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Importance 27 

In this observational study, 49 consecutive patients with SARS-CoV-2 infection confirmed by PCR 28 

testing and admitted to Saitama Medical University Hospital and Saitama Medical University 29 

International Medical Centre between December 4, 2020 and January 17, 2022 were included. Of these 30 

49 patients, 29 were diagnosed with COVID-19 pneumonia by computed tomography (CT) scan (Table 31 

1). The unique CD4+ T-cell immunity with less abundant Th1/17 CD4+ T-cell cluster and low 32 

expression of CTLA-4 in Th17 and Treg was consistently found in SARS-CoV-2 pneumonia patients 33 

on admission and 1-week of admission. The imbalance of CD4+ T-cell immunity may contribute to 34 

develop pneumonia in SARS-CoV-2 virus infected patients by delaying viral clearance and resulting in 35 

an excessive immune response. 36 

  37 
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 38 

Abstract 39 

Most humans infected with SARS-CoV-2 will recover without developing pneumonia. A few 40 

SARS-CoV-2 infected patients, however, develop pneumonia, and occasionally develop 41 

cytokine storms. In such cases, it is assumed that there is an inadequate immune response to 42 

eliminate viral infected cells and an excessive inappropriate immune response causing organ 43 

damage, but little is known about this mechanism. In this study, we used single cell RNA 44 

sequencing and mass cytometry to analyze peripheral blood T cells from patients hospitalized 45 

with proven COVID-19 infection in order to clarify the differences in host immune status 46 

among COVID-19 pneumonia cases, non-pneumonia cases, and healthy controls. The results 47 

showed that a specific CD4+ T cell cluster with chemokine receptor expression patterns, 48 

CXCR3+CCR4-CCR6+ (Th1/17), was less abundant in COVID-19 pneumonia patients. 49 

Interestingly, these CD4+ T-cell clusters were identical to those we have reported to correlate 50 

with antitumor immunity and predict programmed cell death (PD)-1 blockade treatment 51 

response in lung cancer. The Th1/17 cell percentages had biomarker performance in 52 

diagnosing pneumonia cases. In addition, CTLA-4 expression of type17 helper T cells (Th17) 53 

and regulatory T cells (Treg) was found to be significantly lower. This indicates that 54 

functional suppression of Th17 was less effective and Treg function was impaired in 55 

pneumonia cases. These results suggest that imbalance of CD4+ T-cell immunity generates 56 
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excessive immunity that does not lead to viral eradication. This might be a potential 57 

therapeutic target mechanism to prevent severe viral infections. 58 

  59 
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Introduction 60 

Most people infected with severe acute respiratory syndrome coronavirus-2 61 

(SARS-CoV-2) that causes the coronavirus disease 2019 (COVID-19) develop mild to 62 

moderate illness and may recover without developing pneumonia. However, a few patients 63 

develop pneumonia and fatal illness, imposing serious health threats. The SARS-CoV-2 64 

infection triggers the uncontrolled release of cytokines, leading to cytokine storms, which 65 

may lead to severe clinical complications. Studies have shown that steroid therapy and 66 

treatments to suppress the immune response, such as anti-interleukin (IL)-6 antibody therapy, 67 

are effective against COVID-19 pneumonia. These studies suggest that inappropriate, 68 

excessive immune responses and failure to eradicate the virus lead to organ damage.1,2 69 

Known clinical risk factors for developing pneumonia include age, obesity, diabetes, and 70 

hypertension.3 Moreover, genetic abnormalities of toll-like receptor (TLR) 3 and TLR7 71 

involved in type1 interferon (IFN) production and anti-IFN antibodies have been reported as 72 

key causes of such immune status; however, the precise underlying mechanism remains 73 

unknown.4 74 

CD8+ T-cells play important roles in clearing virus-infected cells. CD4+ T-cells are 75 

essential for the priming and clonal expansion of CD8+ T-cells; they also mediate the 76 

migration of clonally expanded CD8+ T-cells to the site of infection and are required for the 77 

acquisition of the cell-killing license. CD4+ T-cells undergo functional differentiation, known 78 
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as polarization at priming, to most efficiently eradicate invading microorganisms. Each 79 

polarized helper T-cell, such as type 1 helper (Th1), Th2, and Th17, uses distinct effector 80 

cells,5 such as CD8+ T-cells, eosinophils, and neutrophils. If this polarization is not 81 

appropriate, inefficient effector cells may be activated, which not only delays the elimination 82 

of infectious microorganisms but may also cause organ damage. It has been reported that 83 

Th17 with high inflammation-inducing activity is increased in COVID-19 pneumonia and 84 

cytokine storm cases and is involved in organ damage.6-8 Th1, which uses CD8+ T-cells as 85 

effectors, provides effective immunity to viral infection; however, recently, it was 86 

demonstrated that CXCR3+CCR4−CCR6+ Th1/17, which was originally reported to be 87 

important in autoimmune diseases, also plays an important role.9,10 In SARS-CoV-2 infection, 88 

nucleocapsid protein-specific CD4+ T-cells were reported to be more abundant in Th1 and 89 

Th1/17.11  90 

Anti-tumor immunity is considered similar to antiviral immunity because anti-tumor 91 

T-cells recognize genetic mutational products as neoantigens and attack tumor cells, which is 92 

thought to utilize a system that recognizes viral gene products as non-self-antigens. In 93 

addition, programmed cell death (PD)-1 inhibitors, widely used in cancer therapy, are based 94 

on the application of PD-1 in the phenomenon of T-cell exhaustion shown in a chronic viral 95 

infection model. In a recent study using single-cell RNA sequencing (scRNA-seq), we 96 

demonstrated that the CD4+ T-cell cluster Th7R, comprising CXCR3+CCR4−CCR6+ (Th1/17) 97 
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and CXCR3−CCR4−CCR6+ (CCR6 SP) CD4+ T-cells, but not Th1, represented the strength of 98 

antitumor immunity, and predicted the efficacy of PD-1 blockade therapy against lung 99 

cancer.12 Although both Th1 and Th1/17 expressed Th1-type genes, such as TBX21, CCL4, 100 

and IFNγ, Th1/17 was characterized by expression of TCF7, IL-7 receptor, and GZMK, 101 

instead of PRF1 and GZMB.  102 

Therefore, we hypothesized that the T-cell clusters involved in antiviral immunity are 103 

diverse, and their balance significantly affects the outcome of viral infections. To test this 104 

hypothesis, we analyzed the differentiation and activation/exhaustion status of CD4+ and 105 

CD8+ T-cells in patients with SARS-CoV-2 infection, intending to decipher the differences in 106 

T-cell immune status between patients with or without developing pneumonia. 107 

108 
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Methods 109 

Study Design and Patients 110 

In this observational study, 49 consecutive patients with SARS-CoV-2 infection confirmed by 111 

PCR testing and admitted to Saitama Medical University Hospital and Saitama Medical 112 

University International Medical Center between December 4, 2020 and January 17, 2022 113 

were included. Of these 49 patients, 29 were diagnosed with COVID-19 pneumonia by 114 

computed tomography (CT) scan (Table 1). All participants provided written informed 115 

consent, and the study protocol was approved by the Internal Review Board of Saitama 116 

Medical University International Medical Center (20-066). 117 

 118 

Blood Sample Analysis 119 

Blood samples were collected on admission, 1-week after, and on discharge from the 120 

hospital, using heparinized CPT Vacutainer tubes (Becton Dickinson Vacutainer Systems, 121 

Franklin Lakes, NJ, USA), and peripheral blood mononuclear cells (PBMC) were isolated as 122 

described previously.13 The PBMC samples were frozen using Cellbanker2 (Nippon Zenyaku 123 

Kogyo Co., Koriyama, Japan) in a liquid nitrogen tank. For analyses of T-cell subsets, cells 124 

were incubated for 32–48 h in a culture medium RPMI 1640 (Nacalai tesque, Kyoto, Japan) 125 

supplemented with 10% fetal calf serum (GIBCO, Carlsbad, CA) before cell staining. 126 

 127 
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Mass Cytometry 128 

The monoclonal antibodies used for HeliosTM mass cytometry analysis are listed in 129 

Supplementary Table 1 (Table S1). Approximately 5.0 × 106 cells were stained with mass 130 

cytometry antibodies (Standard BioTools, San Francisco, CA, USA) according to the 131 

manufacturer’s instructions. For intracellular staining, samples were prepared using a Maxpar 132 

Nuclear Antigen Staining Buffer (Standard BioTools). After washing twice with Maxpar Cell 133 

Staining Buffer (Standard BioTools), samples were fixed using Maxpar Fix (Standard 134 

BioTools) and Perm Buffer (Standard BioTools) supplemented with 125 nM iridium nucleic 135 

acid intercalator (Standard BioTools). Following fixation, cells were resuspended in Maxpar 136 

water after washing them with Maxpar Cell Staining Buffer and twice with Maxpar water. 137 

More than 2.0 × 105 cells per sample were analyzed using HeliosTM and Cytobank 138 

(https://www.cytobank.org) software. The gating strategy is presented in Supplementary 139 

Figure 1 (Fig. S1). 140 

 141 

Single-cell RNA Sequencing 142 

ScRNA-seq analysis was performed using a total of 10 PBMC samples collected at 143 

admission and 1-week later from 5 patients (2 pneumonia and 3 non-pneumonia) using the 144 

Chromium Single Cell Immune Profiling v2 kit (10× Genomics Inc., Pleasanton, CA, USA). 145 

Details of the scRNA-seq analysis are described in Supplementary Methods (Table S2).  146 
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 147 

Statistical Analysis 148 

Prism 9 (GraphPad Software, San Diego, CA, USA) was used to conduct statistical 149 

analyses. Data are expressed as the mean ± standard error of the mean unless otherwise 150 

indicated. Tests for differences between two groups were performed using Welch’s t-test. 151 

Multiple group comparisons were performed using one-way ANOVA followed by Tukey’s 152 

post hoc analysis. All P values were two-sided, and P < 0.05 was considered statistically 153 

significant. 154 

  155 
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Results 156 

CD4+ T-cell Immunity Differs among Patients With or Without Pneumonia Caused by 157 

SARS-CoV-2 Infection and Healthy Controls 158 

ScRNA-seq analysis using the PBMC samples revealed the diversity of T-cell 159 

subpopulations at the single-cell gene expression level in patients with (pneumonia group) or 160 

without SARS-CoV-2 pneumonia (non-pneumonia group) (Table S3 and S4). After the 161 

separation of CD4+ and CD8+ T-cells, we performed unsupervised clustering and uniform 162 

manifold approximation and projection (UMAP) analysis of CD4+ T-cells based on gene 163 

expression of the 2000 features that had highly varied expression levels among all cells 164 

(Figure 1A). It identified 31 CD4+ T-cell clusters, which were annotated based on the 165 

gene/protein expression patterns of chemokine receptor proteins and marker genes (CXCR3, 166 

CCR4, CCR6, CD45RA, CD62L (SELL), and FoxP3) (Figure 1B and Fig. S2A). The 167 

clusters were grouped into four distinct categories: naive CD4+ T-cells (comprised 168 

CD45RA+CD62Lhigh; black dashed line in Figure 1B), regulatory T-cells (comprising FoxP3+ 169 

cells; blue line in Figure 1B), effector T-cells (comprising CD45RA-CD62Llow CD4+ T-cells; 170 

red line in Figure 1B), and central memory CD4+ T-cells (comprised CD45RA-CD62Lhigh, 171 

others in Figure 1B). To clarify the differences in the number of cells between the groups on 172 

the UMAP area, UMAP plane was delimited by grids (grid size = 0.2). The number of cells in 173 

the grids was expressed as density (Figure 1C). The subtraction of the density in the 174 
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non-pneumonia group (blue) from those in the pneumonia group (red) on admission 175 

identified that the meta-cluster A was more common in the non-pneumonia group, which 176 

mainly comprised CD62LlowCXCR3+CCR4−CCR6+ Th1/17 cell populations (clusters #6 and 177 

#23). 178 

Next, mass cytometry analysis for determination of CD4+ T-cell polarization patterns 179 

observed in all patients (n = 49) at admission revealed a significant increase in 180 

CD62LlowCD4+ T-cells and Th1 in SARS-CoV-2-infected patients compared to that in healthy 181 

controls (Fig. S2B). However, the comparison of the three groups revealed a significantly 182 

lower percentage of expression of Th1/17 in patients with pneumonia than in those without 183 

pneumonia (P = 0.0018) and healthy controls (P = 0.0040) (Figure 1D); these results are 184 

consistent with scRNA-seq results. Furthermore, the percentage of CCR6 single positive 185 

(CCR6 SP) and triple positive (TP) CD4+ T-cell clusters were significantly lower (P = 0.020 186 

and 0.019, respectively) in the patients with pneumonia than those in patients without 187 

pneumonia. Receiver Operating Characteristic curve (ROC) analysis showed that patients 188 

with pneumonia could be predicted by peripheral Th1/17 with a sensitivity of 69.0% and 189 

specificity of 82.4% at a threshold of 3.435 (P = 0.0008, Figure 1E).  190 

Furthermore, the analysis of CTLA-4 and PD-1 expression in each CD4+ T-cell cluster 191 

revealed that only Th17 and Treg expressed CTLA-4, and that the pneumonia group had 192 

significantly lower CTLA-4 expression in Th17 and Treg (P = 0.0056 and 0.014, 193 
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respectively) than those in the non-pneumonia and healthy control groups (Figure 1F and Fig. 194 

S3A, B). CTLA-4 gene expression in Tregs was also significantly lower in the pneumonia 195 

group than that in the non-pneumonia group (FDR < 0.05, Fig. S3C).   196 

 197 

CD8+ T-Cell Responses to SARS-CoV-2 Infection 198 

Next, we examined CD8+ T-cell clusters separated from CD3+ T-cells using scRNA-seq 199 

data, as in CD4+ T-cells, from unsupervised clustering based on gene expression to grid 200 

subtraction (Figure 2A–C, Fig. S4). CD8+ T-cells were classified into 28 clusters by 201 

unsupervised clustering, and the annotation of these clusters based on CD45RA and CD62L 202 

expression identified an effector memory (EM) cells with CD45RA re-expression (EMRA) 203 

region (green line in Figure 2B; comprised CD45RA+CD62LlowCD8+ T-cells), an EM region 204 

(red line in Figure 2B; comprised CD45RA−CD62Llow), a central memory (CM) T-cell region 205 

(yellow line in Figure 2B; comprised CD45RA−CD62Lhigh), and a naïve CD8+ T-cell region 206 

(black dashed line in Figure 2B; comprised CD45RA+CD62Lhigh). The density subtraction in 207 

the non-pneumonia group (blue) from the pneumonia group (red) at admission revealed that 208 

EM and EMRA CD8+ T-cells were more common in patients with pneumonia than those in 209 

patients without pneumonia (Figure 2C). Mass cytometry analysis showed a lower 210 

percentage of naïve and a higher percentage of EMRA in SARS-CoV-2-infected patients than 211 

those in healthy controls (Figure 2D).  212 
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To examine the effect of CD4+ T-cells on CD8+ T-cells that directly eliminate 213 

virus-infected cells, we analyzed the correlation between each CD8+ T-cell fraction and CD4+ 214 

T-cell clusters (Figure 2E). The analysis identified a positive correlation between Th1 and 215 

EMRA. In addition, Th1 showed a weak negative correlation with CM (P = 0.0272) and a 216 

weak positive correlation with EM (P = 0.0070).  217 

Molecular expression analysis of each CD8+ T-cell cluster revealed significant 218 

differences in the percentages of CD27 and CD127 (IL-7 receptor) expression in EM and 219 

EMRA between pneumonia and non-pneumonia groups (Figure 2F). Furthermore, the 220 

expression of CD27 on EM CD8+ T-cells showed a significant positive correlation with 221 

Th1/17 but a negative correlation with Th1 in CD4+ T-cells (Figure 2G). Th1/17 was also 222 

significantly positively correlated with IL-7 receptor expression on EM CD8+ T-cells (Figure 223 

2H).  224 

 225 

CD8+ T-cell Immunity Returned to a Steady State during Recovery from SARS-CoV-2 226 

Infection 227 

After admission, 2 of 20 patients without pneumonia and 27 of 29 with pneumonia 228 

received steroid therapy. Seven patients with pneumonia received ventilator management, 229 

and all recovered eventually. Analysis of PBMC samples one week after hospitalization 230 

demonstrated the changes in CD8+ T-cell immunity during the recovery phase. The results 231 
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showed a significant decrease in EMRA fraction. The reduction in the EMRA fraction was 232 

proportional to the increase in the CM fraction (Figure 3A–C). This result indicates that 233 

CD8+ T-cell differentiation, which was induced in the EMRA fraction by the viral infection, 234 

changed to the CM fraction upon recovery. The decrease in CD27 and CD127 in the effector 235 

CD8+ T-cell fraction, which was stronger in the pneumonia group than that in the 236 

non-pneumonia group, also recovered, and no significant difference was observed in the 237 

CD27+ and CD127+ cells between pneumonia and non-pneumonia groups (Figure 3D, E). As 238 

described above, the difference in CD8+ T-cell fraction between pneumonia and 239 

non-pneumonia groups vanished with recovery from SARS-CoV-2 infection. 240 

 241 

CD4+ T-cell Immunity Differs Between Patients With or Without Pneumonia After 242 

Recovery from SARS-CoV-2 Infection 243 

Analysis of the changes in the CD4+ T-cell cluster during recovery from SARS-CoV-2 244 

infection revealed that Th1 decreased significantly in both pneumonia (P = 0.0006) and 245 

non-pneumonia groups (P = 0.0043) one week after admission compared to that at the time of 246 

admission (Figure 4A). In contrast, Th17 increased; the extent of the increase was greater in 247 

the pneumonia group than that in the non-pneumonia group (Figure 4B). Furthermore, unlike 248 

CD8+ T-cell clusters, Th1/17 showed consistent differences between pneumonia and 249 

non-pneumonia groups at one week of admission (P = 0.0021, P = 0.039, respectively; 250 
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Figure 4C). These are consistent with the results of scRNA-seq analysis (Figure 4D). The 251 

subtraction of the density in the non-pneumonia group (blue) from the pneumonia group (red) 252 

at one-week of admission identified meta-cluster B, in which Th1/17 was a major component, 253 

was less common in the pneumonia group (Figure 4C), as it was at admission (Figure 1C). 254 

The difference in CTLA-4 positivity between Th17 and Tregs, as indicated by PBMC 255 

analysis at admission, persisted after 1 week and was lower in the pneumonia group (P = 256 

0.023, P = 0.0041, respectively) than that in the non-pneumonia group (Figure 4E). The 257 

observed correlation between CD8+ T-cell clusters, CD27+, and CD127+ based on effector 258 

CD8+ T-cells and CD4+ T-cell clusters was maintained after 1 week—Th1 was positively 259 

correlated with CD8+ T-cell EM and EMRA proportions and Th1/17 was positively 260 

correlated with CD27+ and CD127+ percentages (Figure 4F).   261 
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Discussion 262 

Analysis of PBMC T-cells in this study revealed significant differences in T-cell 263 

immunity between patients who were infected with SARS-CoV-2 but did not develop 264 

pneumonia and those who developed pneumonia.  265 

On admission, the EMRA percentage of CD8+ T-cells was higher in patients with 266 

SARS-CoV-2 infection, regardless of whether they had pneumonia; however, the percentage 267 

decreased to the same level as that in healthy controls after one week of admission. The 268 

increase in CM instead of EMRA suggested that effector CD8+ T-cells, which had increased 269 

in response to SARS-CoV-2 infection, became central memory as the viral load decreased. In 270 

contrast to this dynamic change in CD8+ T-cell clusters, the differences found in CD4+ T-cell 271 

clusters between pneumonia and non-pneumonia groups in Th1/17 percentage and CTLA-4+ 272 

Th17 and Tregs were consistent. The percentages of Th1/17 in CD4+ T-cell, CTLA-4+ Th17, 273 

and CTLA-4+ Tregs were significantly lower in the pneumonia group than those in the 274 

non-pneumonia group. This study also revealed that Th1 and Th1/17, which play crucial roles 275 

in viral immunity, have different helper functions for CD8+ T-cells. The positive correlation 276 

of Th1 with EMRA CD8+ T-cells and negative correlation with CD27 expression in effector 277 

CD8+ T-cells indicated its role in promoting terminal differentiation of CD8+ T-cells with 278 

high cytotoxic activity and low co-stimulatory signaling through CD27.6,14 In contrast, the 279 

positive correlation of Th1/17 with CD27+ and CD127+ in effector CD8+ T-cells suggested its 280 
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role in homeostatic lymphocyte proliferation, and effector T-cell development, maintenance, 281 

and survival.10,14-17 Furthermore, long-lived memory T-cells in SARS-CoV-2-specific effector 282 

CD8+ T-cells have been shown to express IL-7 receptors.18 Therefore, it is possible that in 283 

patients without pneumonia, the ability of CD8+ T-cells to kill and maintain survival is 284 

balanced. In contrast, in patients with SARS-CoV-2 pneumonia, only the killing function of 285 

CD8+ T-cells is prominent, while CD8+ T-cell survival ability was reduced, possibly affecting 286 

their ability to eliminate virus-infected cells. These results suggest that the differences in 287 

Th1/17 but not Th1 determine susceptibility to SARS-CoV-2 pneumonia. This result is 288 

consistent with that of our previous study, which reported the efficacy of the effective T-cell 289 

clusters for PD-1 inhibitors against lung cancer.12 Our previous study also showed that 290 

Th1/17, but not Th1, exhibits anti-tumor T-cell immune potency.12 Taken together, we 291 

inferred that the same CD4+ T-cell cluster that plays an important role in anti-tumor immunity 292 

by recognizing gene mutation products presented on tumor cells also plays a key role in viral 293 

immunity by recognizing viral gene products on virus-infected cells. Furthermore, we 294 

demonstrated that during recovery from the viral infection, the differences in CD4+ T-cell 295 

clusters were consistent, unlike those in CD8+ T-cells. This result suggests that differences in 296 

CD4+ T-cell immunity reflect individual host immunity differences.  297 

 Th17, with a high inflammatory potential, which uses neutrophils as effector cells, 298 

causes acute respiratory distress syndrome.19 Increased Th17/Treg ratio is also associated 299 
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with LPS-induced acute lung injury and respiratory syncytial virus infection.19,20 In addition, 300 

Th17 plays an important role in developing pneumonia in patients with 301 

SARS-CoV-2-infection. In the present study, we found that CTLA-4 expression of Th17 and 302 

Tregs was significantly decreased in patients with pneumonia, which suggests that the 303 

important inhibitory mechanism of Th17 is reduced, making Th17 more likely to be activated 304 

and Treg function impaired in the pneumonia group. The percentages of CTLA-4+ on Th17 305 

and Treg were also not significantly altered in patients who recovered from the viral infection, 306 

suggesting that the low percentages of CTLA-4 on Th17 and Treg are a host characteristic 307 

rather than a transient response to virus infection.  308 

One limitation of this study is that the antigen specificity of T-cells was not analyzed. 309 

However, previous reports have shown that SARS CoV-2 membrane antigen-specific and 310 

nucleocapsid antigen-specific CD4+ T-cells had preferential polarization to Th1 or Th1/17. 311 

This suggests that a balance of CD4+ T-cells with different help functions for the same 312 

antigen is established. Further analysis is needed to determine whether the differences of 313 

Th1/17 and CTLA-4 expression on Th17 and Treg are constitutional, supported by SNPs or 314 

epigenesis, and their pathogenic roles in virus infections.  315 

This study showed that the imbalance of CD4+ T-cell immunity is an important factor in 316 

the pathogenesis of pneumonia caused by SARS-CoV-2 infection. Moreover, it suggests that 317 

peripheral Th1/17 is a biomarker for SARS-CoV-2 pneumonia susceptibility. The findings of 318 
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this study provide insights into the role of host immune status in identifying patients at high 319 

risk for severe viral infections and determining their responses appropriately, which may 320 

assist in avoiding severe cases due to pandemics by minimizing therapeutic intervention. 321 

  322 
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Figure legends 405 

Figure 1. Differences of CD4+ T-cell clusters among SARS-CoV-2 pneumonia, 406 

non-pneumonia, and healthy control. (A) Uniform manifold approximation and projection 407 

(UMAP) plots derived from integrated gene expression of CD4+ T cells obtained by 408 

single-cell RNA sequencing (scRNA-seq) of the samples from patients with SARS-CoV-2 409 

pneumonia (n = 2) and non-pneumonia (n = 3) collected on admission and 1-week after 410 

admission. A total of 32,990 CD4+ T cells were divided into 31 clusters upon unsupervised 411 

clustering. (B) CD4+ T-cell clusters (n = 31) were annotated according to the gene or protein 412 

expression of CD45RA, CD62L, FoxP3, CXCR3, CCR4, and CCR6. The red line indicates 413 

the extent of clusters mostly comprising CD62Llow effector T cells (clusters #6, 9, 11,15, 18, 414 

19, 23, 27, 28, 29, and 31). The black dashed line indicates clusters #1, 2, 4, 8, 10, 12, 14, 16, 415 

20, and 25—mostly comprising CD62LhighCD45RA+ naïve T-cells. The blue line indicates 416 

clusters #13, 22, and 24, enriched with FoxP3+ Treg cells. (C) The density subtraction of the 417 

SARS-CoV-2-infected non-pneumonia group (blue) from those of the SARS-CoV-2-infected 418 

pneumonia group (red) at admission. The red line indicates the predominance of patients with 419 

pneumonia, the blue line indicates non- the predominance of patients without pneumonia, and 420 

the black line indicates meta-cluster A, comprising non-pneumonia patient-predominant cells 421 

in effector CD4+ T-cell clusters. The bar plot represents the number of cells in meta-cluster A. 422 

Meta-cluster A mainly consists of Th1/17 cells (blue dots in Figure 1B). (D) The percentages 423 
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of CD62LlowCXCR3+CCR4−CCR6− helper type 1 CD4+ T-cell (Th1), 424 

CD62LlowCXCR3+CCR4−CCR6+ Th1/17, CD62LlowCXCR3−CCR4−CCR6+ CCR6 SP, 425 

CD62LlowCXCR3+CCR4+CCR6+ TP, CD62LlowCXCR3−CCR4+CCR6+ Th17, and FoxP3+ 426 

regulatory T-cell (Treg) were compared between patients with SARS-CoV-2 pneumonia (P, 427 

n = 29), without pneumonia (N, n = 20), and healthy control (H, n = 15). (E) Receiver 428 

operating comparison analysis was performed between pneumonia and non-pneumonia 429 

groups based on Th1/17 percentages. (F) The percentages of CTLA-4+ in CD4+ T-cell 430 

clusters were compared among patients with and without SARS-CoV-2 pneumonia and 431 

healthy controls. Statistical analysis was performed using one-way ANOVA, and 432 

between-group differences were analyzed using Tukey's multiple comparisons test. 433 

 434 

Figure 2. Differences of CD8+ T-cell clusters among SARS-CoV-2 pneumonia, 435 

non-pneumonia, and healthy control. (A) UMAP plots derived from integrated gene 436 

expression data of CD8+ T-cells from scRNA-seq of two patients with SARS-CoV-2 437 

pneumonia and three patients without SARS-CoV-2 pneumonia collected on admission and 1 438 

week after admission. All 23,236 CD8+ T-cells were divided into 28 clusters upon 439 

unsupervised clustering. (B) CD8+ T-cell clusters were annotated according to the gene or 440 

protein expression of CD45RA and CD62L (SELL). The red line indicates the extent of 441 

clusters mainly consisting of CD45RA-CD62Llow effector memory T-cells (EM, clusters #4, 5, 442 
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7, 8, 10, 11, 12, 14, 18, 22, 23, 24, 26, and 27). The green line indicates clusters #3, 9, 15, and 443 

28—mostly comprising CD45RA+CD62Llow effector memory with re-expression of CD45RA 444 

(EMRA). The yellow line indicates clusters #16, 17, and 19, CD45RA-CD62Lhigh central 445 

memory T-cells (CM). The black dashed line indicates clusters #1, 2, 6, 13, 20, 21, and 446 

25—mostly comprising CD45RA+CD62Lhigh naïve T-cells. (C) The density subtraction of the 447 

SARS-CoV-2-infected non-pneumonia group (blue) from those of the SARS-CoV-2-infected 448 

pneumonia group (red) at admission. Red indicates the predominance in patients with 449 

pneumonia, and blue indicates the predominance in patients without pneumonia. (D) The 450 

percentages of EM, EMRA, CM, and naïve T-cell at admission were compared between 451 

patients with SARS-CoV-2 pneumonia (P, n = 29), non-pneumonia (N, n = 20), and healthy 452 

control (H, n = 15). Statistical analysis was performed using one-way ANOVA, and 453 

between-group differences were analyzed using Tukey's multiple comparisons test. (E) 454 

Correlations between Th1 and CM, EM, and EMRA. (F) The percentages of CD27+ and 455 

CD127+ in CD8+ T-cell clusters compared between patients with and without SARS-CoV-2 456 

pneumonia and healthy controls. Statistical analysis was performed using one-way ANOVA, 457 

and between-group differences were analyzed using Tukey's multiple comparisons test. (G) 458 

Correlations between Th1 and Th1/17 and the percentages of CD27+ in EM. (H) Correlations 459 

between Th1 and Th1/17 and the percentages of CD127+ in EM. 460 

 461 
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Figure 3. Changes of CD8+ T-cell clusters one week after admission. (A) Correlation 462 

analysis between CD8+ T-cell clusters at admission and one week after admission in 463 

SARS-CoV-2 pneumonia and non-pneumonia patients (n = 35). (B) The subtraction of 464 

density of cells at admission (blue) from those one week after admission (red) of five patients. 465 

Red indicates predominance one week after, and blue indicates predominance at admission. 466 

The red line indicates effector memory T-cells (EM). The green line indicates effector 467 

memory with re-expression of CD45RA (EMRA). The yellow line indicates central memory 468 

T-cells (CM). The black dashed line indicates naïve T-cells. (C) The percentages of EM, 469 

EMRA, CM, and naïve CD8+ T-cell one week after admission were compared among 470 

SARS-CoV-2 pneumonia patients (P, n = 23), non-pneumonia patients (N, n = 12), and 471 

healthy control (H, n = 15). Statistical analysis was performed using one-way ANOVA, and 472 

between-group differences were analyzed using Tukey's multiple comparisons test. (D, E) 473 

Correlation analysis between CD27+ and CD127+ CD8+ T-cell percentages at admission and 474 

one week later in SARS-CoV-2 pneumonia and non-pneumonia patients (n = 35). The 475 

percentages of CD27+ and CD127+ CD8+ T-cell one week after admission were compared 476 

between SARS-CoV-2 pneumonia and non-pneumonia groups. 477 

 478 

Figure 4. Changes of CD4+ T-cell clusters at one week after admission. (A) Correlation 479 

analysis between CD4+ T-cell clusters (Th1, Th1/17, Th17, and Treg) at admission and one 480 
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week later in SARS-CoV-2 pneumonia and non-pneumonia patients (n = 35). (B) The ratio of 481 

CD62Llow Th17 one week after admission to that at the admission of patients with 482 

SARS-CoV-2 pneumonia and non-pneumonia patients was compared. (C) The percentages of 483 

Th1, Th1/17, Th17, and Treg, one week after admission, compared among SARS-CoV-2 484 

pneumonia patients (P, n = 23), non-pneumonia patients (N, n = 12), and healthy control (H, 485 

n = 15). Statistical analysis was performed by one-way ANOVA, and between-group 486 

differences were analyzed by Tukey's multiple comparisons test. (D) The density subtraction 487 

of the SARS-CoV-2-infected non-pneumonia group (blue) from those of the 488 

SARS-CoV-2-infected pneumonia group (red) at one week after admission. Red indicates 489 

pneumonia patient-predominant, and blue indicates non-pneumonia patient-predominant cells. 490 

The red line indicates the extent of clusters mostly composed of CD62Llow effector T-cells. 491 

The black line indicates meta-cluster B, consisting of non-pneumonia patient-predominant 492 

cells in effector CD4+ T-cell clusters. The location of meta-cluster B on the UMAP is almost 493 

identical to that of meta-cluster A (Figure 1C), and then meta-cluster B mainly consists of 494 

Th1/17 cells. (E) The percentages of CTLA-4+ in Th17 and Treg one week after admission 495 

were compared between patients with (n = 23) and without (n =15) SARS-CoV-2 pneumonia. 496 

(F) The correlation between the percentage of CD27+ and CD127+ in EM or EMRA and Th1 497 

or Th1/17 one week after admission was analyzed. 498 

  499 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 1, 2023. ; https://doi.org/10.1101/2023.05.31.543129doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.31.543129
http://creativecommons.org/licenses/by-nc-nd/4.0/


30 

 

Table 1 Patient demographics 500 

 Pneumonia Non-pneumonia 
Age median 66 (22-86) 53.5 (21-88) 
Gender M/F 21 / 8 16 / 4 
Delta / Omicron 29 / 0 17 / 3 
Steroid therapy + / - 27 / 2 2 / 18 
Anti-virus therapy + / 
- 

22 / 7 4 / 16 

Respirator + / - 7 / 22 0 / 20 
Complication + / - 23 / 6 10 /10 
Complication (n); hypertension (14), hyperlipidemia (8), bronchial asthma (6), 501 

diabetes mellitus (5), cardiac disease (5), Body mass index > 30 (2) 502 

 503 
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