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factor for Talaromyces marneffei, salmonellosis, varicella-
zoster virus and nontuberculosis mycobacterial infection 
[3]; anti-interleukin-6 autoantibody is specific for severe 
staphylococcal infection [4], and neutralizing type-I inter-
feron autoantibodies were reported in elderly individuals 
with critical COVID-19 or live vaccine-attenuated infec-
tion [5]. Current accumulated evidence indicates that 

Introduction

The clinical significance of anti-cytokine autoantibodies has 
been gradually recognized in the past decade; these auto-
antibodies are considered an adult-onset immunodeficiency 
disease, and specific phenotypes may correspond to spe-
cific types of targeted cytokines [1, 2]. For example, anti-
interferon-γ-autoantibody was confirmed as a pathogenic 
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Abstract
Purpose Anti-granulocyte-macrophage colony-stimulating factor autoantibodies (anti-GM-CSF Abs) are implicated in the 
pathogenesis of Cryptococcus gattii (C. gattii) infection and pulmonary alveolar proteinosis (PAP). Their presence has also 
been noted in nocardiosis cases, particularly those with disseminated disease. This study delineates a case series character-
izing clinical features and specificity of anti-GM-CSF Abs in nocardiosis patients.
Methods In this study, eight patients were recruited to determine the presence or absence of anti-GM-CSF Abs. In addition 
to the detailed description of the clinical course, we thoroughly investigated the autoantibodies regarding the characteristics, 
isotypes, subclasses, titers, and neutralizing capacities by utilizing the plasma samples from patients.
Results Of eight patients, five tested positive for anti-GM-CSF Abs, all with central nervous system (CNS) involvement; 
patients negative for these antibodies did not develop CNS nocardiosis. Distinct from previously documented cases, none of 
our patients with anti-GM-CSF Abs exhibited PAP symptoms. The titer and neutralizing activity of anti-GM-CSF Abs in our 
cohort did not significantly deviate from those found in C. gattii cryptococcosis and PAP patients. Uniquely, one individual 
(Patient 3) showed a minimal titer and neutralizing action of anti-GM-CSF Abs, with no relation to disease severity. More-
over, IgM autoantibodies were notably present in all CNS nocardiosis cases investigated.
Conclusion The presence of anti-GM-CSF Abs suggests an intrinsic immunodeficiency predisposing individuals toward 
CNS nocardiosis. The presence of anti-GM-CSF Abs helps to elucidate vulnerability to CNS nocardiosis, even with low titer 
of autoantibodies. Consequently, systematic screening for anti-GM-CSF Abs should be considered a crucial diagnostic step 
for nocardiosis patients.
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anti-cytokine autoantibodies have reshaped the landscape 
of the pathogenesis of immunodeficiency diseases.

Neutralizing anti-granulocyte-macrophage colony-stim-
ulating factor autoantibodies (anti-GM-CSF Abs) are also 
among the anti-cytokine autoantibodies identified and are 
related to several clinical phenotypes. In the 1990s, anti-
GM-CSF Abs were first described as pathogenic factors 
in patients with pulmonary alveolar proteinosis (PAP), a 
phenomenon of surfactant homeostasis disturbance due to 
impaired alveolar macrophage function [6]. Under this cir-
cumstance, anti-GM-CSF Abs interfered with the matura-
tion of alveolar macrophages, further affecting the clearance 
of surfactant accumulation. Over a decade after the relation-
ship between PAP and anti-GM-CSF Abs was confirmed, 
anti-GM-CSF Abs were recognized as a risk factor for cryp-
tococcosis, mostly by Cryptococcus gattii (C. gattii) [7–17], 
and also occasionally by Cryptococcus neoformans (C. neo-
formans) [7, 18–22], especially for central nervous system 
(CNS) manifestations [8]. After the first case series reported 
by Rosen et al. [7], a few relevant reports have confirmed 
the clinical significance of anti-GM-CSF Abs in C. gattii 
cryptococcosis [8, 9, 12, 15, 16, 23, 24].

Recently, there have also been reports regarding the 
relationship between nocardiosis and anti-GM-CSF Abs 
[25–28]. In 2015, Rosen et al. suggested that disseminated 
nocardiosis should prompt the existence of anti-GM-CSF 
Abs in previously healthy adults [25]. The primary infec-
tion sites of Nocardia include the skin and lungs, and it 
can disseminate systematically [29]. CNS infection is one 
of the most severe manifestations of dissemination [30]. 
Nocardia can evade the human immune system by intra-
cellular survival within macrophages [30]. Nocardiosis is 
an opportunistic infection affecting immunocompromised 
subjects, such as cancer patients undergoing chemotherapy 
or organ transplant recipients [29]. However, one-third of 
infected patients have no known predisposing risk factors 
[29], suggesting that the presence of anti-GM-CSF Abs may 
explain the underlying pathogenesis for a significant por-
tion of nocardiosis patients who do not carry the currently 
recognized risk.

While it has been established that anti-GM-CSF Abs 
are associated with C. gattii cryptococcosis, PAP, and dis-
seminated nocardiosis, some unexplained clinical observa-
tions remain. First, anti-GM-CSF Abs are strongly linked to 
cryptococcosis caused by C. gattii, but there is no observed 
species preference in anti-GM-CSF Abs related nocardiosis 
[8, 15, 25]. Second, both infections associated with anti-
GM-CSF Abs often involve the CNS, suggesting that the 
CNS may be a susceptible site for anti-GM-CSF Abs related 
infections [8, 15, 25, 28]. Third, the three clinical pheno-
types associated with anti-GM-CSF Abs are rarely observed 
in the same individual. Despite a few reports of patients 

with overlapping conditions [7, 28], it appears that these 
three conditions are largely mutually exclusive [15, 31]. 
These observations underscore the importance of conduct-
ing comprehensive investigations into each anti-GM-CSF 
Abs phenotype, examining both host factors and antibody 
properties.

Herein, we report eight patients without human immuno-
deficiency virus (HIV) infection hospitalized due to a pri-
mary diagnosis of nocardiosis. Five of these eight patients 
were positive for anti-GM-CSF Abs, and all presented with 
CNS nocardiosis. In the present work, we describe the clini-
cal presentation of these patients and the properties of anti-
GM-CSF Abs derived from these patients.

Materials and Methods

Eight patients were enrolled in the present study. These eight 
patients were confirmed not to have HIV infection and were 
hospitalized due to clinical symptoms or signs of nocardio-
sis. The diagnosis of nocardiosis was established by micro-
biologic evidence, including blood culture and tissue culture 
taken via surgery or biopsy. The present study was approved 
by the Internal Review Board of Chang Gung Medical 
Foundation with reference numbers 202100672A3C502 
and 202100789B0. Clinical symptoms and signs, laboratory 
data, previous medical history, personal history, microbio-
logical test results, medical images, and treatment course 
were all retrieved from medical records. The clinical courses 
of the patients with positive anti-GM-CSF Abs are briefly 
presented in the following paragraphs; property analyses of 
autoantibodies were performed for all eight patients.

Detection of Anti-GM-CSF Abs

The diagnosis of anti-GM-CSF Abs was confirmed by 
indirect enzyme-linked immunosorbent assay (ELISA), as 
previously described [15, 23]. Plasma was diluted 1:100 to 
identify immunoglobulin isotypes: IgG, IgA, IgM, and IgE; 
Ig subclass, IgG1, IgG2, IgG3, and IgG4. Both isotype and 
subclass identification were performed by ELISA. We used 
a fully human anti-GM-CSF monoclonal antibody gener-
ated in-house as a standard for anti-GM-CSF Ab titer mea-
surement. Further comparison between titers from patients 
with nocardiosis (n = 5), selected cryptococcosis (n = 6), 
and PAP (n = 6) was performed. The Mann–Whitney U test 
or ANOVA was applied, as appropriate.

Neutralizing Ability of Anti-GM-CSF Abs

The neutralizing ability of anti-GM-CSF Abs was assessed 
by the signal transducer and activator of transcription 5 
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(STAT5) reporter assay in U937 cells we applied in previ-
ous studies [15, 23]. The U937-STAT5 reporter system was 
established by lentivirus transfection with the STAT5RE 
reporter plasmid (Promega, Madison, WI). U937-STAT5 
reporter cells (30,000 events) were preincubated with seri-
ally diluted plasma from patients and 100 pg/mL recombi-
nant human GM-CSF (rhGM-CSF, BioLegend, San Diego, 
CA) for 20 h. GM-CSF-induced luciferase activity was 
measured with a One-Glo™ Luciferase Assay System (Pro-
mega, Madison, WI). The IC50 was then calculated using 
GraphPad Prism 7 software (GraphPad Software Inc. CA). 
The Mann–Whitney U test or ANOVA was employed, as 
appropriate.

Results

Case Presentation

Eight nocardiosis patients were enrolled in the present study 
(Table 1 and Supplmentary Table 1). These eight patients 
were confirmed to be without HIV infection or other obvi-
ous immune dysregulation conditions and were hospital-
ized due to clinical symptoms or signs of nocardiosis. Five 
patients were positive for anti-GM-CSF Abs, and the neu-
tralizing activity was confirmed by a reporter assay. The 
clinical features of the anti-GM-CSF-Ab-positive patients 
are presented below.

Patient 1

Patient 1 was a woman diagnosed with CNS nocardiosis 
when she was 63 years old. She initially presented with 
fever and dyspnea. She had multiple comorbidities, includ-
ing right lung adenocarcinoma with pathological stage I 
after curative resection eight years before this episode of 
CNS nocardiosis, congestive heart failure with the New 
York Heart Association classification III, myelodysplastic 
syndrome, and chronic viral hepatitis C. No previous his-
tory of clinical presentation, such as C. gattii cryptococco-
sis or PAP, regarding anti-GM-CSF Abs was proven. After 
hospitalization, left-side pneumonia was impressed based 
on clinical signs and radiologic findings. After empiric anti-
biotic treatment, she improved and insisted on being dis-
charged on day 15 of hospitalization. However, seven days 
after being discharged from the hospital, she returned to the 
hospital due to right limb weakness and aphagia.

According to the patient’s family, she had neurologic 
impairment for one week before the previous hospitaliza-
tion, and she had visited a neurologist’s clinic. Both right 
limb weakness and right facial palsy were noted at that time. 
Further exams were arranged but had not been conducted 
before the previous hospitalization. Due to the progres-
sion of neurologic symptoms and signs, she was hospital-
ized again for further evaluation and treatment. Brain CT 
without contrast enhancement was performed on day one of 
the 2nd hospitalization, and a left frontal mass lesion was 

Table 1 Baseline demographics
Patient P1 P2 P3 P4 P5
Age at infection (y) 64 67 62 51 42
Sex Female Male Male Male Male
Nocardia species 
(Focus)

Suspected
N. beijingensis
(CNS)

N. spp.
(CNS)

N. spp.
(CNS)

N. spp.
(CNS)

N. wallacei
(CNS)

Other infection Mycobacteria abscessus (SP)
(2 month before)

N N N N

Autoimmune N N N N N
Malignancy Lung cancer N Squamous cell carcinoma

(Lung, liver, neck lymph 
node)

N N

Comorbidity N Hx of old 
CVA/TIA

N N N

WBC (µl) 7300 8800 8500 10300 11000
Lymphocyte (%) 7.5 21.2 2.8 17.5 23.6
Monocyte (%) 3.0 5.0 8.0 9.5 6.4
Neutrophil (%) 89.4 72.4 87.9 72.6 68.0
CRP (mg/dL) 2.14 9.20 4.6 14.43 0.15
Treatment Imipenem + Amikacin 7 days, 

Baktar 39 days, and surgery for 
brain abscess

Baktar 45 
days

Meropenem 22 
days + Barktar 6 months

Tienam + Baktar 1 
month, and Doxy-
cycline + Baktar 
1.5 months

Sevatrium 
20 days, and 
Linezolid 4 
months + Merope-
nem 2 months

Morbidity N N N CNS sequelae CNS sequelae
CNS: central nervous system; SP: sputum; Hx: history; CVA: cerebrovascular accident; TIA: transient ischemic attack.
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Patient 2

This 67-year-old man was incidentally diagnosed with a 
pulmonary nodule without clinical symptoms (Supple-
mentary Fig. 2). Regarding his medical history, he had 
two episodes of cerebral vascular accidents, which were 
diagnosed seven and nine years before his diagnosis of 
CNS nocardiosis. Similar to Patient 1, he had no clinical 
presentation related to anti-GM-CSF Abs. Aspiration was 
arranged to diagnose the pulmonary nodule, and the result 
was nondiagnostic. His condition was empirically treated 
as an infectious disease with antibiotics, and regression of 
the lesion was noted thereafter. Six months later, the patient 
exhibited bizarre behavior and cognitive impairment. No 
apparent head trauma history was recorded. No other neu-
rologic symptoms or signs were identified, such as limb 
weakness, impairment of vision, facial palsy, hearing loss, 
aphasia, agnosia, amnesia, agraphia, or apraxia. Common 
presentations regarding infection, such as fever, chillness, 

noted. Magnetic resonance imaging (MRI) was arranged for 
differential diagnosis (Fig. 1A). Due to the patient’s previ-
ous history of lung cancer, a metastatic lesion was highly 
suspected initially. Craniotomy was performed later on day 
seven of the 2nd hospitalization to release the intracranial 
compression. The intraoperative findings suggested the 
diagnosis of an abscess (Fig. 1B), and the final pathologic 
report revealed an abscess with nocardiosis. The patient was 
then treated medically. The patient then showed substantial 
improvement and was discharged from the hospital on day 
22 of her 2nd hospitalization. Two months after this hospi-
talization, the patient experienced Mycobacteria abscessus 
infection. Given the high prevalence of anti-IFN-γ autoanti-
bodies, a risk factor for mycobacterial infection, among the 
Southeast Asia population [32], we also examined the pres-
ence of IFN-γ autoantibodies. We confirmed their absence 
in this patient (Supplementary Fig. 1C).

Fig. 1 Clinical images of nocardiosis patients identified with anti-GM-
CSF antibodies. (A) Axial magnetic resonance imaging of two individ-
uals diagnosed with CNS nocardiosis showing affected areas in the left 
frontal and temporal lobes, respectively. On the left, the T1-weighted 
image, enhanced with contrast medium, reveals an abscess character-
ized by a centrally located area of low signal intensity and a distinctly 

enhanced peripheral ring. On the right, the T2-weighted image dis-
plays the same abscess, notable for its high central signal intensity, a 
rim that appears iso- to hypointense, and a high-intensity surrounding 
area indicative of vasogenic edema. (B) The presence of an abscess 
cavity was confirmed in Patient 1 during surgery
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for left femoral head avascular necrosis, for which he had 
undergone total hip replacement years earlier. He had been 
discharged from another hospital one month prior to this 
presentation after being hospitalized for one month for a cra-
niectomy to address a left parietal brain abscess. During that 
hospitalization, no pathogens were isolated from either tis-
sue or blood cultures. However, one month after discharge, 
he began to experience progressive right-sided weakness 
and was admitted to the hospital for evaluation. An initial 
brain CT scan revealed a recurrent left-brain abscess, and 
craniotomy was performed for abscess drainage. Pus from 
the craniotomy yielded Nocardia spp. He was started on 
intravenous imipenem/cilastatin and oral sulfamethoxazole/
trimethoprim as consolidation therapy starting on the sec-
ond postoperative day that continued for four weeks. The 
treatment was then switched to oral sulfamethoxazole/tri-
methoprim with doxycycline as maintenance therapy for an 
additional six months. After clinical improvement, cranio-
plasty was performed, and he was discharged following a 
59-day hospital stay.

During a follow-up brain CT scan arranged in the clinic, 
no active lesions were found. However, electroencephalog-
raphy revealed episodic spike waves that were electroactive. 
Therefore, antiepileptic drugs were prescribed for prophy-
lactic purposes after the antibiotics were discontinued.

Patient 5

A 42-year-old male had a history of a brain abscess for 
which he underwent craniotomy with drainage and four-
month hospitalization. He was subsequently treated with 
antibiotics for the following months. However, no pathogen 
was isolated during the previous episode, and he recovered. 
He had alcoholic liver disease but no chronic viral hepati-
tis or other systemic diseases. He visited our hospital, pre-
senting with a right-hand tremor and progressive weakness 
lasting two weeks. An initial brain CT showed a contrast-
enhanced 1 cm ring-like lesion with perifocal white matter 
edema in the left frontal-parietal lobes. Although CT-guided 
biopsy was performed, it failed to identify any pathogens. 
The brain abscess was empirically treated with vancomy-
cin, cefepime, and metronidazole. However, brain CT one 
month later revealed abscess enlargement. Consequently, 
he underwent a left parietal craniotomy with brain abscess 
evacuation. A microbiologic examination of the abscess 
content identified Nocardia wallacei, as confirmed by 16 S 
DNA analysis. The antibiotic regimen was then adjusted to 
imipenem/cilastatin, trimethoprim/sulfamethoxazole, and 
metronidazole. However, the response was limited, and 
brain CT showed a relapse of the abscess. The antibiot-
ics were changed to intravenous linezolid (600 mg twice 
daily), meropenem, and metronidazole. After three weeks 

or leukocytosis, were also not noted. He was then admitted 
to our hospital for further survey.

The initial CT scan only demonstrated focal malacia 
changes in the left temporo-parietal area. Further examina-
tion by MRI revealed a rim-enhanced mass with a maximal 
diameter of 2.5 cm, and perifocal edema around the lesion 
was also demonstrated (Fig. 1A). The clinical impression 
included metastatic lesions or brain access. After surgical 
consultation and a thorough preoperative survey for possi-
ble malignancy outside the CNS, an isolated brain mass was 
the only identified lesion. The neurosurgeon suggested sur-
gical treatment, and the patient then underwent craniotomy 
on day four of hospitalization.

Intraoperative frozen section pathologic examination 
showed that the lesion was an abscess rather than a met-
astatic tumor. Total extirpation of the abscess was per-
formed. The final microbiological diagnosis proved that the 
pathogen was Nocardia sp. The postoperative course was 
uneventful. The patient was treated medically after surgery 
and discharged on day 34 of hospitalization.

Patient 3

This man was diagnosed with nocardiosis when he was 62 
years old. He also had squamous cell carcinoma of the lung, 
AJCC stage IVb. No other underlying chronic medical con-
dition was noted. In addition, no previous history of anti-
GM-CSF-Ab-related disease was diagnosed. He suddenly 
developed limb weakness and dizziness when getting up 
one night. Later, left-hand clonus was noted. He was then 
brought to the hospital. On the way to the hospital, he had 
generalized tonic-clonic seizures. In the emergency depart-
ment (ED), he regained consciousness. ED physicians 
arranged a brain CT, and a metastatic brain lesion was sus-
pected. In addition to the brain lesion, bilateral pleural effu-
sion was detected, and a drainage procedure was arranged 
(Supplementary Fig. 3). The patient was then admitted to 
the ward for further management. On day 15 of hospitaliza-
tion, stereotaxic surgery for a brain biopsy was arranged, 
and an intraoperative frozen section exam revealed a brain 
abscess. Local debridement was performed instead for brain 
tumor excision. After surgery, medical treatment with anti-
biotics was started. On day 21 of hospitalization, or post-
operative day six, the microbiological exam demonstrated 
Nocardia sp. as the pathogen and the regimen of antibiotics 
was adjusted. The patient was discharged after 43 days of 
hospitalization.

Patient 4

This patient was a 51-year-old man with a medical history 
of chronic viral hepatitis B and a surgical history significant 
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relapse of right-sided weakness. Brain CT two years later 
showed residual brain tissue damage but no recurrence of 
the brain abscess.

Properties of Anti-GM-CSF Abs

Anti-GM-CSF-Abs are the common etiology of PAP, C. 
gattii infection and nocardiosis; however, no PAP or cryp-
tococcosis was reported in our patients. Therefore, we 
analyzed the properties of autoantibodies in our cohort to 
determine whether the properties of autoantibodies could 
explain the different clinical manifestations. In our previous 
work on C. gattii cryptococcosis and other published work 
on PAP, IgM can be detected coexisting with the dominant 
IgG isotype [15, 33]. To elucidate the characteristics of 
anti-GM-CSF Abs in our nocardiosis cohort, we assessed 
immunoglobulin isotypes (Fig. 2A) and the Ig subclass 
compositions (Fig. 2B) in the Nocardia-infected patients 
positive for anti-GM-CSF Abs. The predominant immuno-
globulin isotype observed was IgG, whereas neither IgA nor 
IgE isotypes of anti-GM-CSF Abs were detected in any of 
the cases (Fig. 2A). Intriguingly, a high prevalence of IgM 
isotype autoantibodies was noted in all nocardiosis patients, 
even in P3, who showed limited presence of IgG anti-GM-
CSF Abs (Fig. 2A). The primary IgG subclass across most 
cases was IgG1 (Fig. 2B). Three patients (P1, P2, and P5) 
displayed diminished presence of IgG2 subclass anti-GM-
CSF Abs, and none showed IgG3 subclass autoantibodies. 
A notable concentration of IgG4 subclass anti-GM-CSF 
Abs was detected in P2. The specific IgG subclass was 
undetectable in the case of P3, which had a minimal titer of 
IgG autoantibodies. Collectively, the composition of anti-
GM-CSF Abs related to Nocardia infection resembled that 
observed in patients with cryptococcosis or PAP. However, 
the pronounced presence of IgM isotype anti-GM-CSF Abs 
marked a distinct difference.

Comparison of Anti-GM-CSF Abs Among PAP, 
Cryptococcosis, and Nocardiosis

Anti-GM-CSF Abs have been described as having a titer 
and neutralizing thresholds that induce PAP clinical phe-
notypes [34]. We sought to analyze the autoantibody titer 
and neutralizing ability in our nocardiosis cohort com-
pared to the CNS-involved cryptococcosis cohort, which 
consisted of samples collected during active status (n = 6) 
and PAP (n = 6) patients described in our previous study 
[15]. The titer of anti-GM-CSF Abs showed a range of 
2.3 ~ 309.2 units (mean = 117.3 ± 124.6) in nocardiosis, 
15.2 ~ 105.3 units (mean = 54.6 ± 35.0) in cryptococcosis, 
and 8.8 ~ 189.4 (mean = 54.6 ± 67.0) in PAP (Fig. 3A). The 
inhibition abilities of anti-GM-CSF Abs from patients with 

on this regimen, CT-guided aspiration of the brain lesion 
was repeated, and the abscess culture showed no growth 
of Nocardia. The patient’s condition gradually improved, 
and he was discharged after eight weeks of intravenous 
linezolid. He continued oral linezolid and ciprofloxacin for 
another 2.5 months. Throughout the treatment, the patient’s 
weakness improved, with no hand tremor or other focal neu-
rologic signs. However, in the eighth week of intravenous 
linezolid treatment, he developed progressive and persis-
tent, symmetrical neuropathy in both lower limbs. The line-
zolid dose was reduced to 600 mg daily during the eleventh 
week of treatment to prevent abscess relapse. Neuropathy 
persisted in his feet even after discontinuing linezolid. Dur-
ing the antibiotic-free period, he did not experience any 

Fig. 2 Characterization of immunoglobulin isotype and IgG subclass 
of anti-GM-CSF antibodies in nocardiosis patients. Individual immu-
noglobulin isotypes and IgG subclasses of anti-GM-CSF antibodies 
were detected using ELISA on plasma diluted 1:100. (A) In nocar-
diosis patients P1, P2, P4, and P5, anti-GM-CSF antibodies were 
predominantly of the IgM and IgG isotypes. In contrast to the low 
levels of IgG anti-GM-CSF antibodies, IgM anti-GM-CSF antibodies 
were prominently identified in patient P3. (B) The majority of IgG 
subclasses revealed the presence of IgG1 anti-GM-CSF antibodies in 
patients P1, P4, and P5, while patient P2 also exhibited a significant 
presence of IgG4 anti-GM-CSF antibodies. Patient P3 exhibited rare 
detection of IgG subclasses, consistent with the low levels of IgG-type 
anti-GM-CSF antibodies
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Nocardia sp. Regarding serological analyses, the anti-GM-
CSF Ab-positive nocardiosis patients were found to have 
IgM-type autoantibodies. We compared the properties of the 
autoantibodies among anti-GM-CSF Ab-positive crypto-
coccosis, PAP, and nocardiosis, revealing no significant dif-
ferences in either concentrations or neutralizing activities. 
Our findings suggest that adult-onset immunodeficiency 
caused by anti-GM-CSF Abs is the major etiology underly-
ing CNS nocardiosis, even without the sign of pulmonary 
proteinosis.

The CNS is the second most common site affected by 
nocardiosis, with the percentage of cases ranging from 3 
to 26%, depending on the specific population studied [35]. 
Anti-GM-CSF Abs involved in nocardiosis in our cohort 
primarily involved the CNS. Moreover, combining previ-
ous research and our cohort, 14/16 (87.5%) cases with anti-
GM-CSF Abs were identified in CNS nocardiosis [14, 25, 
27, 28, 36]. Among cryptococcosis patients reported in the 
literature, 43/50 (86.0%) cases with anti-GM-CSF Abs were 

nocardiosis in our cohort showed a range of 27 ~ 33277 
dilution folds (mean = 11414 ± 12795); those from patients 
with cryptococcosis showed a range of 1871 ~ 12719 dilu-
tion folds (mean = 6584 ± 4594), and those from patients 
with PAP showed a range of 477 ~ 6993 dilution folds 
(mean = 3318 ± 2574) (Fig. 3B). Correlation analysis exhib-
ited a consistent correlation (R2 = 0.7308) between autoanti-
body titer and half-maximal inhibitory concentration (IC50) 
in all cohorts (Fig. 3C). In summary, the titer and neutral-
izing activities did not significantly differ among these three 
groups of patients.

Discussion

We enrolled eight Nocardia-infected non-HIV patients and 
identified five anti-GM-CSF-Ab-positive patients. The anti-
GM-CSF-Ab-positive patients were all accompanied by 
CNS-involved Nocardia infection but without a specific 

Fig. 3 Comparison of anti-GM-CSF antibody characteristics among 
nocardiosis, cryptococcosis, and PAP patients. The titer of anti-GM-
CSF antibodies was measured using an in-house ELISA, and the 
STAT5 inhibition levels were detected using a reporter system estab-
lished in a previous study [23]. Patients with CNS-involved crypto-
coccosis (n = 6, black circle and line) and PAP (n = 6, blue square and 

line) were collected to compare with our nocardiosis patients (n = 5, 
red symbol). Healthy controls (n = 3) were shown in gray line. (A) 
Antibody titers and (B) STAT5 inhibition levels showed no significant 
differences among the three patient cohorts. (C) Correlation analysis 
revealed a strong correlation but no difference between antibody titer 
and IC50 across all cohorts
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samples, with extremely weak neutralizing and binding 
avidity [33]. However, isotype analysis of anti-GM-CSF 
Abs were detected in none (0/6) of the PAP and healthy con-
trols and 26.7% (4/15) of the cryptococcosis patients with 
IgM-type anti-GM-CSF Abs in our previous studies [15]. 
Soluble IgM-type antibodies are defined via their constant 
region Fcμ, showing pentamer formation, which is the first 
line of host defense [44]. In addition to direct blockade, 
IgM-type antibodies have a high affinity for complement 
and Fc receptor (Fcα/µR, Poly-IgR, and FcµR) interactions, 
regulating B-cell development [45]. Recently, several stud-
ies have discussed the importance of Fc-mediated antibody 
function, even in anti-cytokine autoantibodies [46, 47]. 
Overall, the dynamics of IgM-type and IgG-type anti-GM-
CSF Ab levels in our nocardiosis cohort and the manifesta-
tions of IgM-type anti-GM-CSF Abs are worth investigating 
and follow-up.

No clinical sign of PAP in anti-GM-CSF Ab-positive 
Nocardia-infected patients suggests that PAP and other anti-
GM-CSF Ab-associated infections do not overlap. In a sys-
tematic literature review of seventy-five reported cases of 
PAP with opportunistic infections, thirty-two patients (43%) 
with opportunistic infections were infected with Nocar-
dia [48]. However, these highly selective case series only 
enrolled PAP patients with opportunistic infection during 
a period of six decades (1950 ~ 2010), and only nine more 
patients were reported in a review from Berthoux et al. in 
2021 [28]. A summary of published relevant reports is sum-
marized in Supplementary Table 2. Overall, publication bias 
should be considered, and the observation cannot be simply 
recognized that PAP and nocardiosis are present in a single 
subject due to the existence of anti-GM-CSF Abs. Of note, 
opportunistic infection might be at least partially explained 
by the immune compromise related to treatments in which 
steroids or immunosuppressive treatment are the most com-
monly applied to manage PAP. In contrast, no PAP patient 
had nocardiosis in a large well-studied cohort of autoim-
mune PAP from Japan with 223 anti-GM-CSF Ab-positive 
patients [31]. In our published works on PAP and C. gat-
tii cryptococcosis [15, 23] and the present work on nocar-
diosis, all evidence suggests that overlapping presentation 
is rare. Based on the summary of clinical observation and 
evidence from the literature, it is conceivable that a deter-
mining mechanism may influence the clinical presentation 
of individuals with anti-GM-CSF. Therefore, studies inves-
tigating the pathogenesis of diseases associated with anti-
GM-CSF Abs may need to be specifically designed for each 
of the three clinical conditions.

Recent studies, including our investigations on anti-
IFN-γ autoantibodies, showed that antibodies recognizing 
distinct epitopes can have variable biological implications 
[46]. The pathogenic mechanisms of anti-GM-CSF Abs in 

reported to have CNS involvement [7–16, 18–21, 23], and 
the anti-GM-CSF Abs could be identified in their cerebro-
spinal fluid [7]. Current clinical observations suggest that 
anti-GM-CSF antibodies may impair the central nervous 
system’s ability to defend against infections caused by 
Cryptococcus gattii and Nocardia, without species specific-
ity. GM-CSF is known to play an essential role in support-
ing the CNS environment, such as promoting monocytes to 
cross the blood-brain barrier and microglial proliferation 
[37–41]. Gavino et al. reported a cohort of spontaneous 
CNS candidiasis patients with CARD9 mutation causing 
GM-CSF production deficiency [42]. However, the exact 
role of GM-CSF deficiency driven by autoantibodies in 
CNS susceptibility to infection is unclear. Furthermore, 
no studies have examined the presence of anti-GM-CSF 
antibodies in the cerebrospinal fluid of patients with nocar-
diosis. Therefore, further investigation into the underlying 
pathogenesis of clinical presentations and localization asso-
ciated with anti-GM-CSF antibodies is warranted and may 
provide a better understanding of the influence of GM-CSF 
on central nervous system immunity.

Patient 3 in the present work was identified with equivo-
cally detectable IgG-type anti-GM-CSF Abs, even under 
1:100 plasma dilution (Supplementary Fig. 1A). However, 
the autoantibody from Patient 3 did have 50% inhibition 
of GM-CSF activity after 100-fold dilution (Fig. 3B). In a 
recent study, Bastard et al. applied a high-sensitivity lucif-
erase assay to detect the presence of anti-type-I-interferon-
autoantibody. They reported that critical COVID-19 patients 
produced anti-type-I-interferon-autoantibodies; although 
they had weak neutralizing activity, the autoantibodies suf-
ficiently impaired the type-I interferon biological protection 
from viral infection [43]. In our work, we also used U937-
STAT5 reporter system to confirm the plasma from Patient 
6, Patient 7, and Patient 8. No neutralizing activity was 
identified in those samples (Supplementary Fig. 1B). This 
observation indicates that low titer but potentially neutral-
izing autoantibodies may have existed without detection by 
methods in previous studies, and a novel approach for iden-
tifying pathogenic autoantibodies should be developed and 
applied. Concerning clinical observation in our series, the 
severity of the disease did not necessarily correlate with the 
titer of anti-GM-CSF Abs. Therefore, increasing the sensi-
tivity for detecting low-titer autoantibody doses might be 
worth further investigation.

The immunoglobulin isotype analysis in the present work 
demonstrated that IgM-type anti-GM-CSF Abs were pres-
ent in all (5/5) nocardiosis patients. IgM-type anti-GM-CSF 
Abs have rarely been addressed in previous studies. Nei 
et al. described that as an etiologic bystander, IgM-type 
anti-GM-CSF-Abs were present in more than 80% of PAP 
patients and approximately 20% of healthy subject serum 
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