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Recipients of hematopoietic stem cell transplants and solid organ transplants frequently develop pulmonary infiltrates from both infectious and non-infectious etiologies. Differentiation and further characterization of microbiologic etiologies—viral, bacterial, and fungal—can be exceedingly challenging. Pediatric patients face unique challenges as confirmatory evaluations with bronchoscopy or lung biopsy may be limited. A generalizable approach to diagnosing and managing these conditions has not been well established. This paper aims to summarize our initial clinical approach while discussing the relative evidence informing our practices. A pediatric patient with characteristic infiltrates who has undergone HSCT is presented to facilitate the discussion. Generalizable approaches to similar patients are highlighted as appropriate while highlighting considerations based on clinical course and key risk factors.
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Introduction

Recipients of hematopoietic stem cell transplants (HSCTs) and solid organ transplants (SOTs) frequently develop pulmonary infiltrates from both infectious and non-infectious etiologies. Differentiation and further characterization of microbiologic etiologies, including viruses, bacteria, and fungi, can be exceedingly challenging. Pediatric patients face unique challenges due to limitations in evaluations, including sputum cultures, bronchoscopy, and lung biopsy. A generalizable algorithm for diagnosing and managing these conditions has not been well established. This paper aims to review the general framework and summarize our initial clinical approach while discussing the relative evidence informing our practices in a case-based manner.

Case: An 8-year-old girl with T-cell lymphoblastic lymphoma who underwent HSCT with a matched unrelated donor developed a fever and presented with progressive respiratory distress accompanied by a progressing oxygen requirement on day 41 after transplantation. Her conditioning regimen included total body irradiation and cyclophosphamide, while her prophylaxis included acyclovir, micafungin, and trimethoprim-sulfamethoxazole (initiated after engraftment). Her initial transplant clinical course was complicated by delayed engraftment and persistently low absolute neutrophil and lymphocyte counts; additionally, she had experienced prior adenovirus DNAemia, which was treated with cidofovir and has since resolved. Throughout the transplant process, weekly screening blood PCR tests for cytomegalovirus (CMV), Ebstein–Barr virus (EBV), and adenovirus were performed and yielded negative results.

Question 1: What is the differential diagnosis for new pulmonary infections in a transplant recipient?

The primary host risk factors for pulmonary infections in both HSCTs and solid organ transplants relate to the type of transplant, temporal proximity to transplantation, and the net state of immunosuppression, particularly in relation to treatment for rejection or graft-vs.–host disease (GvHD). In HSCT recipients, the risk profile for different pathogens varies depending on the timing of the transplant and the degree of immune reconstitution. Generally, the highest risk for severe infection occurs in the early stages of transplantation, which is associated with neutropenia and mucositis, and exists prior to functional T-cell recovery (1). Conditioning regimens and subsequent immunosuppression contribute to the risk of infection development. In general, myeloablative regimens (including total body irradiation) can lead to more severe neutropenia, mucositis, and organ toxicities and increase the overall risk of infection development. Risks are further increased in the presence of GvHD and with the increased use of immunosuppressive therapies as treatment (1).

For solid organ transplant recipients, infections shortly after transplantation are most common and can often be attributed to nosocomial or surgical infection (including typical bacterial infections), reactivation from induction therapy (viral hepatitis and Herpesviridae family viruses), or can be donor-derived (2). After the initial transplant period (approximately the first 30 days through the first 6 months), infections tend to be related to the activation of latent infections or opportunistic infections due to ongoing immunosuppression. Opportunistic infections caused by Pneumocystis, Aspergillus, CMV/EBV, and Mycobacterium tuberculosis may all be implicated in this timeframe. After the first 6–12 months, most patients with stable grafts and reduced immunosuppression will experience fewer opportunistic infections but continue to be at risk for community-acquired pneumonias, Legionella, respiratory viruses, and potentially CMV reactivation upon discontinuation of prophylaxis (2).

For all patients, an infection and exposure history should be included to obtain a differential diagnosis. The history should emphasize the patient's prior infectious history, including any history of multi-drug-resistant colonization or infection, travel to areas with endemic fungi, exposure to tuberculosis, contact with sick individuals, and any environmental disruptions that may stir up molds or endemic fungi.

A broad array of potential etiologies should be considered in evaluating pulmonary infections in patients who underwent transplantation. Although bacterial pneumonias remain common, other etiologies including invasive molds such as Aspergillus and Mucorales, disseminated candidemia, endemic fungi such as Histoplasma, Coccidioides, and Blastomyces (depending upon the geography and travel history), and infections caused by Nocardia, mycobacteria, and Pneumocystis jirovecii (PCP) should all be considered (3). This study focuses on infectious etiologies, although non-infectious etiologies such as cryptogenic organizing pneumonia or cancer may present with similar initial symptoms (Figure 1).
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FIGURE 1
Common etiologic agents for invasive pulmonary disease in post-transplant recipients.


Viral pneumonias cause substantial morbidity in SOT and HSCT recipients. A large multi-center study of pediatric HSCT recipients revealed that 16.6% acquired a respiratory viral infection during their hospitalization. Among these, nearly half required respiratory support, and an attributable case-fatality rate of 5.4% was reported (4). In that study, recipients with recent steroid use and undergoing HSCT within 60 days fared worst from respiratory viral infections. A similar number of associated viral infections were noted in a similar study of SOT recipients, with 14.5% experiencing respiratory viral infections within 12 months but no attributable deaths (4, 5).

The incidence of pathogens varies based on many factors, including the type of transplant, the immunosuppression regimen, and the timing post-transplantation. Invasive molds are more prevalent in pediatric HSCT recipients and recipients of lung/heart and lung transplants, with an incidence of around 10%; in contrast, the incidence of invasive molds in other solid organ transplants is closer to 2% (6, 7) (Figure 2).
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FIGURE 2
Immune deficits of secondary pulmonary infections.


The pace of clinical evaluation and the depth of the initial differential diagnosis should depend on a combination of clinical stability and estimation of immune function. In a well-appearing transplant patient who is over 1 year out from transplant and on stable immunosuppression, a stepwise approach may be appropriate.

For the presented case, the differential is quite broad, and urgent in-depth evaluation is needed. Her prolonged period of neutropenia elevates her risk of bacterial pneumonia and invasive fungal disease (despite prophylaxis), while her immunosuppression and lymphopenia increase the risk of viral infections and Pneumocystis pneumonia. Her recent transplant history of adenoviremia is particularly concerning for viral reactivation with adenovirus, CMV, or the acquisition of a new respiratory virus. Although recent negative weekly screening of blood PCR for adenovirus and CMV is reassuring, the pulmonary disease can occur without concomitant blood DNAemia. PCP pneumonia is a possibility, given her immune status and extended neutropenia, although it is less likely due to the restart of prophylaxis.

For this patient, blood cultures, chest x-rays, and a respiratory panel were immediately requested, and empiric treatment with cefepime was initiated.

Case: Chest x-rays showed new bilateral interstitial infiltrates, and a chest CT scan was performed that day. The CT chest scan revealed a new 6-mm ovoid nodule within the anterior segment of the right upper lobe. This nodule was superimposed on new diffuse ground-glass opacities present bilaterally.

Question 2: What are the potential imaging findings for new pulmonary infections in a transplant recipient?

In transplant recipients, infiltrates are frequently identified during workup for fever, although the presence of respiratory symptoms is quite variable (8). While chest x-rays are often easier than CT scans to obtain, their interpretation can be difficult and they may be less sensitive.

For acute clinical changes, consolidative lung lesions are commonly associated with bacterial infections. However, subacute consolidations may represent fungal, bacterial, mycobacterial, or Nocardia infection. Cavitary disease may be due to bacterial pneumonia (particularly Staphylococcus aureus and pneumococcus), mycobacterial disease, or endemic mycoses. Interstitial patterns are commonly associated with viral infections, Legionella infections, or Pneumocystis pneumonia, but non-infectious etiologies, including pulmonary edema, can also be responsible (9).

CT findings can help arrange a differential diagnosis; however, they can be difficult to interpret, leading to diagnostic uncertainty (10). Even “classic” findings associated with invasive fungal disease (such as a halo or reverse halo sign) are not specific (10). The halo sign represents necrosis and surrounding hemorrhage, which can be due to a number of processes, although it is more frequently seen early in the disease process of invasive mold disease (11). Similarly, pulmonary nodules can be associated with fungal disease or may represent residual inflammation from many potential sources. Nodular disease may also be present with bacterial pneumonia (including Staphylococcus and Pseudomonas), viral pneumonia (including Herpesviridae), Nocardia, and mycobacterial infection. Other less specific CT findings that can occur with invasive fungal disease include segmental or peribronchial consolidation with or without tree-in-bud opacities, cavitary lesions with or without air crescent sign, pleural effusions, non-specific ground-glass opacities, and atelectasis (10–12).

It is crucial to recognize that substantial overlap in radiographic findings can be observed, as shown in Figure 3 (13). However, despite this overlap, while complete exclusion may not be feasible, particular imaging findings, as demonstrated in the figure, can help arrange a likely microbiologic differential diagnosis (Figure 3).
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FIGURE 3
Microbiologic correlation of common CT findings.


For those with neutropenia, detecting fungal infections can be challenging, as classic inflammatory findings may not be present. If initial scans are not conclusive, repeat imaging once neutropenia has resolved may be helpful. However, in high-risk patients, it is generally not advisable to delay scans until neutropenia has subsided (9).

Although not definitive for the presented case, after a review of imaging, a substantial concern for invasive fungal infection was raised. Fungal biomarkers from blood were requested, and an urgent bronchoscopy was scheduled to assist in identifying fungal or other possible infectious etiologies. The existing antifungal therapy (micafungin) was expanded, and liposomal amphotericin was initiated.

Case: The blood galactomannan testing returned positive with an Aspergillus galactomannan index of 5.7 (normal <0.5), and 1,3-beta-D-glucan was also positive at >500 pg/ml (normal <80 pg/ml); the galactomannan index from bronchoalveolar lavage (BAL) fluid was considered positive at 6.0 (normal <0.5). The patient's respiratory status worsened, and she was unable to be extubated after the bronchoalveolar lavage.

Question 3: What is the recommended workup for new pulmonary infiltrates in the transplant recipient?

Once pulmonary imaging is obtained, the evaluation is divided into non-invasive and invasive testing, which are discussed separately. Depending on the concern regarding clinical status and depth of immunosuppression, these tests may be performed consecutively or concurrently.

In stable patients with lower-risk pulmonary findings, such as nodules smaller than 0.5 cm, or well-presenting patients with mild ground-glass opacities/interstitial findings or recent infection that may explain the findings, re-imaging in 2–4 weeks may be reasonable. Non-invasive testing is often performed concomitantly in these scenarios and may inform further workup considerations.



Non-invasive testing

During the initial evaluation, aerobic blood cultures should be collected. It may be helpful if the patient is able to produce an adequate sputum sample (spontaneous or induced), although it is often not feasible in the pediatric population (14). In newly intubated patients, endotracheal aspirate should be collected if possible (14). Concurrently, all patients should undergo respiratory viral testing with PCR, complemented with serum evaluation where feasible, focusing on CMV and adenovirus. It should be kept in mind that discordant DNAemia between the blood and lungs can occur with CMV.

The mainstay of non-invasive evaluation is fungal biomarkers, particularly 1,3-beta-D-glucan and galactomannan. An elevated 1,3-beta-D-glucan level may indicate invasive infections caused by Candida spp, Aspergillus spp, Fusarium spp, Coccidiodes, Histoplasma, and Pneumocystis, among others. 1,3-beta-D-glucan is not detected in infections caused by Cryptococcus or Mucorales. An elevated galactomannan level may represent infections caused by Aspergillus spp, Penicillium, Histoplasma, or Cryptococcus. It is not associated with infections caused by Candida or Mucorales. There are issues with sensitivity and specificity for both assays, with a particularly high false positivity noted in 1,3-beta-D-glucan (15). Common etiologies of false positives include intravenous immunoglobulin (IVIG), albumin, bacterial sepsis, hemodialysis membranes, surgical gauze, some medications, and some dialysis circuits (15). The false positive etiologies for galactomannan include popsicle sticks, PlasmaLyte, and IVIG, and it is cross-reactive from complex sugars and nutritional supplements (particularly in the setting of mucosal barrier disruption) (16).

The performance characteristics of fungal biomarkers differ based on the type of transplant and are notably better in HSCT than SOT. Estimates on sensitivity and specificity range broadly (33%–94% for 1,3-beta-D-glucan and 61%–95% for galactomannan), highlighting the need to limit use to instances with a high pre-test probability (14, 17). There is limited utility for routine surveillance, and their discriminatory ability may be further impacted by the use of mold-active antifungal prophylaxis (18).

Irrespective of the biomarker results, invasive testing is generally advocated to substantiate the diagnosis. Invasive testing can also provide insights into speciation and susceptibility testing and aid in evaluating co-infections. Elevated 1,3-beta-D-glucan may represent true infection with Candida, Aspergillus, and other fungal etiologies, but consideration for potential applicable causes of false positives must be given (15). Information may also be used adjunctively; for example, an elevated 1,3-beta-D-glucan combined with a quantitative PCR for Pneumocystis can help support the diagnosis of Pneumocystis disease from colonization (19). In the setting of negative galactomannan and 1,3-beta-D-glucan testing with a high concern for invasive fungal infection, Mucorales infection should be considered. Fungal blood cultures generally provide lower yield, although they have some utility in disseminated histoplasmosis, Fusarium, and some other invasive rare molds. However, even in those particular patients, fungal biomarkers are generally more sensitive (20).

The utilization of testing for cell-free DNA through metagenomic next-generation sequencing with commercial assays is quite variable (21). There are several reports of detection of molds and less common pathogens, although performance characteristics are yet to be ascertained. The clinical implications of these assays may be heightened for immunocompromised hosts (22). In general, these evaluations may be most useful when an etiologic organism is highly suspected but cannot be confirmed and diagnostic invasive sampling is not feasible. However, like many diagnostics, the sensitivity of these assays is likely highest prior to or early in the course of effective therapy, and given the substantial cost of the assay, the role of this assay in the routine evaluation of infections remains to be determined.

The use of PCR of blood to detect Aspergillus and Mucorales is being evaluated with multiple platforms being developed or used with varying performance; however, these cannot be broadly recommended at this time (23).

At the end of 2021, the American Society of Transplantation convened a consensus conference to delineate the utility of advanced diagnostics in solid organ transplants. Numerous knowledge gaps were identified, with challenges persisting around the optimal evaluation and the tangible impacts on clinical outcomes (24).



Invasive sampling

As detailed above, establishing the etiology of an infiltrate in a transplant patient through non-invasive measures is often challenging. In addition, sampling of sputum is potentially infeasible in pediatric patients (25). Clinicians often find themselves balancing the pressure to avoid invasive procedures vs. the need to establish the diagnosis as quickly and accurately as possible. This challenge is further exacerbated by the possibility that treatments occurring prior to invasive procedures may impair the yield of diagnostics.

Options for invasive sampling that are considered include BAL or direct tissue sampling, either surgically or with interventional radiology.

BAL may lead to changes in clinical management in the range of 50% of cases and in general were very well tolerated (26–28). One study comparing BAL to lung biopsy in pediatric HSCT patients at a single institution found that 40% of the 101 BALs revealed a pathogen, while 94% of the 19 lung biopsies identified an etiology (29). In this report, biopsy identified etiology in six patients with a negative BAL and non-infectious etiology in two patients.

An adult study evaluating bronchoscopy for Aspergillus demonstrated the importance of prompt investigation, finding a yield of 35% if performed within the first 2 days, 15% on days 3 and 4, and 2% on day 5 (30).

Broad-range PCR is another tool that can be used to evaluate for bacterial, fungal, and mycobacteria invasive infections. The yield of this test is best for fresh tissue such as biopsy, where organisms are identified by histopathology (31). However, the yield remains limited, with one large pediatric retrospective study finding that broad-range PCR influenced antimicrobial management in only 5% of patients (32).

Results of testing require clinical correlation because positive tests may represent colonization. This is particularly true for Pneumocystis and Aspergillus, where asymptomatic colonization has been established (33). Detection of viral DNA may represent active infection, asymptomatic reactivation, or prior infection with residual PCR positivity. Similarly, a positive galactomannan from BAL may also represent Aspergillus disease or colonization.



Approach to testing

Unless a specific organism or disease process is strongly evidenced, we recommend a broad evaluation from pulmonary specimens including pathology, culture, fungal culture, AFB culture and stain, modified acid-fast stain, GMS stains, Legionella culture, Pneumocystis quantitative PCR, galactomannan testing, CMV PCR, and respiratory viral panel, with consideration for Aspergillus PCR, Mucorales PCR, and Nocardia PCR based on imaging and host factors.

Case: The differential diagnosis in this case was heavily influenced by CT findings of a pulmonary nodule, coupled with positive indirect assays: galactomannan and 1,3-β-D-glucan. Considerations included Aspergillus and other organisms that yield positive galactomannan results (Fusarium, Histoplasma, Blastomyces, Penicillium, Trichophyton, Paecilomyces, Alternaria). Viral tests and bacterial cultures were negative; neither next-generation sequencing nor broad-range PCR was sent in this case. A biopsy could not be performed due to progressive clinical instability. Despite the absence of travel to an endemic area, a urine histoplasma antigen was sent and returned negative.

Question 4: What is the recommended empiric and definitive therapy for new pulmonary infiltrates in the transplant recipient?



Treatment

Considering the broad differential of pulmonary infiltrates in this population, empiric therapy depends on clinical suspicion and is primarily based on history and imaging. Diagnostic evaluation is often unrevealing or returns late into the clinical course, resulting in early treatment decisions made with incomplete information (Figure 4).
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FIGURE 4
Initial approach to the transplant recipient with fevers and pulmonary infiltrates. (1) Empiric antibiotic therapy will often include a third generation or further cephalosporin with inclusion of pseudomonal coverage when neutropenic. Consideration of additional MRSA coverage should depend on individual staphylococcal risk factors and initial appearance (necrotic pneumonia, severe pleural effusions). (2) Diagnostic assays in interstitial disease can include respiratory viral testing, pneumocystis PCR, and serum viral testing (adenovirus, CMV) as appropriate. (3) Empiric therapy for interstitial disease will depend on severity and presentation at onset given broad differential. Atypical coverage and PJP coverage should be considered when appropriate. (4) Use of invasive sampling (BAL or direct tissue) should be strongly considered for all patients without a clear diagnosis or identified pathogen during initial workup. Empiric antifungal coverage pending workup is prudent.


Given the frequency and risks of invasive bacterial infection, antibiotics are usually initiated empirically while awaiting additional test results. Empiric antibiotics depend on clinical status and perceived immune status. A beta-lactam with pseudomonal coverage is appropriate in situations where pseudomonal risk is high or the patient is neutropenic, while pseudomonal coverage may not be indicated in patients who have not had recent health system exposure and are more immunocompetent.

For patients with pulmonary nodules at high risk for fungal infection, after obtaining initial labs, empiric treatment is reasonable. The choice of antifungal should be tailored based on clinical presentation, epidemiology, prior antifungal exposures, and available lab results.

In the setting of diagnostic uncertainty, broader coverage, which includes an agent with activity for invasive molds, including Aspergillus and Mucorales, and others such as posaconazole or liposomal amphotericin, is reasonable. Antifungal selection should consider patient co-morbidities (particularly liver and kidney function), the side-effect profile of agents, and prior prophylaxis (34).

Aspergillus is the most common invasive mold, and a regimen providing empiric coverage is important. Medical societies have published guidelines regarding the treatment of pulmonary aspergillosis, and voriconazole is the first-line therapeutic in diagnosed cases (33, 35).

Antifungals with broader coverage than voriconazole are considered alternative therapies in adult Aspergillus guidelines. Posaconazole has been found to be non-inferior to voriconazole for primary therapy in adults through day 42 (36). In adults, amphotericin deoxycholate is associated with worse responses and overall survival (37), although a direct comparison with the less nephrotoxic liposomal form has not been done.

For patients developing nodules while on prophylaxis, it may be prudent to empirically expand coverage and prioritize infections not responsive to prophylaxis higher on the differential (presuming medication compliance prior to presentation). Obtaining therapeutic drug concentrations at presentation may help make this decision, and the development of a nodule while on a sub-therapeutic dose may not truly represent drug failure. Azole-resistant Aspergillus is a growing concern worldwide, and local epidemiology should be considered in empiric therapy, particularly in the setting of prophylaxis breakthrough. Combination therapy for invasive molds is sometimes utilized, particularly in severe diseases, although data are lacking.

The duration of therapy for fungal infections is highly individualized, and follow-up imaging is required. Concomitant evaluation with invasive diagnostics is strongly recommended in these patients for microbiologic confirmation to guide both the selection and duration of therapeutic choices. This invasive evaluation may also be extended to additional potential secondary sites (sinus, abdomen, etc.) based on presenting symptomology and identified organism. Surgical intervention for Aspergillus infections should be considered for severe diseases.

Treatment for viral pneumonia depends on the virus, the immune status of the host, and the severity of the illness. Ribavirin has been used for respiratory syncytial virus, with the greatest benefit observed in those with a history of allogeneic stem cell transplant and lymphopenia (38). In very limited instances, ribavirin has been used for parainfluenza and human metapneumovirus, although data are scant (38). Intravenous ribavirin is not available in the United States. The inhaled formulation is used at some centers, but it poses logistical challenges and is expensive, leading to the increased use of oral ribavirin, if it is used at all.

In high-risk patients, there is a school of thought that antivirals are more likely to be efficacious prior to the progression of lower respiratory tract disease. Numerous respiratory viruses, including adenovirus, influenza, and SARS-CoV-2, have potential directed antiviral therapies available and should be considered when appropriate (38, 39). However, antiviral therapy without confirmation is not recommended. Alternatively, in SOT or HSCT recipients on secondary GVHD-directed immunosuppression with high suspicion or confirmed viral infection, reduction of immunosuppression when feasible may be utilized therapeutically.

CMV should be considered as an etiology of viral pneumonias. Increased DNAemia is correlated with an increased risk of invasive disease, although discordance can occur (40). When CMV disease is suspected or confirmed, consideration of institutional practices regarding primary prophylaxis vs. pre-emptive therapy should inform the need for aggressive evaluation and therapy. The risk for CMV pneumonia is increased for patients without ganciclovir or letermovir prophylaxis, warranting early empiric therapy and diagnostic evaluation. Treatment for mycobacterial infections or Nocardia is usually initiated only when additional information supports the diagnosis, given the complexity of selecting an appropriate regimen and the prolonged nature of therapy.

In this case, the patient's condition continued to deteriorate, with growth from the BAL showing 1 + mold, and the patient’s treatment was again expanded to include liposomal amphotericin and posaconazole. Unfortunately, despite antifungal therapy, the patient died from fungal disease. Afterward, the mold was identified as Scopulariopsis. A limited autopsy was performed, which confirmed this organism as the cause of death. Cases such as this demonstrate the limitations of the current antifungal arsenal. Hopefully, potential therapeutics in the antifungal pipeline will prove beneficial in similar future situations (41).



Conclusion

Pulmonary infections in transplant patients are quite challenging to manage as the differential is extremely broad, with the treatment for the different etiologies varying substantially. In general, however, maintaining a rigorous system of evaluation and therapy can help avoid potential pitfalls in this population, where the consequences of misdirected therapy can be substantial. Empiric therapy may be considered for imaging that is largely consistent with specific disease processes. However, in many cases, definitive confirmation is based on a combination of findings from both invasive and non-invasive testing. Whenever feasible, invasive testing should always be pursued and used to guide clinical decision-making. Underuse of bronchoscopy/BAL and lung biopsy likely contributes to significant gaps in potential etiologic identification. Definitive cultures are found in only a minority of cases; however, clinical consideration of indirect assays from both blood and pulmonary specimens can be informative. Therefore, as new modalities such as validated PCRs and next-generation sequencing become increasingly available, they should be rigorously evaluated and incorporated into empiric diagnostic evaluations where reasonable and useful.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding authors.



Author contributions

MK: Writing – original draft, Writing – review & editing. BH: Writing – original draft, Writing – review & editing.



Funding

The authors declare that no financial support was received for the research, authorship, and/or publication of this article.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Pereira MR, Pouch SM, Scully B. Infections in allogeneic stem cell transplantation. Prin Pract Transpl Infect Dis. (2018) 1:209–26. doi: 10.1007/978-1-4939-9034-4_11

2. Fishman JA. Infection in organ transplantation. Am J Transplant. (2017) 17(4):856–79. doi: 10.1111/ajt.14208

3. Fitch T, Myers KC, Dewan M, Towe C, Dandoy C. Pulmonary complications after pediatric stem cell transplant. Front Oncol. (2021) 11:755878. doi: 10.3389/fonc.2021.755878

4. Fisher BT, Danziger-Isakov L, Sweet LR, Munoz FM, Maron G, Tuomanen E, et al. A multicenter consortium to define the epidemiology and outcomes of inpatient respiratory viral infections in pediatric hematopoietic stem cell transplant recipients. J Pediatric Infect Dis Soc. (2018) 7(4):275–82. doi: 10.1093/jpids/pix051

5. Danziger-Isakov L, Steinbach WJ, Paulsen G, Munoz FM, Sweet LR, Green M, et al. A multicenter consortium to define the epidemiology and outcomes of pediatric solid organ transplant recipients with inpatient respiratory virus infection. J Pediatric Infect Dis Soc. (2019) 8(3):197–204. doi: 10.1093/jpids/piy024

6. Hol JA, Wolfs TF, Bierings MB, Lindemans CA, Versluys AB, Wildt de A, et al. Predictors of invasive fungal infection in pediatric allogeneic hematopoietic SCT recipients. Bone Marrow Transplant. (2014) 49(1):95–101. doi: 10.1038/bmt.2013.136

7. Saxena S, Gee J, Klieger S, Kajon A, Petersen H, Zaoutis T, et al. Invasive fungal disease in pediatric solid organ transplant recipients. J Pediatric Infect Dis Soc. (2018) 7(3):219–25. doi: 10.1093/jpids/pix041

8. Cheng GS, Crothers K, Aliberti S, Bergeron A, Boeckh M, Chien JW, et al. Immunocompromised host pneumonia: definitions and diagnostic criteria: an Official American Thoracic Society Workshop Report. Ann Am Thorac Soc. (2023) 20(3):341–53. doi: 10.1513/AnnalsATS.202212-1019ST

9. Kontoyiannis DP. Rational approach to pulmonary infiltrates in leukemia and transplantation. Best Pract Res Clin Haematol. (2013) 26(3):301–6. doi: 10.1016/j.beha.2013.10.012

10. Christe A, Lin MC, Yen AC, Hallett RL, Roychoudhury K, Schmitzberger F, et al. CT patterns of fungal pulmonary infections of the lung: comparison of standard-dose and simulated low-dose CT. Eur J Radiol. (2012) 81(10):2860–6. doi: 10.1016/j.ejrad.2011.06.059

11. Georgiadou SP, Sipsas NV, Marom EM, Kontoyiannis DP. The diagnostic value of halo and reversed halo signs for invasive mold infections in compromised hosts. Clin Infect Dis. (2011) 52(9):1144–55. doi: 10.1093/cid/cir122

12. Caillot D, Couaillier JF, Bernard A, Casasnovas O, Denning DW, Mannone L, et al. Increasing volume and changing characteristics of invasive pulmonary aspergillosis on sequential thoracic computed tomography scans in patients with neutropenia. J Clin Oncol. (2001) 19(1):253–9. doi: 10.1200/JCO.2001.19.1.253

13. Alexander BD, Lamoth F, Heussel CP, Prokop CS, Desai SR, Morrissey CO, et al. Guidance on imaging for invasive pulmonary aspergillosis and mucormycosis: from the imaging working group for the revision and update of the consensus definitions of fungal disease from the EORTC/MSGERC. Clin Infect Dis. (2021) 72(Suppl 2):S79–88. doi: 10.1093/cid/ciaa1855

14. Zhang R, Wu Y, Deng G, Deng J. Value of sputum gram stain, sputum culture, and bronchoalveolar lavage fluid gram stain in predicting single bacterial pathogen among children with community-acquired pneumonia. BMC Pulm Med. (2022) 22:427. doi: 10.1186/s12890-022-02234-1

15. Huppler AR, Fisher BT, Lehrnbecher T, Walsh TJ, Steinbach WJ. Role of molecular biomarkers in the diagnosis of invasive fungal diseases in children. J Pediatric Infect Dis Soc. (2017) 6(suppl_1):S32–44. doi: 10.1093/jpids/pix054

16. Hsu AJ, Tamma PD, Zhang SX. Challenges with utilizing the 1,3-Beta-d-glucan and galactomannan assays to diagnose invasive mold infections in immunocompromised children. J Clin Microbiol. (2021) 59(9):e0327620. doi: 10.1128/JCM.03276-20

17. Guitard J, Tabone MD, Senghor Y, Cros C, Moissenet D, Markowicz K, et al. Detection of β-D-glucan for the diagnosis of invasive fungal infection in children with hematological malignancy. J Infect. (2016) 73(6):607–15. doi: 10.1016/j.jinf.2016.07.007

18. Fisher BT, Westling T, Boge CLK, Zaoutis TE, Dvorak CC, Nieder M, et al. Prospective evaluation of galactomannan and (1→3) β-d-glucan assays as diagnostic tools for invasive fungal disease in children, adolescents, and young adults with acute myeloid leukemia receiving fungal prophylaxis. J Pediatric Infect Dis Soc. (2021) 10(8):864–71. doi: 10.1093/jpids/piab036

19. Alanio A, Hauser PM, Lagrou K, Melchers WJ, Helweg-Larsen J, Matos O, et al. ECIL guidelines for the diagnosis of Pneumocystis jirovecii pneumonia in patients with haematological malignancies and stem cell transplant recipients. J Antimicrob Chemother. (2016) 71(9):2386–96. doi: 10.1093/jac/dkw156

20. Mendonça A, Santos H, Franco-Duarte R, Sampaio P. Fungal infections diagnosis—past, present and future. Res Microbiol. (2022) 173(3):103915. doi: 10.1016/j.resmic.2021.103915

21. Edward P, Handel AS. Metagenomic next-generation sequencing for infectious disease diagnosis: a review of the literature with a focus on pediatrics. J Pediatric Infect Dis Soc. (2021) 10(Supplement_4):S71–7. doi: 10.1093/jpids/piab104

22. Niles DT, Revell PA, Ruderfer D, Marquez L, McNeil JC, Palazzi DL. Clinical impact of plasma metagenomic next-generation sequencing in a large pediatric cohort. Pediatr Infect Dis J. (2022) 41(2):166–71. doi: 10.1097/INF.0000000000003395

23. Friedman DZP, Schwartz IS. Emerging diagnostics and therapeutics for invasive fungal infections. Infect Dis Clin North Am. (2023) 37(3):593–616. doi: 10.1016/j.idc.2023.05.001

24. Azar MM, Turbett S, Gaston D, Gitman M, Razonable R, Koo S, et al. A consensus conference to define the utility of advanced infectious disease diagnostics in solid organ transplant recipients. Am J Transplant. (2022) 22(12):3150–69. doi: 10.1111/ajt.17147

25. Bradley JS, Byington CL, Shah SS, Alverson B, Carter ER, Harrison C, et al. The management of community-acquired pneumonia in infants and children older than 3 months of age: clinical practice guidelines by the Pediatric Infectious Diseases Society and the Infectious Diseases Society of America. Clin Infect Dis. (2011) 53(7):e25–76. doi: 10.1093/cid/cir531

26. Choo R, Naser NSH, Nadkarni NV, Anantham D. Utility of bronchoalveolar lavage in the management of immunocompromised patients presenting with lung infiltrates. BMC Pulm Med. (2019) 19(1):51. doi: 10.1186/s12890-019-0801-2

27. Rizik S, Hakim F, Bentur L, Arad-Cohen N, Kassis I. Bronchoscopy and bronchoalveolar lavage in the diagnosis and management of pulmonary infections in immunocompromised children. J Pediatr Hematol Oncol. (2018) 40(7):532–5. doi: 10.1097/MPH.0000000000001283

28. Khalid U, Akram MJ, Butt FM, Ashraf MB, Khan F. The diagnostic utility and clinical implications of bronchoalveolar lavage in cancer patients with febrile neutropenia and lung infiltrates. Cureus. (2020) 12(9):e10268. doi: 10.7759/cureus.10268

29. Qualter E, Satwani P, Ricci A, Jin Z, Geyer MB, Alobeid B, et al. A comparison of bronchoalveolar lavage versus lung biopsy in pediatric recipients after stem cell transplantation. Biol Blood Marrow Transplant. (2014) 20(8):1229–37. doi: 10.1016/j.bbmt.2014.04.019

30. Shannon VR, Andersson BS, Lei X, Champlin RE, Kontoyiannis DP. Utility of early versus late fiberoptic bronchoscopy in the evaluation of new pulmonary infiltrates following hematopoietic stem cell transplantation. Bone Marrow Transplant. (2010) 45(4):647–55. doi: 10.1038/bmt.2009.203

31. Gago S, Denning DW, Bowyer P. Pathophysiological aspects of Aspergillus colonization in disease. Med Mycol. (2019) 57(Supplement_2):S219–27. doi: 10.1093/mmy/myy076

32. Naureckas Li C, Nakamura MM. Utility of broad-range PCR sequencing for infectious diseases clinical decision making: a pediatric center experience. J Clin Microbiol. (2022) 60(5):e0243721. doi: 10.1128/jcm.02437-21

33. Dadwal SS, Hohl TM, Fisher CE, Boeckh M, Papanicolaou G, Carpenter PA, et al. American Society of Transplantation and Cellular Therapy Series, 2: management and prevention of aspergillosis in hematopoietic cell transplantation recipients. Transplant Cell Ther. (2021) 27(3):201–11. doi: 10.1016/j.jtct.2020.10.003

34. Liberatore C, Farina F, Greco R, Giglio F, Clerici D, Oltolini C, et al. Breakthrough invasive fungal infections in allogeneic hematopoietic stem cell transplantation. J Fungi (Basel). (2021) 7(5):347. doi: 10.3390/jof7050347

35. Patterson TF, Thompson 3rd GR, Denning DW, Fishman JA, Hadley S, Herbrecht R, et al. Practice guidelines for the diagnosis and management of aspergillosis: 2016 update by the Infectious Diseases Society of America. Clin Infect Dis. (2016) 63(4):e1–e60. doi: 10.1093/cid/ciw326

36. Maertens JA, Rahav G, Lee DG, Ponce-de-León A, Ramírez Sánchez IC, Klimko N, et al. Posaconazole versus voriconazole for primary treatment of invasive aspergillosis: a phase 3, randomised, controlled, non-inferiority trial. Lancet. (2021) 397(10273):499–509. doi: 10.1016/S0140-6736(21)00219-1

37. Herbrecht R, Denning DW, Patterson TF, Bennett JE, Greene RE, Oestmann JW, et al. Voriconazole versus amphotericin B for primary therapy of invasive aspergillosis. N Engl J Med. (2002) 347(6):408–15. doi: 10.1056/NEJMoa020191

38. Waghmare A, Englund JA, Boeckh M. How I treat respiratory viral infections in the setting of intensive chemotherapy or hematopoietic cell transplantation. Blood. (2016) 127(22):2682–92. doi: 10.1182/blood-2016-01-634873

39. Ison MG, Hayden FG. Antiviral agents against respiratory viruses. Infect Dis. (2017):1318–26.e2. doi: 10.1016/B978-0-7020-6285-8.00154-4

40. Kotton CN, Kumar D, Caliendo AM, Huprikar S, Chou S, Danziger-Isakov L. The third international consensus guidelines on the management of cytomegalovirus in solid-organ transplantation. Transplantation. (2018) 102(6):900–31. doi: 10.1097/TP.0000000000002191

41. Hoenigl M, Sprute R, Egger M, Arastehfar A, Cornely OA, Krause R, et al. The antifungal pipeline: fosmanogepix, ibrexafungerp, olorofim, opelconazole, and rezafungin. Drugs. (2021) 81(15):1703–29. doi: 10.1007/s40265-021-01611-0



OPS/images/fped-12-1273590-g001.jpg
Category

0ty 7 .

S. pneumoniae

Community Acquired H.influenzae
Pneumonia Legionella
Mycoplasma
Bacterial Infecti Py

actena Pneumonia Kiebsiella

Opportunistic: .

Infection Nogardia

Invasive Molds Asperglliss
Histoplasma
Fungal Coccidioides
Cryptococeus

Opportunistic
Infection

Mycobacterial Infections

Respiratory

Viral Infections

Herpesviridae

Parasitic Infections

Preumocystis

Tuberculosis
Non-Tuberculous

Adenovirus
Influenza
RSV
HMPV
Parainfluenza
Rhino/Enterovirus.

HSV
vzv
oMy

Toxoplasmosis
Strongyloidiasis
Chagas

Neutrophil

TCell

B-Cell
Neutrophil

TCell
Neutrophil

TCell
Neutrophil
TCell
Neutrophil
TCell

TCell
Neutrophil

TCell

B-Cell
Neutrophil

TCell
B-Cell
Neutrophil

TCell

Respiratory Culture
Blood Culture
Legionella Culture and Urine Antigen
Mycoplasma PCR

Respiratory Culture
[

lood Culture
Modified AFB Stains
PCR
Indirect Biomarkers
PCR
Serology and Urine Antigen
Cryptococcal Blood Antigen

GMS Stain
PCR

Culture
PCR

Serology

Histology





OPS/images/fped-12-1273590-g002.jpg
T

Opportunistic
Aspergillus Infections
Nocardia Respiratory Viruses
Mucor Mycobacteria
Bacterial PCP
Pneumonia

Respiratory Viruses
Herpesviridae





OPS/images/fped-12-1273590-g003.jpg
Ground
Glass
Opacities

Area of increased
attenuation with

Nodules Cavitary -
Nodules Consolidation
Small rounded Small rounded Alveolar air

Cavitation Pleural
Effusion

Circumscribed,

Fluid outside of
the lun

opacities within opacities with spaces filled with
e “he pulmonary associated lucent flid, may include e
i i interstitium areas a complete lobe e
Atypical Bacterial Bacterial Bacterial
Bacterial Bacterial
#‘ / Bacterial
Viral Mycobacteria Mycobacterium
Nocardiz tuberculosis
/ N\ .
e o
Fungal Fungal
Fungal (> 2 weeks) Fungal (> 2 weeks)
Mycobacteria Mycobacteria

Fungal





OPS/images/fped-12-1273590-g004.jpg
HSCT or SOT Recipient with
new fevers and pulmonary.

Iniial Evaluation &
Imaging






OPS/xhtml/Nav.xhtml




Contents





		Cover



		How I approach: the transplant recipient with fever and pulmonary infiltrates

		Introduction



		Non-invasive testing



		Invasive sampling



		Approach to testing



		Treatment



		Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References



















OPS/images/cover.jpg
& frontiers | Frontiers in Pediatrics










OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/logo.jpg
& frontiers | Frontiers in Pediatrics





