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Abstract: Objective: This study aims to evaluate the efficacy of different blood purification methods in protecting residual
renal function (RRF) in patients with maintenance hemodialysis (MHD). Methods: The study selected 50 patients receiving
MHD between September 2023 and September 2024. Using the random number table method, patients were divided into
the control group and the study group, each with 25 participants. The control group received hemodiafiltration, while the
study group was treated with hemodialysis plus hemoperfusion. The RRF measures of the two groups were compared.
Results: There were significant differences in the RRF measures (P < 0.05). Conclusion: Combined hemodialysis and

hemoperfusion therapy can effectively improve the RRF index of MHD patients with a significant curative effect.

Keywords: Blood purification; Maintenance hemodialysis; Residual renal function
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1. Introduction

Chronic renal failure, also referred to as chronic renal insufficiency, is a condition characterized by gradual
and progressive damage to the kidney’s parenchymal tissue. Over time, this damage leads to the atrophy of the
kidneys, rendering them unable to perform their essential functions. The failure to filter waste products results
in the retention of metabolic byproducts, as well as imbalances in water, electrolytes, and acid-base regulation,
affecting multiple organ systems. This clinical syndrome, often reaching its advanced stage in uremia, can take
several years or even decades to develop from the initial disease to significant renal insufficiency. Chronic
renal failure is a severe stage of renal insufficiency . In multiple stages, uremia marks the terminal stage of
chronic renal failure, at which time the patient’s glomerular and tubular function is severely impaired, resulting
in metabolic abnormalities in the body, which often leads to a series of clinical symptoms such as malnutrition
and anemia. In the current treatment strategies, maintenance hemodialysis (MHD) has become an important
tool in the treatment of uremia . By removing toxins from the blood, hemodialysis not only delays the




progression of the disease but also helps to prolong the patient’s life. However, the specific effects of MHD on
residual renal function (RRF) are still insufficient ', Selecting a sample of 50 patients with chronic renal failure
receiving different blood purification methods, this study observes and compares the specific effects of two
different dialysis regimens on their RRF, and strives to provide a more sufficient reference for further clinical
improvement and protection of RRF in the future.

2. Data and methods

2.1. General information
The selection period of this study was from September 2023 to September 2024, including 50 patients on MHD
in our hospital. Using the random number table method, the patients were divided into the control group and
the study group, with 50 patients in each group. In the control group, there were 16 men and 9 women with an
age range from 30 to 70 years, with a mean age of 50.11 &+ 3.97 years, dialysis duration from 10 to 50 months,
and a mean dialysis duration of 30.19 = 3.11 months. In the study group, there were 15 men and 10 women
with an age range from 29 to 70 years, with a mean age of 49.67 + 3.88 years and dialysis time from 12 to 50
months, with a mean dialysis time of 31.26 + 3.55 months. The baseline data between the two groups showed
no significant difference (P > 0.05), indicating that the data of the two groups were comparable.

Inclusion criteria included (1) patients had a plateau; (2) patients had an indication for blood purification;
and (3) patients and their families had fully informed and given consent.

Exclusion criteria were (1) patients with immune dysfunction; (2) patients with abnormal blood coagulation
function; and (3) patients who were participating in other research programs.

2.2. Methods

In the control group, hemodiafiltration treatment was given. The blood flow velocity was controlled at 250 ml
per minute; the effective area of the acetate fiber membrane was 1.8 m’; the dialysate speed was controlled at
800 ml per minute, and the posterior replacement and displacement amount was 50—70 ml per minute, once for
four hours. Hemofiltration treatment was performed once a week, and hemodialysis was performed twice *.

In the study group, combined treatment with hemoperfusion and hemodialysis was performed. Heparin
(100 mg) was poured into the runner and reversed up and down approximately 10 times, then left to stand for
30 minutes. Saline (2000 ml) was used to flush the runner and line, and the dispenser and dialyzer were cleaned
in series . Irrigation was repeated with normal saline (1000 ml). The arteriovenous line was connected, and
combined dialysis was performed for 0-2 hours, with the blood flow velocity controlled at 200 ml per minute.
The perfusion device was removed after 2 hours, and hemodialysis continued for 2 more hours, with the blood
flow controlled at 250 ml per minute. Combined dialysis was conducted once a week, with two additional
sessions of hemodialysis . All patients were treated for 6 months. During this period, drug treatment, such as

blood pressure-lowering medications, was administered according to patients’ actual conditions.

2.3. Observation indicators
For accurate assessment of residual renal function, fasting venous blood samples were taken for relevant
biochemical tests, ensuring more reliable data and avoiding inaccuracy caused by food intake ”’. Patients fasted

for at least 8 hours before blood drawing to eliminate the potential effects of food and fluid intake on renal
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function determination values. Thereafter, professional medical staff drew venous blood samples under strict
sterile conditions, and the collected blood was immediately sent to the laboratory for analysis.

2.4. Statistical methods
The calculation software used was SPSS25.0; measurement data were expressed as mean + standard deviation

(SD), count data were expressed as [ (%)], by ¢ value and 5. P < 0.05 indicated a significant difference.

3. Results
3.1. Comparison of the clinical data

There was no significant difference between the age, disease duration, and primary disease type of each group,
thus the groups are comparable, as shown in Table 1.

Table 1. Comparison of the clinical data

Mean course Primary disease types

Mean age

Groups " (years) of disetzlllse Chronic Diabetic Hypertension 5.,
(month) glomerulonephritis nephropathy kidney disease
Control group 25  4450+£3.27 1536=+2.14 10 6 7 6
Observation 55 45684359 14.68+1.62 9 5 7 7
group
Y/t - 0.686 0.617 0.068 0.056 0.231 0.281
P - >0.05 >0.05 0.795 0.812 0.631 0.596

Table 1 presents the comparison of clinical data between the patients in the control and observation
groups. Each group had 25 patients, the mean age of the control group was 44.50 years (SD 3.27), and the
mean disease duration was 15.36 months (SD 2.14). The primary disease types included 10 cases of chronic
glomerulonephritis, six diabetic nephropathy, seven hypertensive nephropathy, and six others. The mean age of
the observation group was 45.68 years (SD 3.59), and the mean disease duration was 14.68 months (SD 1.62),
including nine cases of chronic glomerulonephritis, five diabetic nephropathy, seven hypertensive nephropathy,
and seven others. The statistical differences between the two groups in terms of age, duration of disease, and
distribution of primary disease type were not significant (P > 0.05), indicating that the data of the two groups
were comparable.

3.2. Comparison of RRF index

The data of the two groups were similar before dialysis, the mean values of the study group and the control
group were 1.61 £ 0.26 and 1.62 + 0.33, respectively, and the statistical differences were not significant (P >
0.05); after dialysis, the RRF index in the study group was significantly better than the control group (P < 0.05),
as presented in Table 2.
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Table 2. Comparison of RRF index (mean + SD, ml/min)

Groups n Before dialysis After dialysis
Study group 25 1.61 £0.26 1.09 £ 0.49
Control group 25 1.62+0.33 0.63 £0.39
t - 0.119 3.672
P - 0.950 0.000

4. Discussion and conclusion

4.1. Factors affecting RRF and its mechanisms

Residual renal function refers to the portion of kidney function that remains intact despite significant damage
during the progression of chronic kidney disease. This function includes, but is not limited to, the ability to
remove toxins and regulate water and electrolyte balance. These functions are required for kidney health to
maintain environmental stability in the body. Although the RRF may have declined substantially, even limited
renal function is important for reducing the systemic toxin burden, maintaining the electrolyte and acid-base
balance, and supporting other physiological processes such as hematopoiesis *'. In fact, even a small RRF
significantly reduces dialysis needs and improves patient nutritional status and overall prognosis. Therefore, it
is crucial to closely monitor and protect patient RRF during the course of hemodialysis treatment.

The loss of RRF is influenced by a variety of factors, including individual physiological differences in the
patient, the primary etiology of chronic kidney disease (e.g., diabetic nephropathy, hypertensive nephropathy,
or autoimmune nephritis), and the chosen dialysis technique. Hemodialysis itself, although an important
treatment to save the patient’s life, may cause further damage to the kidney. The materials and methods used
during the dialysis process may cause nephrotoxicity, such as certain dialysis membrane materials may trigger
inflammatory reactions, and the composition of the dialysate may not be completely suitable for all patients,
thus increasing the burden on the nephron. Mechanical pressure and chemical exposure during dialysis
frequently trigger the release of inflammatory mediators such as cytokines and free radicals that can further
damage kidney tissue, especially when renal function is already impaired. This dialysis-induced inflammation
and kidney damage accelerates the loss of RRF, leading to an increased patient dependence on dialysis.

4.2. Protection of RRF by blood purification technology

4.2.1. Hemodiafiltration

Hemodiafiltration (HDF) is an advanced blood purification technology that combines traditional hemodialysis
with an efficient filtration mechanism. In this process, special filter equipment is used to simultaneously
remove dissolved toxins and excess water from the blood. This technique helps patients maintain a stable fluid
state by effectively controlling water retention, thereby reducing complications caused by excessive water
accumulation, such as increased heart burden and hypertension. HDF works with the use of a highly permeable
filter membrane that allows the passage of larger molecules of toxins and excess water, while retaining essential
components in the blood, such as red blood cells and plasma proteins .

During dialysis, HDF removes the solutes in a more stable manner, which is extremely important for
maintaining the hemodynamic state of the patient. A more gradual solute clearance helps prevent potential
blood pressure fluctuations and other hemodynamic instabilities during dialysis, which can otherwise impose
additional strain on the heart or negatively impact residual renal function.
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4.2.2. Hemoperfusion

Hemoperfusion uses a physical adsorption device to remove toxins from the blood, and its basic principle is
adsorption. The filling column is composed of adsorbent and wrapping material. The adsorbent has resin and
activated carbon, and has the ability to adsorb dissolved substances and colloidal substances in the liquid.
According to the nature of the force between the surface of the adsorbent and the adsorbent, the adsorption
can be divided into two basic types: physical adsorption and chemical adsorption. This method is an efficient
blood purification technology, which is used through a physical adsorption device, such as activated carbon or
special resin, to remove various toxins from the blood. This technique is particularly suited to remove harmful
substances with large molecular weight and difficult to pass through conventional dialysis membranes. During
hemoperfusion, blood is directed through filters that contain adsorbents that can capture and fix toxins in the
blood "”. By reducing the use of dialysate, the risk of complications related to dialysate quality issues, such as
electrolyte imbalance and contamination, is correspondingly reduced. This lessens the burden on the kidneys,
allowing the remaining nephrons to better perform their physiological functions, such as regulating body
water and electrolyte balance, as well as processing other metabolic waste. Blood perfusion mainly removes
harmful substances in the blood through adsorption, especially the aromatic amino acids adsorption capacity.
However, it should be noted in the treatment that this technique can also adsorb the thyroid hormones T, and T,,
growth hormone, and hormones such as insulin. Therefore, in the long-term application of hemoperfusion, it is
necessary to be alert to the possible decline of hormone levels, and timely supplement or adjust according to the
need. Due to the adsorption materials, such as improper washing of the irrigation, excessive residual aldehydes

or bubbles, may cause a series of adverse reactions, including hemolysis, headache, and even air embolism.

4.3. Comprehensive application and patient benefits

In exploring the effects of different blood purification techniques on RRF in patients with MHD, the
comprehensive application of various blood purification methods, such as hemodialysis (HD) combined with
hemoperfusion (HP), shows significant clinical advantages. With HD technology, small and medium molecule
toxins can be effectively removed, while HP focuses on removing macromolecules and toxins that are hardly
dialyzing. This dual clearance mechanism not only enhances the efficiency of toxin clearance but also alleviates
the possible physiological burden of relying on a single purification technique. This comprehensive treatment
modality promotes the overall health of patients, including improved nutritional status, by reducing toxin
accumulation and improving water and electrolyte balance. The above improvements directly enhance the
patient’s quality of life and have the potential to indirectly prolong patient survival. Although a combination
of both purification technologies may increase healthcare costs at early stages, it could in the long run reduce
overall healthcare expenditure by reducing complications and prolonging patient survival. Furthermore,
the maintenance and improvement of RRF reduces the financial burden and life disturbance associated
with frequent dialysis. Future studies should further explore the effect of this combination treatment model
in patients with different types of kidney disease to optimize the treatment plan and achieve the goal of
individualized medicine.
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Abstract: Background: The present study aimed to investigate the expression level of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and explore its prognostic value across 24 different human cancers. This investigation was
conducted using comprehensive bioinformatics and in vitro approaches that involved multiple layers of analysis.
Methods: GAPDH expression and methylation levels were assessed via bioinformatics tools and validated using cell
lines through RNA sequencing and targeted bisulfite sequencing analyses. The potential prognostic significance of
GAPDH was evaluated through the use of a Kaplan—Meier plotter. Additionally, cBioPortal was employed to
investigate genetic alterations associated with this gene. Pathway analysis was conducted using DAVID. Furthermore, a
correlation analysis between GAPDH expression and CD8" T immune cells was performed using TIMER and CDT.
Lastly, a gene-drug interaction network analysis was conducted using Cytoscape to examine the relationship between
GAPDH and drugs. Results: The GAPDH was found commonly up-regulated in 24 types of human cancers and its up-
regulation was significantly correlated with the poor relapse-free survival (RFS) and overall survival (OS) of BLCA,
CESC, HNSC, KIRP, LIHC, and LUAD. This implies that GAPDH plays a significant role in the development of these
cancers. The GAPDH up-regulation was also noticed to be associated with the different clinicopathological features of
BLCA, CESC, HNSC, KIRP, LIHC, and LUAD patients. Pathway analysis has shown GAPDH involvement in
different diverse pathways. Furthermore, notable correlations were observed between the expression of GAPDH and its
promoter methylation level, genetic alterations, as well as the level of CD8" T immune cells. Moreover, we identified
significant regulatory drugs targeting GAPDH that have the potential to modulate its expression and potentially prevent
conditions such as BLCA, CESC, HNSC, KIRP, LIHC, and LUAD. Conclusion: Based on our findings, GAPDH
emerged as a promising diagnostic and prognostic biomarker for BLCA, CESC, HNSC, KIRP, LIHC, and LUAD.
Keywords: Cancer; Expression; GAPDH; Biomarker

Online publication: October 15, 2024

1. Introduction

Cancer is not a particular disease but a collection of various diseases . It is characterized by the
uncontrolled growth and spread of abnormal cells in the body. Cancer can arise in any part of the body and
can manifest in numerous forms, such as breast, lung, prostate, and colon cancers [?!. Each type of cancer has
its unique characteristics, including specific risk factors, symptoms, and treatment approaches. The impact of
cancer extends beyond the physical realm, affecting individuals emotionally, socially, and economically ). It
places a significant burden on patients, their families, and healthcare systems. The development of cancer
can be influenced by various factors, including genetic mutations, environmental exposures, lifestyle
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choices, and certain infections ™. Therefore, cancer can also be described as a disorder of altered gene
expression, as it primarily results from variations in the expressions of various DNA repair and tumor
suppressor genes . In line with 2019 disease prevalence and mortality statistics, cancer has been declared as
the second leading cause of death worldwide with an estimated 9.6 million deaths, or one in six deaths after
cardiovascular diseases °!.

Recently, an increasing body of evidence suggested that regulatory changes resulting in the alteration of
gene expression play a critical role in complex traits and disorders, and such genomic changes with
regulatory effects are also predicted to participate in the development of cancer !, Identification of the
regulatory alterations and their effect on the gene expression level is an important aspect of understanding
cancer biology. Mainly, the major cancer subtypes including breast cancer, colorectal cancer, and leukemia
have usually been profiled for CpG methylation, post-transcriptional, post-translational changes, and
mutational analysis of a few DNA repair and tumor suppressor genes to understand the molecular landscape
of cancer development ®). However, the effect of such regulatory alterations on the gene expression of
several other essential genes is yet to be uncovered.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is an important enzyme in the human body that
catalyzes the redox reaction via the glycolytic pathway ). GAPDH is a housekeeping enzyme and is thus
frequently used as an internal control in various laboratory-based experiments including western blot and
reverse transcription-polymerase chain reaction "', Earlier, the GAPDH up-regulation appears to be linked
with cancer development, as the initial evidence was found in the Dunning R-3327 rat prostatic
adenocarcinoma, where a higher expression of GAPDH was documented in cancer cells as compared to the
ventral prostate tissue of normal rat ['*, In addition, another study by Tang et al. '* has also reported higher
GAPDH expression in human colon cancer (CC) tissue as compared to the controls, which was further found
elevated in metastatic liver tissue, suggesting that GAPDH may contribute to colon cancer metastasis. In
contrast, Seykora et al. have reported that GAPDH expression might be slightly diminished in melanoma
metastases and nodular primary melanomas relative to melanocytic nevi ['4, while other reports have shown
a significant up-regulation of GAPDH in melanoma tissues as compared to normal tissues ['*. Furthermore,
recent studies have revealed the identification of point mutations in the GAPDH gene as a novel melanoma
tumor antigen. These mutations have been found to be recognized by tumor-infiltrating T-lymphocytes in a
patient with metastatic melanoma !'®’,

However, the biomarker role of GAPDH in various other human cancers is less reported. In the current
study, we analyzed the diagnostic and prognostic potential of GAPDH in 24 human cancer subtypes using a
multi-layered bioinformatics and in vitro approach. The novelty of our study lies in the pan-cancer analysis
of GAPDH expression across multiple cancer types. To our knowledge, such a comprehensive examination
of GAPDH expression in a diverse range of cancers had not been conducted before. By performing this pan-
cancer analysis, our study brings to light previously undiscovered trends and associations between GAPDH
expression and different cancer types. This broader perspective allows us to identify commonalities and
variations in GAPDH expression patterns across various cancers, shedding new light on its potential roles in
different oncogenic processes. Therefore, our study adds a unique and valuable dimension to the existing
body of research on GAPDH and its implications in cancer biology.

2. Methods
2.1. UALCAN

GAPDH pan-cancer analysis across distinct cancers was performed using the online resource UALCAN.
This archive contains raw data from TCGA cancer projects, including the data of expression, methylation,
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and clinicopathological parameters-based data !'). UALCAN is based on data extracted from The Cancer
Genome Atlas (TCGA) database, one of the largest and most comprehensive cancer genomics databases in
the world. The UALCAN database offers access to processed and normalized transcriptome sequencing data
for multiple cancer types, including lung, breast, colorectal, ovarian, and other types of cancer. One of the
most significant benefits of the UALCAN database is that it aims to bridge the gap between cancer genomics
data and easy-to-use visualization and statistical computation tools. The platform provides researchers with
the option to explore cancer transcriptomic data easily and intuitively. The platform incorporates several
analytical tools, including gene expression analysis, patient survival analysis, tumor mutation burden
analysis, and more '), The gene expression module is one of the essential UALCAN features. It enables
researchers to analyze the gene expression levels of their genes of interest. They can also compare the
expression levels of their genes of interest with normal tissue samples and among tumor subgroups.
Moreover, the gene expression tool provides charts, gene expression box plots, and heat maps. For statistics
purposes, a student t-test was used by UALCAN. A P value of < 0.05 was considered statistically significant
results.

2.2. Kaplan—Meier plotter

The GAPDH relapse-free survival (RFS) and overall survival (OS) in distinct cancer subtypes were
evaluated through a user-friendly online tool, Kaplan-Meier (KM) Plotter ['"¥]. KM Plotter is a data
visualization tool designed to explore the survival rate of cancer patients based on their gene expression
profile. This web-based application allows researchers to create KM survival plots, perform univariate and
multivariate analyses, and identify genes or markers that correlate with disease prognosis. With KM Plotter,
users can analyze large cohorts of cancer patients from several public databases, including TCGA and GEO,
and investigate the impact of specific genes on patient outcomes. Moreover, this intuitive and user-friendly
interface offers various customization options and statistical tools to facilitate data exploration and
interpretation !"®). The outcomes of KM analysis include the following information: RFS and OS duration (in
weeks) with best auto-selected cutoff criteria, P value, and hazard ratios (HR). A P value of < 0.05 was
considered statistically significant results.

2.3. MEXPRESS

MEXPRESS ") was assessed in our study to evaluate the Pearson correlation between GAPDH expression
and its promoter methylation levels in different cancers. This database provides researchers with multiple
analytical methods to interpret RNA sequencing data and identify relevant gene expression profiles.
MEXPRESS allows users to explore gene expression data related to sample types, clinical parameters, and
subtypes of cancer. Furthermore, users can access gene-level data, visualizations, and data exports.
MEXPRESS is particularly helpful for identifying candidates for new treatments and biomarkers. This
platform is free and open to the public, making it an accessible resource for cancer research. MEXPRESS
offers a unique combination of user-friendliness, versatility, and trustworthiness that helps researchers gain
insights into cancer biology in a straightforward manner . A P value of < 0.05 was deemed significant.

2.4. cBioPortal

In our study, genetic alterations and copy number variation (CNVs) in GAPDH as well as their correlation
with the expression level of GAPDH in distinct cancer subtypes were evaluated using the cBioPortal

(201 cBioPortal is a comprehensive online platform for exploring multi-omics cancer data. It

database
integrates genomic data from public cancer datasets with analysis tools to help researchers gain insights into
the molecular mechanisms underlying cancer development and progression. This database provides access to
multiple types of data such as gene expression, mutation, copy number variation, protein expression, and

clinical information for thousands of cancer patients across numerous cancer types. Researchers can also find
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and investigate potential cancer drivers, mutations, and clinical associations using a range of algorithms and
visualizations 2,

2.5. Co-express genes, PPI network, and pathway analysis

GEPIA *!! database was used to identify co-express genes with GAPDH. STRING database 2 was used to
construct a PPI network of the GAPDH genes via STRING using default settings. Subsequently, the PPI
network was visualized using Cytoscape software 3.8.2 1!, Furthermore, pathway analysis of the GAPDH-
enriched genes was carried out using an online tool DAVID ¥, This tool is a bioinformatics software
program used by researchers to identify the biological mechanisms and pathways involved in a set of genes
or proteins. The tool offers a range of analytical methods, such as functional annotation, gene ontology
analysis, pathway analysis, and clustering analysis. Users can upload their own gene lists or use pre-existing
ones from publicly available datasets. The DAVID tool bridges the gap between the raw data and biological
understanding by providing a comprehensive analysis of gene expression data. A P value of < 0.05 was
considered significant.

2.6. GAPDH and infiltrating level of CD8" T cells

The Spearman correlation between GAPDH expression and CD8" T immune markers in BLCA (bladder
urothelial carcinoma), CESC (cervical squamous cell carcinoma and endocervical adenocarcinoma), HNSC
(head and neck squamous cell carcinoma), KIRP (kidney renal papillary cell carcinoma), LIHC (liver
hepatocellular carcinoma), and LUAD (lung adenocarcinoma) patients was performed through a user-
friendly resource, TIMER [**, TIMER database includes 108 cancer types from the TCGA project. The
TIMER?2 offers several functionalities, including differential gene expression analysis, survival analysis, and
gene correlations. The platform provides insights into the immune microenvironment of tumors and can aid
in the development of immunotherapy strategies. The database uses a deconvolution algorithm that integrates
multiple immune cell-specific markers to estimate the abundance of immune cells . A P value of < 0.05
was considered significant.

2.7. Screening of GAPDH regulatory drugs

CTD database *® is used in this study to find the GAPDH regulatory drug including both positive and
negative regulated drugs. CTD is a valuable resource in the field of toxicology and genomics. It is a
comprehensive and curated database that integrates information on gene-disease associations, chemical-gene
interactions, and environmental factors related to toxicology. The CTD database plays a crucial role in
understanding complex interactions among genes, chemicals, and diseases, ultimately contributing to the
development of safer and more effective strategies for risk assessment and environmental health protection.
Later, the identified drugs were visualized via Cytoscape 3.8.2.

3. Results

3.1. Expression level analysis of GAPDH

The UALCAN platform was used to analyze the TCGA expression profile of GAPDH in tumor samples and
their corresponding normal tissues. This analysis aimed to identify any differences in GAPDH expression
between tumor and normal tissues ") The results revealed a statistically significant (P < 0.05)
overexpression of GAPDH in various human cancer samples, including BLCA, CESC, HNSC, KIRP, LIHC,
and LUAD when compared to normal controls (Figure 1).
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Figure 1. Profile of GAPDH expression across 24 different human cancers. (A) Expression profile of GAPDH in cancer
samples exclusively. (B) Expression profile of GAPDH in both cancer samples and normal controls. P < 0.05 indicates
significance.

3.2. GAPDH prognostic potential

Prognostic analysis of GAPDH in 24 cancer types was carried out using the KM plotter online tool.
This analysis aimed to assess the relationship between GAPDH expression and the prognosis in terms of RFS
and OS in 24 cancer types. It was observed that overexpressed GAPDH was significantly (P < 0.05) linked
with the decreased RFS and OS duration of the BLCA (HR = 1.41, 95% CI: 1.05-1.9, P = 0.02; HR = 1.93,
95% CI: 1.16-3.19, P = 0.0095), CESC (HR = 1.97, 95% CI: 1.24-3.15, P = 0.0035; HR = 1.81, 95% CI:
0.83-3.95, P = 0.013), HNSC (HR = 1.63, 95% CI: 1.17-2.29, P = 0.0038; HR = 1.54, 95% CI: 0.73—
3.29, P = 0.026), KIRP (HR = 3.44, 95% CI: 2.01-6.6, P = 5.2¢-06; HR = 1.84, 95% CI: 0.82-4.14, P =
0.013), LIHC (HR = 2.43, 95% CI: 1.69-3.51, P =8.7e-07; HR = 1.75, 95% CI: 1.25-2.46, P = 0.001), and
LUAD (HR = 1.92, 95% CI: 1.43-2.58, P = 1.2e-05; HR = 1.55, 95% CI: 0.96-2.49, P = 0.0069)
patients (Figure 2). Nevertheless, in the context of other cancer types, elevated GPDH expression
did not demonstrate a significant correlation with adverse outcomes in terms of RFS and OS.
Collectively, these findings suggest that increased GAPDH expression is specifically linked to reduced
RFS and OS in BLCA, CESC, HNSC, KIRP, LIHC, and LUAD cancer types. Therefore, the next part of
our study will mainly focus on the unique role of GAPDH in these six types of human cancers.
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Figure 2. Elevated GAPDH linked to adverse RFS and OS in various cancer subtypes patients. (A) Association of
GAPDH with RFS in BLCA, CESC, HNSC, KIRP, LIHC, and LUAD. (B) Association of GAPDH with OS in BLCA,
CESC, HNSC, KIRP, LIHC, and LUAD. P < 0.05 indicates significance.

3.3. Association between GAPDH expression and clinicopathological characteristics
Expression analysis of GAPDH expression across different clinicopathological features including different
cancer stages, patient’s races, and nodal metastasis statuses of BLCA, CESC, HNSC, KIRP, LIHC, and
LUAD patients has shown significant (P < 0.05) up-regulation of GAPDH relative to normal controls
(Figures 3 to 5). The Student’s ¢-test was employed for comparing the GAPDH expression. This test
evaluated whether the means of the two groups were statistically different from each other, with P < 0.05
indicating the level of statistical significance.

Based on the observed trends in GAPDH expression across various cancer stages, it becomes evident
that the expression of GAPDH is associated with distinct patterns in different types of cancer. In BLCA, for
instance, GAPDH expression tends to rise significantly in stages 2 and 3, suggesting a potential role in
disease progression during these stages. In CESC, GAPDH expression reaches its highest levels in stage 4,
possibly indicating its involvement in advanced disease states. Conversely, in HNSC, GAPDH expression is
more pronounced in stage 1, possibly reflecting its role in early-stage cancer. For KIRP, GAPDH expression
appears to increase notably in stage 4, suggesting its potential significance in late-stage disease. In LIHC,
GAPDH expression is more pronounced in stage 4, possibly indicating a role in advanced liver cancer.
Finally, for LUAD, GAPDH expression is higher in stage 2, suggesting its involvement in this particular
stage of lung cancer. These findings underscore the complexity of GAPDH expression regulation in different
cancer stages. The variations in GAPDH expression patterns may reflect its multifaceted roles in cellular
processes and highlight its potential as a marker for specific stages of cancer.

Regarding GAPDH expression in patients of different racial backgrounds, the following patterns
emerged: In BLCA patients, African-American individuals exhibited higher GAPDH expression levels
compared to their Caucasian and Asian counterparts. Among CESC patients, GAPDH expression was
elevated in Caucasian patients relative to African-American and Asian patients. Similarly, in HNSC patients,
GAPDH expression was also higher in Caucasian individuals compared to African-American and Asian
patients. In KIRP patients, Asian individuals displayed higher GAPDH expression compared to African-
American and Caucasian patients. In LIHC patients, African-American patients demonstrated higher
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GAPDH expression levels than Asian and Caucasian patients. Lastly, in LUAD patients, GAPDH expression
was higher in Caucasian patients compared to Asian and African-American patients (Figure 4).

Concerning GAPDH expression in cancer patients with varying nodal metastasis statuses, distinct
trends emerged across different cancer types: In BLCA patients, those with NO status exhibited higher
GAPDH expression levels compared to those with N1-N3 status. In CESC patients, those with N1 status
displayed elevated GAPDH expression in comparison to those with NO status. Among HNSC patients, those
with N3 status demonstrated higher GAPDH expression levels than those with NO-N2 status. In KIRP
patients, individuals with N2 status showed increased GAPDH expression relative to those with NO and N1
statuses. In LIHC patients, those with N1 status exhibited higher GAPDH expression compared to those with
NO status. Finally, in LUAD patients, those with N4 status displayed elevated GAPDH expression compared
to those with NO—N3 statuses (Figure 5).

Elevated GAPDH expression points to a metabolic shift, known as the Warburg -effect,
commonly observed in cancer cells, enhancing glycolysis for rapid energy production and cell
proliferation 1**. This phenomenon not only signifies a potential diagnostic tool for early cancer detection
but also underscores the aggressive nature of these cancers. Furthermore, these findings may pave the way

for innovative therapeutic strategies targeting the glycolytic pathway, including GAPDH, to disrupt
cancer cell metabolism and improve treatment outcomes.
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Figure 3. Cancer stage-specific expression patterns of GAPDH in various human cancers. (A) BLCA, (B) CESC, (C)
HNSC, (D) KIRP, (E) LIHC, and (F) LUAD. P < 0.05 was deemed statistically significant.
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Figure 4. Race-specific expression patterns of GAPDH in various human cancers. (A) BLCA, (B) CESC, (C) HNSC,
(D) KIRP, (E) LIHC, and (F) LUAD. P < 0.05 was considered indicative of statistically significant results.
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Figure 5. GAPDH expression profiles specific to nodal metastasis in various human cancers. (A) BLCA, (B) CESC,
(C) HNSC, (D) KIRP, (E) LIHC, and (F) LUAD. P < 0.05 was considered statistically significant.

3.4. Promoter methylation

The MEXPRESS database was employed to examine the correlation between GAPDH promoter methylation
and its expression in BLCA, CESC, HNSC, KIRP, LIHC, and LUAD. The analysis revealed a significant (P
< 0.05) negative correlation between GAPDH promoter methylation level and its expression in these cancer

types (Figure 6).
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Figure 6. A correlation analysis between GAPDH expression and its promoter methylation level in different cancer
subtypes via MEXPRESS. (A) In BLCA, (B) In CESC, (C) In HNSC, (D) In KIRP, (E) In LIHC, and (F) In LUAD. P <
0.05 was considered to indicate statistically significant results.

3.5. Genomic analysis

Details regarding genetic alterations in GAPDH within BLCA, CESC, HNSC, KIRP, LIHC, and LUAD
were extracted from various TCGA datasets including, “Bladder Urothelial carcinoma (TCGA, Firehose
Legacy consisting of 413 cancerous samples), Cervical Squamous Cell Carcinoma (TCGA, PanCancer Atlas
consisting of 297 cancerous samples), Head and Neck Squamous Cell Carcinoma (TCGA, Firehose Legacy
consisting of 530 cancerous samples), Kidney Renal Clear Cell Carcinoma (TCGA, Firehose Legacy,
consisting of 538 cancerous samples), Liver Hepatocellular Carcinoma (TCGA, Firehose Legacy consisting
of 379 cancerous samples), and Lung Adenocarcinoma (TCGA, Firehose Legacy consisting of
586 cancerous samples).” Results revealed that GAPDH harbors genetic alterations in 2.4% cases of the
BLCA with maximum deep amplification, 1.4% cases of the CESC patients with maximum missense
mutations, 2.4% cases of the HNSC patients with deep amplification, 0.5% cases of the KIRP with deep
amplification, and 0.4% cases of the LIHC with missense mutations, and 4% cases of the LUAD patients
with maximum deep deletion (Figure 7A-F). Moreover, GAPDH expression was assessed in two
distinct groups: one comprising BLCA, CESC, HNSC, KIRP, LIHC, and LUAD samples without mutations
in GAPDH, and the other consisting of samples from the same cancer types but with mutations in GAPDH.
The results indicated that there was no significant disparity in overall gene expression, including the
expression of GAPDH between these two sample groups (Figure 7G). These findings suggest that
mutations in GAPDH have no involvement in the regulation of its expression across the studied cancers.
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Figure 7. Analysis of genetic alterations in GAPDH across different TCGA datasets. (A) BLCA dataset, (B) CESC

dataset, (C) HNSC dataset, (D) KIRP dataset, (E) LIHC dataset, and (F) LUAD dataset.

3.6. Co-express genes, PPI network, and pathway analysis

Firstly, GEPIA was used to identify GAPDH co-express genes in BLCA, CESC, HNSC, KIRP, LIHC, and
LUAD. Analysis results showed that TPI1, GAPDHP1, PHB2, ALDOA, YBX3, ENO1, PKM, MRPL51,
USPS5, and NCAPD?2 are the top nine co-express genes with GAPDH (Figure 8A). We further processed
these GAPDH-enriched genes for pathway analysis using the DAVID tool. Results have shown that
GAPDH-enriched genes were significantly involved in different pathways including “Fructose and mannose
metabolism,” “Glycolysis/Gluconeogenesis,” “Biosynthesis of amino acids,” “Carbon metabolism,” etc.
(Figure 8B).
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Figure 8. Construction of a protein-protein interaction (PPI) network and pathway analysis of genes enriched with
GAPDH. (A) PPI network displaying the interactions among genes enriched with GAPDH, and (B) Pathway analysis
illustrating the functional pathways associated with genes enriched with GAPDH.

3.7. GAPDH and infiltrating level of CD8" T cells

CDS8" T immune cells play a crucial role in the success of current cancer immunotherapies '*°!. Therefore,
maintaining an appropriate level of CD8" T immune cells in cancer tissues is of utmost importance. In our
study, TIMER was used to calculate the Spearman correlation between the expression of GAPDH and the
level of CD8" T cells. The results demonstrated a significant (P < 0.05) positive correlation between the
expression of GAPDH and CD8" T immune cell level in BLCA, while a significant (P < 0.05) negative
correlation was observed in CESC, HNSC, KIRP, LIHC, and LUAD (Figure 9).
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Figure 9. Correlational analysis of GAPDH expression and levels of CD8" T cells in BLCA, CESC, HNSC, KIRP,
LIHC, and LUAD using TIMER. P < 0.05 was considered indicative of statistically significant results.
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3.8. GAPDH-associated drugs

We conducted a gene-drug interaction network analysis to identify drugs that are associated with GAPDH in
the CTD database. The analysis revealed several drugs that have the potential to regulate the expression of
GAPDH. For instance, bisphenol A and tretinoin were found to increase the expression level of GAPDH,
while ethinyl estradiol and carbon tetrachloride were associated with a decrease in GAPDH expression level
(Figure 10). These findings suggest that these drugs may have an impact on GAPDH expression and provide
insights into potential therapeutic interventions.
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Figure 10. Network of drugs targeting GAPDH. Red color indicates drugs that can increase GAPDH expression, and
green arrows represent drugs that can decrease GAPDH expression. The numbers of arrows denote the reference count
of selected drugs.

4. Discussion

Under normal physiological conditions, healthy cells primarily rely on oxidative phosphorylation, a more
energy-efficient process, to generate adenosine triphosphate (ATP) %, However, in stark contrast, cancer
cells often exhibit a metabolic shift known as the Warburg effect. This effect refers to the active utilization of
glycolysis, the breakdown of glucose, for ATP production, even in the presence of sufficient oxygen. Despite
the availability of oxygen, cancer cells demonstrate a preference for glycolysis, leading to increased glucose
uptake and lactate production %, The Warburg effect is a hallmark of many cancer types and provides
cancer cells with metabolic advantages such as increased biosynthetic precursors and reduced dependence on
oxygen for energy production. Understanding the mechanisms behind the Warburg effect is crucial for
developing targeted therapeutic approaches that exploit the metabolic vulnerabilities of cancer cells while
sparing normal cells P%. GAPDH, a glycolytic enzyme explicitly catalyzed the conversion of
glyceraldehyde-3-phosphate (G-3-P) to 1,3-diphosphoglycerate *'!. Besides, GAPDH also contributes to
numerous other cellular functions, for instance, it participates in the export of nuclear tRNA, DNA repair,

DNA replication, exocytosis, endocytosis, cytoskeletal organization carcinogenesis, and cell death %),
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Although GAPDH is commonly utilized as an internal control, its expression variations have also been
B34 Remarkably, decreased expression of GAPDH has been
observed in breast cancer, glioma, prostatic cancer, liver cancer, colorectal cancer, pancreatic cancer, gastric
cancer, melanoma, and bladder cancer °!. Increased levels of GAPDH have also been confirmed as a pro-

apoptotic agent by Nakajima et al. P%. Such variation in the expression of GAPDH in different cancer
[35]

documented in various human cell lines

subtypes suggested its inconsistent role in the determination of cell fate

To the best of our knowledge, no previous study has investigated the expression profile of GAPDH in
different human cancer subtypes and its correlation with various clinicopathological features such as RFS,
OS, promoter methylation status, genetic alterations, CNVs, and CD8" T immune cells level. Hence, this
study aimed to examine the expression pattern of GAPDH across 24 types of human cancers and its
association with diverse parameters including RFS, OS, promoter methylation status, genetic alterations,
CNVs, and CD8" T immune cell level. By exploring these relationships, we aimed to enhance our
understanding of the potential role of GAPDH in cancer development and its significance as a biomarker in
different cancer types.

We observed that GAPDH was up-regulated in 24 major human cancers and its overexpression was
significantly associated with decreased RFS and OS in patients with BLCA, CESC, HNSC, KIRP, LIHC,
and LUAD. These findings suggest a crucial role for GAPDH in the development of these specific cancer
subtypes. Therefore, our study focused primarily on BLCA, CESC, HNSC, KIRP, LIHC, and LUAD.
Furthermore, we found that GAPDH was significantly overexpressed (P < 0.05) in BLCA, CESC, HNSC,
KIRP, LIHC, and LUAD patients across different clinicopathological features, including cancer stages,
patient races, and nodal metastasis statuses, when compared to normal controls. The increased expression of
GAPDH throughout all stages of these cancers suggests its involvement not only in glycolysis-related
processes but also in non-glycolytic mechanisms during tumor development. Moreover, the observed
elevated expression of GAPDH in patients of different races with BLCA, CESC, HNSC, KIRP, LIHC, and
LUAD highlights the potential for race-independent treatment strategies in these patient populations.
Moreover, an increased GAPDH expression in BLCA, CESC, HNSC, KIRP, LIHC, and LUAD patients of
different nodal metastasis statuses has implied that GAPDH may also affect the prognosis of these patients.

To investigate the factors contributing to the overexpression of GAPDH in BLCA, CESC, HNSC,
KIRP, LIHC, and LUAD, we performed a correlation analysis using the MEXPRESS database to examine
the relationship between GAPDH and its expression levels. Results revealed an expected significantly
negative correlation between its expression and promoter methylation level. Collectively, our findings
suggest that GAPDH expression regulation in CESC, HNSC, KIRP, LIHC, and LUAD may be significantly
influenced by GAPDH hypomethylation. However, further experimental studies on a larger scale are
necessary to validate and expand upon these findings.

Several biomarkers have been identified so far for the diagnosis and prognosis of BLCA, CESC,
HNSC, KIRP, LIHC, and LUAD. For example, Recently, Brisuda et al. identified circulating tumor DNA
(ctDNA) as a novel biomarker of BLCA B Berger et al. ¥ identified various mutated genes as novel
biomarkers of CESC by analyzing Gene GEO datasets. Song et al. ** developed a long noncoding RNA-
microRNA-mRNA network in CESC using GEO datasets and provided novel insights into CESC Biology.
Sawyers et al. published a review article in which they shed light on the role of novel HNSC molecular
biomarkers including EGFR, CCNDI1, Bcl-2, Kipl, VEGF, and p53 “%. Similarly, various KIRP-related
diagnostic and prognostic biomarkers have been identified so far including VHL ", VEGF "3, CAIX ),
and HIF1a/2a 4. Furthermore, the diagnostic and prognostic potential of the different genes including TTF-
1, p63, CK5/6, Napsin A, SPATS2, and ST6GALNACI have also been well identified in LUAD by a
previous study . However, there is a lack of generalization of any biomarkers in BLCA, CESC, HNSC,
KIRP, LIHC, and LUAD patients with diverse clinicopathological features. Herein, we observed a
significant up-regulation of GAPDH expression in BLCA, CESC, HNSC, KIRP, LIHC, and LUAD patients
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with various clinicopathological features compared to the control group. Additionally, our analysis of
GAPDH promoter methylation level, as well as the assessment of RFS and OS, supports its potential as a
novel biomarker for BLCA, CESC, HNSC, KIRP, LIHC, and LUAD patients.

CDS" T cells play a pivotal role in the immune response against cancer [*. Our study revealed
intriguing correlations between GAPDH expression and CD8" T immune cells in BLCA, CESC, HNSC,
KIRP, LIHC, and LUAD. These findings suggest that GAPDH might play a role in modulating the immune
response and contribute to the development of these cancers.

In our study, pathway analysis of GAPDH enriched genes revealed their involvement in several KEGG
pathways, including “Fructose and mannose metabolism,” “Glycolysis/Gluconeogenesis,” “Biosynthesis of
amino acids,” “Carbon metabolism,” etc. In addition, we have also identified a few potential drugs that could
help to prevent BLCA, CESC, HNSC, KIRP, LIHC, and LUAD by controlling GAPDH expression.

5. Conclusion

In summary, our study has identified the diagnostic significance of GAPDH in BLCA, CESC, HNSC, KIRP,
LIHC, and LUAD patients with diverse clinicopathological features. We have also assessed the prognostic
values of GAPDH and established correlations with its expression, which could potentially aid in predicting
the prognosis of BLCA, CESC, HNSC, KIRP, LIHC, and LUAD patients using GAPDH as a prognostic
marker. However, further experimental investigations are warranted before translating these findings into
clinical implications.
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Abstract: Objective: To investigate the clinical features, outcomes, and risk factors of fungal infections in kidney
transplant recipients (KTRs) as a result of coronavirus disease 2019 (COVID-19). Methods: We retrospectively analyzed
54 KTRs with COVID-19 who were hospitalized at the China-Japan Friendship Hospital from December 1, 2022, to April
1, 2023. With a mean age of 50 + 12 years, there were 43 men and 11 women participated. For KTRs with COVID-19,
we employed multivariate logistic regression analysis to identify the risk factors. Results: Twenty (37.0%) patients in this
study had fungal infections as a result of COVID-19. Patients with fungal infections had significantly higher rates of
mortality (50.0%, 10/20 vs. 2.9%, 1/34, P <0.001), acute respiratory distress syndrome (ARDS) (65.0%, 13/20 vs. 26.5%,
9/34, P = 0.005), and acute kidney injury (AKI) (60%, 12/20 vs. 23.5%, 8/34, P = 0.007) than those without fungal
infections. The result of the multivariate analysis showed that the incidence of fungal infections in KTRs with COVID-
19 was independently correlated with age (increased by 10 years, OR =2.221), history of diabetes mellitus (OR = 12.293),
ARDS (OR = 12.849), and bacterial co-infections (OR = 30.461). Conclusion: Compared to KTRs without fungal
infections, those with COVID-19-related fungal infections had worse clinical courses and less favorable results. The
conditions including bacterial co-infections, ARDS, older age, and comorbidity of diabetes mellitus increased the
incidence of secondary fungal infections.

Keywords: COVID-19; Kidney transplant; Fungal infections; Clinical features; Risk factors

Online publication: October 15, 2024

1. Introduction

The coronavirus disease 2019 (COVID-19) pandemic, caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), has ravaged the world in recent years [, Even after receiving vaccination
against SARS-CoV-2, kidney transplant recipients (KTRs), who are particularly vulnerable to COVID-19,
remain at high risk of COVID-19-related mortality [?l. Recently, it was reported that a subset of patients were
involved with fungal infections owing to COVID-19. These infections were referred to as COVID-19-
associated fungal infections. At the onset of the epidemic, China was the first country to report multiple cases
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of Aspergillus co-infections in COVID-19 patients, all of whom had negative outcomes . Since then, there
has been a rise in the identification of COVID-19-associated fungal infections, particularly in
immunosuppressed populations, raising widespread concerns about the serious medical burden M7,
However, the clinical features, outcomes, and risk factors of COVID-19-associated fungal infections in
KTRs were unclear.

According to reports, epithelial barrier degradation, immune system dysregulation,
immunosuppressive therapy, overuse of broad-spectrum antibiotics, invasive  mechanical
ventilation, and host-related comorbidities have all been linked to opportunistic fungal infections
associated with COVID-19 infections . The primary pathogens were Aspergillus, Candida, and
Mucorales, and the diagnosis could be supported by the positive results of a laborious fungal culture ['%,
Fungal infections, which were frequently in COVID-19 patients, were characterized by fever, cough, and
dyspnea "', Furthermore, the diffuse lung damage induced by SARS-CoV-2 may conceal the imaging
findings of fungal disease ®”), and the atypical computed tomography (CT) features of SARS-CoV-2,
including ground-glass opacities (GGO) and nodular lesions, were similar to those of fungal infections %),
Therefore, it was difficult to diagnose these superinfections based on clinical, pathogenic, and radiological
manifestations, and it was crucial to identify high-risk individuals as soon as possible.

The  treatment of COVID-19-associated  fungal infections  mostly  consists  of
immunosuppression  induction, antifungal drug administration, respiratory support, and human
immunoglobulin utilization. The survival and outcome of the target organ were greatly enhanced by prompt
diagnosis and therapy. For COVID-19 high-risk patients, antifungal prophylactic techniques were suggested
as a possible treatment !'*). Before beginning antifungal therapy in KTRs, drug-drug interactions and
nephrotoxicity must be taken into account, particularly in patients with acute kidney injury (AKI) !4,

Compared to severe COVID-19 patients without secondary fungal infections, patients with
COVID-19-associated fungal infections have been documented to have longer hospital stays, greater
rates of ICU admission, longer durations of mechanical ventilation, and increased death !"*'®), Trujillo et
al. reported that KTRs as an immunosuppressive population appear to have a worse prognosis than the
general population ",

Until now, few case reports and case series have been published to describe KTRs who had secondary
fungal infections after COVID-19. It was unknown what the general clinical course, outcomes, and risk
factors of fungal infections associated with COVID-19 in KTRs were. Herein, we conducted a retrospective
cohort study to investigate the prevalence, clinical features, prognosis, and risk factors of COVID-19-

associated fungal infections in KTRs.

2. Materials and methods

2.1. Subjects and data collection

Fifty-four KTRs with COVID-19 who were hospitalized at China-Japan Friendship Hospital were
retrospectively enrolled in this study between December 1, 2022, and April 1, 2023. Following the
COVID-19 diagnosis, all patients were categorized into two groups: those with fungal infections (n = 20) and
those without fungal infections (n = 34), based on the positive results of fungi in body fluids. The clinical
characteristics, laboratory indexes, imaging features, fungi species, therapies, and prognoses of the two
groups were reviewed and compared. This study followed the Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) Statement: guidelines for reporting observational studies.
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2.2. Definitions
The diagnostic criteria for COVID-19 were the positive results of real-time polymerase chain reaction (RT-
PCR) assay of nasopharyngeal and oropharyngeal swab specimens. Fungal/bacterial infections
were diagnosed when patients had clinical symptoms and presented infections with positive
pathogenic findings of fungi/bacteria in any of the following tests, including bronchoalveolar lavage
culture, sputum culture, blood culture, and metagenomics next-generation sequencing of bronchoalveolar
lavage.

AKI was classified according to the Kidney Disease Improving Global Outcomes (KDIGO) guideline,
which was defined as any of the following conditions (not graded): increase in serum creatinine (SCr) by >
0.3 mg/dl (= 26.5 umol/l) within 48 hours; or increase in SCr to > 1.5 times baseline, which was known

or presumed to have occurred within the prior seven days; or urine volume < 0.5 ml/kg/hour for six hours

20
=0 Acute respiratory distress syndrome (ARDS) was defined as arterial oxygen tension < 60
mmHg or oxygenation index < 300 [,

2.3. Statistical analysis

Data analysis was conducted using the statistical software SPSS27.0. The * test was used to compare
qualitative variables that were reported as numbers (n) and percentages (%). Quantitative variables were
summarized with medians and interquartile ranges [Md (IQR)] and the Mann—Whitney U test was used for
comparison between the two groups. Logistic regression was used to analyze the risk factors for COVID-19-
associated fungal infections in KTRs, and ROC curves were employed to assess the diagnostic value of the
risk factors that were promising predictors of secondary fungal infections in patients. The P value of less
than 0.05 was considered statistically significant.

3. Results

3.1. Patient characteristics

This study comprised 54 hospitalized KTRs who had been diagnosed with COVID-19. There were 43
(79.6%) male patients. The median age and body mass index (BMI) of the enrolled patients were 50 + 12
years and 23.2 + 3.2 kg/m?. The main comorbidities were hypertension (49/54, 90.7%), diabetes mellitus
(25/54, 46.3%), cardiovascular disease (7/54, 11.6%), and cerebral disease (6/54, 11.1%). The median
interval from kidney transplant to the COVID-19 episode was 227 (22, 565) days (Table 1). Compared to
KTRs without fungal co-infections, KTRs with fungal co-infections were predominantly male (100.0%,
20/20 vs. 67.7%, 23/34, P = 0.004) and significantly older [57 (47,60) vs. 47 (37,58) years, P = 0.029]. In
addition, the group with fungal infections had a significantly higher rate of diabetes mellitus in the past
(65.0%, 13/20 vs. 35.3%, 12/34, P = 0.035). There was no statistical difference between the two groups in
terms of immunosuppressive therapy, the rate of acute rejection, and delayed graft function. In our study, the
kidneys were obtained from deceased unrelated donors, with 75.92% coming from donation after circulatory
death (DCD), 16.67% from donation after brain death (DBD), and 7.41% from donation after brain and
cardiac death (DBCD).
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Table 1. Clinical features of kidney transplantation recipients with COVID-19 (N = 54)

Fungal infection group (n =20) Non-fungal infection group (n =34) P value
Demographics
Male, 7 (%) 20 (100) 23 (67.7) 0.004
Age, years 57 (47-60) 47 (37-58) 0.029
Height, cm 170 (168-176) 170 (164-175) 0.264
Weight, kg 67.0 (60.8-74.0) 67.5 (60.0-75.3) 0.907
BMI, kg/m? 22.6 (21.1-24.0) 23.2 (20.6-25.3) 0.629
Co-morbid conditions
Hypertension, n (%) 19 (95.0) 30(88.2) 0.732
Diabetes mellitus, n (%) 13 (65.0) 12 (35.3) 0.035
Cardiovascular disease, 1 (%) 4(20.0) 3(8.8) 0.446
Cerebral disease, 7 (%) 4(20.0) 2(5.9) 0.252
Transplantation characteristics
Tacrolimus, 7 (%) 19 (95.0) 33(97.1) 1.000
Cyclosporine, n (%) 1(5.0) 1(2.9) 1.000
Sirolimus, n (%) 2 (10.0) 6(17.7) 0.713
Mycophenolate, n (%) 20 (100.0) 31(91.2) 0.287
Mizoribine, n (%) 0(0.0) 2(5.9) 0.528
Steroids, n (%) 20 (100.0) 34 (100.0) 1.000
Delayed graft function, n (%) 6 (30.0) 4(11.8) 0.193
Acute rejection, 1 (%) 9 (45.0) 8(23.5) 0.101
Time after transplantation, days 227 (23-549) 224 (19-607) 0.778
Symptoms
Fever, n (%) 18 (90.0) 32 (94.1) 0.984
Cough, n (%) 14 (70.0) 30 (88.2) 0.193
Dyspnea, n (%) 19 (95.0) 27 (79.4) 0.246
Hemoptysis, n (%) 3(15.0) 1(2.9) 0.273
Diarthea, n (%) 5(25.0) 7 (20.6) 0.706
Comorbidities and complications
ARDS, 7 (%) 13 (65.0) 9 (26.5) 0.005
AKL, n (%) 12 (60.0) 8(23.5) 0.007
Bacterial infection, n (%) 11 (55.0) 4(11.8) <0.001

Abbreviations: BMI, body mass index; ARDS, acute respiratory distress syndrome; AKI, acute kidney injury.

3.2. COVID-19-associated fungal infections
A total of 20 (37%) KTRs developed COVID-19-associated fungal infections. The fungal pathogens
comprised Candida (12/20, 60%), Aspergillus (11/20, 55%), and Mucorales (1/20, 5%). Candida
mainly included Candida albicans (8/13, 61.5%), Candida tropicalis (2/13, 15.4%), Candida paraphimosis
(2/13, 15.4%), and Candida glabrata (1/13, 7.7%). Aspergillus encompassed Aspergillus fumigatus (7/15,
46.7%), Aspergillus flavus (4/15, 26.7%), Aspergillus niger (3/15, 20.0%), and Aspergillus nidulans (1/15,

6.6%).
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3.3. Clinical presentations
Fever (50/54, 92.6%), dyspnea (46/54, 85.2%), and cough (44/54, 81.5%) were the most common
COVID-19-related symptoms and a proportion of patients presented diarrhea (12/54, 22.2%) and hemoptysis
(4/54, 7.4%). There was no difference in clinical symptoms between the group with fungal infections and the
group without fungal infections.

Twenty-two (40.7%) patients developed ARDS, 20 (37.0%) KTRs developed AKI, and 15
(27.8%) cases were diagnosed with bacterial infections. The fungal infection group had a
significantly higher incidence of ARDS (65.0%, 13/20 vs. 26.5%, 9/34, P = 0.005), AKI (60.0%, 12/20
vs. 8/34, P = 0.007) and bacterial co-infections (55.0%, 11/20 vs. 11.8%, 4/34, P <0.001).

3.4. Auxiliary examination

Compared with the others, KTRs with secondary fungal infections demonstrated lower lymphocyte count
[0.29 (0.20-0.56) vs. 0.50 (0.36-0.99) x10°/L, P = 0.037], lower albumin levels [30.1 (26.3, 32.6) vs. 33.1
(29.2, 37.9) g/L, P = 0.008], and higher blood urea levels [17.33 (13.65, 28.50) vs. 11.64 (8.07, 18.54)
mmol/L, P = 0.007]. Quantitative analysis of T-lymphocytes was performed in 39 of the 54 KTRs. The CD4
“T lymphocyte count [90 (51, 213) vs. 245 (90, 570)/uL, P = 0.47] and the CD8" T lymphocyte count [92
(69,31075) vs. 266 (121, 457)/uL, P = 0.19] were significantly lower in the fungal infection group.

Following admission, all patients had a CT scan of the chest, and the most common
radiographic findings were patch shadow (38/54, 70.4%), ground glass opacities (31/54, 57.4%), pleural
effusion (22/54, 40.7%), air bronchogram (21/54, 38.9%), consolidation (15/54, 27.8%) and pleural
lesions (13/54, 24.1%). The air bronchogram sign (60.0%, 12/20 vs. 44.1%, 9/34, P = 0.015) was
more frequent in patients with secondary fungal infections (Table 2).

Table 2. Laboratory and imaging analysis of kidney transplantation recipients with COVID-19 (N = 54)

Clinical symptom Fungal infection group (n =20) Non-fungal infection group (n = 34) P value

Laboratory examination

WBC, x10%L 5.70 (3.68-8.40) 5.91 (4.10-8.19) 0.879
NEUT, x10°L 4.58 (2.92-7.32) 4.49 (3.04-7.19) 0.914
LYMPH, x10%/L 0.29 (0.20-0.56) 0.50 (0.36-0.99) 0.037
NEUT % 87.9 (80.5-91.4) 83.7 (71.4-91.3) 0.452
LYMPH % 6.2 (4.1-11.7) 10.3 (4.4-17.6) 0.149
Hemoglobin, g/L 115 (97-127) 110 (96-122) 0513
Platelet, x10%/L 188 (142-210) 149 (121-170) 0.043
CRP, mg/L 67.24 (43.37-87.01) 69.86 (22.73-120.19) 0.907
PCT, ng/ml 0.31 (0.11-0.97) 0.18 (0.10-0.68) 0.416
Albumin, g/L 30.1 (26.3-32.6) 33.1(29.2-37.9) 0.008
Serum creatinine, pmol/L 232.2 (137.3-541.5) 142.5 (121.5-248.9) 0.062

¢GFR, ml/min/1.73m? 26.75 (9.72-50.10) 41.66 (23.94-57.43) 0.060
Urea, mmol/L 17.33 (13.65-28.50) 11.64 (8.07-18.54) 0.007

Imaging examinations, n (%)

Ground glass opacity 12 (60.0) 19 (55.9) 0.768
Patch shadow 17 (85.0) 21 (61.8) 0.134
Consolidation 7 (35.0) 8(23.5) 0.363
Pleural lesions 7 (35.0) 6 (17.6) 0.150

Air bronchog.ram 12 (60.0) 9 (44.1) 0.015
Pleural effusion 11 (55.0) 11 (32.4) 0.102

Abbreviations: WBC, white blood cell; NEUT, neutrophils; LYMPH, lymphocyte; CRP, C-reactive protein; PCT,
procalcitonin; eGFR, estimated glomerular filtration rate.
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3.5. Treatments

Forty (74.1%) cases received the antiviral treatment with Paxlovid, and 34 (62.9%) of the KTRs were treated
with oral dexamethasone or intravenous methylprednisolone. Antibiotic therapy was given depending on the
presence of confirmed or suspected bacterial infections.

Compared with patients without fungal infections, patients with secondary fungal infections were more
likely to receive invasive mechanical ventilation (60.0%, 12/20 vs. 5.9%, 2/34, P < 0.001). We found
the administration of meropenem (50.0%, 11/20 vs. 26.5%, 9/34, P = 0.036), piperacillin/tazobactam
(50.0%, 11/20 vs. 20.6%, 7/34, P =0.010), vancomycin (45.0%, 9/20 vs. 0.0%, 0/34, P < 0.001), and
tigecycline (30.0%, 6/30 vs. 2.9%, 1/34, P = 0.015) were more common in KTRs with fungal co-infections
than in those without fungal infections. There was no statistical difference between the two groups for
intravenous corticoid therapy (Table 3).

Table 3. Treatment and outcomes of kidney transplantation recipients with COVID-19 (N = 54)

Fungal infection group (n = 20) Non-fungal infection group (n = 34) P value

. Tre.atments. . 12 (60.0) 2 (59) <0.001
Invasive mechanical ventilation, n (%)
Paxlovid, n (%
axlovid, n (%) 15 (75.0) 25 (73.5) 0.905
Intravenous steroid, n (%)
o 15 (75.0) 19 (55.9) 0.160
Meropenem, 7 (%)
11 (55.0) 9 (26.5) 0.036
Cefoperazone/sulbactam, n (%)
. - 12 (60.0) 25(73.5) 0.301
Piperacillin/tazobactam, n (%)
. 11 (55.0) 7 (20.6) 0.010
Fluoroquinolone, n (%)
) 9 (45.0) 12 (35.3) 0.480
Vancomycin, n (%)
. . 0 9 (45.0) 0(0.0) <0.001
Linezolid, n (%)
. . 2 (10.0) 1(2.9) 0.632
Tigecycline, n (%)
. 5(25.0) 1(2.9) 0.015
Sulfonamide, # (%)
. . . 12 (60.0) 13 (38.2) 0.121
Imipenem/cilastatin, n (%) 5 (25.0 2(59) 0.110
Outcomes (25.0) ' '
ICU admission, n (%) 4(118
Death, 1 (%) 12 (60.0) 1 (2 .)) :0.00:
Length of hospital stay, days 0(50.0) (29 0.00
23 (13-27) 13 (10-16) 0.003

Abbreviations: ICU, intensive care unit

3.6. Outcomes

The mortality rate for COVID-19-associated fungal infections was 50% (10/20), which was considerably
higher when compared to those patients without fungal infections (50.0%, 10/20 vs. 2.9%, 1/34, P < 0.001).
In addition, the group with the fungal infections had a higher rate of admission to the ICU (60.0%, 12/20 vs.
11.8%, 4/34, P <0.001) and a longer hospital stay [23 (13, 27) vs. 13(10, 16) days, P =0.003].

3.7. Analyses of risk factors

When COVID-19 KTRs with secondary fungal infections were compared to those without fungal infections,
the results of the multivariate analysis showed that the following factors were independently related to the
occurrence of COVID-19-associated fungal infections in KTRs: older age (increased by 10 years, OR =2.221,
95% CI: 1.036-4.759), diabetes mellitus history (OR =12.293, 95% CI: 1.485-101.758), ARDS (OR = 12.849,
95% CI: 1.487-111.012), and bacterial co-infections (OR = 30.461, 95% CI: 2.486-373.166) (Table 4).
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Table 4. Risk factors of COVID-19-associated fungal infections in KTRs (N = 54)

Univariate analysis

Multivariate analysis

Fungal infection = Non-fungal infection

group (n = 20) group (n = 34) P value Odds ratio (95% CI) P value
Age/10, years 5.7 (4.7-6.0) 4.7 (3.7-5.8) 0.029 2.221 (1.036-4.759) 0.040
LYMPH, x10°/L 0.29 (0.20-0.56) 0.50 (0.36-0.99) 0.037 0.174 (0.017-1.780) 0.140
Diabetes mellitus, 7 (%) 13 (65.0) 12 (35.3) 0.020 12.293 (1.485-101.758) 0.035
ARDS, n (%) 13 (65.0) 9 (26.5) 0.005 12.849 (1.487-111.012) 0.020
Bacterial co-infection, # (%) 11 (55.0) 4(11.8) <0.001 30.461 (2.486-373.166) 0.008
Air bronchogram, n (%) 12 (60.0) 9(44.1) 0.015 0.222 (0.022-2.221) 0.200

Abbreviations: LYMPH, lymphocyte; ARDS, acute respiratory distress syndrome.

4. Discussion
In solid organ transplant (SOT) recipients, COVID-19-associated fungal infections have been reported to be
especially deadly and incapacitating, resulting in longer hospital stays and increased medical expenses ',
The features and risk factors of COVID-19-associated fungal co-infections have been well demonstrated in
solid organ transplants, but the information available for KTRs is limited ***. To the best of our knowledge,
this study is the first to pinpoint the clinical traits and risk factors associated with COVID-19-associated fungal
infections in KTRs in the Chinese population. We discovered that the patients had a severe clinical course,
poorer kidney outcome, and worse survival, and that older age, history of diabetes mellitus, ARDS, and
bacterial co-infections were independent risk factors.

This study found that COVID-19-associated fungal infections in KTRs are not rare, with an incidence of
37%. The prevalence rate was much higher than in the general population, which was between 1% and 33%

261 In a large multicenter retrospective cohort study, the incidence of secondary fungal infections in SOT

recipients with COVID-19 was reported to be 8%, which was lower than our data *2!. This may be due to the

s 71 KTRs were more vulnerable to

heterogeneity of patient groups and the diagnosis of fungal infection
secondary fungal infections due to their long-term use of immunosuppressive drugs, especially at the second
occurrence of specific infections. Additionally, we discovered that KTRs with a history of diabetes were more
vulnerable to COVID-19-associated fungal infections, as the prolonged hyperglycemic state may impair
neutrophil function and cause immune dysregulation 7). Schwartz et al. found that a diabetic state could
exacerbate the adverse effects of SARS-CoV-2 on T-lymphocytes and increase the risk of superinfections **),

The fungal pathogens in our research were Candida, Aspergillus, and Mucorales, which was consistent
with previous research ', We found that lymphocytes were significantly decreased in patients with secondary
fungal infections, with CD4" and CD8" T cells being the most reduced. This phenomenon reflects the
immunosuppressive state caused by the cytokine storm of COVID-19 ). Severe lymphocytopenia and
lymphocyte dysfunction were closely associated with bacterial immune dysfunction and secondary fungal
infections '”, and thrombocytopenia was a risk factor for mortality in SOT recipients with COVID-19 %, We
discovered that patients with secondary fungal infections had a higher prevalence of hypoalbuminemia.
Hypoalbuminemia was a non-specific indicator of illness severity and was associated with poor prognosis in
patients with the novel coronavirus infections 1*!!. The synthesis of IL-10 by lymphocytes could be impaired
by hypoalbuminemia and the lack of IL-10 increases the susceptibility to other infections 2. Although the
difference was not statistically significant, participants with fungal infections exhibited higher serum creatinine
levels, pointing to a potential link between fungal infections and kidney damage. A larger sample size might
produce more fruitful outcomes. Patients with fungal infections had platelet counts that were within normal
range, but the counts were nevertheless much greater than those of uninfected patients. The activating effect
of the glucosamine-glucan produced by Aspergillus could stimulate platelet production 3. Imaging tests
revealed that patients with secondary fungal infections have a higher frequency of bronchial symptoms. When
the lung inflammation was severe, the lung parenchyma’s opacity decreased, causing the bronchi to become

more visible and dilated 4.
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In our study, secondary fungal infections made the clinical course of COVID-19 more complicated. We
found that the incidence of ARDS, AKI, and combined bacterial infections was significantly higher in patients
with secondary fungal infections. The lungs of COVID-19 individuals who have experienced ARDS may be
seriously damaged, necessitating the use of mechanical ventilation. However, it should be noted that
mechanical ventilation may make the patients more vulnerable to fungal infections. This is especially
dangerous for KTRs who are already at risk of infections 3!, In our study, 60% (12/20) of patients with
secondary fungal infections developed AKI, significantly more than those without fungal infections.
According to Yang ef al., in their summary of 51 studies involving 21,531 participants, the incidence of AKI
caused by COVID-19 was 12.3%, with a higher rate of 38.9% among recipients of transplants *”). According
to a meta-analysis study conducted by Duarsa et al., hospitalized KTRs with COVID-19 had a 3.78 times
higher risk of AKI compared to the general population, often leading to worse outcomes *). In critically ill
patients, the cytokine storms could occur in response to COVID-19 by impairing lymphocyte function through
various mechanisms. This could lead to multiple organ dysfunction syndromes, including AKI B¢,
Furthermore, some azole antifungal medications may inhibit cytochrome P450 3A4 (CYP3A4), and increase
blood levels of tacrolimus and the risk of nephrotoxicity *. According to certain studies, COVID-19-induced
cytokine storms may be made worse by secondary fungal infections, increasing the risk of AKI and fatality
rates %, We discovered that individuals who developed secondary fungal infections often had mixed bacterial
infections, with drug-resistant bacteria accounting for as much as 45.5% of these infections. Patients with
KTRs were more susceptible to infections. When secondary infections were detected, the clinicians
administered broad-spectrum antibiotics more frequently, which raised the possibility of secondary infections
with drug-resistant bacteria and opportunistic pathogenic fungi "%, Likewise, most COVID-19 patients with
secondary bacterial infections were more likely to be transferred to ICU and receive invasive medical
procedures, which greatly increased the risk of fungal infections !/,

We found that the air bronchogram sign was more frequent in secondary fungal infections, which could
contribute to the diagnosis. Previous studies demonstrated that the diagnosis of fungal infections using biopsies
and laboratory testing is often challenging and delayed. Fungal infections frequently exhibit non-specific
symptoms and atypical radiographic findings, making early diagnosis difficult. Nevertheless, according to an
autopsy report, 2.8% of ICU patients showed pathological signs of fungal infections. However, only 40% of
these patients received a definitive diagnosis during their lifetime “*. Therefore, it is possible that the actual
incidence of these infections in KTRs is underestimated **!.

According to our research, COVID-19 KTRs with fungal infections had far greater rates of ICU
admission, length of stay, and mortality than KTRs without infections. There were also significant differences
between the two groups in the proportion of mechanical ventilation and antibiotic therapy. Consistent with our
study findings, previous research has demonstrated that patients with COVID-19-associated fungal infections
16 Superinfections need to be
closely monitored since they have the potential to be the final cause of mortality ¥, According to a multicenter

typically require more invasive ventilation and have longer hospital stays !

observational study by Prattes et al., ICU death was nearly twice as likely to occur in patients with fungal
infections compared to those without superinfections ). KTRs were more vulnerable to fungal coinfections,
and some case reports indicated unfavorable outcomes resulting from secondary fungal infections %),
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In the current study, the risk factors for secondary fungal infections in KTRs with COVID-19 in this
cohort were advanced age (OR =2.221), diabetes history (OR = 12.293), ARDS (OR = 12.849), and combined
bacterial co-infections (OR = 30.461). It was a well-established fact that the elderly population was highly
vulnerable to COVID-19 and fungal infections, due to their compromised immune system !'*”!. Several meta-
analyses demonstrated that diabetes is an independent risk factor for fungal co-infections and poor prognosis
in COVID-19 patients 1% In addition, severely ill COVID-19 patients with multiple comorbidities were
more susceptible to secondary fungal infections **!. As with our research findings, we found that complications
of ARDS and bacterial co-infections were independent risk factors for fungal infections in COVID-19 KTRs
since these patients had higher rates of receiving mechanical ventilation and high doses of antibiotics. The
overuse of broad-spectrum antibiotics was a major factor contributing to the emergence of drug-resistant
bacterial infections and opportunistic pathogenic fungal infections [*!. By recognizing risk factors, healthcare
professionals may be able to focus more on screening procedures and perhaps prescribe antifungal prophylaxis
to high-risk individuals in an effort to prevent COVID-19-associated fungal infections.

Our study has several limitations. The data presented reflected a real-life scenario for which there are no
predefined standards for inpatient administration. Well-designed prospective studies at multiple centers are
necessary to further substantiate this entity, as the conclusions drawn from this retrospective study at a single
center may not apply to all KTRs. The sample size is limited to demonstrate the intact risk factors of COVID-
19-associated fungal infections in KTRs.

5. Conclusion

To summarize, KTRs with COVID-19-associated fungal infections have a high incidence and poor outcomes.
Older age, history of diabetes mellitus, ARDS, and bacterial infections were the independent risk factors for
COVID-19-associated fungal infections in KTRs. Long COVID, also known as post-acute sequelae of
COVID-19, affects around 10% of infected individuals P%. Thus, studies on COVID-related fungal infections
in KTRs are still crucial. Clinicians should pay special attention to secondary fungal infections in KTRs with
COVID-19, especially when treating patients with multiple risk factors.
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