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Abstract: Plasma microbial cell-free DNA sequencing (mcfDNA-seq) has emerged as a promising diagnostic and prognostic tool for
infectious diseases, with early enthusiasm driven by its potential to outperform conventional microbiological assays in detection sensitivity.
However, its anticipated clinical superiority has not consistently translated into transformative improvements in infection management,
particularly in high-risk populations. Since its inception in 2015, key controversies have persisted regarding the optimal timing of mcfDNA-
seq testing, clinical utility of longitudinal quantification, preferred testing modality (plasma mcfDNA-seq vs blood cell DNA sequencing),
and integrative analysis of mcfDNA-seq data incorporating host immune biomarkers and antimicrobial resistance (AMR) gene profiling to
enhance diagnostic precision. To address these unresolved questions, this review synthesizes the current evidence on the clinical applications
of plasma mcfDNA-seq, critically evaluates its performance across diverse infectious disease contexts, and concludes by delineating future
challenges and opportunities to optimize its translational utility for clinical practice.
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Introduction

Infection remains a leading cause of morbidity and mortality in immunocompromised patients, particularly those with
hematologic malignancies, hematopoietic cell transplantation, or solid organ transplantation. Due to impaired immune
responses and frequent atypical clinical presentations, the diagnosis of infections in this population is particularly
challenging. Conventional microbiological tests (CMTs) identify pathogens in fewer than 30% of cases, a rate further
reduced by the widespread use of antibiotic prophylaxis." Moreover, CMTs exhibit limited sensitivity in detecting
fastidious bacteria, mycobacteria, and fungi, which are common etiological agents in immunocompromised individuals.
Consequently, diagnostic uncertainty persists as a major impediment to optimal infection management in this vulnerable
group, underscoring the urgent need for more precise pathogen detection methodologies.

Microbial cell-free DNA sequencing (mcfDNA-seq) has emerged as a promising tool to overcome the limitations of
CMTs, offering a minimally invasive approach with superior sensitivity and the capacity to detect a broader spectrum of
pathogens than CMTs. By sequencing millions of circulating microbial DNA fragments, mcfDNA-seq generates
clinically actionable data. Several studies have demonstrated a higher rate of positive findings by mcfDNA-seq compared
to culture or other diagnostic modalities.' > Critically, this technology has now transitioned into clinical practice, with
commercially available kits (eg, Karius® Test) receiving regulatory FDA approval specifically for aiding infection

diagnosis in immunocompromised patients, including those with hematologic malignancies, organ transplants, or
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advanced HIV.""*¢"'° However, the interpretation and clinical utility of these results, particularly from sterile specimens
such as plasma, remain a substantial challenge.

For instance, a recent prospective multicenter study reported that antimicrobial modifications were implemented in
only 18.4% of immunocompromised patients with pneumonia based on plasma mcfDNA-seq results.'’ Similarly, Shah
et al found that while 71% of plasma mcfDNA-seq results were positive for microorganisms, only 24% had a positive
clinical impact in solid organ transplant recipients with infectious syndromes.'? In contrast, Benamu et al reported that
plasma mcfDNA-seq facilitated early antimicrobial optimization in 47% of patients with febrile neutropenia.” And David
et al observed changes in the clinical management of 85% of immunocompromised patients with COVID-19-associated
secondary pulmonary infections based on mcfDNA-seq results.'? These disparate findings highlight the ongoing debate
regarding the clinical utility of plasma mcfDNA-seq in infection management among immunocompromised patients, as
well as uncertainty surrounding its optimal application in this context.

To address this gap, we conducted a narrative synthesis and critical evaluation of the current evidence on the clinical
impact of plasma mcfDNA-seq in the management of infections, especially in immunocompromised patients, and
proposed strategies to optimize its clinical utility. We searched PubMed and Web of Science using keywords including
“plasma microbial cell-free DNA”, “mcfDNA-seq”, “immunocompromised”, and “clinical utility” from January 2015 to
February 2025. Of note, studies focusing solely on diagnostic performance, quality control, or cost-effectiveness were not

discussed in this review, as these aspects have been extensively addressed in recent meta-analyzes and reviews.>'*'°

Clinical Impact of Plasma mcfDNA-Seq in Immunocompromised Patients
By summarizing the current application of plasma mcfDNA-seq in immunocompromised patients (Figure 1), most
studies (20/27) were conducted in the United States, predominantly utilizing the commercial Karius test (KT) for plasma
mcfDNA-seq, followed by studies from China (6) and Germany (1). Cumulatively, 3742 immunocompromised patients
underwent 4185 mcfDNA-seq tests. Among these, 2521 tests yielded positive results for at least one microorganism,
resulting in a positivity rate ranging from 6.9% to 76.87%. Notably, its positivity rates exhibited substantial variability
across studies and differed by the sequencing platforms employed. Specifically, the commercial KT accounted for 2442
tests with positive rates ranging from 6.9%-74.55%, while laboratory-developed tests were performed in 1743 instances,

Summary of enrolled plasma microbial cell-free DNA
sequencing studies published from 1st January 2015 to 28th
February 2025

Number of Studies: 20 Number of Studies: 6 Number of Studies: 1

| ! ¢

Sequencing Methods:

Sequencing Methods: Genskey laboratory, LDT, BGISEQ50, KAPA and Sequencing Methods:
Karius Test illumina Nextseq Illumina NextSeq
Number of enrolled patients/tests: Number of enrolled patients/tests: Number of enrolled patients/tests:
1737/2095 1858/1900 147/190

| Y V

Test positive rate: 42.11%
Clinical decision change/positive impact
rate:

13.60%

Figure | Summary of enrolled plasma mcfDNA-sequencing studies published from Ist January 2015 to 28th February 2025. USA*: Refer to.®”%''=132033 China*: Refer
t0.23*38 Germany*Refer to0.>°
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yielding positive rates ranging from 42.11%-76.87%. The reported clinical impact of mcfDNA-seq results extended
beyond alterations in antimicrobial therapy to encompass improvements in diagnostic efficiency, antimicrobial escalation
or de-escalation, shortened treatment duration, guidance of patient management, and, in some cases, false diagnosis or
unnecessary treatments. Generally, 7.3% to 85% of mcfDNA-seq results promoted changes in the clinical management or
benefits of enrolled patients (Table 1).

These findings underscore the significant heterogeneity observed in the clinical utility of plasma mcfDNA-seq in this
patient population. Despite its initial promise, the test has not consistently achieved its full potential in improving
infection management among immunocompromised individuals or high-risk population. Furthermore, the sub-optimal
turnaround time and limited workflow efficiency of mcfDNA-seq diminish its utility in the timely detection of infection.
These inherent limitations raise several critical questions regarding its clinical application: (1) What is the optimal timing
for test administration, and is serial monitoring or time-series quantification of plasma mcfDNA necessary to enhance
early clinical decision-making and improve patient outcomes? (2) What is the preferred testing modality: should plasma
mcfDNA-seq be prioritized over blood cell DNA sequencing? (3) How can an integrative interpretation of mcfDNA-seq
results, incorporating host response biomarkers and antimicrobial resistance gene profiling, augment its clinical value?

Timing of Plasma mcfDNA-Seq Initiation

Since its initial introduction by De Vlaminck et al in 2015, mcfDNA-seq has garnered increasing attention as a valuable
diagnostic and predictive modality for infectious diseases.*® However, the optimal timing of mcfDNA-seq testing to
facilitate early diagnosis and effectively guide antimicrobial therapy remains a critical area of ongoing investigation.
Recent studies have explored the predictive capacity of mcfDNA-seq at various temporal points during the course of
infection. A seven-day sequential mcfDNA-seq study conducted in intensive care unit (ICU) patients demonstrated an
overall predictive sensitivity of 87.5% for bloodstream infections (BSIs) prior to blood culture positivity, with daily
sensitivity rates ranging from 81.82% to 92.31%.*' In a prospective pilot study involving pediatric patients with relapsed
or refractory cancer, mcfDNA-seq predicted 75% of all BSIs and 80% of bacterial BSIs up to three days before the
clinical onset of infection.® Furthermore, in hematopoietic stem cell transplantation (HSCT) recipients with invasive
mold infections (IMIs), mcfDNA-seq identified fungal pathogens as early as three weeks prior to clinical diagnosis, with
positivity rates increasing from 11% to 38% over the preceding weeks.*?

The utility of time-series detection was also investigated. A single-center prospective cohort study reported that
pathogen-specific mcfDNA persisted significantly longer than conventional blood cultures (BCs) in patients with
confirmed Staphylococcus aureus or gram-negative bacteremia. The median duration of detectability was 15 days for
mcfDNA-seq compared to 2 days for BCs, respectively. Moreover, each additional day of mcfDNA positivity was
associated with a 2.89-fold increased odds of metastatic infection.*> Similarly, another study on culture-confirmed BSIs
found that mcfDNA-seq had a median detection duration of four days compared to one day for BCs. A detection duration
of no less than 3 days was identified as an independent risk factor for septic shock.** In cases of culture-negative
infections, mcfDNA-seq demonstrated a 67% positivity rate in children with culture-negative musculoskeletal infections
and detected pathogens over a longer duration than BCs (median: 2 days vs 1 day).*’

Regarding the influence of antimicrobial treatment, mcfDNA remained detectable for a median of 38.1 days in
patients with definite infective endocarditis (IE) following antibiotic initiation, compared to a mere 3.7 days for BCs.*® In
another study on sepsis, mcfDNA-seq successfully detected pathogens even after 35 days of antibiotic treatment.*’
A recent investigation into cardiac implantable electronic device-associated IE (CIED-IE) revealed that mcfDNA
persisted in 90% of patients during antibiotic therapy, with a median detection duration of 11 days.48 In patients with
sepsis who had received antibiotics within two weeks prior to presentation, mcfDNA-seq identified pathogens in
approximately 50% of cases, compared to less than 20% by BCs.! Similarly, a multicenter prospective study of 442
adult patients with acute leukemia and febrile neutropenia demonstrated that prior antibacterial exposure significantly
reduced BC positivity but had a negligible impact on plasma mcfDNA-mNGS results.>* Concerning surgical interven-
tions, mcfDNA-seq samples collected prior to surgery exhibited higher concordance with culture results (82%) compared
to samples collected postoperatively (20%).*> A recent study on patients with IE further demonstrated a significant

decline in mcfDNA levels following surgical source control.*®
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Table | Clinical Impact of Plasma mcfDNA Sequencing Among Immunocompromised Patients Suspected with Infection

Study Publication | Study Sequencing Population Characteristics No. of No. Test NO. of Patients or tests with Clinical Decision Ref.
Origin Year Design Method Patients of Positive Clinical Decision Change or Change/Positive
Tests Rate Positive Impact Impact Rate
Germany | 2025 Retrospective | lllumina 42.2% from hematological department and 147 190 42.11% 20 13.60% [39]
NextSeq 45.6% from ICU
USA 2025 Retrospective | Karius Test Fever of unknown origin and 51% were 176 176 44.32% 21 30% (21/69) [20]
immunocomprised
USA 2024 Retrospective | Karius test ® Patients with suspected infection 68 76 59.21% 8 10.53% [21]
® 9.21% from hematology/oncology
USA 2024 Prospective Karius Test Immunocompromised patients with 173 173 28.32% 17 ® 7721 (81%) in | [22]
pneumonia pneumonia
patients
® 12.1% additive
diagnostic value
China 2024 Prospective Genskey Adult patients with acute leukaemia with 442 442 50.90% 8l 36% [34]
laboratory febrile neutropenia
USA 2024 Retrospective | Karius Test Immunocompromised pediatric patients 71 104 43.27% 13 13% [23]
USA 2024 Prospective Karius Test Immunocompromised patients with 223 223 58.74% 41 18.40% [
pneumonia
USA 2024 Retrospective | Karius test Osteoarticular Infections and 37% were 73 73 42.47% 6 8.20% [24]
immunosuppressed
USA 2024 Retrospective | Karius test Solid organ transplant recipients with 113 113 70.80% 27 24% [12]
infectious syndromes
USA 2024 Retrospective | Karius Test 77% were immunocompromised. 26 26 65.38% 8 31% [25]
USA 2024 Retrospective | Karius Test 52.8% of tests from immunocompromised 112 127 63.78% 41 32.30% [26]
patients
USA 2024 Retrospective | Karius Test 73% were immunocompromised 92 405 57.53% 28 30.40% [27]
China 2024 Retrospective | LDT Hematological patients with high-risk 164 164 67.68% 84 51.20% [35]
febrile neutropenia
China 2023 Retrospective | Illumina 63.9% were immunocompromised 147 147 76.87% 94 63.90% [36]
Nextseq
CN500
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USA 2023 Retrospective | Karius Test Patients with COVID-19 secondary 13 13 61.54% I 85% [13]
pulmonary infection and twelve were
immunosuppressed
USA 2023 Retrospective | Karius Test Suspected infectious diseases with 35% 69 71 63.38% 18 25% [28]
immunocompromised
USA 2023 Retrospective | Karius Test 92% were immunosuppressed 36 36 58.30% 19 52.8% [29]
China 2023 Retrospective | BGISEQ50 ® 43| with suspected bloodstream infec- 653 653 72.28% 295 45.18% [37]
platform tions and 222 with other suspected
systemic infections
® 449 are immunocompromised.
USA 2023 Retrospective | Karius test ® Immunocompromised patients with 27 29 6.90% 13 45% [9]
suspected infection
® 66% of hematology malignancy
USA 2022 Prospective Karius test Patients with acute leukemia and febrile 55 55 74.55% 26 47.30% [7]
neutropenia
USA 2022 Retrospective | Karius test Suspected infection with 56% 80 80 61.25% 34 43% [30]
immunocompromised
China 2022 Retrospective | Karius Test Hematological patients suspected of 305 347 72.62% 166 for diagnosis and 134 for 47.8% (diagnosis) and | [2]
infections with or without neutropenia treatment) 38.6% (treatment)
China 2022 Retrospective | KAPA and ® Children with hematological malig- 147 147 76.19% 48 42.90% [38]
illumina nancy suffering febrile diseases
Nextseq ® 79.6% episodes of neutropenic fever
platform
USA 2021 Retrospective | Karius Test 64.6% immunocompromised 135 82 60.98% 6 7.30% [6]
USA 2021 Retrospective | Karius Test 62 patients immunosupressed and from 110 142 73.94% 46 32.40% [31]
oncology
USA 2021 Retrospective | Karius test Adult patients with hematological 31 32 50.00% 19 59% [32]
malignancies and stem cell transplant
recipients
USA 2020 Retrospective | Karius Test Children and 55.9% immunocompromised 54 59 49.15% 8 14% [33]
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Collectively, these studies underscore the substantial potential of mcfDNA-seq for the early detection of pathogens,
often preceding clinical diagnosis by up to a week, and its resilience in the context of ongoing antimicrobial therapy. This
technology facilitates the identification of infections before the emergence of overt clinical symptoms and maintains
reliability, even under antibiotic pressure, particularly in high-risk populations. To maximize the diagnostic yield, blood
samples should ideally be collected prior to surgical procedures or implant removal. Notably, the prolonged persistence
of mcfDNA in plasma following the initiation of antimicrobial therapy may serve as a valuable marker for the presence
of metastatic infections, development of septic shock, or occurrence of unfavorable clinical outcomes.

Dynamic Quantification of mcfDNA in Infection Management

The application of plasma mcfDNA quantification for infection management was initially reported by Grumaz et al in
2016.*° Since then, numerous studies have investigated the clinical relevance of plasma mcfDNA levels in a diverse
spectrum of infectious diseases, yielding several noteworthy observations.

Blauwkamp et al demonstrated that mcfDNA concentrations were significantly elevated in patients with confirmed
sepsis compared to asymptomatic donors and individuals classified as unlikely to have sepsis.' Similarly, Cao et al
observed an increasing trend in pathogenic mcfDNA levels in the days preceding the onset of bloodstream infections
(BSIs).*! Heldman et al reported a correlation between elevated plasma mcfDNA levels and both extrapulmonary
dissemination and mortality in non-Aspergillus invasive mold infections (IMI).** In patients with COVID-19, Lisius
et al found that elevated mcfDNA levels, even in the absence of clinical suspicion of secondary infection, may indicate
an undiagnosed secondary infection and predict poorer 90-day survival outcomes.”®

In patients with implantable electronic device-related infective endocarditis (CIED-IE), Karchmer et al discovered that
the persistence or early clearance of mcfDNA by the sixth day of antibiotic therapy could aid in differentiating between
those with and without CIED-IE, thereby informing decisions regarding device extraction. This prospective cohort study
enrolled 16 patients with staphylococcal bacteremia and CIED, who were classified according to the modified EHRA
criteria into 11 with definite CIED-IE and 5 with possible CIED-IE A key finding was the significant divergence in
mcfDNA kinetics between the two groups (Fisher’s exact test, P =0.001). In the definite CIED-IE group, mcfDNA
remained detectable for a prolonged median duration of 11 days during antibiotic therapy and showed a marked increase
in concentration in samples collected immediately after device extraction. In contrast, in the possible CIED-IE group,
mcfDNA was uniformly undetectable after a median of 6 days of therapy and remained undetectable post-extraction. These
patterns suggest that the persistence versus early clearance of mcfDNA can serve as a biomarker to differentiate patients
with lead infection from those without it. Specifically, assessing mcfDNA clearance by day 6 of antibiotic therapy could
inform the decision for device extraction. Furthermore, in cases where empirical extraction is performed, comparing
mcfDNA concentrations before and immediately after the procedure may help clarify the presence or absence of
intracardiac infection, thereby guiding post-extraction management, including the duration of antibiotic therapy.*®

In the context of HSCT, Blair et al observed that mcfDNA dynamics varied according to the transplantation phase and
differed significantly from those in healthy individuals.®' Specifically, this observational study reported that mcfDNA
levels were significantly elevated during the post-neutropenic nadir period following HSCT compared to healthy
individuals and exhibited considerable inter-patient variability. These mcfDNA dynamics not only reflect changes in
microbiome composition but may also serve as functional indicators of gut barrier integrity. This link is based on the
understanding that intensive conditioning regimens and post-transplant complications can compromise the intestinal
mucosal barrier, leading to increased translocation of microbial components, including bacterial DNA, into the blood-
stream of these patients. This suggests that mcfDNA not only reflects microbiome composition but may also serve as
a functional indicator of gut barrier integrity, potentially predicting intestinal graft-versus-host diseases before the onset
of clinical symptoms.

In summary, mcfDNA levels exhibit dynamic and highly patient-specific variability, underscoring the importance of
personalized monitoring and interpretation of results. Early quantification of plasma mcfDNA holds considerable
promise for the timely detection of infections (eg, BSIs) and prediction of clinical outcomes (eg, mortality in sepsis,
COVID-19-associated secondary infections, and invasive fungal infections). Moreover, mcfDNA dynamics can support
clinical decision-making by distinguishing true infections from noninfectious conditions. In patients with implanted
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devices, mcfDNA levels may assist in guiding decisions regarding device removal and duration of antibiotic therapy.
Finally, in HSCT recipients, mcfDNA levels may serve as a valuable biomarker for assessing gut microbiome composi-
tion and barrier integrity, potentially providing insights into infection risk, and recovery.

Plasma mcfDNA-Seq Versus Blood-Cell DNA Sequencing

While plasma mcfDNA levels can increase during infectious episodes, their concentrations remain relatively low
compared to those of host-derived DNA, which can limit the analytical sensitivity of pathogen detection. To address
this limitation, blood cell DNA sequencing has been developed as an alternative approach. This method involves the
selective lysis of human cells to enrich microbial nucleic acids within the total nucleic acid pool.

Recent investigations have compared the diagnostic performance of plasma mcfDNA and blood-cell metagenomic
next-generation sequencing (mNGS). Wu et al evaluated 253 patients with sepsis using both plasma and blood cell
mNGS, with blood cultures (BCs) serving as the reference.’” Their findings indicated that blood-cell mNGS demon-
strated the capacity to detect bacterial pathogens missed by plasma mNGS, whereas plasma mNGS exhibited superior
efficacy in identifying viral pathogens. Overall, blood cell mNGS slightly outperformed plasma mNGS in terms of
sensitivity, with detection rates of 72.13% and 67.21%, respectively. Similarly, Chen et al reported higher sensitivity for
blood-cell mNGS than for plasma mcfDNA mNGS, using BCs as the reference standard.> Wang et al further
corroborated these findings, demonstrating that blood cell mNGS exhibited significantly higher clinical concordance
than plasma mNGS, a result echoed in a recent sepsis study by Zhu et al*’->* Collectively, these studies suggest that blood
cell DNA sequencing may offer an advantage over plasma mcfDNA-seq for the detection of culturable pathogens,
potentially due to the detection of microbial DNA within circulating phagocytes (eg, neutrophils, monocytes), which
serves as a biomarker of active immune engagement and may better differentiate true infection from colonization or non-
pathogenic shedding. 7373

However, other investigations have yielded contrasting results. For instance, Zhu et al reported that in septic patients,
plasma mcfDNA mNGS (p-mNGS), which detects microbial cell-free DNA circulating in plasma, demonstrated
a sensitivity of 100% for bacteria/fungi and 97% for viruses when compared to blood cultures and viral PCR. This
surpassed the performance of blood-cell mNGS (bc-mNGS), which enriches microbial nucleic acids from within blood
cells (including those phagocytosed by immune cells) and showed sensitivities of 88% for bacteria/fungi and 71% for
viruses.*” Wang et al also observed a higher positive detection rate for plasma mcfDNA mNGS (84.4%) compared to
blood cell mNGS (46.9%).>* Given these inconsistencies, some researchers have explored the diagnostic potential of
combined mNGS (co-mNGS), which integrates both plasma mcfDNA mNGS and blood cell mNGS. These studies
demonstrated that co-mNGS can enhance diagnostic sensitivity and overall performance, yielding a higher area under the
ROC curve (AUC = 0.9581) than either approach alone.’

In summary, the comparative diagnostic efficiency of plasma mcfDNA-seq and blood cell DNA sequencing
remains controversial. While blood cell DNA sequencing appears to offer superior sensitivity for detecting culturable
pathogens and demonstrates better clinical concordance in some studies, plasma mcfDNA-seq has proven highly
effective for identifying unculturable pathogens (eg, DNA viruses, mycobacteria, and Pneumocystis). Notably,
a critical consideration when interpreting these comparative studies is their common use of blood culture as the
reference standard. Although this provides a practical benchmark for culturable bloodstream infections, it is an
imperfect comparator. Blood cultures have limited sensitivity and a narrow taxonomic scope. Consequently, these
comparisons may not fully capture the relative diagnostic value of plasma versus blood cell sequencing for the broad
spectrum of unculturable pathogens that these technologies are uniquely capable of detecting. Despite a combined
mNGS approach may represent a more comprehensive diagnostic strategy, potentially improving overall accuracy in
the management of infectious diseases, the cost-effectiveness of a combined mNGS approach warrants further
investigation, particularly in resource-limited settings.

Integrative Interpretation of Plasma mcfDNA-Seq Results
A major limitation of the clinical application of mcfDNA-seq as both a diagnostic and antimicrobial stewardship tool is
the challenge of distinguishing between pathogenic organisms and colonizers. Given that mcfDNA can be recognized by
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Toll-like receptors, it has the potential to trigger systemic inflammatory responses.’® Consequently, the integration of
mcfDNA data with host immune response profiles has been proposed as a valuable strategy for differentiating true
infections from colonization.

Recent studies have explored this integrative approach by combining mcfDNA-seq data with host clinical parameters,
immune biomarkers, and machine learning algorithms. A nested case—control study involving ICU patients with
pneumonia reported significant and independent associations between mcfDNA levels and inflammatory biomarkers,
including fractalkine, procalcitonin, pentraxin-3, and suppression of tumorigenicity-2.%” Similarly, Lisius et al observed
a positive correlation between mcfDNA levels and established markers of inflammation, such as white blood cell count,
interleukin-6, interleukin-8, and surfactant protein D.°

A recent transcriptomic study supports these findings. Among the samples positive for either plasma mcfDNA-mNGS
or blood cell mNGS, elevated procalcitonin and C-reactive protein levels were observed. Notably, the study also revealed
suppressed expression of interferon-induced genes and increased expression of genes within the Janus kinase-signal
transducer and activator of transcription (JAK-STAT) pathway, indicating the activation of host immune responses.*’

Grumaz et al introduced the Sepsis Indicating Quantifier (SIQ) score, which integrates normalized mcfDNA read
counts with pathogen-specific reference values to facilitate bacteremia identification.*” Their results demonstrated strong
concordance with blood culture findings, underscoring the potential of this integrated approach in sepsis diagnosis.

Building on this concept, Wang et al developed a machine learning model to predict bacterial sepsis.’® The model
incorporated plasma mcfDNA copy number, procalcitonin, C-reactive protein, albumin level, and minimum systolic
blood pressure. It achieved an average AUC of 0.85 and a precision of 0.91, demonstrating its promise as a tool for early
diagnosis and risk stratification in bacterial sepsis.

Another challenge in the clinical application of mcfDNA-seq is the limited capacity to predict antimicrobial resistance
(AMR), which is largely attributable to the typically low sequencing depth of clinical metagenomic workflows. However,
new methods that enrich AMR genes within mcfDNA or selectively deplete host-derived cfDNA have shown promising
results in improving detection capabilities. Christians et al developed a workflow that enriches ultrashort and rare
mcfDNA fragments prior to Karius test sequencing, enabling the identification of key AMR genes, such as SCCmec,
mecA, mecC, vanA, vanB, blaCTX-M, and blaKPC, with diagnostic yields ranging from 56.8% to 83.3%.'° Sonntag et al
further advanced this field by developing suppression PCR-based selective enrichment sequencing approach
(SUSPECTS), which selectively amplifies AMR gene targets (vand, vanB, tet) using suppression adapter ligation and
multiplex suppression PCR before nanopore sequencing. This approach enables the identification of both pathogen and
AMR-specific sequencing reads within minutes of sequencing, potentially reducing the turnaround time to 11-13 hours.>

Taken together, these advancements effectively bridge the gap between pathogen identification and actionable
resistance profiling, offering clinicians timely and tailored treatment options, particularly for high-risk patients. In
conclusion, the integration of mcfDNA analysis with host immune biomarkers, machine learning models, and AMR
profiling offers a powerful multidimensional toolkit for infection diagnosis, particularly in complex clinical scenarios
such as sepsis and immunocompromised patients. Ongoing research and technological innovations are expected to further
enhance the clinical utility of these integrative strategies.

Conclusion and Future Prospective

Although the current clinical adoption rate of mcfDNA-seq is approximately 36%, suggesting the potential for broader
implementation, its significant value, particularly in the management of high-risk patients, should not be underestimated.
As an evolving diagnostic technology, existing evidence supports its role as a valuable complementary diagnostic tool,
especially in clinical scenarios where conventional microbiological methods are inadequate. To optimize its clinical
utility, we propose a four-step strategy for the implementation of plasma mcfDNA-seq, aimed at refining its application
and improving patient management outcomes (Figure 2). The first strategy involves broadening the scope of patient
selection. The application of plasma mcfDNA-seq should not be limited to immunocompromised individuals.
Consideration should also be extended to patients with implanted medical devices, those presenting with unexplained
fever, suspected deep-seated fungal infections, culture-negative infections, implanted devices (eg, cardiac implantable
electronic devices, prosthetic joints), pediatric musculoskeletal infections or infections caused by fastidious
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1.Broader Patient selection

Immunocompromised Patients

Implant Recipients (CIEDs, Prosthetics,etc)
Unexplained Fever

Deep-seated Fungal Infections
Culture-Negative Infections

Pediatric Infections (MSK,Sepsis,etc.)

2. Timely Sample Collection

@ At Symptom Onset

@ Prior to Antimicrobial Initiation
@ Prior to Chemotherapy Initiation
L
L 4

Before Implant Removal

Before Surgery
, -
3. Dynamic monitoring of mcfDNA level

W  Co-mNGS Integration *

W Differentiate Infection vs. Colonization
W  Track Treatment Response
w
w

Guide Device Infection Management
Predict Microbial Related Complications

4. Al & Multi-Omics Integration

Host Immune Biomarkers
AMR Profiling
Antimicrobial Efficiency
Clinical OQutcome
Cost-efficiency

5. Clinical Impact

Improved Diagnostic Yield of Infection

Reduced Antimicrobial Overuse

Better Management of Infection, Unexplained

Fever, etc.

L%

( .

@ Multicenter Validation of AI-driven Plasma ~

mcfDNA Workflows in Complex Scenario
@ Real-Time Clinical Decision Support Systems

®@  Ppersonalized Infection Management

Figure 2 The refinement strategy of clinical utility of plasma mcfDNA sequencing and prospective. ¥*Co-mNGS Integration (Plasma + Blood Cell DNA): Cost-effectiveness
should be further investigated, particularly in resource-limited settings.
Abbreviations: CIEDs, Cardiac implantable electronic devices; MSK, Musculoskeletal Infections; AMR, Antimicrobial Resistance.
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microorganisms, etc. The second strategic imperative is to ensure the timely collection of blood samples. Early sample
acquisition is crucial, particularly prior to antimicrobial/chemotherapy initiation or alteration, removing implants or
surgery. This practical approach enhances the likelihood of detecting relevant microbial DNA, consequently improving
the diagnostic yield. The third strategy involves dynamic monitoring of mcfDNA levels. Serial quantification of plasma
mcfDNA both before and after antimicrobial treatment, transplantation, or surgical intervention can reveal critical trends
in pathogen burden. The analysis of these temporal dynamics can help track treatment response, distinguish true infection
from colonization, gut barrier function and guide decisions on device management, therapy duration, with persistence
indicating complications like metastatic infection, septic shock or intestinal graft-versus-host diseases. Furthermore, the
incorporation of co-mNGS, which encompasses both plasma and blood cell DNA sequencing, has the potential to
enhance diagnostic sensitivity and clinical concordance. Controversies persist regarding comparator metrics and tradi-
tional blood cultures, with limited sensitivity and taxonomic scope, may undervalue plasma mcfDNA-seq’s unique ability
to detect extracellular and fastidious pathogens. Meanwhile, blood cell sequencing excels at intracellular microbes,
highlighting the complementary but not competitive roles of these modalities. The fourth strategic element focuses on
integrating advanced data interpretation tools. The application of machine learning and Al-assisted models that incorpo-
rate plasma mcfDNA levels, host immune biomarkers, and antimicrobial resistance profiles can significantly enhance the
accuracy and timeliness of early diagnosis and facilitate the implementation of targeted antimicrobial therapy.

Prospective validation of Al-driven liquid biopsy workflows to automate pathogen-AMR-host response integration,
particularly in complex scenarios like unexplained fever, transplantation related complications, fungal device infections,
pediatric infections or polymicrobial sepsis. As technical and analytical rigor advance, plasma mcfDNA-seq supported by
ML and multi-compartmental sampling will redefine infectious disease diagnostics, offering culture-agnostic, time-
sensitive insights to optimize targeted therapy across all patient populations.
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