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Objective: Numerous studies have reported on the pathogenesis of poor immune reconstitution (PIR) after antiretroviral treatment in 
human immunodeficiency virus (HIV) patients. However, fewer studies focused on both immune-related genes (IRGs) and immune 
cells, and the correlation between IRGs and immune cells was evaluated via bioinformatics analyses.
Methods: Gene expression profiling of GSE143742 from the Gene Expression Omnibus (GEO) database was analyzed to get 
differentially expressed immune-related genes (DEIRGs). The enrichment analysis and protein-protein interaction (PPI) networks of 
DEIRGs were established. The relative fractions of 22 immune cell types were detected using the “CIBERSORT”. The correlation 
analysis between DEIRGs and immune cells was constructed to discover the potential IRGs associated with immune cells. A logistic 
regression diagnostic model was built, and a receiver operating characteristic (ROC) curve was performed to evaluate the model’s 
diagnostic efficacy. The CMap database was used to find molecules with therapeutic potential. RT-qPCR was used to verify the 
expression of the hub DEIRGs.
Results: We identified eight types of significantly changed immune cells and five hub IRGs in INRs. The DEIRGs were mainly 
enriched in lymphocyte activation, receptor-ligand activity, and T cell receptor signaling pathway. The correlation analysis showed that 
the expression of TNF, CXCR4 and TFRC correlate with CD8 cells, resting mast cells, activated NK cells, and naïve CD4 cells in 
INRs. Meanwhile, TFRC and IL7R relate to activated NK cells and resting memory CD4 cells respectively in IRs. A diagnostic model 
was constructed using multiple logistic regression and nine small molecules were identified as possible drugs.
Conclusion: In this study, we suggested that the process of PIR might be related to TNF, CXCR4, TFRC, CD48, and IL7R. And these 
IRGs play roles in regulating immune-competent cells. And our constructed diagnostic model has excellent effectiveness. Moreover, 
some small-molecule drugs are screened to alleviate PIR.
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Introduction
Highly active antiretroviral therapy (HAART) can dramatically repress HIV replication, increase CD4+ T cell (CD4 cell) 
counts and functions, and is recommended in current clinical guidelines as part of the most effective treatment 
regimen.1,2 But not all patients can achieve optimal immune reconstitution with HAART.3 An estimated 20% of patients, 
even after long-term regular HAART treatment and complete viral suppression, are not immune reconstituted.4 These 
patients are recognized as immunological non-responders (INRs), and are more likely to develop serious complications.5 

Presently, there is no worldwide consensus on the definition of INRs. In different studies, INRs have been defined as 
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failure to achieve diverse CD4 cell count thresholds (like 200, 250, 350, 400, or 500/µL), and the duration of HAART 
varies considerably among studies, ranging from 6 to 144 months. This inconformity certainly adds to the difficulty of 
research on poor immune reconstitution.6

The mechanisms of poor immune reconstitution are complicated, including reduced bone marrow haematopoiesis, 
inadequate thymic output, intestinal flora disorder, abnormal immune activation, residual viral replication, disturbance of 
inflammatory factors, and so on.6–8 Current researches mainly focus on the production, destruction, and migration of 
CD4 cells, and there exist few studies focusing on other immune cells. It has been covered that high CD8+ T cell (CD8 
cell) counts are more conducive to sustained viral decline and recovery of CD4 cells in immune-restored patients.9,10 An 
increased CD56dimCD16dim/- NK cell subpopulation in INRs may play a detrimental role in immune reconstitution.11 In 
the meantime, previous studies have shown that genetic factors in the host may affect the regeneration of CD4 cells 
during suppressive HAART treatment, such as TLR4, IL19, CCR2, etc. But there is still no firm conclusion about the 
pivotal genes that link to poor CD4 cell recovery in HIV-1 infected individuals.12–14

Integrated bioinformatics allows researchers to speedily identify differentially expressed genes (DEGs) and quantify 
immune cell types from a large number of whole blood or tissue gene expression profiles.15 It has been widely used in 
many diseases, such as ischemia-reperfusion injury and an extensive variety of tumors.16–18 However, so far, no studies 
have employed bioinformatics to analyze immune cell types in HIV inadequate immunological responders. The 
clarification of this issue will contribute to the understanding of the immune deficiency state in INRs.

In this study, we performed comprehensive bioinformatics analyses of the GSE143742 dataset and detected potential 
target immune-related genes (IRGs) and immune cells for inadequate immunological response treatment from the 
perspective of big data analysis.

Materials and Methods
Data Source
The gene expression dataset was obtained from the Gene Expression Omnibus (GEO) database.19,20 A total of 1154 
series about HIV were retrieved from the database (on June 1st, 2021). After a careful review, one whole blood gene 
expression dataset GSE143742 was selected, which was based on platform GPL10558 Illumina HumanHT-12 V4.0 
expression beadchip. And this dataset included 41 immune non-responders (INRs) and 17 immune responders (IRs). The 
standard adopted in this study for INRs is HAART treatment for at least three years, CD4 cells<350/μL; and the criteria 
for IRs is: HAART treatment for at least three years, CD4 cells>500/μL.21 In addition, the GSE106792 dataset included 
12 INR samples and 12 IR samples. INR subjects were defined as having CD4+ T cell counts below 350 cells/μL and IRs 
as having CD4+ T cell counts above 350/μL after at least two years of HAART with virologic control.22 All of the data 
are freely available online. The analysis flow chart was shown in Figure 1.

Patients and Collection of Clinical Samples
This study was approved by the Committee of Ethics at Beijing Ditan Hospital (approval number: 2021–022-01), Capital 
Medical University, Beijing, China. This study complies with the Declaration of Helsinki. All participants provided written 
informed consent prior to enrollment. The study enrolled 32 HIV-1-infected patients on HAART with undetectable viremia 
(HIV-RNA < 40 copies/mL) for more than 4 years, consisting of 17 IRs (with CD4+ T cell counts˃500 cells/μL) and 15 
INRs (with CD4+ T cell counts˂ 350 cells/μL) in the Beijing Ditan Hospital, Capital Medical University. The exclusion 
criteria included coinfection with active opportunistic infections, tuberculosis, pregnancy, as well as malignant tumors.

Identification of Differentially Expressed Immune-Related Genes (DEIRGs)
The genes that showed different expressions between INR and IR samples were identified by the R package “linear 
models for microarray analysis (LIMMA)”. The criteria were as follows: (1) the adjusted p<0.05, a moderate t-test 
corrected by Benjamini and Hochberg’s method; (2) log fold change (FC) of genes ≥0.3. Then the heat maps and volcano 
maps of the dataset were generated by the “ggplot” and “pheatmap” package. The immune-related gene set was extracted 
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from the Immunology Database and Analysis Portal (ImmPort) database, and the Venn Diagram was used to identify 
differentially expressed immune-related genes (DEIRGs) between INR and IR groups.

Gene Ontology and pathway Enrichment Analysis
Gene ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment 
analysis were used to evaluate the function and biological processes of DEIRGs. GO is a leading bioinformatics tool for the 
annotation of genes and the analysis of the biological processes involved in these genes.23 KEGG is a database resource for 
gaining insights into high-level functional and biological systems from large-scale molecular datasets.24 GO and KEGG analyses 
were performed by using the “Clusterprofiler” package. Gene counts≥3 and p-value<0.05 were set as the screening threshold.

Figure 1 Flowchart of the integrated analysis.
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Construction of the PPI Network
The STRING database (http://string-db.org) (version 11.5) is an online search tool used to analyze known proteins and 
predict protein-protein interaction (PPI) networks, including direct and indirect interactions between proteins and their 
functional correlations. Molecular interactions and PPI networks can promote the exploration of molecular targets, 
signaling, metabolic pathways, and network functions involved in the immune response process. Reliable protein-protein 
interactions (combined score≥0.9) were selected for PPI network construction.

Critical Subnetworks and Hub Genes
Based on the PPI network, hub genes were screened according to network topology. Cytoscape software (version 3.8.2, 
Cytohubba, and MCODE plug-ins) was used to discover the key targets or subnetworks of complex networks. The critical 
subnetworks and hub genes during the immune response process were analyzed. The criteria for selecting modules were as 
follows: MCODE score>5; degree cutoff>2; node score cutoff >0.2; and k-score>2. CytoHubba, a plug-in in Cytoscape, 
was used to calculate the degree of each protein node. The expression levels of the DEIRGs were plotted into box plots.

Identifying Immune Cell Types
The “CIBERSORT” package is used to estimate the abundance ratio of member cell types in mixed cell populations 
based on gene expression data. The Wilcoxon test was used to examine the differences in the immune cells between INRs 
and IRs. Then, we used the “ggplot2” package to draw columnar stack diagrams to show the formation of every sample 
and violin diagrams to visualize the differences in immune cell types.

Correlation Analysis of Immune Cells with Immune-Related Genes
Spearman correlation test analysis was carried out to illustrate the relationship between the relative percentages of 
immune cells and immune genes. Based on the paired t-test, P<0.05 was considered statistically significant. |r| > 0.45 and 
P < 0.05 meant significant correlation.

Construction of Logistic Regression Diagnostic Model
As the immune response is a complex process, its etiopathogenesis involves compound gene expression and multiple 
interactions. To evaluate the diagnostic value of the hub DEIRGs more comprehensively, the diagnostic model was built 
by fitting different genes into a binary logistic regression model (glm package, R). The optimal threshold was determined 
by Youden’s J index. The training cohort was used for model building and the testing cohort for evaluating the 
performance of the models, and the “ROCR” package within R was used to calculate the area under the curve (AUC).

RNA Extraction and Quantification Real-Time Polymerase Chain Reaction
The High Purity Total RNA Rapid Extraction Kit (BioTeke, Beijing, China) was used to extract total RNA from the 16 
INRs and 16 IRs whole blood samples according to the manufacturer’s instructions. The All-in-One cDNA Synthesis 
SuperMix was then used to reverse transcribe the whole RNA into cDNA (Bimake). Sangon Biotech (Sangon, Shanghai, 
China) developed gene-specific primers (Table 1). The 2×SYBR Green qPCR Master Mix was then used to perform 
qPCR (Bimake). Melting curve analysis was done on all final PCR products to determine the amplification specificity. 
Using the relative quantification (ΔΔCt) approach, relative changes in gene expression were computed and reported as 
fold changes. Each transcript’s relative abundance was compared to that of β-actin.

Statistical Analysis
All statistical analyses were carried out in R version 4.0.5 or Graphpad Prism version 8.0 software. The moderate t-test was 
used to identify DEGs. Fisher’s exact test was applied to perform GO and KEGG analysis. The Wilcoxon test was applied to 
immune cell analysis. Spearman’s rank analysis was applied to analyze the correlations between genes and cells.
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Results
Identification of Differentially Expressed Immune-Related Genes (DEIRGs)
The Gene Expression Omnibus (GEO) dataset GSE143742 was included in our study, which had 61 samples, including 
44 immunological non-responders (INRs) and 17 immunological responders (IRs). The heatmap demonstrated the 
expression of the top 50 differentially expressed genes (DEGs), and the volcano plot showed the correlation of all 
DEGs from the GSE143742 expression profiling microarrays (Figure 2A and B). In this study, we identified 672 DEGs. 
After screening with the Venn Diagram, 39 differentially expressed immune genes (DEIRGs) were identified (Figure 1C). 
The list of the DEIRGs were shown in Table 2. Among them, 29 DEIRGs were down-regulated, and the remaining 10 
DEIRGs were upregulated (Table 2).

GO and KEGG Pathway Analysis
The most enriched Gene Ontology (GO) terms in the biological process category were “lymphocyte activation”, 
“leukocyte activation involved in immune response”, and “cell activation involved in immune response”. As for the 
cellular component category, the DEIRGs were enriched in “side of membrane”, “cytoplasmic vesicle membrane”, and 
“ficolin-1-rich granule”. Molecular function analysis demonstrated that the DEIRGs were significantly enriched in 
processes associated with “receptor-ligand activity”, “signaling receptor activator activity”, and “receptor regulator 
activity” (Figure 3A). The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway was enriched in “T cell 
receptor signaling pathway”, “Epstein-Barr virus infection”, and “Cytokine-cytokine receptor interaction” (Figure 3B). 
The enrichment map of GO analysis results was shown in Figure 3C, the gene names were on the left and GO terms were 
under the beneath (Figure 3C).

Construction of PPI Networks and Identification of Hub Immune-Related Genes 
(IRGs)
Analyzing the functional interactions between proteins may provide insights into the mechanisms of the generation or 
development of diseases. Protein-protein interaction (PPI) networks were constructed using STRING and Cytoscape. 
Following the removal of the six isolated genes that are not correlated with other genes, thirty-three DEIRGs were 
filtered from the thirty-nine DEIRGs to construct the PPI networks, which contained 33 nodes/genes and 77 edges 
(Figure 4A). Among these 33 genes, five central genes in module 1 were identified by the MCODE plug-in (Figure 4B). 
And the five genes were also the hub genes, which were obtained by the “Cytohubba” plug-in, namely “TNF”, 
“CXCR4”, “IL7R”, “CD48”, and “TFRC”. TNF, a pro-inflammatory cytokine, plays a critical role in HIV infection.25 

Table 1 Sequences of Primers Used for Quantitative Real-Time PCR

Gene Sequence(5’-3’)

TFRC (human) Forward: 5’- GGCTACTTGGGCTATTGTAAAGG-3’
Reverse: 5’- CAGTTTCTCCGACAACTTTCTCT-3’

CXCR4 (human) Forward: 5’- ACTACACCGAGGAAATGGGCT-3’

Reverse: 5’- CCCACAATGCCAGTTAAGAAGA-3’
TNF-α (human) Forward: 5’-GAGGCCAAGCCCTGGTATG-3’

Reverse: 5’-CGGGCCGATTGATCTCAGC-3’

IL7R (human) Forward: 5’- TGTCGTCTATCGGGAAGGAG −3’
Reverse: 5’- CGGTAAGCTACATCGTGCATTA-3’

CD48 (human) Forward: 5’- AGGTTGGGATTCGTGTCTGG-3’
Reverse: 5’- AGTTGTTTGTAGTTCTCAGGCAG-3’

β-actin (human) Forward: 5’-GCCGACAGGATGCAGAAGG-3’

Reverse: 5’-TGGAAGGTGGACAGCGAGG-3’

Abbreviations: TFRC, transferrin receptor; CXCR4, C-X-C Motif Chemokine Receptor 4; 
TNF-α, tumor necrosis factor-α; IL7R, interleukin-7 receptor; CD48, CD48 Molecule; β-actin, 
beta actin.
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CXCR4 is predominantly distributed on the surface of immune cells and is a co-receptor for T-cellophilic HIV-1.26 IL7R 
is expressed exclusively on the membranes of almost all naive lymphocytes and acts on naive lymphocytes to promote 
lymphocyte proliferation, differentiation and maintenance of the homeostatic function of peripheral mature T cells.27 

CD48 is a protein-coding gene, the X-Linked Lymphoproliferative Syndrome 1 and Acute Myeloid Leukemia are two 
conditions linked to CD48.28 TFRC is an indispensable component of the body, not only for the transport and metabolism 

Figure 2 (A) Heatmap of the top 50 DEGs from the total 672 DEGs between INRs and IRs. (B) Volcano map of all DEGs between INRs and IRs. Red represents up- 
regulated, black represents no significant difference genes, and the green represents downregulated DEGs in INRs. (C) Venn diagram of DEGs and immune-related genes. 
Blue represents the DEGs between INRs and IRs in GSE143742 datasets, and red represents immune-related genes in the ImmPort Datasets. 
Abbreviations: INRs, immunological non-responders; IRs, immunological responders; DEG, differentially expressed gene.
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of iron, but also for the regulation of respiration, cell proliferation and the immune system, as well as for the regulation of 
iron ion homeostasis and energy balance.29

Immune Cell Type Analysis
We first used the CIBERSORT algorithm to investigate the relative proportion of the 22 subpopulations of immune cells 
among INR and IR samples (Figure 5A). And we found that CD8 cells, activated CD4 memory cells, resting NK cells, 
and resting Mast cells in INRs were present at higher fractions than in IRs. The results showed that T cell activation was 
consistent with increased immune activation in INRs.6 However, naive CD4 cells, resting CD4 memory cells, activated 
NK cells, and activated Mast cells showed the opposite (Figure 5B).

Correlation Analysis of Immune-Related Genes and Immune Cells
We also explored the correlation between hub genes and the abundance ratios of 22 types of immune cells. We found that 
multiple hub IRGs were correlated to the abundance ratio of certain types of immune cells in INRs (Figure 6A) and IRs 
(Figure 6C). As shown, TNF and CD8 cells, TNF and Mast cells resting, CXCR4 and NK cells activated, TFRC and CD8 
cells, and TFRC and naive CD4 cells represented good correlation in INR samples (Figure 6B). Moreover, TFRC has 
a close correlation with NK cells activated, and IL7R is strongly associated with resting memory CD4 cells (Figure 6D).

Diagnostic Model Development and Its Validation
A multivariate logistic regression model was adopted to establish the diagnostic model for INR. The performance of the 
model can be assessed utilizing the receiver operating characteristic (ROC) curve and the area under the ROC curve 
(AUC). The “ROCR” package was used to conduct the ROC analysis. The expression of the five hub DEIRGs was 
included as independent variables. The diagnostic model was established with the training data, and the test data were used 
to assess model performance with AUC. The diagnostic regression equation was as follows: Logit (P) = −62.6662 + 
1.8366*TNF + 0.4966*CXCR4 + 1.1845*TFRC + 0.9928*IL7R + 2.8514*CD48. GSE143742 was used as the training 
set, and GSE106792 was taken as the test set. GSE143742 contained 41 INRs and 17 IRs. And GSE106792 dataset 
included 12 INRs and 12 IRs. The area under the ROC curve (AUC) of the training data was 0.922 (95% CI, 0.845–1.000) 
(Figure 7A). For external validation, the area under the ROC curve was 0.889 (95% CI, 0.694–1.000) (Figure 7B).

Abbreviations: ROC, receiver operating characteristic.

Screening of Potential Drugs for INRs
To identify novel drugs targeting INR patients, we performed CMap analysis on the 300 diagnostic gene candidates. We 
searched for negatively-correlated gene expression patterns associated with drug-treated cells in the CMap database using 
the cut-off criteria of percent non-null≥90 and mean<−0.4. The analyses screened out nine drug candidates; including 
trihexyphenidyl, isoflupredone, isoxicam, viomycin, lisuride, chenodeoxycholic acid, timolol, canadine, and adiphenine; 
which were not reported to play anti-INR effect before. The chemical structures of nine drugs were obtained through 
PubChem, which are shown in Figure 8.

Validation of the Expression of the Hub DEIRGs with RT-qPCR
The mRNA expression of the hub DEIRGs in 17 IRs and 15 INRs samples was detected with RT-qPCR. As shown in 
Figure 9, the expressions of IL7R, TFRC, TNF, CXCR4, and CD48 in INRs were significantly down-regulated in 

Table 2 The 39 Differentially Expressed Immune-Related Genes (DEIRGs) Were Identified in the Whole Blood in INRs

DEIRGs Gene Names

Upregulated ADIPOR1, CXCR2, NR1D1, CTSB, ACKR1, PRDX2, IRF3, HDGF, GDF1, NEO1
Downregulated CD48, CD3D, JUN, PSMC2, IL7R, HLA-DQA1, LTB, TNF, SOD1, TFRC, HSPA8, ITK, MIF, FLT3LG, TNFRSF25, VIM, 

CXCR4, SBDS, GMFB, CD247, S100A12, BCL3, NFKBIZ, RHOA, GMFG, TMSB10, PPP3CC, RASGRP1, MAP3K8
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Figure 3 GO and KEGG functional enrichment of the DEIRGs between INRs and IRs. (A) Bubble diagram of GO analysis results. (B) Bubble diagram of KEGG pathway 
analysis results. The dots represent biological process (BP), the triangles represent cellular component (CC), the squares represent molecular function (MF), and the sizes of 
the three shapes represent the numbers of genes in each GO and KEGG category. Red indicates a higher p-value. (C) Enrichment map of GO analysis results. Gene names 
on the left and pathway names under the beneath. 
Abbreviations: GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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comparison with IRs (Figure 9A). And we then verified the expression of the DEIRGs in the merged datasets from the 
public database (Figure 9B).

Discussion
The poor recovery of the CD4+ T cell (CD4 cell) population after highly active antiretroviral therapy (HAART) is 
associated with a significant increase in the mortality and morbidity of acquired immunodeficiency syndrome (AIDS),30 

and receiving HAART timely may have a beneficial effect on immune reconstitution.31 It has been reported that specific 
therapies targeting T cell immune activation, such as the extract of Tripterygium wilfordii Hook F (TwHF) and 
Vitamin,32,33 are correlated with CD4 cell recovery. And the therapies spotting pro/anti-inflammatory cytokines, like 
interleukin-7 (IL-7) and interleukin-2 (IL-2), have also been reported to be beneficial for reconstituting T cell counts. IL- 
7 signals to the cognate receptor IL-7R or CD127, and induces T cell survival and proliferation.34 IL-2 can increase the 

Figure 4 PPI network of identified DEIRGs constructed using Cytoscape software. (A) DEIRGs in the INRs vs IRs . Red nodes represent up-regulated genes, green nodes 
represent down-regulated genes, and yellow nodes represent hub genes in INRs. (B) The top module and the top five DEIRGs between INRs and IRs. 
Abbreviations: DEIRG, differentially expressed immune-related genes; INRs, immunological non-responders; IRs, immunological responders.
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proliferation of both CD4 and CD8 cells, and are capable of prolonging the survival of CD4 cells.35 Synthetically, 
research on the immunological mechanisms of defective immune response can boost insights into the kinetics of 
immunological remodeling. In this study, we tried to determine the diagnostic markers of immune non-responders 
(INRs) and examine the proportion of immune cells in INRs in more detail.

We first identified 39 differentially expressed immune-related genes (DEIRGs) in INRs compared with immune 
responders (IRs). These genes were enriched in“lymphocyte activation”, “leukocyte activation involved in immune 
response”, and “cell activation involved in immune response” biological processes. And they are enriched in the “T cell 

Figure 5 (A) Relative proportions of 22 types of immune cells in INRs and IRs. (B) Significant changes in immune cells in INRs compared to the IRs. *p < 0.05, **p < 0.01. 
Abbreviations: INRs, immunological non-responders; IRs, immunological responders.
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Figure 6 The correlation between pivotal immune-related genes and critical immune cells. (A) Correlation between expressions of five IRGs and the relative percentages of 
eight immune cells in INRs. (B) Scatterplots illustrate the relationship between TNF and CD8 cells, TNF and resting Mast cells, CXCR4 and activated NK cells, TFRC and 
naïve CD4 cells, and TFRC and CD8 cells in INRs. (C) Correlation between expressions of five immune genes and the relative percentages of eight immune cells in IRs. (D) 
Scatterplots illustrate the relationship between TFRC and activated NK cells, and IL7R and resting memory CD4 T cells in IRs. Red colors represent positive correlations, 
while blue represents negative correlations. The darkness of color indicates the strength of the correlation. |r| > 0.45 and P < 0.05 meant significant correlation, and marked 
with asterisk (*p < 0.05). Red-shaded areas in scatterplots represent the 95% confidence interval of the regression lines. 
Abbreviations: IRGs, immune-related genes; r, correlation coefficient; TNF, tumor necrosis factor; CXCR4, C-X-C motif chemokine receptor 4; TFRC, transferrin 
receptor; IL7R, interleukin 7 receptor; INRs, immunological non-responders; IRs, immunological responders.
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receptor signaling pathway”, “Epstein-Barr virus infection”, and “Cytokine-cytokine receptor interaction” pathway. The 
results are supported by a great many published studies.36,37 It has been generally accepted that one of the vital 
mechanisms for the occurrence of poor immune response is the presence of abnormal immune activation. The persistence 
of immune activation can contribute to the endurance of HIV reservoirs, CD4 cell deterioration, and disease progression.8

After the construction of the protein-protein interaction (PPI) networks, five hub immune-related genes (IRGs) in 
INRs were sorted out, including tumor necrosis factor-α (TNF), C-X-C Motif Chemokine Receptor 4 (CXCR4), 
interleukin-7 receptor (IL7R), CD48 molecule (CD48), transferrin receptor (TFRC). These genes were all altered in 
INRs, which implies that they may get involved in immune rebuilding in HAART patients. Recent studies have found 
that TNF is chiefly secreted by macrophages, and involved in the regulation of cell proliferation, differentiation, 
apoptosis, and lipid metabolism.38 TNF is immunologically active and causes changes in lymphocyte subsets in HIV 
patients, and activation of pro-inflammatory and anti-inflammatory cytokines has an invaluable role in immune system 
dysfunction.39 CXCR4 encodes a CXC chemokine receptor specific for stromal cell-derived factor-1 and can work with 
CD4 protein to support HIV entry into cells.40 IL7R has been shown to act in V(D)J recombination during lymphocyte 
evolution. Defects in it may be related to severe combined immunodeficiency (SCID).41 CD48 is found on the surface of 
many immune cells and participates in activation and differentiation pathways in these cells.28 And TFRC encodes a cell 
surface receptor that is indispensable for cellular iron uptake by the receptor-mediated endocytosis process. Diseases 
associated with TFRC include Immunodeficiency 46 and Combined Immunodeficiency.42,43

Concurrently, following the operation of the CIBERSORT algorithm, we found that eight types of immune cells had 
statistical differences between INR and IR groups. The ratios of resting mast cells, activated memory CD4 cells, resting 
natural killer (NK) cells, and CD8+ T cells (CD8 cells) were relatively higher in INRs. Nevertheless, the proportions of 
activated NK cells, resting memory CD4 cells, naïve CD4 cells, and activated mast cells were lower in INRs. In short, 
INRs had less activated intrinsic immune cells but more over-activated adaptive immune cells. This result was consistent 
with the literature that has been reported. It has been issued that there was an increased proportion of CD56bright 

subpopulations of NK cells, monocytes, and dendritic cells (DCs), and a significant increase in cell activation 
(CD38+HLA-DR+, CD69+) in INRs.44–46 Persistent T cell activation has been reported to be associated with reduced 
CD4 cell increases in HIV patients during HAART.47–49 For every 5% increase in the percentage of activated CD4 cells, 
the CD4 cell count decreased by 45 cells/µL in the first three months of HAART and by 35 cells/µL after three months.47

Besides, we also analyzed the interaction of the 8 types of key immune cells with 5 hub immune-related genes in 
INRs and IRs. We found that naïve CD4 cells, CD8 cells, resting mast cells, and activated NK cells had complicated 
associations with TNF, CXCR4, and TFRC in INRs. Activated NK cells positively related to TFRC, and resting memory 
CD4 cells correlated consistently to IL7R in IRs. Recent studies have found that TNF was predominantly secreted by 
CD8 cells, and some dysmature CD8 cells in HIV-infected patients produce significantly lower levels of perforin, 

Figure 7 The ROC curve was used to evaluate the diagnostic value of the logistic regression model in the (A) training set, and (B) test set.
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granulysin, and TNF.50 This can partially explain the correlation between TNF and CD8 cells. CXCR4 has been shown to 
mediate NK-cell trafficking to the bone marrow microenvironment and may involve in NK cell recruitment.51,52 TFRC is 
involved in the transport and storage of iron and the synthesis of substances essential for cell production, which has been 
reported to positively regulate the proliferation of T and B cells.42 At the same time, it has been addressed that IL7R gene 
polymorphisms were associated with the rate of CD4 cell recovery in a large cohort of HAART recipients, a finding 
consistent with the known role of IL-7 in establishing CD4 lymphocyte homeostasis.53 Although many studies have 
identified the relevance of these genes and cells, the association of these genes with the immune system is still unclear. It 
will need more research to study the underlying mechanism of these genetic codes in immune reconstitution for HIV 
patients after HAART therapy.

And we also constructed a diagnostic model based on the five hub immune genes. The area under the curve (AUC) 
values in the training set and testing set were both greater than 0.85, which showed that our risk model had a strong 

Figure 8 The chemical structure of the targeted therapeutic drugs of the diagnostic signature in INRs. (A) Trihexyphenidyl; (B) Isoflupredone; (C) Isoxicam; (D) Viomycin; 
(E) Lisuride; (F) Chenodeoxycholic acid; (G) Timolol; (H) Canadine;(I) Adiphenine.
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clinical application value. As far as we know, there is no study building the diagnostic model based on gene expression, 
so it is an innovative and exportable diagnostic model in laboratory practice. In the meantime, we screened trihexyphe-
nidyl, isoflupredone, isoxicam, viomycin, lisuride, chenodeoxycholic acid, timolol, canadine, and adiphenine from many 
small-molecule drugs. These nine drugs showed a significant adverse association with the highly-expressed or lowly- 
expressed genes in INRs, which may alleviate or reverse the status of the infiltration of immune cells, thus improving the 
prognosis of INR patients. Among the drugs mentioned above, chenodeoxycholic acid has been reported to selectively 
inhibit the replication of human immunodeficiency virus type 1 (HIV-1) in vitro,54 and topical timolol was shown to be 
effective in treating penile Kaposi sarcoma in HIV-negative patients.55

The innovation of this study is to screen out varied immune cells and gene signatures associated with these immune 
cells in INRs, which has not been reported. Our findings offer the possibility to regulate the interactions of these genes 
with membrane receptors or ligands to identify new treatments for INRs. Nevertheless, there also exist some inevitable 
deficiencies. For instance, the HIV-related datasets are fewer and not as easily acquired as cancer datasets, which 
causes a lack of verification of other chipsets. Given that the sample size and experimental applications are limited, 
additional molecular and cellular experiments should be performed to further explore more in-depth mechanisms. 
Conclusively, our study has provided a novel perspective on the immunomodulation mechanisms underlying poor 
immune reconstitution in HIV patients. And the ideas and findings in this study are helpful for further and future 
investigation.

Figure 9 The mRNA expressions of DEIRGs in clinical 17 IR and 15 INR samples were detected by RT-qPCR. The expression of TNF, CXCR4, TFRC, IL7R, and CD48 (A) 
between the INR and IR samples. (B) The expression of the DEIRGs in merged GEO series. *p < 0.05, **p < 0.01.
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Conclusions
In summary, eight types of significantly changed immune cells and five hub IRGs were identified in INRs. The process of 
poor immune reconstitution in INRs might be related to TNF, CXCR4, TFRC, CD48, and IL7R. And these IRGs play 
roles in regulating immune-competent cells. And our constructed diagnostic model, based on immune-related genes, has 
excellent effectiveness. Moreover, some small-molecule drugs are screened to alleviate poor immune response. These 
results will enable studies of the potential genes associated with immune cells, as well as provide insight for discovering 
new treatments and drugs for INRs.
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