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Background: Metagenomic next-generation sequencing (mNGS) is a fast, sensitive and accurate diagnostic method for pathogens
detection. However, reports on the application of mNGS in mucormycosis remain scarce.

Methods: From January 2019 to December 2021, we recruited 13 patients with hematological malignancies who were suspected of
mucormycosis and completed mNGS in D20. Then we retrospectively analyze the clinical data, diagnosis, therapeutic process, and
outcomes. In order to evaluate the diagnostic value of mNGS in hematological malignancies patients with suspected mucormycosis.
Results: All patients had high risk factors of Invasive Fungal Disease, including hematopoietic stem cell transplantation, immuno-
suppression, glucocorticoids, etc. The clinical presentations were pulmonary (n=9), rhino-orbito-cerebral (n=4). But the manifestations
were nonspecific. All enrolled patients completed mNGS. And most (8/13, 61.54%) of the samples were from blood. Fungi can be
detected in all specimens, including Rhizopus (n=7), Rhizomucor (n=4) and Mucor (n=2). In addition, 7/13 (53.85%) specimens were
detected bacteria at the same time and virus were detected in 5/13 (38.46%). Histopathological examination was completed in 5
patients, 3 of which were completely consistent with the results of mNGS. After treatment, 6 patients were cured, while the other 7
patients died.

Conclusion: mNGS may be a complementary method for early diagnosis, especially for patients who are not suitable for
histopathology examination or unable to obtain culture specimen. mNGS can also help detect bacteria and viruses simultaneously,
allowing for appropriate and timely antibiotic administration and thus improving patient outcomes.
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Introduction
The rate of mucormycosis in patients with hematological malignancies are increasing year by year, especially those with
immunosuppression, neutropenia, hematopoietic stem cell transplantation (HSCT) or other high-risk factors.
Mucormycosis is a rare Invasive Fungal Disease (IFD) associated with high mortality. Studies have shown that delayed
diagnosis and treatment increase the mortality of mucormycosis. If amphotericin B is delayed for > 6 days, the mortality
rate at 12 weeks will be doubled.' Therefore, early diagnosis and treatment is the key to improve the outcome and
reduce the mortality.

However, there was no characteristic signs and symptoms in patients with mucormycosis, and the diagnosis was difficult
to determine in the early stage. At present, the diagnosis mainly depends on imaging examinations, histopathology and
culture. Imaging changes such as multiple nodules (> 10) or pleural effusion may indicate mucormycosis, but the pathogenic
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diagnosis will be difficult because its characteristics are variable and similar to those of other invasive fungal infections.**
Histopathology or culture is the “gold standard” for diagnosing mucormycosis. Unfortunately, this is often difficult to be
implemented in patients with hematologic malignancies because of severe thrombocytopenia.” And positive culture result
was obtained in only 50% of cases.®’ Besides, other methods such as 1,3 beta-Dglucan detection test (G test) and Polymerase
Chain Reaction (PCR) are also limited in the diagnosis of mucormycosis.® Therefore, it is urgent to find new methods.

Metagenomic next-generation sequencing (mNGS) is a rapid microbial diagnosis method by analyzing the DNA /
RNA content and abundance of microorganisms. It has the advantages of high sensitivity, short detection time, diagnose
rare pathogen infections and so on.” Lei Yang’s team has recommended biopsy-based or Bronchoalveolar Lavage Fluid -
based mNGS for diagnosing pulmonary fungal infections.'® We further studied the diagnostic value of mNGS in patients
with hematological malignancies and mucormycosis in this study.

Patients and Methods

Patients

Between January 2019 to December 2021, 13 patients with suspected mucormycosis in the Hematology Department of
Tianjin First Central Hospital were enrolled in our study. The date when the patients suspected IFD was defined as DO.
All enrolled patients completed mNGS within D20. According to the consensus of the European Research Group on
cancer therapy and fungi (EORTC / MSG), 4 cases were finally “Proven” and 9 cases were “Probable”.!' The basic
diseases, clinical manifestations, laboratory and imaging examinations when they were suspected, treatment and out-
comes were analyzed retrospectively.

mNGS and Analyses

Samples were obtained from the peripheral blood or infection site, which was sent to BGI Laboratory within 12
hours after collection and nucleic acid was extracted. Using TIAN amp Micro DNA kit (DP316, Tiangen
Biochemical Technology) kit and QIA amp Viral RNA Mini kit (52906 Qiagen) kit to extract DNA and RNA.
Using SuperScript II reverse Transcription Kit (18064-014, Invitrogen) kit to reverse transcription of RNA into
double-stranded complementary DNA (ds ¢cDNA), which was ultrasonically broken into 200—300bp fragments. The
sequence of the linker was circularized into a single-stranded circular structure. The circularized library was copied
by a rolling circle to generate DNB nanospheres and loaded onto the sequencing chip. DNA libraries were
constructed based on the Beijing Genomics Institute sequencer-100. After removing low-quality reads (< 35 bp)
and computational subtracting human host sequences mapped to the human reference genome (hgl9), high-quality
sequences were generated.'”? Microbial genome database was used to classify the remaining data, which were
downloaded from NCBI (ftp://ftp.ncbi.nlm.nih.gov/genomes/). The pathogenic reading number refers to the number

of strictly matched sequences of the microorganism detected at the genus/species level.

Diagnostic Criteria

Mucormycosis was defined based on the European Research Group on cancer therapy and fungi (EORTC / MSG)."' “Proven”
patients need to meet culture and/or histopathological examination positive for mucormycosis. For “Probable”” mucormycosis,
imaging experts and clinicians of our hospital are required to make diagnosis together. Clinical remission refers to complete
disappearance of the symptoms and signs, and obvious or complete absorption of the lesion site on imaging examination.

Results

Patients’ Characteristics

Of the 13 patients enrolled, 9 (69.23%) were males. The median age was 43 (14-73) years. The characteristics of those
patients were listed in Table 1. Most patients were diagnosed with hematological malignancies, except one patient (ITP).
All patients had high risk factors of IFD: HSCT or cell immunotherapy (n=7), immunosuppression or glucocorticoids
(n=6), chemotherapy within 3 months (n=7), neutropenia (n==8), other high-risk factors (diabetes, malnutrition, etc).
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Table | Characteristics of Patients

Characteristics

Number (%)

Gender

Age

Basic diagnosis

Primary disease state

Current medication

Neutropenia

Previous treatment

Mucormycosis diagnosis

Male
Female
Median age
AML
ALL
MDS
HAL
ITP
CR
NR
Immunosuppression or Glucocorticoids
Chemotherapy within 3 months
<500/pL
Allo-HSCT
CAR-T
CAR-T+Allo-HSCT
Chemotherapy alone
Proven
Probable

9 (69.23)
4 (30.77)

43 (14-73)

3 (23.08)
5 (38.46)
3 (23.08)
| (7.69)
| (7.69)
10 (76.92)
3 (23.08)
6 (46.15)
7 (53.85)
8 (61.54)
3 (23.08)
| (7.69)
3 (23.08)
6 (46.15)
4 (30.77)
9 (69.23)

Abbreviations: AML, Acute myelocytic leukemia; ALL, Acute lymphocytic leukemia; MDS,
Myelodysplastic syndromes; HAL, hybrid acute leukemia; ITP, Idiopathic thrombocytopenic purpura;
CR, complete remission; NR, no remission; Allo-HSCT, Allogeneic hematopoietic stem cell trans-

plantation; CAR-T, Chimeric Antigen Receptor T-Cell Inmunotherapy.

Pulmonary infection was considered in 9 patients, with others considered rhino-orbito-cerebral (n=4). And the clinical

symptoms of patients are shown in Tables 2 and 3. Fever was the most common symptom (n=10), followed by headache (n=3).

But these manifestations are nonspecific. The median time from symptom appearance to suspected IFD was 4 (1-19).

The mNGS Results

As shown in Figure 1, most (8/13, 61.54%) of our samples were from blood, others were from infection site (tissue,

cerebrospinal fluid, swab). Fungi can be detected in all specimens, including Rhizopus (n=7), Rhizomucor (n=4) and

Mucor (n=2).

In addition, 7/13 (53.85%) specimens were detected bacteria at the same time. The most frequently bacteria were

enterococcus (n=3), followed by Haemophilus parainfluenzae (n=2), Pseudomonas aeruginosa (n=1) and Acinetobacter

Table 2 Characteristics of “Proven” Patients

Num Sex/ Symptom/Date mNGS/ G | GM | Infectionsites/ | Antifungal | Surgery | Outcome | Days From
Age of First Clinical Date Histology/ at Day 90 | mNGS to
Symptoms Date Histology
| M/37 Fever, Mucor/D3 N N Pulmonary/ L-AmB, and No Death/D49 D42
Hemoptysis/D-8 Mucor/D45 posaconazole
2 M/43 Fever, pectoralgia, | Rhizomucor | N N Pulmonary/ L-AmB and No Alive D2
Hemoptysis/D-7 pusillus/D5 Rhizomucor posaconazole
pusillus/D2
3 M/52 Fever, Cough/D-1 | Rhizomucor | N N Pulmonary/ L-AmB and No Alive D2
pusillus/D 15 Muco/D17 posaconazole
4 F/27 Headache/D-4 Rhizopus N N Sinus/Rhizopus L-AmB Yes Alive D4
oryzae/D2 oryzae/Dé

Abbreviations: G, 1,3 beta-Dglucan detection test; GM, galactomannan; L-AmB, liposomal amphotericin B; mNGS, Metagenomic next-generation sequencing; N, negative.
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Table 3 Characteristics of “Probable” Patients

Num Sex/ Symptom/Date of mNGS/ G GM Infectionsites/ | Antifungal | Surgery | Outcome
Age First Clinical Date Histology/ at Day 90
Symptoms Date
5 F/42 Fever, Coma/D-2 Rhizopus N N Cerebral/-/- L-AmB No Death/D4
oryzae/D-2
6 M/73 Fever/D-3 Rhizomucor N N Pulmonary/-/- L-AmB No Death/D30
pusillus/D4
7 M/58 Fever/D-19 Rhizopus N N Pulmonary/-/- L-AmB, and No Alive
oryzae/D4 posaconazole
8 F/14 Fever, Swelling of right Rhizopus N N Rhino-cerebral L-AmB/D2 No Death/D2
eye, Blurred vision, oryzae/D2 /-I-
Headache/D-7
9 M/40 Headache/D-7 Mucor/D3 N N - L-AmB, and Yes Alive
posaconazole
10 M/38 Fever/D-5 Rhizopus 118.86 N Pulmonary/-/- L-AmB, and No Death/D70
oryzae/D7 posaconazole
| M/64 Fever/D-1 Rhizomucor N N Pulmonary/-/- L-AmB, and No Death/D12
pusillus/DO posaconazole
12 M/48 Fever/D-2 Rhizopus 267.57 N Pulmonary/-/- - No Death/D2
microspores/
DI
13 F/59 Pectoralgia/D-3 Rhizopus N N Pulmonary/-/- L-AmB, and No Alive
microspores/ Posaconazole
D2

Abbreviations: G, [,3 beta-Dglucan detection test; GM, galactomannan; L-AmB, liposomal amphotericin B; mNGS, Metagenomic next-generation sequencing; N,
negative.

baumannii (n=1). Virus were detected in 5/13 (38.46%) specimens, including human herpesvirus type 5 (n=3), leptovirus (n=2)
and human polyoma virus type 1 (n=2). Besides, bacteria, viruses and fungi were detected simultaneously in 2 specimens.

The Results of Traditional Detection Methods

Histopathological examination was completed in 5 patients (2 pulmonary tissue, 2 paranasal tissue and 1 sputum), 3 of
which were completely consistent with the results of mNGS. In patient 3, mNGS detected Rhizomucor, while
histopathology considered Mucor. 4 patients diagnosed “Proven” mucormycosis finally because one patient with negative
results. It is worth noting that the results of mNGS in all patients were obtained before histopathology (Table 2).

In 4 “Proven” patients, 3 patients were diagnosed pulmonary mucormycosis. Their chest CT mainly showed ground
glass shadow, nodules and pleural effusion, which may indicate mucormycosis in previous reports (Figure 2). However,
the result of sputum culture was Candida albicans in patient 1, and the other two cases were negative. Patient 4 was
diagnosed paranasal mucormycosis, and his sinus computed tomography (CT) showed sinusitis. G test was negative in 4
“Proven” patients, and only patient 1 had positive Galactomannan test (GM) results.

In 9 “Probable” patients, 4 patients were not suitable for operation or biopsy due to coma, severe thrombocytopenia or
critical condition. 6/9 patients were “Probable” pulmonary mucormycosis due to chest CT findings of nodules and pleural
effusion. 2 head CT found intracranial infection, which may be caused by invasive fungus. Mucor was not found in the
histopathology sinuses, but mNGS could detect it in patient 9. Combined with symptoms and other examinations, fungal
infection cannot be completely excluded (Table 3).

The Influence of mMNGS on Prognosis
On the basis of controlling the primary disease, 8 patients received amphotericin B combined with Posaconazole (1
received surgical debridement), 4 received amphotericin B treatment (1 received surgical debridement) and 1 did not
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Figure | The distribution of mMNGS sample and infection site. (A) Distribution of mNGS samples in the “Proven” and “Probable” group. (B) The infection site in the
“Proven” and “Probable” group.

receive treatment. In D90, 6/13 patients were cured. Bacteria were detected in 4/6 patients and viruses in 2/6 patients
simultaneously. Unfortunately, 7/13 patients died, two of whom died of primary disease. Bacteria and virus were detected
in 1/7 patient, bacteria in 2/7 patients, and virus in 1/7 patient simultaneously.

Patient 4 tested the mNGS of nasal swab at different times, and the result showed that the reading number of Rhizopus
oryzae was 607 in D2. Combined with imaging examination and other examinations, the patient received amphotericin
B combined with posaconazole, and received surgical debridement on D5. Rhizopus oryzae was detected in the nasal sinus
tissue pathology, and the reading number of mNGS was decreased at D6 (467). The patient continued to receive antifungal
treatment after surgery, and the reading of Rhizopus oryzae further decreased at D16 (48). At the same time, the patient’s

nasal sinus CT also showed improvement (Figure 3). Therefore, mNGS may be useful in evaluating efficacy.

Discussion
Hematological malignancies are common basic diseases of mucormycosis,'* among which pulmonary infection is the
most common.®'* Consistent with this, more than half of the patients in our study considered pulmonary involvement.
All of the included patients had multiple high-risk factors of mucormycosis, such as HSCT, agranulocytosis, immuno-
suppressive drugs, and so on. According to the clinical manifestations and imaging examinations of mucormycosis,”’
these patients were highly suspected of mucormycosis, and finally 4 cases were finally “proven”. Because of the high
mortality and disability rate of mucormycosis, early diagnosis is particularly important to improve the prognosis.
mNGS is a fast, sensitive and accurate diagnostic method, which has broad application prospects. It is less affected
by the use of antibiotics and autoimmune status of patient.'”> At present, many studies have explored the significance
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Figure 2 Imaging results of patients | to 4. The imaging results of patients |—4 indicate that there may be fungal infection. (A) Chest CT indicates right pneumonia and
pneumothorax. (B) Chest CT indicates bilateral pulmonary inflammation and bilateral pleural effusion. (C) Chest CT shows nodules in the anterior basal segment of the
lower lobe of the left lung. (D) Imaging results showed inflammation of the right maxillary sinus and sphenoid sinus.

and value of mNGS in detection of bacterial, viral and fungal.'®'* Our previous research found that mNGS seems to
be more meaningful for the diagnosis of fungal infection.”® Because mucormycosis is rare, the diagnostic value of
mNGS is only reported in cases. It is preliminarily indicated that mNGS may be an effective tool for early
diagnosis.?'*°

We included 13 adult patients with hematological malignancies who were highly suspected of mucormycosis. mNGS
results were all positive. And in 4 “Proven” patients, mNGS could get results before histopathology. For “Probable”
patients, mNGS may help us find the pathogen, which is difficult for traditional methods. Although PCR can also lead to
earlier diagnosis compared to culture, it requires prior knowledge of the suspected pathogen.'®

As we describe, most of our samples are derived from peripheral blood, but that does not mean peripheral blood were
infected sites. Because Mucor DNA fragments can easily enter the blood during a local infection.”® mNGS results need to
be combined with clinical manifestations and images to locate the sites of infection. In our research, 4 patients were not
suitable for biopsy due to thrombocytopenia or coagulation dysfunction. Their peripheral blood mNGS all suggested
mucormycosis, then combined with traditional methods and clinical manifestations, the site of infection was identified.
This combination of methods may be more important to those patients.

Qingya Cui reported a case of acute T-lymphocyte leukemia, several pathogens were detected by using mNGS. In
particular, mNGS identified Malassezia pachydermum, Mucor racemosus, and Lauteria mirabilis in the peripheral blood
and local secretion samples. The Mucor and bacterial infections were further confirmed via multi-site and repeated fungal
and bacterial cultures, respectively.”” Patients with immunodeficiency may be infected with bacteria, viruses and fungi at
the same time. Early detection of mixed infection is also important. mNGS can detect bacteria, fungi and viruses
simultaneously. In our study, 53.85% of patients detected bacteria at the same time, and 38.46% detected virus. It seems
that appropriate and timely antibiotic administration according to the results of mNGS seems to better control the
symptoms. In addition, we found that the pathogenic reading number seems to help us evaluate the progress of the
disease. It may help us to adjust the use of antifungal timely.
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Figure 3 Imaging changes of patient 4. (A) Imaging results in DO showed inflammation of the right maxillary sinus and sphenoid sinus, suggesting possible fungal infection. (B)
The imaging results before surgical debridement (D5) indicated that the inflammation had progressed; (C) Imaging results after treatment (D 16) suggest that inflammation is
relieved. Arrows indicate the site of infection.

mNGS combined with traditional detection methods (imaging examinations, histopathology and culture) can make
the disease quickly diagnosed. Therefore we believe that mNGS may be a complementary method for early diagnosis,
especially for patients who are not suitable for histopathology or culture. mNGS can also help detect bacteria and viruses
simultaneously, allowing appropriate and timely use of antibiotics, thereby improving the prognosis of patients.
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