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Background
Hantavirus infection represents an emerging zoonosis 
with a global increase in both prevalence and geographic 
spread. The clinical manifestation of hantavirus infection 
varies significantly depending on the geographic distribu-
tion of natural hosts. Notably, hantavirus cardiopulmo-
nary syndrome (HCPS) predominates in the New World, 
whereas hemorrhagic fever with renal syndrome (HFRS) 
is prevalent in the Old World [1, 2]. HFRS is predomi-
nantly endemic in China, accounting for over 70% of all 
reported HFRS cases worldwide [3]. HFRS is primarily 
caused by directly or indirectly inhalation of virus-con-
taining aerosols emitted from the excretions of infected 
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Abstract
Background  Hemorrhagic fever with renal syndrome (HFRS), a life-threatening zoonosis caused by hantavirus, poses 
significant mortality risks and lacks specific treatments. This study aimed to delineate the transcriptomic alterations 
during the recovery phases of HFRS.

Methods  RNA sequencing was employed to analyze the transcriptomic alterations in peripheral blood mononuclear 
cells from HFRS patients across the oliguric phase (OP), diuretic phase (DP), and convalescent phase (CP). Twelve 
differentially expressed genes (DEGs) were validated using quantitative real-time PCR in larger sample sets.

Results  Our analysis revealed pronounced transcriptomic differences between DP and OP, with 38 DEGs 
showing consistent expression changes across all three phases. Notably, immune checkpoint genes like CD83 
and NR4A1 demonstrated a monotonic increase, in contrast to a monotonic decrease observed in antiviral and 
immunomodulatory genes, including IFI27 and RNASE2. Furthermore, this research elucidates a sustained attenuation 
of immune responses across three phases, alongside an upregulation of pathways related to tissue repair and 
regeneration.

Conclusion  Our research reveals the transcriptomic shifts during the recovery phases of HFRS, illuminating key 
genes and pathways that may serve as biomarkers for disease progression and recovery.
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rodents [4]. HFRS is characterized by acute kidney 
injury and increased vascular permeability, with mortal-
ity rate ranging from 5 to 15% [1]. Currently, there are 
no approved vaccines or specific treatments for HFRS, 
and clinical management primarily relies on non-specific 
supportive therapy.

The clinical progression of HFRS is characterized 
by a sequential five-stage course: the febrile phase, the 
hypotensive (low blood pressure) shock phase, the oli-
guric phase (reduced urine output), the diuretic phase 
(increased urine output), and finally, the convalescence 
phase. Each stage exhibits specific clinical manifestations 
and pathological molecular features that are crucial for 
diagnosis, management, and prognosis [2, 5]. The current 
understanding posits that HFRS is predominantly charac-
terized by a dual mechanism involving direct viral infec-
tion of the host cells and an indirect overactive immune 
response. The infection by hantavirus either directly or 
indirectly activates immune cells, such as CD4 + T cells 
and CD8 + T cells, thereby initiating signaling pathways 
that mediate immune responses. This activation is con-
current with the onset of inflammatory responses, which 
lead to the activation of the complement system, forma-
tion of immune complexes, and production of various 
pro-inflammatory cytokines. These cytokines further 
contribute to endothelial dysfunction and increased cap-
illary permeability [6]. To date, Several RNA sequenc-
ing studies on HFRS have been conducted, focusing on 
human umbilical vein endothelial cells (HUVECs) [7], 
red blood cells (RBCs) [8], and B cells [9], respectively.

In this study, we undertook a comprehensive analysis 
of the transcriptomic alterations in patients with HFRS 
across successive recovery stages using RNA sequencing. 
Our study aimed to delineate key pathways and spotlight 
genes with significant expression shifts implicated across 
HFRS’s recovery phases. Our findings not only enhance 
our understanding of HFRS pathology but also opens 
new avenues for the development of diagnostic tools and 
therapeutic strategies.

Materials and methods
Patients and ethical approval
All patients involved in this study were admitted to the 
Xi’an International Center Hospital and diagnosed with 
HFRS according to the diagnostic criteria outlined in the 
prevention and treatment strategy of HFRS promulgated 
by the Ministry of Health of People’s Republic of China. 
Peripheral blood samples were collected from each 
patient during the oliguric phase (OP), diuretic phase 
(DP), and convalescent phase (CP), respectively. Exclu-
sion criteria included: (1) Co-infection with other viral 
or bacterial diseases; (2) Chronic kidney or liver diseases 
that could confound the study results; (3) Previous his-
tory of HFRS or vaccination against hantavirus. Detailed 

clinical information is summarized in Supplementary 
Table S1.

RNA extraction, quantification and qualification
Peripheral blood was collected into an anticoagulant 
tube, and peripheral blood mononuclear cells (PBMCs) 
were isolated using a commercial Lymphocyte Separation 
Medium (Beyotime, China) by centrifugation at 700  g 
for 30  min. Total RNA from the PBMCs was extracted 
in accordance with the instructions provided by the 
TRIzol Reagent manual (Life Technologies, California, 
USA). The concentration and purity of the RNA were 
determined using a NanoDrop 2000 spectrophotometer 
(Thermo Fisher Scientific, Wilmington, DE). Addition-
ally, the integrity of the RNA was evaluated using the 
RNA Nano 6000 Assay Kit on the Agilent Bioanalyzer 
2100 system (Agilent Technologies, CA, USA).

Library preparation and sequencing
For library preparation and sequencing, each RNA sam-
ple, with an input quantity of 1 µg, underwent library 
construction using the Hieff NGS Ultima Dual-mode 
mRNA Library Prep Kit for Illumina (Yeasen Biotech-
nology, Shanghai, China), as per the provided protocol. 
Index codes were assigned to each sample for sequence 
identification. In summary, mRNA was isolated from 
total RNA utilizing poly-T oligo-attached magnetic 
beads, followed by synthesis of first-strand cDNA and 
then second-strand cDNA. DNA fragments had their 
overhangs blunted and 3’ ends adenylated before ligation 
with NEBNext Adaptors for hybridization preparation. 
The library fragments underwent purification using the 
AMPure XP system (Beckman Coulter, Beverly, USA). A 
final size selection and adaptor-ligated cDNA amplifica-
tion were conducted using USER Enzyme (NEB, USA) 
and PCR, employing Phusion High-Fidelity DNA poly-
merase and primers. PCR products were subsequently 
purified, and library quality was verified on the Agilent 
Bioanalyzer 2100 system. Sequencing was performed on 
the Illumina NovaSeq platform, producing 150 bp paired-
end reads, in alignment with Illumina’s specifications.

Data quality control and reads mapping to genome
Raw sequencing data in fastq format were subjected to 
quality control using custom Perl scripts. This prepro-
cessing stage involved the removal of adaptor sequences, 
reads with poly-N stretches, and low-quality reads, 
resulting in high-quality, clean data. Concurrently, met-
rics such as Q20, Q30, GC content, and the level of 
sequence duplication in the cleaned data were assessed. 
Subsequent analyses were conducted exclusively on this 
high-quality, filtered dataset. These processed reads were 
aligned to the reference genome, with only those achiev-
ing a perfect or near-perfect match (up to one mismatch) 
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being retained for further analysis and annotation. The 
alignment was performed using the Hisat2 software, spe-
cifically designed for mapping to a reference genome.

Differentially expressed genes analysis
Differentially expressed genes (DEGs) between two clini-
cal phases was conducted utilizing DESeq2. The P-values 
obtained were corrected for multiple hypothesis test-
ing through the Benjamini-Hochberg method to control 
the false discovery rate. Genes exhibiting an adjusted 
P-value < 0.01 and a fold change ≥ 2, as determined by 
DESeq2, were considered as differentially expressed.

Gene ontology and gene set enrichment analysis
Gene Ontology (GO) enrichment and Gene Set Enrich-
ment Analysis (GSEA) were performed to scrutinize the 
biological pathways enriched among the DEGs using 
the clusterProfiler package. Top GO and GSEA results 
between clinical phases were visualized using ggplot2 
and ClusterGVis, respectively.

Deconvolution analysis
The abundance of immune cell populations in the sam-
ples were estimated using the CibersortX algorithm 
(https://cibersortx.stanford.edu/) [10]. The input gene 
expression data were normalized to minimize techni-
cal variability across samples. The leukocyte signature 
matrix (LM22) was used as the reference gene expression 
matrix, which includes profiles of 22 distinct immune cell 
types.

Quantitative real-time PCR
Total RNA was reverse transcribed using PrimeScript 
RT Master Mix (Takara, Japan). The resulting cDNA 
was quantified with TB Green Premix (Takara). For each 
gene, the relative mRNA expression levels were normal-
ized to GAPDH expression and calculated using the 
2−∆∆CT method. Statistical significance between the two 
groups was determined using Student’s t-test. The prim-
ers employed in this study are detailed in Supplementary 
Table S2.

Results
Transcriptional analysis reveals key genes associated with 
hantavirus infection recovery
Our initial examination of the correlation among three 
clinical phases demonstrated that DP and CP shared a 
closer transcriptional resemblance (Fig. 1A). The decon-
volution analysis revealed an increase in T.cells.CD4.
memory resting and Macrophages M2 across the three 
phases, whereas T cells CD4 memory activated, T cells 
follicular helper, Monocytes, Mast cells resting, and Neu-
trophils showed a decrease (Fig.  1B). We discerned 974 
DEGs between DP and OP, comprising 376 up-regulated 

and 598 down-regulated genes (Supplementary Table S3); 
260 DEGs between CP and DP, with 74 up-regulated and 
186 down-regulated (Supplementary Table S4); and 1483 
DEGs between CP and OP, including 646 up-regulated 
and 837 down-regulated genes (Supplementary Table 
S5) Significantly, 38 genes exhibited consistent altera-
tions across all three clinical phases, indicating their piv-
otal roles in the recuperation from hantavirus infection 
(Fig. 1C). Further analysis revealed noteworthy patterns 
of these genes: eight genes, including CD83, NR4A1, 
DNAJB1, FAM71A, FCRL6, DUSP8, HSPA1B, HSPA1A, 
showed a monotonically increasing trend across three 
phases. Conversely, four genes, including IFI27, RNASE2, 
MZB1, IGKV1-33 demonstrated a monotonically 
decreasing trend. Additionally, 12 genes were down-
regulated between DP and OP and up-regulated between 
CP and DP, whereas the remaining 14 genes exhibited the 
reverse trend (Fig. 1D, Supplementary Table S6).

Transcriptional dynamics during the transition from OP to 
DP
We subsequently explored the transcriptional altera-
tions occurring from OP to DP. Differential expression 
analysis revealed distinct sets of genes between OP and 
DP, as delineated in Fig.  2A. Notably, the genes most 
significantly up-regulated included LCN10, TUBA3D, 
CDRT4, SNURF, ARC, FAT4, NR4A1, JUN, HSPA1B, 
and SLC46A1, whereas the most down-regulated genes 
encompassed CYP19A1, SLPI, CRISP3, CD177, MMP8, 
LTF, PGLYRP1, CEACAM8, TCN1, and IFI27. The clus-
tering results of DEGs between OP and DP were depicted 
in Fig. 2B. GO analysis indicated that up-regulated genes 
predominantly participated in tissue morphogenesis and 
renal system development. Conversely, down-regulated 
genes were primarily associated with the antimicro-
bial humoral response and myeloid leukocyte-mediated 
immunity (Fig.  2C). These findings were corroborated 
by further GSEA analysis, highlighting the gradual resto-
ration of renal system function and the recuperation of 
immune responses from OP to DP. (Fig. 2D). The inter-
action between the top 30 up-regulated and down-reg-
ulated genes at the protein level is illustrated in Fig. 2E. 
The up-regulation of CD83, NR4A1, JUN, and HSPA1B, 
as well as the down-regulation of IFI27, RNASE2, IFIT1, 
and LCN2, were confirmed by qPCR (Fig.  2F). Addi-
tionally, when compared to normal samples, we found 
that CD83 and NR4A1 levels were significantly elevated 
(Fig. 2G), suggesting their role in the transition from OP 
to DP.

Transcriptional alterations during the transition from DP 
to CP
The transcriptional alteration from DP to CP was sub-
sequently examined. DEGs between DP and CP are 

https://cibersortx.stanford.edu/
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presented in Fig.  3A, with C15orf38-AP3S2, AS3MT, 
CD34, SHANK1, HCAR3, NEGR1, HCAR2, ADGRE3, 
IL1B, and CACNA2D3 as the top up-regulated genes, and 
RHAG, SDC1, KCNN3, RAB13, ADAMTS2, IGHV3-72, 
IL1R2, MIXL1, RNASE1 and IGF1 as the top down-regu-
lated genes. Clustering of up- and down-regulated DEGs 
between DP and CP was shown in Fig. 3B. GO analysis 
showed that genes up-regulated from DP to CP were 
significantly enriched in functions related to transla-
tional initiation and protein targeting to the endoplasmic 
reticulum, whereas down-regulated genes were chiefly 
involved in phagocytosis, immunoglobulin produc-
tion, complement activation, and the adaptive immune 
response (Fig.  3C). Complementary GSEA further vali-
dated these results, emphasizing a transition marked by 
increased protein synthesis and a moderated immune 
response from DP to CP (Fig.  3D). The interaction 
between the top 30 up-regulated and down-regulated 

genes at the protein level is illustrated in Fig.  3E. The 
up-regulation of CD83, NR4A1, ADGRE3, and CCL3, as 
well as the down-regulation of IFI27, RNASE2, FN1, and 
MZB1, were confirmed by qPCR (Fig. 3F). Furthermore, 
we found that IFI27 levels were significantly elevated in 
the CP compared to normal samples, whereas RNASE2 
showed no significant change (Fig. 3G).

Discussion
HFRS encompasses a spectrum of clinical manifestations 
ranging from subclinical to severe symptoms. Early diag-
nosis is challenging due to the transient and nonspecific 
nature of initial symptoms [4, 11, 12]. In this study, we 
conducted a systematic investigation into the transcrip-
tomic dynamics across OP, DP and CP of HFRS. Our 
findings indicate a greater similarity in the transcrip-
tomic profiles between CP and DP than between DP and 
OP, highlighting the pronounced alterations occurring 

Fig. 1  Transcriptional analysis reveals key genes associated with hantavirus infection recovery. (A) Spearman correlation analysis across nine samples 
spanning three clinical phases. (B) The proportion of immune cell types was estimated by CibersortX, the leukocyte signature matrix (LM22) was used 
as the reference gene expression matrix. (C) Venn Diagram illustrating the overlap of DEGs across clinical phases. (D) Heatmap shows the genes that are 
differentially expressed in both DP vs. OP and CP vs. DP comparisons. OP: oliguric phase; DP: diuretic phase; CP: convalescent phase; DEG: differentially 
expressed gene
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during the transition from DP to OP. A cohort of 38 
genes displayed varied expression patterns throughout 
the three phases analyzed, underscoring their poten-
tial significance. Notably, among the eight genes with a 

monotonically increasing expression pattern validated by 
qPCR, CD83 and NR4A1 are involved in immune check-
point regulation, which attenuates the immune response 
post-infection and during inflammation [13–15]. 

Fig. 2  Transcriptional dynamics during the transition from OP to DP. (A) Volcano plot displaying significant DEGs between DP and OP, with top genes 
labeled. (B) Clustering analysis of DEGs between DP and OP. (C) Top Gene Ontology (GO) terms enriched among up- and down-regulated genes between 
DP and OP. (D) Gene Set Enrichment Analysis (GSEA) delineates pivotal pathways modulated by DEGs between the DP and OP. (E) The interactions of the 
top 30 up-regulated and down-regulated DEGs were constructed using STRING (https://cn.string-db.org/) and visualized with Cytoscape. The colors rep-
resent the log2 fold change of DEGs (DP vs. OP). (F) Validation of DEGs during the transition from OP to DP by qPCR, with 12 samples in the OP group and 
10 samples in the DP group (DP vs. OP, Student’s t-test). (G) Expression of CD83 and NR4A1 between the OP group (n = 12) and normal group (n = 12) was 
measured using qPCR (OP vs. Normal, Student’s t-test). OP: oliguric phase; DP: diuretic phase; DEG: differentially expressed gene. Statistical significance is 
indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 3  Transcriptional alterations during the transition from DP to CP. (A) Volcano plot illustrating significant DEGs between CP and DP, with top genes 
highlighted. (B) Clustering analysis of DEGs between CP and DP. (C) Top Gene Ontology (GO) terms enriched among up- and down-regulated genes 
between CP and DP. (D) Gene Set Enrichment Analysis (GSEA) delineates pivotal pathways modulated by DEGs between the CP and DP. (E) The interac-
tions of the top 30 up-regulated and down-regulated DEGs were constructed using STRING (https://cn.string-db.org/) and visualized with Cytoscape. 
The colors represent the log2 fold change of DEGs (CP vs. DP). (F) Validation of DEGs during the transition from DP to CP using qPCR, with 10 samples in 
the DP group and 12 samples in the CP group (CP vs. DP, Student’s t-test). (G) Expression of IFI27 and RNASE2 between the CP group (n = 12) and normal 
group (n = 12) was measured using qPCR (CP vs. Normal, Student’s t-test). DP: diuretic phase; CP: convalescent phase; DEG: differentially expressed gene. 
Statistical significance is indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001, NS represent not significant
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Conversely, of the four genes with a monotonically 
decreasing expression pattern, IFI27 and RNASE2, also 
validated by qPCR, are implicated in antiviral and immu-
nomodulatory functions through interactions with innate 
immune responses [16–19]. Additionally, compared to 
the normal group, we found that CD83 and NR4A1 lev-
els in the OP phase, as well as IFI27 expression in the CP 
phase, were significantly higher, indicating their potential 
as biomarkers for HFRS recovery. These findings suggest 
a stage-wise alleviation of the immune response, facili-
tated by the action of immune checkpoint genes.

OP is identified as a critical juncture, with approxi-
mately half of the total fatalities occurring during this 
stage, characterized by elevated levels of creatinine and 
urea [20]. Our study revealed an upregulation of genes 
associated with tissue morphogenesis, as well as urogeni-
tal and renal system development, indicating a recovery 
of the renal system during the transition from OP to DP. 
Expression of JUN and HSPA1B increased during the 
transition from the OP to DP, indicating their role in 
tissue repair and immune response regulation [21–24]. 
Conversely, the antiviral protein IFIT1 and the kidney 
injury marker LCN2 both showed decreased expression 
[25, 26]. The rapid humoral innate immune response is 
crucial for combating virus infections, including hanta-
virus [9, 27]. Our results revealed that myeloid leuko-
cyte mediated immune response was attenuated during 
the transition from OP to DP. Meanwhile, deconvolu-
tion analysis revealed a decrease in T cells CD4 memory 
activated, T cells follicular helper, Mast cells resting, and 
Neutrophils, indicating a reduction in immune response 
during the recovery phases post-virus infection.

During the transition from DP to CP, an increase 
in Macrophages M2 suggested an anti-inflammatory 
response, while the rise in T cells CD4 memory rest-
ing indicated that the body had established a long-term 
immune memory of the virus. Additionally, translational 
initiation and protein transport processes were enhanced 
during the transition from DP to CP, suggesting tissue 
cell repair and regeneration. Concurrently, there was a 
downregulation of phagocytosis, immunoglobulin pro-
duction, and complement activation, indicating a return 
of the immune response to baseline levels during this 
phase. This result was supported by the down-regulation 
of MZB1, which plays a role in immunoglobulin produc-
tion and inflammation mitigation [28–30].

In conclusion, our investigation delineates the tran-
scriptomic dynamics across the later three phases in 
patients recovering from hantavirus infection. We identi-
fied 38 dysregulated genes during these transitions, which 
may serve as biomarkers and therapeutic targets for clini-
cal intervention. The immune response to hantavirus 
infection was attenuated by immune checkpoint genes, 
while genes related to tissue repair and regeneration were 

upregulated, facilitating the restoration of renal system 
function. Despite the limitations posed by the scarcity of 
available patient samples across all three recovery phases, 
our findings provide valuable insights into the molecular 
mechanisms underlying HFRS recovery, which will facili-
tate future investigations with larger cohorts and experi-
mental validation.
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