective, ob-
servational study [manuscript published online ahead of print 24 February 2020].
Lancet Respir Med 2020. doi:10.1016/S2213-2600(20)30079-5.

Guan WJ, Ni ZY, Hu Y, et al. Clinical characteristics of coronavirus disease 2019
in China. N Engl ] Med 2020; 382:1708-20.

Zhou E, Yu T, Du R, et al. Clinical course and risk factors for mortality of adult
inpatients with COVID-19 in Wuhan, China: a retrospective cohort study. Lancet
2020; 395:1054-62.

Wang Z, Yang B, Li Q, Wen L, Zhang R. Clinical features of 69 cases with corona-
virus disease 2019 in Wuhan, China [manuscript published online ahead of print
16 March 2020]. Clin Infect Dis 2020. doi:10.1093/cid/ciaa272.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Dong X, Cao YY, Lu XX, et al. Eleven faces of coronavirus disease 2019 [manu-
script published online ahead of print 20 March 2020]. Allergy 2020. doi:10.1111/
all.14289.

Cao J, Tu WJ, Cheng W, et al. Clinical features and short-term outcomes of 102
patients with coronavirus disease 2019 in Wuhan, China [manuscript published
online ahead of print 2 April 2020]. Clin Infect Dis 2020. doi:10.1093/cid/
ciaa243.

Lian J, Jin X, Hao S, et al. Analysis of epidemiological and clinical features in
older patients with coronavirus disease 2019 (COVID-19) out of Wuhan [man-
uscript published online ahead of print 25 March 2020]. Clin Infect Dis 2020.
doi:10.1093/cid/ciaa242.

Du Y, Tu L, Zhu P, et al. Clinical features of 85 fatal cases of COVID-19 from
Wuhan: a retrospective observational study [manuscript published online
ahead of print 3 April 2020]. Am J Respir Crit Care Med 2020. doi:10.1164/
rcem.202003-05430C.

Chen X, Zhao B, Qu Y, et al. Detectable serum SARS-CoV-2 viral load
(RNAaemia) is closely correlated with drastically elevated interleukin 6 (IL-6)
level in critically ill COVID-19 patients [manuscript published online ahead of
print 17 April 2020]. Clin Infect Dis 2020. doi:10.1093/cid/ciaa449.

Goyal P, Choi JJ, Pinheiro LC, et al. Clinical characteristics of Covid-19 in New
York City [manuscript published online ahead of print 17 April 2020]. N Engl J
Med 2020. doi:10.1056/NEJMc2010419.

Lescure FX, Bouadma L, Nguyen D, et al. Clinical and virological data of the
first cases of COVID-19 in Europe: a case series [manuscript published on-
line ahead of print 27 March 2020]. Lancet Infect Dis 2020. doi:10.1016/
$1473-3099(20)30200-0.

Arentz M, Yim E, Klaff L, et al. Characteristics and outcomes of 21 critically Ill pa-
tients with COVID-19 in Washington State [manuscript published online ahead
of print 19 March 2020]. JAMA 2020. doi:10.1001/jama.2020.4326.

Bhatraju PK, Ghassemieh BJ, Nichols M, et al. Covid-19 in critically Il patients
in the Seattle region—case series [manuscript published online ahead of print 30
March 2020]. N Engl ] Med 2020. doi:10.1056/NEJMo0a2004500.

Wang D, Hu B, Hu C, et al. Clinical characteristics of 138 hospitalized patients
with 2019 novel coronavirus-infected pneumonia in Wuhan, China [manu-
script published online ahead of print 7 March 2020]. JAMA 2020. doi:10.1001/
jama.2020.1585.

Grasselli G, Zangrillo A, Zanella A, et al. Baseline characteristics and outcomes
of 1591 patients infected with SARS-CoV-2 admitted to ICUs of the Lombardy
region, Italy [manuscript published online ahead of print 6 April 2020]. JAMA
2020. doi:10.1001/jama.2020.5394.

Centers for Disease Control and Prevention. Coronavirus disease 2019: infection
control guidance. Atlanta, GA: CDC, 2020.

Chen G, Wu D, Guo W, et al. Clinical and immunologic features in severe and
moderate coronavirus disease 2019. J Clin Invest 2020; 130:2620-9.

Pedersen SF, Ho YC. SARS-CoV-2: a storm is raging. J Clin Invest 2020;
130:2202-5.

Barker K. Lawmakers, experts warn of U.S. reliance on foreign-made drugs, med-
ical products. Joplin Globe 2020. Available at: https://www.joplinglobe.com/
news/local_news/lawmakers-experts-warn-of-u-s-reliance-on-foreign-made/ar-
ticle_cc1332e0-e7e7-5cba-9089-f9ec5bf8a3f6.html. Accessed 2 May 2020.

Hsu LY, Apisarnthanarak A, Khan E, Suwantarat N, Ghafur A, Tambyah PA.
Carbapenem-resistant Acinetobacter baumannii and Enterobacteriaceae in South
and Southeast Asia. Clin Microbiol Rev 2017; 30:1-22.

Boucher HW, Talbot GH, Bradley JS, et al. Bad bugs, no drugs: no ESKAPE! An
update from the Infectious Diseases Society of America. Clin Infect Dis 2009;
48:1-12.

Spellberg B, Powers JH, Brass EP, Miller LG, Edwards JE Jr. Trends in anti-
microbial drug development: implications for the future. Clin Infect Dis 2004;
38:1279-86.

US Food and Drug Administration. Novel drug approvals. Silver Spring, MD:
FDA, 2020.

Carr A. Antibiotic and antifungal update September 2019. New York, NY:
Needham & Company, 2019.

World Health Organization. Antibacterial agents in clinical development: an
analysis of the antibacterial clinical development pipeline. Geneva, Switzerland:
WHO, 2019.

Theuretzbacher U, Bush K, Harbarth S, et al. Critical analysis of antibacterial
agents in clinical development. Nat Rev Microbiol 2020; 18:286-98.

Rex J. Novel biology, novel utility, and the illusion of skill: What to develop? What
to reward? Antimicrobial resistance solutions blog. 2020. Available at: https://
amrsolutions/2020/02/09/novel-biology-novel-utility-the-illusion-of-skill-what-
to-develop-what-to-reward/.

Ardal C, Rottingen JA, Opalska A, Van Hengel AJ, Larsen J. Pull incentives for
antibacterial drug development: an analysis by the Transatlantic Task Force on
Antimicrobial Resistance. Clin Infect Dis 2017; 65:1378-82.

VIEWPOINTS « CID 2020:XX (XX XXXX) « 7

0202 J9qUIBAON 1 U0 }s8nb AQ 9E¥8Z8S/PZSGERID/PIO/EE0 L 0 |/I0P/0IHE-8OUBAPE/PIO/WOD ANO"0IWaPESE//:SARY WO} POPEOIUMOQ


https://www.cdc.gov/drugresistance/pdf/threats-report/2019-ar-threats-report-508.pdf
https://www.cdc.gov/drugresistance/pdf/threats-report/2019-ar-threats-report-508.pdf
https://amr-review.org/sites/default/files/160518_Final%20paper_with%20cover.pdf
https://amr-review.org/sites/default/files/160518_Final%20paper_with%20cover.pdf
https://amrsolutions/2020/03/23/tetraphase-sold-for-14m-and-600m-goes-up-in-smoke/
https://amrsolutions/2020/03/23/tetraphase-sold-for-14m-and-600m-goes-up-in-smoke/
https://www.joplinglobe.com/news/local_news/lawmakers-experts-warn-of-u-s-reliance-on-foreign-made/article_cc1332e0-e7e7-5cba-9089-f9ec5bf8a3f6.html
https://www.joplinglobe.com/news/local_news/lawmakers-experts-warn-of-u-s-reliance-on-foreign-made/article_cc1332e0-e7e7-5cba-9089-f9ec5bf8a3f6.html
https://www.joplinglobe.com/news/local_news/lawmakers-experts-warn-of-u-s-reliance-on-foreign-made/article_cc1332e0-e7e7-5cba-9089-f9ec5bf8a3f6.html
https://amrsolutions/2020/02/09/novel-biology-novel-utility-the-illusion-of-skill-what-to-develop-what-to-reward/
https://amrsolutions/2020/02/09/novel-biology-novel-utility-the-illusion-of-skill-what-to-develop-what-to-reward/
https://amrsolutions/2020/02/09/novel-biology-novel-utility-the-illusion-of-skill-what-to-develop-what-to-reward/

44.

45.

46.

Rome BN, Kesselheim AS. Transferrable market exclusivity extensions to pro-
mote antibiotic development: an economic analysis [manuscript published on-
line ahead of print 20 October 2019]. Clin Infect Dis 2019. doi:10.1093/cid/
€iz1039.

Clancy CJ, Nguyen MH. Estimating the size of the United States market for new
antibiotics with activity against carbapenem-resistant Enterobacteriaceae [man-
uscript published online ahead of print 7 October 2019]. Antimicrob Agents
Chemother 2019. doi:10.1128/AAC.01733-19.

Rex J. New mechanisms for antibiotic reimbursement in the United States: CMS’s
IPPS FY2020 final rule. Antimicrobial resistance solutions blog. 2019. Available
at: http://amrsolutions/blog/new-mechanisms-for-antibiotic-reimbursement-in-
the-united-states-cmss-ipps-fy2020-final-rule/. Accessed XXX.

47.

48.

49.

Healio Infectious Diseases News. BARDA awards Paratek up to $285 mil-
lion to develop anthrax treatment. 2019. Available at: https://www.healio.com/
infectious-disease/respiratory-infections/news/online/%7B7a3f4709-8507-448f-
b6cc-a8ce4e0b1215%7D/barda-awards-paratek-up-to-285-million-to-develop-
anthrax-treatment. Accessed 2 May 2020.

Nielsen TB, Brass EP, Gilbert DN, Bartlett JG, Spellberg B. Sustainable discovery
and development of antibiotics—is a nonprofit approach the future? N Engl ] Med
2019; 381:503-5.

Rex J. Melinta, part 2 / bankruptcy is not the end/post-approval costs for an
antibiotic. Antimicrobial resistance solutions blog. 2020. Available at: https://
amrsolutions/2020/01/07/melinta-part-2-bankruptcy-is-not-the-end-post-
approval-costs-for-an-antibiotic/. Accessed 2 May 2020.

8 « CID 2020:XX (XX XXXX) « VIEWPOINTS

0202 J9qUIBAON 1 U0 }s8nb AQ 9E¥8Z8S/PZSGERID/PIO/EE0 L 0 |/I0P/0IHE-8OUBAPE/PIO/WOD ANO"0IWaPESE//:SARY WO} POPEOIUMOQ


http://amrsolutions/blog/new-mechanisms-for-antibiotic-reimbursement-in-the-united-states-cmss-ipps-fy2020-final-rule/
http://amrsolutions/blog/new-mechanisms-for-antibiotic-reimbursement-in-the-united-states-cmss-ipps-fy2020-final-rule/
https://www.healio.com/infectious-disease/respiratory-infections/news/online/%7B7a3f4709-8507-448f-b6cc-a8ce4e0b1215%7D/barda-awards-paratek-up-to-285-million-to-develop-anthrax-treatment
https://www.healio.com/infectious-disease/respiratory-infections/news/online/%7B7a3f4709-8507-448f-b6cc-a8ce4e0b1215%7D/barda-awards-paratek-up-to-285-million-to-develop-anthrax-treatment
https://www.healio.com/infectious-disease/respiratory-infections/news/online/%7B7a3f4709-8507-448f-b6cc-a8ce4e0b1215%7D/barda-awards-paratek-up-to-285-million-to-develop-anthrax-treatment
https://www.healio.com/infectious-disease/respiratory-infections/news/online/%7B7a3f4709-8507-448f-b6cc-a8ce4e0b1215%7D/barda-awards-paratek-up-to-285-million-to-develop-anthrax-treatment
https://amrsolutions/2020/01/07/melinta-part-2-bankruptcy-is-not-the-end-post-approval-costs-for-an-antibiotic/
https://amrsolutions/2020/01/07/melinta-part-2-bankruptcy-is-not-the-end-post-approval-costs-for-an-antibiotic/
https://amrsolutions/2020/01/07/melinta-part-2-bankruptcy-is-not-the-end-post-approval-costs-for-an-antibiotic/

