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Abstract: Nocardia spp. is an environmental filamentous Gram-positive bacterium that may
cause infections in humans and, despite recent progress, many challenges remain regarding the
management of nocardiosis. This review aims at describing most recently published data
regarding the diagnosis, treatment and follow-up of patients with invasive nocardiosis. As
nocardiosis mainly affects patients with cell-mediated immunity defects, a comprehensive
workup is mandatory in case of invasive nocardiosis occurring in “apparently healthy patients”.
Indeed, invasive nocardiosis might reveal an unknown primary immunodeficiency or the
presence of anti-GM-CSF autoantibodies. Even if the diagnosis of nocardiosis mostly relies
on direct examination and bacterial culture, a genus-specific PCR may be used for the detection
of Nocardia, when directly performed on a clinical sample. Brain imaging should always be
performed, even in the absence of neurological symptoms. Cotrimoxazole (trimethoprim/
sulfamethoxazole), linezolid, parenteral cephalosporins, carbapenems and amikacin may be
used as initial antibiotics to treat nocardiosis. Cotrimoxazole or linezolid can be used as
monotherapy in selected patients without brain involvement. Although treatment duration
has historically been set to at least 6 months in the absence of central nervous system
involvement, shorter durations (<120 days) seem to be associated with a favourable outcome.
Keywords: opportunistic infection, dissemination, anti-GM-CSF autoantibodies, brain
imaging, molecular biology, antibiotic susceptibility testing, cotrimoxazole

Introduction

The first description of bacteria belonging to the genus Nocardia was made in 1888
by Edmond Nocard, a French veterinarian who was studying bovine farcy, a form
of lymphadenitis that affects cattle.! Later, Nocardia spp. were identified as impor-
tant environmental bacteria, being universally present in soil, decaying vegetation
and water.> In humans, Nocardia spp. are responsible for diseases ranging from
cutaneous and subcutaneous infections (following local trauma) to invasive and
potentially disseminated infections, especially in immunocompromised hosts.
Although nocardiosis is rare in humans (with an incidence ranging from 0.33 to
0.87 for 100,000 inhabitants), thousands of studies have been published on this
condition, most of them case-reports, small case-series or in vitro microbiological
data.®>” This low-level evidence has been widely used in textbooks and to guide
expert opinion, but more recent, higher quality clinical and microbiological data
may provide a better evidence base to help physicians manage patients with
nocardiosis.
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In this review, we will describe the most recently
published data regarding the diagnosis, treatment and fol-
low-up of patients with invasive nocardiosis. We will not
cover the management of primary cutaneous nocardiosis.

Disease Presentation
Nocardial infection is acquired from environmental
sources following local cutaneous trauma or inhalation.
Primary cutaneous nocardiosis may affect immunocompe-
tent patients after single or multiple bacterial inoculations
through the skin.® Because T-cell mediated immunity and
lung macrophages play a key role in the local control of
Nocardia, invasive nocardiosis mostly affect patients with
cellular immunodeficiency (solid organ or hematopoietic
stem cell transplant (HSCT) and patients receiving corti-
costeroids or immunosuppressive agents).” ® Patients with
underlying chronic lung disease (mostly bronchiectasis
and cystic fibrosis, and less frequently chronic obstructive
pulmonary disease and emphysema) can also develop pul-
monary nocardiosis, especially if they are using oral or
10712 Although
human immunodeficiency virus (HIV) was historically

inhaled corticosteroids. infection with
considered a major risk factor for nocardiosis in the late
20th century, recent studies show that nocardiosis is rare in
these patients, likely as a result of early use of highly
active antiretroviral therapy.'® Diabetes mellitus, chronic
kidney disease and liver cirrhosis are often cited as risk
factors for invasive nocardiosis, but such associations have
never been demonstrated.'*'> Finally, most of the patients
with solid cancer or malignant hemopathy who develop
invasive nocardiosis have received corticosteroids and/or
antineoplastic chemotherapy and/or allogeneic HSCT prior
to nocardiosis diagnosis, suggesting that cancer per se, is
not a risk factor for nocardiosis.'*'®

In recent European studies, solid organ transplantation
appears to be the main underlying condition associated with
invasive nocardiosis (present in 25-40% of cases).*'* The
incidence of nocardiosis was higher after heart or lung
transplantation (1-3.5%) compared to kidney or liver trans-
plantation (<1%), likely because of a higher level of drug-
induced immunosuppression and/or an impaired mucocili-
ary clearance after lung transplantation.’” The following risk
factors for invasive nocardiosis after solid organ transplan-
tation have been identified: high trough levels of calcineurin
inhibitor in the month before diagnosis, use of tacrolimus,
high corticosteroid dose at the time of diagnosis, older
patient age, and longer duration of stay in the intensive

14,15

care unit after transplantation. Cytomegalovirus

(CMV) disease in the 6 months prior to diagnosis may
also be a risk factor for development of invasive
nocardiosis.'*!”

Most case series of patients with nocardiosis have
reported that 0% to 20% of cases occurred in “apparently
healthy patients”, likely reflecting inclusion bias and hetero-
geneity regarding the definition of a significant “underlying
condition” (see earlier).*'* Among these “apparently healthy
patients”, the presence of nocardiosis might reveal a pre-
viously unidentified primary immunodeficiency (PID). A
retrospective study showed that among these cases of PID
complicated by invasive nocardiosis, chronic granulomatous
disease (CGD) was most common (43/49, 83.8%)."” Even in
this subpopulation, the incidence of nocardiosis was low,
ranging from 0.0044 to 0.0057 cases/patient year.'” Non-
CGD PID (such as IL12RBI1 deficiency or idiopathic CD4
lymphopenia) was rare, but often revealed by development of
nocardiosis. More recently, anti—granulocyte-macrophage
colony-stimulating factor (GM-CSF) autoantibodies, which
reduce neutrophil and macrophage activation, phagocytosis,
and bactericidal activity through the inhibition of GM-CSF—
induced STATS phosphorylation, were identified in five out
of seven patients with unexplained disseminated
nocardiosis.'® These data support the need to perform a
comprehensive workup if invasive nocardiosis is diagnosed
in an “apparently healthy patient” (Figure 1).

Because inhalation is the primary route of entry for
Nocardia spp., the most common site of infection is the
lung (62-86%).*'*'* The radiological presentation of pul-
monary nocardiosis is heterogeneous and non-specific:
nodules (57-75%; with cavitation in 23% to 40% of
cases), lung consolidation (20—40%), and pleural effusion
(26-28%) are the most commonly reported presentations on
chest computed tomography (CT) scan (Figure 2A—C).'*"?

The central nervous system (CNS) is the second most
frequently involved organ (2-26%) (Figure 2D).*'*'* A
retrospective study of 89 patients with cerebral nocardiosis
showed that the main radiological feature was ring-enhan-
cing lesions (93%), of which 50% were multiple, 50%
were surrounded by edema and causing mass effects, and
15% were multilobulated.*” Among a European cohort of
solid organ transplant recipients with CNS nocardiosis,
43.3% had no neurological symptoms, highlighting the
importance of performing brain imaging on all patients
with demonstrated or suspected invasive nocardiosis."*

About 8-31% of patients with invasive nocardiosis

4,13,14

have skin involvement, which may present as iso-

lated or multiple pustules, nodules or deep-seated
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Figure | Workflow for identification of underlying disease favoring invasive nocardiosis.'”

abscesses, possibly involving the muscles. Identification of
such lesions by a complete clinical examination may
prompt skin biopsy and lead to early and minimally inva-
sive diagnosis.

Disseminated nocardiosis, defined as the involvement
of at least two noncontiguous organs and/or demonstration
of bloodstream infection, concerns 12% to 50% of patients
with nocardial infection.*'*'* Although the combination
of lung, brain and cutaneous involvement is highly sug-
gestive of nocardiosis, none of these organs are specific for
nocardiosis. Virtually all organs can be involved in dis-
seminated nocardiosis, leading to thyroid abscess,
endophthalmitis, arthritis, liver or kidney abscess, and
endocarditis, among others.>*' In disseminated disease,
2-deoxy-2-[fluorine-18]fluoro-D-glucose (‘*F-FDG) posi-
tron emission tomography (PET)/CT can be used to assess
the extent of invasive nocardiosis and to guide biopsy.”

As invasive nocardiosis mostly occurs among immu-
nocompromised patients with no specific features, its diag-
nosis is challenging and requires a comprehensive
microbiological workup, sampling all involved organs
and eliminating possible differential diagnoses (see later).
As the lungs are frequently involved in invasive nocardio-
sis, respiratory samples are a cornerstone for diagnosis.
Bronchoalveolar lavage (BAL) samples can be used for
and mycological

bacteriological, mycobacteriological

examinations."*'> Lung biopsy may be required if BAL
examination is negative, especially if there is a nodular
lesion.!” If brain nocardiosis is suspected, obtaining a
positive microbiological result using BAL or skin biopsy
may prevent the need to perform an invasive procedure. If
no diagnosis is reached despite the above-mentioned
workup, stereotactic needle biopsy or craniotomy drainage

should be performed if there is a brain abscess.?%**

Microbiological Diagnosis

The diagnosis of nocardiosis relies on close collaboration
among physicians and clinical microbiologists. Direct
examination, mostly performed by Gram-staining, can
provide an early suspicion of nocardiosis (Figure 3A).
Nocardia are weakly stained and appear as “dotted” or
“striped” Gram-positive bacteria usually arranged as thin
branched filaments fragmenting into bacillary or coccoid
elements.”* Similar direct examination can also be seen
with other Actinobacteria such as Streptomyces spp. or
Actinomyces spp.”> Nocardia can be cultured on many
different routine media, including blood or chocolate
agar, buffered charcoal-yeast (BCYE) or
Sabouraud agar.”** Cultures should be incubated for 14
to 21 days at 37°C in aerobic conditions enriched with 5%

extract

carbon dioxide in a humid atmosphere to avoid drying.
Nocardia colonies are slightly raised in a dome shape, may
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Figure 2 Radiographic findings in patients with invasive nocardiosis. (A) Chest CT-scan of a sixty-year-old patient with chronic lymphocytic leukemia treated with ibrutinib
who developed Nocardia pneumonia. (B and C) Twenty-one-year-old patient with chronic granulomatous disease who developed Nocardia pulmonary abscess with local
extension to the ribs (white arrow). (D) Brain MRI of a forty-six-year-old cardiac transplant patient who developed Nocardia brain cerebral abscess (white arrowhead): ring-
enhancing multilobulated lesion surrounded by edema causing a mass effect on the anterior ventricles. MRI, axial T after gadolinium injection.

have a chalky aspect with a characteristic potting soil
smell, and may be pigmented (beige-yellow, white,
orange, or red-pink) (Figure 3B).%

In addition to cultures, molecular biology may be used to
detect Nocardia, when directly performed on a clinical sam-
ple. This may allow earlier diagnosis or improved diagnosis
if a patient has received antibiotics prior to collection of the
clinical sample. A Nocardia genus-specific polymerase chain
reaction (PCR)-based assay targeting a fragment of ~600
base pairs coding for the 16S rRNA gene has been developed
as a diagnostic tool for clinical samples.”” This may be
combined with a specific PCR designed to detect Nocardia
farcinica, one of the most prevalent species.”® A prospective

study performed in 68 immunocompromised patients identi-
fied a sensitivity of 88% and specificity of 74% for the
Nocardia genus-specific PCR.%° This lack of specificity is
mostly related to the possible detection of lung colonization,
especially among patients with chronic bronchopulmonary
disease. More recently, in a prospective study performed in
21 lung transplant patients, 24% (n=5) had a positive
Nocardia PCR on BAL samples.*® None of these PCR-
positive patients were diagnosed with nocardiosis after a
median follow-up of 21 months. A positive Nocardia PCR
on a respiratory sample should therefore be interpreted cau-
tiously as it may just be an indication of lung colonization
and not of infection.”?
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Figure 3 Microbiological diagnosis of nocardiosis. (A) Direct examination of a bronchoalveolar lavage (BAL) after Gram staining revealing filamentous Gram-positive

bacteria (white arrowhead). (B) Positive culture of the same BAL on blood agar plate.

Once a Nocardia-like isolate has been identified by
culture, the use of biochemical tests for genus or species
identification should be abandoned, because of their lack
of sensitivity and specificity.®' Identification of Nocardia
at the species level should rely on molecular biology, ie,
the amplification and sequencing of at least one gene
sodA or
secA1.>*7 For clinical purposes, the decision to rely on

among rrs (encoding 16S rRNA), hsp6s,

a single gene requires 99.6% sequence similarity with a
type strain of a single species; otherwise, another gene
should be sequenced.’ For research purposes, phylogenetic
analysis of concatenated sequences of several housekeep-
ing genes may be required, such as MLSA (Multilocus
Sequence Analysis), to enhance discrimination among spe-
cies or within species complexes.*® In addition to single-
gene PCR approaches, high-throughput sequencing (HTS)
can be used to obtain the entire genome of a microorgan-
ism in order to determine the relationship between isolates
or to study the evolution within a single species. For
Nocardia genus, HTS has been used to study phylogeny
among species and to explore the genetic diversity inside
phylogroups of the same species.’’*®

Since the advent of Matrix-Assisted Laser Desorption
Ionization-Time of Flight Mass Spectrometry (MALDI-
TOF MYS) in clinical microbiology laboratories, MS iden-
tification of Nocardia at the species level has been met
with several difficulties. The main limitation is the large
number of Nocardia species (more than 100 so far), only a
limited number of which were included in initial
databases.>® However, recent studies using improved data-

bases showed that MALDI-TOF MS correctly identified

the species in 100% of cases for N. farcinica and between
94% and 100% for N. cyriacigeorgica.**** A preliminary
step of protein extraction (with glass beads and ethanol,
followed by formic acid) and repeated spotting of different
extracts is frequently required to increase the likelihood of
identification.**** For other clinically frequent species,
such as N. nova and N. abscessus, the ability of MALDI-
TOF MS to discriminate phylogenetically close species
inside their respective complexes is limited. This limita-
tion applies to the N. nova (including N. nova sensu
stricto, N. aobensis, N. africana, N. cerradoensis, N. ele-
gans, N. kruczakiae, N. mikamii and N. veterana) and N.
abscessus (including N. abscessus sensu stricto, N. arthri-
tidis, N. asiatica, N. beijingensis and N. pneumoniae)
complexes. When identified by MALDI-TOF MS, these
species should therefore be referred to as “N. nova com-
plex” or “N. abscessus complex” and/or should be ana-
lyzed using molecular biology (see earlier).*> For rare
species, MALDI-TOF MS should be used cautiously for
species identification because a significant proportion of
cases are misidentified and molecular biology-based iden-
tification should be performed for cases of “no identifica-
tion” or low score results.* Despite its limitations,
MALDI-TOF MS enables rapid identification, at least at
the genus level, and at the species level for the most
frequent clinical species. As each Nocardia species is
associated with a specific antibiotic susceptibility pattern,
it is important for clinical microbiology laboratories to be
able to provide reliable species identification, to guide the
choice of initial antimicrobial therapy (see later).
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In vitro determination of the antibiotic susceptibility of
a Nocardia isolate may also be used to guide antimicrobial
therapy, but has several technical difficulties, including
those related to the choice of in vitro method, and diffi-
culties related to the inoculum preparation, and reading
and interpretation of the results. The only available inter-
national guidelines (clinical and laboratory standards insti-
tute, CLSI) recommend performing broth microdilution
(BMD) for antibiotic susceptibility testing of Nocardia.*®
However, no clinical study has demonstrated that clinical
outcomes can be predicted by results obtained using BMD.
Furthermore, BMD may lack inter-laboratory reproduci-
bility and may give false-resistant results for ceftriaxone
and imipenem, which therefore need to be confirmed using
another method.***” Other methods can be used, such as
determination of the minimum inhibitory concentration
(MIC) using E-test strips or antibiotic disk diffusion on
agar plates.>*® Nocardia antibiotic susceptibility testing is
complex and in vitro data and expected antibiotic suscept-
ibilities based on species identification need to be com-
pared (Table 1). The most striking differences between
Nocardia species are their different susceptibility profiles
to B-lactam antibiotics. N. cyriacigeorgica is frequently
susceptible to cefotaxime or ceftriaxone, whereas N. farci-
nica is almost always resistant to these drugs.****
Imipenem appears to be the carbapenem that most fre-
quently has in vitro activity against most of the isolates
belonging to the N. nova complex, N. cyriacigeorgica and
N. farcinica species (Table 1). Of note, no B-lactam anti-
biotic should be used as monotherapy for initial antibiotic
therapy if species identification or antibiotic susceptibility
testing are not available.

Treatment

Antibiotic therapy is usually initiated after nocardiosis
has been microbiologically confirmed. However, if there
is life-threatening disease and nocardiosis is suspected
based on clinical and/or radiological data (see earlier),
then antibiotics should be started after microbiological
samples have been performed.” In this case, empiric
antibiotic therapy must be chosen that will reach all
likely infected sites and be active against all Nocardia
species; the patient’s kidney function and other medica-
tions (including immunosuppressive therapies) should
also be taken into account.” Five classes of antibiotics
are often used as initial therapy, based on their broad
spectrum: carbapenems (imipenem and meropenem),
cotrimoxazole (the combination of trimethoprim and

sulfamethoxazole), linezolid, amikacin, and parenteral

cephalosporins (ceftriaxone and cefotaxime).
Cotrimoxazole, linezolid, and amikacin are active against
>95% of Nocardia isolates (Table 2). The frequently
unpredictable antibiotic susceptibility profiles, demon-
stration of antibiotic synergy in animal models, and
high mortality rates have historically supported the use
of a combination of two bactericidal antibiotics (such as

and/or 50-52

imipenem, cephalosporins, amikacin).
However, no controlled trial has ever studied the benefits
of a multi-drug regimen and a recent retrospective study
showed that use of a multi-drug regimen was not asso-
ciated with improved survival in post-solid organ trans-
In this

monotherapy appears to be an attractive option because

plant nocardiosis.” context, cotrimoxazole
it has good oral availability and achieves high tissue
concentrations, including in the CNS.>* In addition, cotri-
moxazole is active against all Nocardia species: in a
North-American study of 552 clinical Nocardia isolates,
only 0.5% of them were resistant to cotrimoxazole.’® In a
recent retrospective study including 55 patients with
Nocardia pneumonia (only 2 with CNS involvement),
survival rates were comparable when cotrimoxazole was
used either as monotherapy or as part of a multi-drug
regimen.’® In a European retrospective study, 31 solid
organ transplant patients with invasive nocardiosis were
treated with cotrimoxazole monotherapy. Adverse events
led to treatment discontinuation in up to 30% of patients,
mostly for hematological toxicity and increase in serum
creatinine.”” However, clinical cure without relapse
occurred in 95% (19/20) of the patients who received a
complete antibiotic course, including 8 (42%) with dis-
seminated infection and 2 (11%) with brain abscess.

Because of its broad activity against all Nocardia spe-
cies and excellent diffusion to all body sites, linezolid can
be proposed in the treatment of nocardiosis as part of a
multi-drug regimen or as monotherapy.’®** Of note, the
combination of linezolid and amikacin should be avoided
due to the frequent antagonism of these two agents
described in vitro.*

Cotrimoxazole or linezolid can therefore be used as
monotherapy in patients with skin or non-severe pulmon-
ary disease (Table 3); because of their excellent bioavail-
ability, intravenous treatment is not mandatory.®'
However, in life-threatening pneumonia or with CNS
involvement, a multi-drug regimen is preferable, with a
combination of two or three drugs (Table 3).%
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Table 2 Main Characteristics of Antibiotics That Can Be Used Before Obtaining the Results of Antibiotic Susceptibility Testing, ie, for

the Initial Antibiotic Treatment®*>7°
Characteristics Cotrimoxazole Linezolid Parenteral Imipenem?® Amikacin
Cephalosporins
Cefotaxime | Ceftriaxone
Total daily dose® 10-20 (15) mg TMP/kg/d © | 1200 mg/d 6-12 g/d 2 g/d 2-3 g/d 20-30 mg/kg/d
Route of PO or IV PO or IV v v v v
administration
Number of daily 3or4 2 3 | 3or4 |
doses
Oral bioavailability 80% 100% NA NA NA NA
Drug concentration | 50% 80% 10-50% 10% 10% 10%
ratio CSF/C serum
Interference with 1Cyclosporine/ 1Cyclosporine/
immunosuppressive | tacrolimus-related tacrolimus-
agents nephrotoxicity. related
Contraindication with nephrotoxicity
methotrexate®
Main adverse Myelosuppression, serum | Myelosuppression, Seizures Nephrotoxicity,
events® creatinine increase peripheral ototoxicity
neuropathy
Management/ - Consider “false” - Obtain blood - Obtain blood concentration | - Consider - Obtain
prevention of nephrotoxicity before concentration * dose reduction. switch to undetectable
adverse events stopping cotrimoxazole® (trough target 2-6mg/ | - Switch to another antibiotic | meropenem.® | amikacin level
- Adjunction of folinic acid | L) * dose reduction. - Switch to before next
if progressive | of blood - Possibility of another injection.
cells myelosuppression- antibiotic - Switch to
- Switch to another sparing antibiotic with another
antibiotic tedizolid". antibiotic
- Switch to another
antibiotic.

Notes: *Meropenem (3—6 g/d) may be an alternative agent depending on species and only with the results of antibiotic susceptibility testing. Ertapenem is not
recommended; "All these antibiotics must be adapted to renal function. Therapeutic drug monitoring may be required. 8 mg/kg/d in case of primary cutaneous nocardiosis;
“Major drug interaction between methotrexate and cotrimoxazole, which increases the risk of methotrexate-related toxicity, like severe pancytopenia. Prophylactic dose of
cotrimoxazole is possible with methotrexate; “All these antibiotics may induce skin rashes, anaphylaxis, and digestive symptoms including Clostridioides difficile infections;
Systematic increase in creatinine concentration can occur when taking trimethoprim/sulfamethoxazole due to its inhibitory effects on tubular creatinine secretion, with no
modification of the measured GFR. A moderate (=20-30%) increase in creatinine concentration, with no other AE should not prompt SXT interruption but rather
encourage close monitoring and possibly the use of non-creatinine-based equations (eg, cystatin C) to assess renal function; edizolid, a more recent agent from the
oxazolidinone class of antibiotics, may be a therapeutic option as suggested by a recent case report.

Abbreviation: CSF, cerebrospinal fluid.

Although no study has assessed the impact of the dura-

tion of intravenous antibiotics on patient outcomes, intrave-
nous antibiotic therapy is usually prescribed for at least 23
weeks for invasive nocardiosis without CNS involvement,
and 3-6 weeks for CNS nocardiosis. For patients whose
treatment is initiated intravenously, switching to an oral
regimen is possible if all the following criteria are met: i)
reliable isolate characterization, ii) clinical improvement,
iil) strain susceptible to at least one drug with good oral

bioavailability and penetration into the infected sites, iv) no
concern regarding digestive absorption.’

The total recommended duration of antibiotic treatment
for invasive nocardiosis without CNS involvement has his-
torically been set at 6 months, based on a single retrospective
study that included 34 patients treated with cotrimoxazole
monotherapy (9 skin and 25 pulmonary nocardiosis).** In
this study, the authors showed that 3 out of 5 patients (60%)
who completed <3 months of therapy relapsed within 4
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Table 3 Proposed Initial Treatment and Antibiotic Duration for
Invasive Nocardiosis, Based on Clinical Presentation, Before
Obtaining Species Identification and/or Antibiotic Susceptibility
Testing

Clinical Initial Antibiotic Treatment, Antibiotic

Presentation Duration

Skin* Monotherapy: cotrimoxazole OR linezolid
Py
Antibiotic duration: 3 months. Initial oral

treatment is possible.

Pulmonary, non- | Monotherapy: cotrimoxazole OR linezolid

severe¥® Antibiotic duration: 4 to 6 months. Initial oral
treatment is possible.

Pulmonary, Multi-drug regimen: 2 drugs among the 5 first-

severe¥® line agents. Possible combinations include:

- [Imipenem OR cefotaxime OR ceftriaxone] +
[amikacin OR cotrimoxazole OR linezolid]
Antibiotic duration: 4 to 6 months. 2-3 weeks of

intravenous therapy.

Central nervous | Multi-drug regimen: 2 to 3 drugs among the first-

system* line agents. Possible combinations include:

- [Imipenem OR cefotaxime OR ceftriaxone] +
amikacin + cotrimoxazole

- [Imipenem OR cefotaxime OR ceftriaxone] +
[cotrimoxazole OR linezolid]

Antibiotic duration: 12 months. 3—6 weeks of

intravenous therapy.

Notes: Associated measures: In case of abscess, surgical treatment or radiologic
aspiration should be considered. *Based on animal studies and numerous case
series; No controlled trials available.

weeks. Conversely, among the 10 patients who completed 4
to 6 months of therapy, only 1 (10%) relapsed and this relapse
was due to antibiotic resistance.> However, antibiotic doses
in this study were in the range of 5-10 mg of trimethoprim
(TMP)/kg, which is less than currently proposed dosages
(usually 15 mg of TMP/kg per day (see Table 2)).°* More
recent data with other antibiotic regimens or higher cotri-
moxazole daily doses suggest that the antibiotic duration
could be shortened. Tripodi and coworkers described 12
patients with pulmonary nocardiosis after heart transplanta-
tion who initially received bactericidal antibiotics (mostly
imipenem/amikacin combination) followed by oral drugs
for a total of 3 to 4 months of treatment: there were no
relapses.®® More recently, a subset of 17 patients, from 117
with post-solid organ transplant nocardiosis, who received
antibiotic treatment for less than 120 days was described;>
although the median antibiotic duration was 56 [24—120]
days, only one patient relapsed.> In all these cases, patients
received at least 2 weeks of intravenous bactericidal

antibiotics. These data suggest that in patients with pulmon-
ary or cutaneous nocardiosis initially treated with bacterici-
dal antibiotics, and who show clinical improvement, the
duration of treatment can be reduced to 4 months, especially
if the patient experiences antibiotic-related adverse effects.

If there is CNS involvement, treatment is usually main-
tained for 12 months, although, again, no studies have
been conducted to assess shorter durations (Table 3).

Apart from antibiotic therapy, surgical treatment
should be considered for deep abscesses, if there is no
microbiological diagnosis or if antibiotic treatment alone
is not effective, especially if there is CNS involvement.*

After completion of antibiotic therapy, secondary pro-
phylaxis may be considered, especially if there is an
ongoing immunosuppressive condition. No randomized
study has shown a benefit of cotrimoxazole prophylaxis
in this setting. Because low-dose cotrimoxazole does not
prevent nocardiosis among solid organ transplant recipi-
ents, higher doses should be used for secondary prophy-
laxis, as shown in patients with CGD (eg, 160/800 mg of
TMP-SMX daily).”'*!>7

Follow-Up and Prognosis

No data have been published to describe how quickly a
patient with nocardiosis should improve after initiating
antibiotic treatment; the following proposals are therefore
based on expert opinion. Apyrexia is usually achieved
after a few days of antibiotic treatment and skin lesions
improve within weeks. Follow-up imaging focusing on the
body site that was initially infected is mandatory to study
the patient’s response to treatment. During follow-up, clin-
ical or radiological worsening should encourage considera-
tion of several possibilities. First, treatment failure may be
caused by antibiotic under-dosing, poor adherence to treat-
ment, interaction with other treatments, or poor distribu-
tion of antibiotics to infected sites. Therapeutic drug
monitoring can be performed to rule out these hypotheses.
Second, treatment failure may occur if the Nocardia iso-
late is resistant to the prescribed antibiotics, again high-
lighting the importance of continuous collaboration
between physicians and clinical microbiologists. The pre-
sence of co-infections, defined as additional microbial
pathogens identified at the time of nocardiosis diagnosis,
should also be investigated if the patient’s condition wor-
sens despite the use of effective antibiotics. The likely
types of co-infection will depend on the geographical
area and a patient’s underlying conditions. For example,
among 117 post-solid organ transplant patients with
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nocardiosis diagnosed in Europe, co-infections were iden-
tified in 40 patients (34%), most of them caused by fungi
or cytomegalovirus.”® In a retrospective study of 70
patients from Thailand, all 8 co-infections were identified
among HIV-infected patients and were caused by
Mycobacterium tuberculosis, Cryptococcus neoformans
or Histoplasma capsulatum.®* Fungal co-infections were
also demonstrated among 3/45 (6.7%) patients with pri-
mary immunodeficiency.'” Finally, if none of the above-
mentioned reasons is identified, a paradoxical reaction
should be considered. However, this event seems to be
extremely rare: a single case-report has been published to
date, of a paradoxical response in cerebral nocardiosis
occurring in a renal transplant recipient.®

If there is lung involvement, a repeat chest CT-scan
should be performed after 2 to 6 weeks. An early CT-scan
(2 weeks) may be appropriate if the patient’s clinical status
does not improve in order to identify a local cause of
unfavorable outcome (pleural effusion, lung abscess) or to
demonstrate an increase in nodule size, thus justifying drai-
nage of any collection or a lung biopsy (to investigate the
presence of co-infection and/or differential diagnosis). If the
patient’s clinical condition is improving, early chest CT-
scan is unlikely to provide useful information and should
be performed later, after ~6 weeks of antibiotic treatment.

For nocardial brain abscesses, radiological improvement
is rarely observed before 4 to 6 weeks of antibiotic treatment.
Earlier brain imaging is therefore only justified if there is a
suspicion of local worsening, which may prompt stereotactic
needle biopsy or craniotomy drainage for abscess evacuation
and/or identification of any additional pathogens.

As for invasive fungal infection, one may expect PET/
CT to be helpful to assess response to antibiotic treatment
and eventually guide its discontinuation, but further stu-
dies are required to address this question.®®

Recent data enable the prognosis of invasive nocardio-
sis to be more accurately defined. In two case—control
studies of post-solid organ transplantation nocardiosis, 6-
month and 12-month mortality were 14% and 16.2%,
respectively.'>> In the more recent study, the authors
identified the following factors as being associated with
12-month mortality: history of tumor or invasive fungal
infection and donor age.”® Conversely, acute rejection in
the year before nocardiosis was associated with improved
survival. Of note, dissemination or CNS involvement were
not associated with higher mortality in multivariable ana-
lysis. Among patients with CGD (median age 19 (1-53)
years), 12-month mortality appears to be lower: 4.3% (2/

49)."7 Strikingly, a higher 12-month mortality rate of
38.2% was described in a recent retrospective Spanish
study describing 55 cases of Nocardia pneumonia (only
2 with CNS involvement).” In multivariable analysis, the
single factor associated with mortality was systemic corti-
costeroids. Taken together, these data suggest that patient
age and comorbidities have more influence on patient out-
comes than the characteristics of the infection.

Conclusion

Recent clinical and microbiological data may help challenge
historical attitudes towards the management of invasive
nocardiosis. Invasive nocardiosis is an opportunistic infec-
tion, and the presence of cellular immunodeficiency should
be investigated among “apparently healthy patients” with
nocardial infection. In the near future, one can expect that
whole genome sequencing will be routinely performed on
the patient side to identify PID or to obtain complete
microbial genomes in order to guide initial antibiotic treat-
ment. '*F-FDG PET/CT imaging may also be considered to
enable antibiotic durations to be personalized, thus reducing
the risk of antibiotic-related adverse effects. Finally, the use
of immunomonitoring (such as the validation of a phenoty-
pic test measuring the level of drug-induced immunosup-
pression) may help to individually assess the risk of
opportunistic infections among transplanted patients.
However, the rarity of invasive nocardiosis likely precludes
the possibility of performing any large scale randomized
studies to address questions related to optimal initial anti-

biotic treatment and overall treatment duration.
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