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ABSTRACT Timely diagnosis remains an unmet need in non-neutropenic patients at
risk for aspergillosis, including those with COVID-19-associated pulmonary aspergillosis
(CAPA), which in its early stages is characterized by tissue-invasive growth of the lungs
with limited angioinvasion. Currently available mycological tests show limited sensitivity
when testing blood specimens. Metagenomic next-generation sequencing (mNGS) to
detect microbial cell-free DNA (mcfDNA) in plasma might overcome some of the limita-
tions of conventional diagnostics. A two-center cohort study involving 114 COVID-19
intensive care unit patients evaluated the performance of plasma mcfDNA sequencing
for the diagnosis of CAPA. Classification of CAPA was performed using the European
Confederation for Medical Mycology (ECMM)/International Society for Human and
Animal Mycoses (ISHAM) criteria. A total of 218 plasma samples were collected between
April 2020 and June 2021 and tested for mcfDNA (Karius test). Only 6 patients were clas-
sified as probable CAPA, and 2 were classified as possible, while 106 patients did not ful-
fill CAPA criteria. The Karius test detected DNA of mold pathogens in 12 samples from 8
patients, including Aspergillus fumigatus in 10 samples from 6 patients. Mold pathogen
DNA was detected in 5 of 6 (83% sensitivity) cases with probable CAPA (A. fumigatus in
8 samples from 4 patients and Rhizopus microsporus in 1 sample), while the test did not
detect molds in 103 of 106 (97% specificity) cases without CAPA. The Karius test showed
promising performance for diagnosis of CAPA when testing plasma, being highly spe-
cific. The test detected molds in all but one patient with probable CAPA, including cases
where other mycological tests from blood resulted continuously negative, outlining the
need for validation in larger studies.

KEYWORDS CAPA, COVID-19, microbial cell-free DNA sequencing, liquid biopsy

evere coronavirus disease 2019 (COVID-19), resulting in pulmonary damage and sys-

temic inflammatory burst, may promote fungal superinfections through specific immu-
nological mechanisms such as suppression of the interferon 1 pathway (1, 2). Clinical risk
factors that come with treatment of severe COVID-19, including utilization of systemic cor-
ticosteroids and anti-interleukin-6 treatment (2), may further predispose patients to fungal
superinfections. In particular, COVID-19-associated pulmonary aspergillosis (CAPA) has
emerged as a relevant complication in intensive care units (ICUs), affecting a median 10 to
15% of patients admitted with COVID-19-associated acute respiratory failure (ARF) (2-7).
CAPA is characterized by early tissue-invasive growth in the lungs with delayed angioinva-
sion occurring only after several days of tissue-invasive growth, therefore mimicking the
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pathogenesis of invasive pulmonary aspergillosis (IPA) in other non-neutropenic patients in
the ICU setting. As a result, blood biomarkers such as galactomannan often remain nega-
tive until advanced stages of the disease, for which mortality of CAPA is regularly above
80% despite appropriate antifungal treatment (8-12). Similar to other forms of IPA in non-
neutropenic patients, biomarkers and mycological tests of specimens from the lower respi-
ratory tract, optimally bronchioalveolar lavage fluid (BALF), are preferred for diagnosis of
CAPA (9, 13, 14). However, BALF sampling requires bronchoscopy, which cannot always be
performed safely in clinically unstable patients. In addition, other fungal diseases such as
mucormycosis currently lack reliable biomarkers and are therefore often diagnosed only at
autopsy (15) but can mimic IPA and also cause concomitant coinfections in up to 13% of
patients with IPA (16). Hence, different and improved diagnostic assays that reliably detect
and differentiate aspergillosis and mucormycosis in easily and safely obtainable samples
(e.g., blood samples) are urgently needed.

Metagenomic next-generation sequencing (mMNGS) to detect microbial cell-free DNA
(mcfDNA) in plasma might depict a promising hypothesis-free, unbiased approach, potentially
allowing earlier detection and diagnosis of fungal infections when other blood biomarkers/
tests are still negative and also allowing for detection of novel pathogens (17). The application
of mcfDNA sequencing has emerged as an intriguing initial diagnostic modality for suspected
infectious disease when hypothesis-driven, targeted testing is not yet established (18). This
strategy has the potential to enhance sensitivity while maintaining or possibly enhancing the
detection range of conventional microbiological investigations (e.g., culture). The limited inva-
siveness of blood sampling, the potential for faster diagnosis compared to conventional test-
ing, especially in settings of difficult to diagnose infections, and the possibility of identifying a
wide range of infections rendered this method an attractive add-on to the diagnostic arma-
mentarium across microbiology (18), although performance may differ between different
mNGS platforms (19).

Karius Inc. (Redwood City, CA) commercially offers a plasma mcfDNA sequencing test
(i-e., liquid biopsy), which is well established and commonly ordered in the United States. It
detects, identifies and quantitates plasma mcfDNA of approximately 1,000 clinically rele-
vant pathogens, including fungi, bacteria, DNA viruses, and eukaryotic parasites (20). Here,
we evaluated the performance of plasma mcfDNA sequencing for diagnosis of CAPA in a
cohort of ICU patients with COVID-19-associated respiratory failure.

MATERIALS AND METHODS

Study design. This is a two-center cohort study including ICU patient samples obtained at the Medical
University of Graz, as part of the European Confederation of Medical Mycology (ECMM) CAPA study, and
Public Health Wales Microbiology Cardiff, as described before (3, 8, 9, 21). The main objective of this study was
to assess whether mcfDNA sequencing detected Aspergillus directly from plasma samples, leading to improved
diagnostic performance in patients with or at risk from CAPA, potentially identifying missed cases or identify-
ing additive/other causative pathogens.

Both participating centers collected data on demographics, underlying medical conditions, risk factors for
invasive fungal infections, details on diagnostic workup, treatment, and outcome, as described before (9). For
classification of CAPA, the 2020 ECMM/International Society for Human and Animal Mycoses (ISHAM) consen-
sus criteria (13) were used. Accordingly, the patients were categorized as proven/probable/possible pulmo-
nary and/or tracheobronchial CAPA or no evidence for CAPA.

Sample storage and measurements. Whole blood was collected into EDTA-containing tubes between
April 2020 and June 2021 and centrifuged for 10 min at 2,000 x g. The EDTA plasma was then immediately
transferred to cryotubes for routine prospective testing according to local diagnostic strategies and stored at
—70°C prior to being shipped on dry ice to Karius Diagnostics (Redwood City, CA) in two separate shipments:
one from Graz, Austria, and one from Cardiff, United Kingdom, in June 2022. The samples were selected from
CAPA cases based on the availability of plasma, which was limited in the United Kingdom due to the re-
stricted availability of EDTA vacutainers during the pandemic. A range of plasma samples from control
patients were selected to reflect the temporal range of case samples.

Liquid biopsy/mNGS. The Karius test detects plasma mcfDNA via a Clinical Laboratory Improvement
Amendments (CLIA)-validated technology (18) using sequential processes of cfDNA extraction, conversion to
DNA libraries, sequencing using lllumina NextSeq 500, removal of human sequences, and alignment of remain-
ing sequences to a curated pathogen database to identify and report any of the over 1,200 organisms included
in the Karius test clinical reportable range with results significantly above background. Additional quality control
steps include controls for controls for carryover, nonspecific bias, NGS quality, sample mix-up, and quantitation,
as well as the automated cfDNA extraction. Once sequenced, the results are run through the Karius bioinfor-
matics pipeline (version 3.11), which is responsible for mapping sequencing data to a curated database of
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TABLE 1 Patient demographics?

Characteristic Graz (n=79) (%)  Cardiff (n = 35) (%)
Age, mean (SD) (yr) 63 (13) 55(18)
Female sex 28 (35) 16 (46)
Body mass index =30 kg/m? 21(27) 8(23)
Underlying disease
Hematological malignancy 13(17) 17 (49)
Solid organ transplantation 8(10) 7 (20)
Cardiovascular disease 52 (66) 10 (29)
Pulmonary disease 26 (33) 9(26)
Diabetes mellitus 19 (24) 15 (39)
Smoking status positive 10(13) 8(23)
Systemic corticosteroid therapy 67 (85) 18(51)

ICU - respiratory support at time sample was obtained

Mechanical ventilation 30(38) 25(71)

Noninvasive ventilation 15(19)

ECMO 4(5) 0(0)
CAPA

Possible 0 2

Probable 3 3

Proven 0 0

No evidence® 76 30
Mortality - survival ICU discharge 44 (56) 23 (58)

aCAPA, COVID-19-associated pulmonary aspergillosis; ECMO, extracorporal membrane oxygenation; ICU,
intensive care unit.
bAt time of plasma sampling for Karius test.

genomic references, estimating the concentration for each of the detected microbes, and the applications of a
series of quality control tests as listed above. We report on microbes observed at a concentration above back-
ground at statistically significant levels, in addition to other statistical tests aimed at controlling for cross-reactiv-
ity originating from homology with under-represented microbial references. For each of the reported microbes,
we associated the levels observed in the >680 members of the otherwise healthy cohort studied to establish
the assay's reference interval. The metric of molecules per microliter (MPM) quantifies each organism identified
by representing the number of DNA sequencing reads present per microliter of plasma.

Statistical analysis and ethics. All statistical analyses were performed using IBM SPSS Statistics 26
(IBM, Armonk, NY) and GraphPad Prism 9 version 9.4.1. Quantitative variables are summarized by mean
and standard deviation or median and interquartile range (quartiles 1 to 3) as appropriate. Categorical
variables are summarized by absolute (i.e., count) and relative (i.e., percentage) frequencies.

Both centers followed local ethical requirements. This study was approved by the Medical University of
Graz (EC No. 32-296 ex 19/20). In Cardiff, all samples were initially sent as part of routine diagnostic testing,
with surplus material tested as a retrospective, anonymous performance evaluation with no impact on
patient management, not requiring ethical approval, as confirmed previously with the local research board.
The study has been performed in accordance with the ethical standards laid down in the 1964 Declaration
of Helsinki and its later amendments, as well as with the International Conference on Harmonisation (ICH)
Good Clinical Practice (GCP) guidelines dated July 1996 and its addendum E6 (R2) of June 2017.

RESULTS

Baseline characteristics and CAPA classification. We included 218 plasma samples
from 114 patients with underlying COVID-19-associated ARF admitted to the ICU. Patient
demographics, clinical characteristics, risk factors, treatment, and outcomes are displayed in
Table 1. Of the 114 patients, none were classified as proven CAPA, 6 had probable CAPA, 2
had possible CAPA (probable and possible CAPA cases summarized in Table 2), and 106 had
no evidence of CAPA. In terms of other fungal infections, none of the patients was diag-
nosed with COVID-19-associated mucormycosis or invasive candidiasis, while one patient
was diagnosed with Pneumocystis jirovecii pneumonia (PJP).

Plasma mcfDNA sequencing results and concordance with other diagnostics,
clinical classification, and outcomes. Using mcfDNA sequencing, fungal pathogens
were detected in 16 plasma samples obtained from 11 patients. Molds were detected in
12 plasma samples, while other fungal pathogens were detected in 4 plasma samples.
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FIG 1 (A) Biomarker and mycological test dynamics in patients with probable COVID-19-associated pulmonary aspergillosis (CAPA) from Graz, Austria. (B)
Biomarker dynamics in patients with probable CAPA from Cardiff, United Kingdom. Day 0 is defined as the day of the first Karius test. Blue plus sign,
positive mycological test results (GM cutoffs >1.0 in BALF and >0.5 in serum; BDG cutoff =80 pg/mL); red diamond, negative mycological test results;
black inverted triangle, day of patient death. Yellow background indicates diagnostic test results obtained during mold-active antifungal therapy. The red
bar and arrow describe a time period of negative test results, with vertical black bars indicating the exact days of testing. BALF, bronchoalveolar lavage
fluid; BDG, 1,3-B-p-glucan; GM, galactomannan; NBL, nondirected bronchial lavage; ODI, optical density index.

The molds detected included Aspergillus fumigatus (n = 10 samples from 6 patients),
Rhizopus microsporus (n = 1), and Alternaria arborescens (n = 1). mcfDNA sequencing
yielded positive results for fungal pathogens in 5 of 6 probable CAPA cases, with detec-
tion of A. fumigatus in 4 samples and R. microsporus in 1 sample. Time points and dynam-
ics of diagnostic test results are displayed in Fig. 1. For the three probable CAPA cases
from Graz, serial plasma samples were available, while samples from a single time point
were available for the remaining three probable CAPA cases from Cardiff.

More detailed comparison of the probable CAPA cases showed that mcfDNA sequenc-
ing detected A. fumigatus DNA (MPM = 263) in plasma of patient 1, while serum galacto-
mannan (GM) and 1,3--p-glucan (BDG) were continuously negative, as was BALF culture,
but BALF GM and BALF Aspergillus PCR were positive. For patients 2 and 4, evidence for
CAPA was derived from both blood and respiratory samples. Patient 2 had positive
mcfDNA sequencing results from 5 longitudinal samples, for which MPM values over time
are displayed in Fig. 2. The patient responded well to antifungal therapy and survived. In
patient 4, mcfDNA sequencing yielded A. fumigatus DNA with MPM of 201. In patient 5,
mcfDNA sequencing detected A. fumigatus DNA (MPM = 69) in plasma, despite serial nega-
tive results by Aspergillus PCR, while serum GM was positive. In patient 3, with a one-time
slight positive serum GM and one-time positive Aspergillus lateral flow device test result
from tracheal aspiration, mcfDNA sequencing detected R. microsporus (MPM = 4,419), indi-
cating a potential mixed mold infection. This patient was treated for suspected CAPA with
isavuconazole for 10 days, before R. microsporus was detected via mcfDNA sequencing,
and the patient died 4 days later (no autopsy performed).

Patient #2
10000

Molecules per microliter

0 2 8 10 15
Days

FIG 2 Quantitative microbial cell-free DNA sequencing results for Aspergillus fumigatus from patient
2, who survived CAPA.
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In patient 6 with probable CAPA, mcfDNA sequencing resulted negative. In this
patient, mycological evidence for CAPA was exclusively obtained from BALF (nonbron-
choscopic lavage culture and BALF GM), while all blood tests (Aspergillus PCR, GM, and
BDG) were continuously negative. Overall sensitivity for mcfDNA sequencing detection
of mold DNA in patients with probable CAPA was therefore 83% (5 of 6) and 67% (4 of
6) for detection of Aspergillus spp. DNA. Serum GM resulted positive in 4 of 6 cases and
serum BDG in 2 of 6.

In terms of specificity, liquid biopsy detected DNA of molds (A. fumigatus [n = 2;
MPM = 38 and 223]; A. arborescens [MPM = 151]) in three patients without CAPA or
other clinically diagnosed mold infection. In one patient with detection of A. fumigatus
(MPM = 38), there was, however, a chest computed tomography scan describing a 1.3-
cm nodular lesion apical in the lower left lung lobe. Therefore, despite negative serum
GM levels, the patient received antifungal treatment with posaconazole without fur-
ther evaluation of the nodule (i.e, no BALF was obtained). mcfDNA sequencing was
positive for A. fumigatus DNA in plasma, despite ongoing antifungal treatment. A. fumi-
gatus DNA was also detected in a patient with asthma as underlying disease but no
clinical suspicion of CAPA. A. arborescens DNA was detected in a patient with liver cir-
rhosis and consistently negative fungal biomarkers.

mcfDNA sequencing was also negative in two cases that were diagnosed with and
appropriately treated for probable CAPA more than 1 month before the plasma sample
for mcfDNA sequencing was obtained (i.e., all mycological tests were negative at the
time the samples were obtained, and the patients did not fulfill CAPA criteria at the
time of sampling). In addition, mcfDNA sequencing resulted negative in a patient who
developed probable CAPA 1 week later (bronchoscopy with mycological evidence in
respiratory tract). Overall, specificity of mcfDNA sequencing for detection of mold DNA
in patients without CAPA was therefore 97% (103 of 106). mcfDNA sequencing also
resulted negative in both patients with possible CAPA (one received anti-mold therapy
at the time of sampling).

Aside from mold pathogens, mcfDNA sequencing also detected other fungal patho-
gens in a subset of samples: Candida albicans (n = 2), Candida glabrata (n = 1, same
patient also had C. albicans), and P. jirovecii (n = 1). In one patient in whom mcfDNA
sequencing detected C. albicans, serum BDG was strongly positive at >500 pg/mL, to-
gether with a high quantitative yield in mcfDNA sequencing (MPM = 5,688); whether the
patient received antifungals is unknown. In the other patient, there was no evidence of
invasive Candida infection (MPM = 23 and 107, respectively), but the patient was colon-
ized with both C. albicans and C. glabrata in BAL and had also C. albicans detected in
urine. P. jirovecii was detected in one solid organ transplant recipient (MVPM = 30,112)
who had a serum BDG level of 160 pg/mL on the day of plasma sample and a positive
result for P. jirovecii in the same-day sputum PCR. Thus, the patient was clinically diag-
nosed with PJP. Despite targeted PJP treatment, the patient died after 6 days at the ICU.

DISCUSSION

Timely diagnosis of invasive mold diseases remains an unmet need, particularly in non-
neutropenic patients at risk for IPA, where the disease in its early stages is primarily charac-
terized by tissue-invasive growth in the lungs (22). The currently available fungal bio-
markers and conventional mycological tests, such as GM (9) and BDG (23), show limited
sensitivity when testing blood due to this pathophysiological feature (9). Here, we eval-
uated whether mcfDNA sequencing performed in 218 plasma samples from a cohort of
114 patients could aid the early detection of CAPA and overcome some of the limitations
of established tests. Testing plasma samples from patients admitted with COVID-19-associ-
ated ARF to ICUs in Graz and Cardiff, we found that mcfDNA sequencing holds promise for
diagnosis of CAPA, as a specific test (97% specificity) resulting positive for mold DNA in
five of six patients with probable CAPA.

Previously, plasma mcfDNA sequencing has shown promise for diagnosing invasive
mold infections, detecting the same fungus identified from the biopsy tissue at the genus
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level in seven of nine patients with proven mold disease (17). In addition, the test was able
to detect Aspergillus lentulus, a cryptic Aspergillus spp. potentially requiring alternative anti-
fungal therapy that was wrongly identified as A. fumigatus by conventional methods (17).
Evaluating the clinical impact of mcfDNA sequencing for fungi, bacteria, viruses, and para-
sites, a recent analyses evaluated 82 Karius mcfDNA tests from a mixed cohort of adults
and children, most of whom were immunocompromised (18). Among those cases, the
Karius test results led to positive impact on clinical patient management in six cases (7.3%)
and negative impact in three cases (3.7%) (18). Of note, in three of the six cases in which
the Karius test had a positive clinical impact, the test led to early diagnosis of fungal infec-
tions (invasive candidiasis, mucormycosis, IPA) that had been missed by conventional
methods but were later confirmed (18). In one additional mucormycosis case, the test was
also able to identify the causative Mucorales genus but also wrongly identified a number
of bacterial pathogens, leading to escalation of antibacterial coverage that was in retro-
spect deemed unnecessary, leading to negative assessment of the clinical utility (18).

Our study represents the largest study to date to evaluate the diagnostic performance
of the Karius test in plasma for fungal infections. In a cohort of 114 ICU patients with severe
COVID-19, we found that the test was highly specific for confirming CAPA (97% specificity),
while detecting A. fumigatus in four of six cases with probable CAPA, including a case
where all other blood biomarkers and tests for aspergillosis had resulted negative. Kinetics
of quantitative mcfDNA test results may also hold significant value, as shown in one of
those patients who responded to antifungal treatment and survived, where MPM values
for A. fumigatus decreased markedly over time.

An important added benefit of mcfDNA sequencing is its potential to also detect rare
fungal pathogens that may be missed or misclassified by conventional diagnostics, such as
cryptic Aspergillus spp. (17) or members of the Mucorales order (18). This was also shown in
our study, where plasma mcfDNA detected R. microsporus in a patient that had been diag-
nosed with probable CAPA 10 days earlier and had been on isavuconazole treatment.
Despite isavuconazole being active against Mucorales (24, 25), the patient died a few days
later, and the comparably high MPM value indicates a mixed fungal infection that was
missed by conventional diagnostics. However, this could not be ultimately proven, because
there was no further evaluation performed during clinical routine to rule out mixed fungal
infection, nor was autopsy performed. Indeed, coinfections with Aspergillus and Mucorales
may occur relatively frequently. Recently coinfections have been reported in 13% of
patients with probable IPA (16) and also in 7% (26 of 378) of patients with COVID-19-associ-
ated mucormycosis (26). For the latter, coinfection with initial diagnosis of CAPA, poten-
tially triggering inappropriate treatment for mucormycosis, was a major independent risk
factor for mortality (26). In addition, mcfDNA sequencing also detected P. jirovecii in a
patient with PJP pneumonia and C. albicans in a patient with suspected Candida infection
(also high MPM value), outlining the broad potential of this test for detecting fungal infec-
tions and highlighting the benefits over current species/genus-specific assays. While other
fungal biomarker tests can provide a broad detection range (e.g., BDG), the Karius system
also provides a species-level identification that could be critical to administering appropri-
ate antifungal therapy. In light of a loaded antifungal pipeline with several new antifungal
classes entering late-stage clinical development (27, 28), accurate detection of causative
fungal species will become even more important in the near future for enabling optimal
targeted treatment.

This study comes with some important limitations. First, despite this being one of the larg-
est studies to date evaluating the Karius test for diagnosis of fungal disease, sample size and
in particular the number of cases with probable/proven CAPA or other mold infection was lim-
ited. Although our results were in line with previous reports, larger studies are needed to
determine the performance of the Karius test in cases with invasive fungal diseases (IFDs).
Several factors may influence the performance of this diagnostic approach when applied in
clinical routine that need to be assessed in large and representative cohorts. Furthermore, in
all but one case in which mcfDNA sequencing resulted negative 7 days before a patient devel-
oped CAPA, plasma samples for the mcfDNA sequencing were obtained when CAPA
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diagnosis was already established, limiting interpretation of whether or not fungal DNA might
have been measurable before detection of any other evidence for CAPA.

In conclusion, this study showed encouraging results of the Karius test and its potential
to become a valuable, highly specific, diagnostic add-on in settings of poor blood bio-
marker performance, such as the ICU setting and other settings with non-neutropenic
patients at risk for invasive pulmonary mold infections. Further studies including more lon-
gitudinal sample time points and optimally including time points before patients develop
invasive infection are needed to fully assess the potential of mMNGS as a more sensitive
diagnostic tool compared to conventional methods. Further studies are also needed to
evaluate the potential real-world impact of the Karius test and to define optimal ways of
utilization alongside conventional microbiological methods. Improved access to testing is
required to demonstrate clinical utility given that the management of deadly IFDs is time
critical (29), particularly with the emergence of antifungal resistance (30). Until faster turn-
around time can be achieved, the test may primarily serve a role as adjunct/confirmatory
test, while established tests with faster turnaround time, such as galactomannan and cul-
ture, may guide patient management.
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