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23 Abstract 

24 As of January 2022, at least 60 million individuals are estimated to develop post-acute sequelae of 

25 SARS-CoV-2 (PASC) after infection with severe acute respiratory syndrome coronavirus 2 

26 (SARS-CoV-2). While elevated levels of SARS-CoV-2-specific T cells have been observed in 

27 non-specific PASC, little is known about their impact on pulmonary function which is 

28 compromised in the majority of these individuals. This study compares frequencies of SARS-CoV-

29 2-specific T cells and inflammatory markers with lung function in participants with pulmonary 

30 PASC and resolved COVID-19 (RC). Compared to RC, participants with respiratory PASC had 

31 up to 34-fold higher frequencies of IFN-γ- and TNF-α-producing SARS-CoV-2-specific CD4+ and 

32 CD8+ T cells in peripheral blood and elevated levels of plasma CRP and IL-6. Importantly, in 

33 PASC participants the frequency of TNF-α-producing SARS-CoV-2-specific CD4+ and CD8+ T 

34 cells, which exhibited the highest levels of Ki67 indicating they were activity dividing, correlated 

35 positively with plasma IL-6 and negatively with measures of lung function, including forced 

36 expiratory volume in one second (FEV1), while increased frequencies of IFN-γ-producing SARS-

37 CoV-2-specific T cells associated with prolonged dyspnea. Statistical analyses stratified by age, 

38 number of comorbidities and hospitalization status demonstrated that none of these factors affect 

39 differences in the frequency of SARS-CoV-2 T cells and plasma IL-6 levels measured between 

40 PASC and RC cohorts. Taken together, these findings demonstrate elevated frequencies of SARS-

41 CoV-2-specific T cells in individuals with pulmonary PASC are associated with increased 

42 systemic inflammation and decreased lung function, suggesting that SARS-CoV-2-specific T cells 

43 contribute to lingering pulmonary symptoms. These findings also provide mechanistic insight on 

44 the pathophysiology of PASC that can inform development of potential treatments to reduce 

45 symptom burden.
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46 Author Summary 

47 Long COVID-19 or post-acute sequelae of SARS-CoV-2 (PASC) impacts 20-30% of those 

48 infected with SARS-CoV-2 and is characterized by COVID-19 symptoms exceeding 4 weeks from 

49 symptom onset. While those with PASC experience a wide variety of persistent symptoms 

50 including shortness of breath, cough, chest pain, irregular heartbeat, brain fog, fatigue, and 

51 intermittent fever, lung-related conditions are the most common. Although, infection with SARS-

52 CoV-2 is clearly the inciting factor for PASC, the mechanisms responsible for long-term lung 

53 dysfunction are unclear and current treatments are ineffective at resolving pulmonary symptoms. 

54 Generalized PASC has been associated with SARS-CoV-2-specific T cells, a component of 

55 adaptive immunity, suggesting that residual virus may persist. Here, we investigated the frequency 

56 and function of virus-specific T cells in the blood of individuals with pulmonary PASC and 

57 correlated their presence with systemic inflammation and lung function. Our findings 

58 demonstrated that T cells specific for SARS-CoV-2 are elevated in the blood of those with 

59 pulmonary PASC and are associated with increased IL-6, a cytokine strongly associated with 

60 COVID-19 severity, and decreased lung function. These findings provide mechanistic insight into 

61 the pathophysiology of pulmonary PASC needed for the development of new treatments to 

62 improve quality of life for those affected. 

63

64

65
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66 Introduction

67 After infection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), 20-30% of 

68 survivors experience prolonged symptoms that can significantly impact quality of life(1). “Long-

69 COVID” or “Long-haul COVID” refers to individuals experiencing persistent symptoms that can 

70 involve multiple organ systems, including the lungs, heart, and brain(2-4). Officially named post-

71 acute sequelae of SARS-CoV-2 (PASC), this syndrome is defined as new, continuing or recurring 

72 symptoms of COVID-19 that occur four or more weeks after initial infection(1). Hallmark 

73 symptoms of PASC include persistent palpitations, neuropsychiatric conditions, anosmia and 

74 dysgeusia, with dyspnea and other respiratory ailments being the most common(5-7). Reduced 

75 lung volume and exercise capacity are commonly observed in survivors of COVID-19 

76 pneumonia(8), however, the appearance and persistence of PASC respiratory symptoms is not 

77 related to the severity of initial illness(9). As new SARS-CoV-2 variants potentially increase 

78 infection rates and disease severity(10, 11), mutations to viral surface proteins may also increase 

79 the prevalence of persistent symptoms(12). Early reports show sustained frequencies of SARS-

80 CoV-2-specific T cells and elevated inflammatory systemic markers have been observed in non-

81 specific PASC(13, 14), and understanding the immunologic mechanisms of pulmonary PASC is 

82 of vital importance for developing treatment options to reduce symptom burden. 

83

84 The T cell adaptive immune response is well characterized in acute and convalescent cases of 

85 COVID-19 and contributes to virus clearance, protective immunity and inflammation(15). The 

86 frequency of SARS-CoV-2-specific T cells positively correlates with both serum antibody levels 

87 and disease severity; however, while SARS-CoV-2-specific antibodies remain relatively stable up 

88 to 240 days, virus-specific CD4+ and CD8+ T cell frequencies decline with a half-life of 3-5 
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89 months(16, 17). In mild/asymptomatic cases, SARS-CoV-2-specific T cells are polyfunctional and 

90 produce multiple cytokines(18); conversely, during severe disease, polyfunctional virus-specific 

91 T cells are underrepresented and are skewed towards a cytotoxic phenotype(19). Although SARS-

92 CoV-2-specific T cells are protective in most cases, it has been shown they can contribute to the 

93 cytokine release syndrome seen in patients with severe COVID-19(20). Furthermore, CD8+ T cells 

94 in the lung during acute infection are associated with inflammation, fibrosis, biomarkers of 

95 vascular injury, and poor outcomes(21, 22). Thus, while SARS-CoV-2-specific T cells likely play 

96 a role in PASC, the characteristics of these cells and their connections to systemic inflammation 

97 or pulmonary symptoms are currently unknown. 

98

99 Here we determined the frequency and function of SARS-CoV-2-specific T cells in blood, and 

100 their relationship with the expression of plasma inflammatory markers and measures of lung 

101 function in individuals with pulmonary PASC. We found patients with pulmonary PASC had 

102 significantly elevated frequencies of IFN-- and TNF--producing SARS-CoV-2-specific T cells 

103 compared to participants with resolved COVID-19 (RC). These virus-specific T cells were 

104 strongly associated with increased markers of inflammation and decreased lung function in PASC. 

105 These findings indicate pulmonary PASC may be, in part, driven by the production of 

106 inflammatory cytokines by SARS-CoV-2-specific T cells. 

107
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108 Results

109 Cohort Descriptions 

110 Study participants were recruited between July 2020 and April 2021, prior to appearance of the 

111 B.1.617.2 or B.1.1.529 variants in Colorado(23). Patients were confirmed SARS-CoV-2 PCR 

112 positive by nasopharyngeal swab during the acute phase of infection. Participants categorized as 

113 pulmonary PASC experienced prolonged tussis, dyspnea and/or fatigue (S1 Table). The pulmonary 

114 PASC cohort reported symptoms lasting for a median duration of six months from symptom onset 

115 or hospital discharge. All RC participants reported no symptoms at the time of sample collection, 

116 and if RC participants subsequently did experience relapse of symptoms, they were excluded from 

117 the study. All participants with chronic or active infections other than SARS-CoV-2, using 

118 medications targeting IL-6, or antibiotic use within one month of sample collection were also 

119 excluded. 

120

121 Clinical characteristics of the PASC and RC cohorts were similar to those observed by other 

122 groups(1, 9) and are highlighted in Table 1. Those with PASC were older than RC participants 

123 (median years (range), PASC=54 (22-69), RC=33 (22-71), P=0.003) and 40% required 

124 hospitalization (duration 3-52 days: median=11 (P=0.01)) during acute COVID-19 infection 

125 (Table 1). Overall, no significant differences between PASC and RC cohorts in terms of pre-

126 existing conditions were found (Table 1). Those with PASC experienced an average symptom 

127 duration of over 6 months while RC participants’ average symptom duration was 12 days 

128 (P<0.0001) (Fig. 1a). PASC participants reported a median of 9 symptoms while RC participants 

129 reported 6 symptoms during initial infection (P=0.002). The median number of prolonged 

130 symptoms reported by those with PASC was 5 while those with RC reported none (P<0.0001) 
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131 (Fig. 1b). There were no significant differences in the total duration of symptoms between PASC 

132 participants who were hospitalized (PASC-H) and those with PASC who were not hospitalized 

133 (PASC-NH) (P=0.17). PASC-NH participants reported a greater variety of symptoms during both 

134 the acute (P=0.03) and post-acute phases (P=0.02) of disease when compared to symptoms 

135 reported by PASC-H participants (Fig 1b). The average time from symptom onset to blood 

136 collection was 225 days for the PASC and 32 days for the RC cohorts (Table 1). Statistical analyses 

137 stratified by age (S1 and S4 Fig.), number of comorbidities (S1 and S4 Fig.), time to sample 

138 collection (S2 Fig.), and hospitalization status (Fig. 6a) demonstrated that none of these factors 

139 affected the differences in frequency of SARS-CoV-2 T cells and plasma IL-6 levels measured 

140 between PASC and RC cohorts.

141
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142 Elevated SARS-CoV-2-specific T cells in pulmonary PASC 

143 We measured the frequency of SARS-CoV-2-specific T cells in blood using intracellular cytokine 

144 (IFN-γ, TNF-α, and IL-2) staining after stimulation with peptide pools of the SARS-CoV-2 spike 

145 (S), nucleocapsid (N) or membrane (M) surface-expressed proteins. Representative density plots 

146 of SARS-CoV-2-specific T cell populations are shown (Fig. 2a). First, we analyzed the combined 

Table 1. Demographics of Cohorts. 
 Cohort P Valuea PASC Hospitalized P Valuea

 PASC RC PASC-RC Yes No Yes-No
Number of participantsb 20 15 8Δ 12
Female 10 (50) 5 (33) ns 2 (25) 8 (75) ns
Male 10 (50) 10 (66) ns 6 (75) 4 (25) ns
Median time to samplec 

(Range) 212 (64-396) 32 (13-265) ***Δ 184.5 (31-383) 183 (45-332) ns

Median Age (Range) 53 (22-65) 34* (22-71) **Δ 60 (49-69) 50 (22-62)
ICU Admission 6 (32) NAd NA 6 (75) NA NA

Race and Ethnicity
White 17 14 ns 6 11 ns
Black 2 1 ns 1 1 ns
American Indian/Alaska 

Native 0 2 ns 0 0 ns

Other 1 0 ns 1 0 ns
Hispanic or Latin Origin 5 4 ns 3 2 ns

Underlying Medical Condition
Any 10 (50) 3 (20) nsΔ 4 (50) 6 (50) ns
Hypertension 7 (35) 0 (0) * 2 (38) 4 (33) ns
Pulmonary Disease 2 (10) 1 (7) ns 0 (0) 2 (17) ns
Immune System Disease 1 (5) 0 (0) ns 0 (0) 1 (8) ns
Cancer 1 (5) 0 (0) ns 0 (0) 1 (8) ns
Kidney Disease 1 (5) 1 (7) ns 0 (0) 1 (8) ns
Metabolic Disease 5 (25) 0 (0) ns 4 (50) 1 (8) ns

Medications during Hospitalization
Convalescent Plasma 3 (15) NA NA 3 (38) NA NA
Hydroxychloroquine 4 (20) NA NA 4 (50) NA NA
Remdesivir 4 (20) NA NA 4 (50) NA NA
Dexamethasone 4 (20) NA NA 4 (50) NA NA
Tocilizumab 0 (0) NA NA 0 (0) NA NA

aMann-Whitney tests were used to determine statistical significance, ns = not significant * = P<0.05, ** = 
P<0.005, *** = P<0.0005. 
bAll values are number of participants with the percentage of the cohort in parentheses unless otherwise specified.
cMedian number of days from first reported symptom to collection of blood.
dNA=Not applicable.
ΔIndicates stratification analyses were performed demonstrating these differences do not influence SARS-CoV-2-
specific T cell frequencies (S1 and S2 Fig.) and levels of plasma IL-6 (S4 Fig.).
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147 frequency of SARS-CoV-2-specific T cells for all three proteins. PASC participants had 

148 significantly increased frequencies of SARS-CoV-2-specific CD4+ and CD8+ T cells that produced 

149 IFN-γ or TNF-α compared to the RC cohort, while frequencies of IL-2-producing CD4+ SARS-

150 CoV-2-specific T cells also trended higher (Fig. 2b-g). There was a 2.9- and 5.2-fold increased 

151 frequency of CD4+ and CD8+ SARS-CoV-2-specific T cells producing IFN-γ in PASC participants 

152 compared to RC participants (Fig. 2b-c). The differences in the frequencies of TNF-α-producing 

153 CD4+ and CD8+ T cells in PASC participants compared to RC participants were even greater (6.9- 

154 and 34-fold, respectively) (Fig. 2d-e). We chose to separate pulmonary PASC participants by prior 

155 hospitalization status to determine if this factor was associated with the frequency of virus-specific 

156 T cells. The same significant differences were observed when comparing only PASC-NH and RC 

157 participants and no significant differences were observed between PASC-NH and PASC-H groups 

158 (Fig. 2b-g). Stratification analyses for age, comorbidities and time of sample collection showed no 

159 significant differences within the RC or pulmonary PASC cohorts (S1 and S2 Fig). 

160

161 Next, we individually assessed IFN-γ- and TNF-α-producing SARS-CoV-2-specific T cell 

162 frequencies as these cytokines had the most significant differences overall. The frequency of IFN-

163 γ-producing, S-specific CD4+ T cells was significantly higher in those with pulmonary PASC as 

164 compared to RC participants (median, range; PASC: 0.23%, 0-7.63%; RC: 0.075%, 0-0.26%: 

165 P=0.0098) (Fig. 3a). No significant differences were noted in the frequency of SARS-CoV-2 N- 

166 and M-specific CD4+ T cells producing IFN-γ in PASC and RC participants (Fig. 3a). Similar 

167 findings were seen for IFN-γ expression in CD8+ T cells between PASC and RC cohorts and again 

168 no difference was observed comparing the PASC-NH and PASC-H groups (Fig. 3b). Again, there 
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169 were no significant differences based on age, time of sample collection or comorbidities for IFN-

170 γ-producing SARS-CoV-2 (S1 and S2 Fig).

171

172 PASC participants had significantly higher frequencies of TNF-α-producing SARS-CoV-2 S- and 

173 N-specific CD4+ T cells, (P=0.0015 and P=0.0033, respectively) (Fig. 3c) and significantly 

174 increased frequencies of TNF-α-producing CD8+ T cells in response to all three SARS-CoV-2 

175 proteins (Fig. 3d) compared to RC participants. Approximately 50% of CD4+ and CD8+ T cells 

176 from PASC participants produced TNF-α in response to all 3 SARS-CoV-2 proteins, whereas these 

177 percentages were 33% and 13%, respectively in RC participants. Only one PASC participant had 

178 no detectable CD4+ T cell cytokine response to any SARS-CoV-2 protein – this individual did 

179 have CD8+ T cell cytokine responses – while 5 RC participants had no detectable responses in 

180 either CD4+ or CD8+ T cells. Interestingly, female PASC participants had significantly higher total 

181 (P=0.0015) and S-specific (P=0.045) CD8+ T cell responses compared to male participants with 

182 PASC (Fig. 3e-f). 

183

184 SARS-CoV-2-specific T cells in PASC are less polyfunctional than in RC and exhibit recent 

185 proliferation 

186 Next, we compared the expression of cytokines and phenotypic markers on SARS-CoV-2-specific 

187 T cells in pulmonary PASC and RC participants. It has been established that T cell immunity to 

188 SARS-CoV-2 wanes rapidly after resolution of infection and symptoms(24). As confirmation of 

189 waning immunity, we examined SARS-CoV-2-specific T cell frequencies in 2 RC participants 

190 who provided blood at 2- and 30-weeks post resolution of symptoms. As expected, their T cell 

191 responses decreased over time (S2 Fig). Based on these data, we collected blood from RC 
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192 participants at early time points after resolution of infection to ensure that detectable frequencies 

193 of SARS-CoV-2-specific T cells were present. Thus, we were able to interrogate differences in T 

194 cell phenotype and function in both PASC and RC participants. 

195

196 We assessed the cytokine-production profiles of PASC and RC participants utilizing simplified 

197 presentation of incredibly complex evaluations (SPICE)(25). The SPICE analysis revealed the 

198 majority of SARS-CoV-2-specific T cells in individuals with pulmonary PASC only produce one 

199 of the three cytokines tested with TNF- dominating the virus-specific CD4+ T cell response and 

200 IFN- dominating the CD8+ T cell response, while RC participants tended to produce multiple 

201 cytokines, indicating the T cell cytokine response is more restricted PASC compared to RC. A 

202 deeper analysis revealed significant differences in the distribution of CD4+ T cell cytokine 

203 expression in response to N and M proteins when comparing PASC and RC participants (P=0.012 

204 and P=0.046, respectively) (Fig. 4). The proportion of N-specific CD4+ T cells producing both 

205 IFN- and IL-2 was significantly higher in RC participants compared to PASC participants 

206 (P=0.017) while the proportion of TNF-- and IL-2-producing N-specific CD4+ T cells was higher 

207 in pulmonary PASC participants (P=0.024). For CD8+ T cells, the overall proportions of cytokine 

208 co-expression were also significantly different between PASC and RC cohorts for S- and N-

209 specific T cells (P=0.012 and P=0.008, respectively) and although at an overall low frequency, the 

210 proportion of TNF-- and IL-2-producing N-specific CD8+ T cells was also higher in PASC 

211 compared to RC participants (Fig. 4). Interestingly, the proportion of IFN-- and TNF--producing 

212 S-specific CD8+ T cells was significantly greater in RC compared to PASC (P=0.026), while the 

213 proportion of CD8+ T cells secreting this combination of cytokines trended higher in PASC in 

214 response to N- and M- peptide pools. 
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215

216 We then assessed markers of T cell maturation (CD27 and CD45RA), exhaustion (PD-1) and 

217 proliferative capacity (Ki-67) on total (S3 Fig) and virus-specific (Fig. 5) T cells from PASC and 

218 RC participants. No differences were seen in the frequency of naïve, effector memory or terminally 

219 differentiated effector memory for total CD4+ or CD8+ T cells between the two groups; however, 

220 there was an increased frequency of central memory (CD27+ CD45RA-) CD4+ T cells in the blood 

221 of PASC participants (PASC median: 43%, RC median: 35%; P=0.04) (S3 Fig). Also, no 

222 significant differences in Ki-67 or PD-1 expression were seen. Regarding SARS-CoV-2-specific 

223 T cells, maturation and exhaustion markers were not significantly different between PASC and RC 

224 participants (data not shown). However, within the pulmonary PASC cohort, Ki-67 expression in 

225 SARS-CoV-2-specific TNF-α-producing CD4+ and CD8+ T cells was significantly higher than in 

226 cells expressing either IFN-γ or IL-2 (Fig. 5). For example, in response to M protein, the number 

227 of TNF-α-producing cells expressing Ki-67 was 2.6-fold higher for CD4+ T cells (P<0.0001) and 

228 3.2-fold higher for CD8+ T cells (P=0.0059) compared to IFN-γ-producing T cells (Fig. 5). TNF-

229 α-producing T cells exhibited significantly higher frequencies of Ki-67 than IFN-γ-producing T 

230 cells for both CD4+ and CD8+ T cell subsets, and Ki-67 was higher on TNF-α-producing T cells 

231 for all conditions, except for S-specific CD4+ T cells when compared to the frequency of Ki-67 on 

232 IL-2-producing T cells (Fig. 5). For S-specific CD8+ and N-specific CD4+ T cells the frequency 

233 of Ki-67 on IL-2-producing T cells was somewhat higher than that of IFN-γ-producing T cells 

234 (P=0.03 and P=0.04, respectively) (Fig. 5).

235

236 Plasma IL-6 levels in pulmonary PASC correlated with the frequency of SARS-CoV-2-

237 specific T cells
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238 We measured plasma IL-6 and CRP in participants to characterize systemic inflammation in 

239 pulmonary PASC and correlate these markers with the frequency of virus-specific T cells. 

240 Assessed independently of hospitalization status, both IL-6 and CRP were significantly elevated 

241 compared to the RC cohort: IL-6 (PASC median=2.9 pg/mL, RC median=1.7 pg/mL, P=0.025); 

242 CRP (PASC median=4.4 mg/L, RC median=1.76 mg/L, P=0.0044) (Fig. 6a-b). No significant 

243 correlations were found between plasma IL-6 or CRP levels and age or number of pre-existing 

244 conditions for all participants or each cohort separately (data not shown). No significant difference 

245 in plasma IL-6 between PASC-H and PASC-NH were found and both were significantly elevated 

246 compared to RC (data not shown). There was also no difference in IL-6 comparing female and 

247 male PASC participants (Fig. 6b). Assessing CRP in PASC-NH participants, this group trended 

248 higher than RC participants (PASC-NH median=3.10 mg/L, RC median=1.76 mg/L, P=0.074), 

249 whereas there was a significant difference between PASC-H and RC (PASC-H median=5.74 

250 mg/L, RC median=1.76 mg/L, P=0.004). Of note, PASC-H participants were significantly higher 

251 compared to PASC-NH (P=0.025) (data not shown). Male PASC participants also had 

252 significantly higher plasma CRP compared to female PASC participants (P=0.028) (Fig. 6d). This 

253 observation suggests that elevated plasma CRP in pulmonary PASC is likely related to initial 

254 disease severity, known to be associated with male sex(26), while IL-6 elevation is specific to 

255 pulmonary PASC regardless of disease severity or gender. Stratification analyses show no 

256 significant differences within the PASC or RC cohorts based on age or pre-existing conditions, 

257 although CRP did trend higher in those with pre-existing conditions (S4 Fig). No correlations 

258 between duration of symptoms, time from onset to sample collection or age with IL-6 or CRP were 

259 found (data not shown). We also compared IgG and IgA antibody levels to the S1 region of the 

260 spike protein and found no differences when comparing all PASC or PASC-NH participants with 
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261 the RC cohort (IgG: P=0.45, IgA: P=0.43): however, PASC-H participants had significantly higher 

262 IgG and IgA antibody levels than PASC-NH participants (IgG: P=0.007, IgA: P=0.007) (S4 Fig). 

263

264 We next explored the relationship between the frequencies of SARS-CoV-2-specific CD4+ and 

265 CD8+ T cells with IL-6 and CRP. We identified significant positive correlations between total, S-

266 specific, and N-specific frequencies of TNF-α-producing SARS-CoV-2-specific CD8+ (r=0.55; 

267 P=0.0064, r=0.47; P=0.019, and r=0.42; P=0.032 respectively) T cells and plasma IL-6 in PASC 

268 participants (Fig. 6e). These correlations were not observed in the RC cohort (Fig. 6f). No 

269 significant correlations between plasma CRP and the frequency of SARS-CoV-2-specific T cells 

270 in either PASC or RC cohorts were observed (data not shown). 

271

272 SARS-CoV-2-specific T cell frequencies correlate with decreased lung function

273 A subset of pulmonary PASC participants (n=8) had pulmonary function tests (PFTs) performed 

274 during their period of prolonged respiratory symptoms as part of their standard of care. None of 

275 these participants reported pre-existing pulmonary conditions prior to infection with SARS-CoV-

276 2. PFTs were performed between 45 and 315 days after symptom onset (median=187 days). We 

277 correlated the frequencies of SARS-CoV-2-specific T cells with the following variables: percent 

278 predicted forced vital capacity (%FVC), absolute and percent predicted forced expiratory volume 

279 during the 1st second (FEV1, %FEV1 respectively), FEV1/FVC, total lung capacity percent 

280 predicted (%TLC), single-breath diffusing capacity of the lung for CO percent predicted 

281 (%DLCO_SB), and diffusing capacity of the lung per alveolar volume percent predicted 

282 (%DLCO/VA). As shown in Fig. 7a and 7b, the total frequencies of IFN-γ-producing SARS-CoV-

283 2-specific CD4+ and CD8+ T cells negatively correlated with %FEV1 (r=-0.81, P=0.011; r=-0.9, 
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284 P=0.007, respectively). Similar findings were seen between TNF-α-producing CD4+ and CD8+ T 

285 cells and %FEV1 (Fig. 7c-d). We then compared the frequency of SARS-CoV-2-specific T cells 

286 with the duration of prolonged dyspnea experienced by 80% (n=16) of our pulmonary PASC 

287 participants. From this analysis, we identified positive correlations between dyspnea duration and 

288 frequencies of IFN-γ-producing SARS-CoV-2 total (r=0.49, P=0.02) and S-specific (r=0.55, 

289 P=0.015) CD8+ T cells (Fig 7e-f). There was also a positive correlation between TNF--producing 

290 SARS-CoV-2 S-specific (r=0.45, P=0.036) CD8+ T cells and dyspnea duration, and a negative 

291 correlation between total CD4+ IL-2-producing T cells and dyspnea duration (r=-0.61, P=0.006) 

292 (Fig g-h). 

293
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294 Discussion

295 As the number of SARS-CoV-2 infections accumulate worldwide, PASC is likely to remain a 

296 significant health concern for the foreseeable future. We examined SARS-CoV-2-specific 

297 immunity in convalescent COVID-19 patients recruited prior to the appearance of the B.1.617.2 

298 “Delta” and B.1.1.529 “Omicron” variants(23). Pulmonary PASC participants with a defined set 

299 of prolonged respiratory symptoms had dramatically higher frequencies of SARS-CoV-2-specific 

300 T cells in blood compared to participants who had recovered from infection without persistent 

301 COVID-19 symptoms. We also found that levels of key plasma inflammatory markers (IL-6 and 

302 CRP) were significantly elevated in individuals with ongoing pulmonary PASC and associated 

303 with the frequency of SARS-CoV-2-specific T cells. The frequency of SARS-CoV-2-specific T 

304 cells in pulmonary PASC participants correlated with reduced lung function and duration of 

305 dyspnea, linking the presence of these anti-viral T cells to lung dysfunction. Taken together, these 

306 data provide mechanistic insight into the immunopathogenesis of pulmonary PASC. 

307

308 The most striking feature of PASC is the significantly elevated frequency of SARS-CoV-2-specific 

309 TNF-α-producing CD8+ T cells. This increased frequency could be detected in response to peptide 

310 pools of all the viral structural proteins in comparison to the RC cohort. Interestingly, these T cells 

311 were also significantly higher in female PASC participants compared to males, which may 

312 contribute to the higher prevalence of PASC in women(1). TNF-α-producing CD8+ T cells also 

313 expressed the highest levels of Ki-67, indicating recent activation and proliferation. Because the 

314 half-life of SARS-CoV-2-specific T cells is between three and five months(24) and most of our 

315 PASC participants donated blood over 6 months from symptom onset, it suggests these cells are 

316 maintained by viral antigen. The presence of persistent viral reservoirs of SARS-CoV-2 has been 
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317 proposed as a possible explanation of PASC pathophysiology(27). Studies in macaques and 

318 humans demonstrated viral replication can persist months after initial infection in multiple organ 

319 systems(28-31) and viral presence in cerebrospinal fluid has been observed in neurological 

320 PASC(32). Alternatively, damage resulting from severe disease during acute infection has also 

321 been proposed as a cause of PASC(27). However, our results don’t support this idea since sixty 

322 percent of our pulmonary PASC cohort initially experienced mild disease(33), yet still developed 

323 PASC. Furthermore, there was no difference in the frequency of SARS-CoV-2-specific T cells 

324 when hospitalized and non-hospitalized PASC participants were compared. Thus, our findings that 

325 pulmonary PASC participants have elevated levels of SARS-CoV-2-specific T cells months after 

326 initial infection suggest ongoing viral replication that is maintaining the pool of inflammatory T 

327 cells. 

328

329 The role of T cells in chronic inflammatory conditions is well documented and characterized by 

330 the production of TNF-α and other proinflammatory cytokines(34), so we examined the 

331 inflammatory markers CRP and IL-6. Both are closely associated with disease severity during 

332 acute SARS-CoV-2 infection(35), although previously, no differences in IL-6 levels were found 

333 in non-specific PASC when compared to those with resolved infection(36). In contrast, we found 

334 that CRP and IL-6 were elevated in pulmonary PASC participants. Levels of CRP in hospitalized 

335 PASC participants were significantly higher compared to non-hospitalized PASC participants 

336 suggesting prolonged CRP elevation is more strongly associated with initial severity of disease 

337 than pulmonary PASC. Elevated IL-6, however, was not different between PASC-H and PASC-

338 NH participants after controlling for sex, age or comorbidities. IL-6 is directly associated with 

339 inflammatory lung conditions(37) and targeting IL-6 pathways can effectively treat a variety of 

.CC-BY 4.0 International licenseavailable under a
(which 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 preprintthis version posted February 15, 2022. ; https://doi.org/10.1101/2022.02.14.480317doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.14.480317
http://creativecommons.org/licenses/by/4.0/


18

340 inflammatory conditions and decrease mortality in severe COVID-19 cases(38-41). Interestingly, 

341 IL-6 levels strongly associated with the frequencies of SARS-CoV-2-specific CD8+ T cells which 

342 have been shown in other diseases to directly impact tissue-specific monocyte and macrophage 

343 production of IL-6 and TNF-α and contribute to feedback loops for innate immune cell recruitment 

344 and activation(42, 43) which likely contributes to prolonged respiratory symptoms. 

345

346 To further understand the role of SARS-CoV-2-specific T cells in pulmonary PASC, we evaluated 

347 their associations with lung function. TNF-α impacts asthma progression(44, 45) and chronic 

348 obstructive pulmonary disease is associated with IFN-γ-producing T cells(46). In severe COVID-

349 19, decreased pulmonary function is connected to elevated levels of systemic IFN-γ and TNF-α, 

350 and analysis of immune cells isolated from bronchoalveolar lavage fluid suggests T cell 

351 dysfunction potentially exacerbates tissue damage in severe cases(47-49). These studies indicate 

352 a strong connection between T cell cytokine production and lung function, particularly in SARS-

353 CoV-2 infections. However, this association had not been examined in pulmonary PASC. Here, 

354 we found that elevated frequencies of IFN-γ- and TNF-α-producing SARS-CoV-2-specific T cells 

355 were positively associated with decreased lung function in pulmonary PASC. We also found the 

356 duration of dyspnea correlated with increased frequencies of CD8+ IFN-γ- and TNF-α-producing 

357 SARS-CoV-2-specific T cells and decreased levels of CD4+ IL-2 producing T cells. Similar to the 

358 effects of systemic cytokines and T cell expression of inflammatory cytokines in other pulmonary 

359 conditions, our findings suggest that the presence of persistently activated SARS-CoV-2-specific 

360 T cells in PASC likely contributes to lung dysfunction.

361
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362 Collectively, our findings demonstrate that elevated frequencies of SARS-CoV-2-specific T cells 

363 are associated with systemic inflammation and decreased lung function in pulmonary PASC. We 

364 observed a striking difference in the frequency of activated and dividing T cells as well as 

365 correlations between SARS-CoV-2-specific T cell frequencies and levels of plasma IL-6. Most 

366 importantly, we found a strong association between the frequency of SARS-CoV-2-specific T cells 

367 and the duration of respiratory symptoms and lung function. While this study examines the 

368 responses after infection with one of the early strains of SARS-CoV-2, the characteristics of more 

369 recent variants may increase the prevalence of PASC via the same mechanisms supported by our 

370 findings(12). Together, these findings suggest pulmonary PASC is in part driven by inflammatory 

371 cytokines produced by activated virus-specific T cells, that are likely maintained by persistent 

372 virus and contribute to systemic inflammation and prolonged disease morbidity. 
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373 Materials and Methods

374 Study participants and sample collection

375 Adult study participants were recruited from the Denver, Colorado metropolitan area via 

376 community flyers, and from the Anschutz Medical Campus Infectious Disease and Pulmonology 

377 PASC UCHealth outpatient clinics between July 2020 and April 2021, prior to detection of the 

378 Delta or Omicron variants in Colorado(23). Information regarding symptom severity and duration 

379 was collected from all participants upon enrollment. 50 mL of blood was collected from study 

380 volunteers in sodium heparin tubes (BD, Vacutainer), and plasma and peripheral blood 

381 mononuclear cells (PBMCs) were isolated as described previously(50). None of the participants 

382 were vaccinated against SARS-CoV-2 prior to sample collection. Participants for this study were 

383 only included if they had a documented positive SARS-CoV-2 PCR nasal swab during acute 

384 infection and separated into PASC and RC cohorts based on the Center for Disease Control and 

385 Prevention definition of PASC(1, 5). We defined pulmonary PASC as having two or more 

386 symptoms with a duration longer than 4 weeks from onset or hospital discharge, tussis, or dyspnea 

387 present during acute disease and prolonged tussis, dyspnea, and/or fatigue. Demographics of the 

388 study population are shown in Table 1 and S1 Table. 

389

390 Cytokine and antigen ELISAs

391 Anti-SARS-CoV-2 Spike S1 IgG and IgA antigens, IL-6 and C-reactive protein (CRP) were 

392 assessed using the following ELISA kits per manufacturer protocols: (IgG; Euroimmun - EI2606-

393 9601G, IgA; Euroimmun - EI2606-9601A, IL-6; Invitrogen - 88-7066.22, CRP; Millipore Sigma 

394 - RAB0096-1KT). In brief, plasma and standards were diluted per manufacturer’s protocol in 

395 sample diluent and, added to pre-coated microplate wells. Following incubation of the wells with 
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396 biotinylated detection antibody, HRP conjugate, substrate reagent, and stop solution, the plates 

397 were read at 450nm. 

398

399 T cell stimulation and immunofluorescent staining

400 The frequency of antigen-specific, cytokine-secreting T cells in blood was determined by 

401 intracellular cytokine staining, with minor modifications to our previously published protocol(51). 

402 In brief, PBMCs (2-4 x 106 cells) were cultured 5 ml polypropylene tubes in RPMI medium 

403 containing 10% human serum and anti-CD28 and anti-CD49d mAbs (each at 1 μg/ml) (S2 Table). 

404 Cells were stimulated under the following conditions: peptide arrays of SARS-CoV-2 spike (S) 

405 glycoprotein, nucleocapsid (N) protein, membrane (M) protein, (5 µg/ml final concentration of 

406 each peptide; BEI Resources from USA-WA1/2020 strain, NR-52402, NR-52404, NR-52403), 

407 combined phorbol 12-myristate 13-acetate (PMA) and ionomycin (25 µg/ml and 32.5 µg/ml, 

408 respectively; Sigma) or medium alone. S and N arrays were 17- or 13-mer peptides with 10 amino 

409 acid overlap, and the M array consisted of 17- or 12-mer peptides with 10 amino acid overlap. 

410 Cells were incubated for 6 hours at 37°C in a humidified 5% CO2 atmosphere and a 5-degree slant 

411 with 1 µg/ml Golgi Plug added after 4 hours. LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit 

412 (Invitrogen L34957) was used per the manufacturer’s protocol after washing. Cells were surfaced 

413 stained with the following mAbs: anti-CD3, anti-CD4, anti-CD8, anti-CD27, anti-CD45RA, and 

414 anti-PD-1 for 30 min at 4°C. Cells were washed and stored in a fix permeabilization buffer 

415 (eBioscience, 421403) overnight at 4°C. Cells were washed in permeabilization buffer and stained 

416 with anti-IFN-, anti-IL-2, anti-Ki-67, and anti-TNF- mAbs for 120 min at 4°C, washed, and 

417 fixed with 1% formaldehyde. Fluorescence−1 (FMO) controls were used in anti-PD-1, anti-CD27 

418 and anti-CD45RA staining. Full information on staining fluorophores are provided in S2 Table.
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419 Flow cytometry

420 Cells were analyzed using a LSRII flow cytometer (BD Immunocytometry Systems). At least 1 

421 million events were collected for each tested condition. Antibody capture beads (BD Biosciences) 

422 were used to perform electronic compensation. Beads were stained separately with individual 

423 mAbs used in the test sample. Data were analyzed using Diva software (BD). Lymphocytes were 

424 gated by their forward and side scatter profile. Live and CD3+ cells were selected, and expression 

425 of CD4 was analyzed in a bivariate dot plot with CD8 to exclude CD4/CD8 double positive T 

426 cells. Bi-exponential scaling was used in all dot plots. Expression of CD27, CD45RA, PD-1 and 

427 Ki-67 was examined on cytokine-producing cells with at least 100 events to ensure an adequate 

428 number of events for analysis(52, 53). FMO controls were used to set gates for determining the 

429 percentage of PD-1-expressing T cells. To ensure accuracy and precision of the measurements 

430 taken from day-to-day, quality control was performed on the LSRII daily using the Cytometer 

431 Setup & Tracking (CS&T) feature of the BD FACSDiva software. This program uses standardized 

432 CS&T beads (BD Biosciences) to determine voltages, laser delays, and area scaling to track these 

433 settings over time. A manual quality control (QC) using rainbow beads was also performed daily 

434 to verify the laser delay and area scaling determined by CS&T. 

435

436 Statistics

437 Statistical analyses were performed using GraphPad-Prism (Graphpad, San Diego, CA). The 

438 Mann-Whitney U test or Wilcoxon’s matched pairs test were utilized to determine significance of 

439 differences between groups. Correlations were calculated using the nonparametric Spearman test. 

440 P values of <0.05 were considered statistically significant. To visualize and evaluate differences 

441 in expression of multiple cytokines between the PASC and RC cohorts, simplified presentation of 
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442 incredibly complex evaluations (SPICE) analysis was utilized as well as permutation tests with 

443 10,000 iterations and student T tests for statistical significance where P<0.05 were considered 

444 statistically significant. Both of these student T and permutation tests of the SPICE analysis were 

445 corrected for 21 concurrent comparisons(54).

446

447 Study approval

448 This study was approved by the Colorado Multiple Institutional Review Board (COMIRB# 20-

449 1219) at the University of Colorado Anschutz Medical Campus. All participants provided written 

450 informed consent prior to any study procedures.

451
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682

683 Fig 1. Symptom characteristics of PASC and RC participants. 

684 (a) Symptom duration (days) reported in symptom questionnaires for PASC and RC participants. 
685 (b) Number of symptoms reported <4 weeks or >4 weeks from symptom onset for PASC and RC 
686 participants. For each graph, the horizontal bars represent the median of each cohort and the error 
687 bars represent the 95% confidence interval. Blue represents PASC participants not hospitalized 
688 (PASC-NH, n=12), red represents PASC-hospitalized (PASC-H, n=8) and orange represents RC 
689 participants (n=15). Mann-Whitney tests were used to determine statistical significance.
690
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691

692

693

694

695

696

697

698

699

700

701

702 Fig 

703 2. Cumulative SARS-CoV-2 specific T cell 

704 frequencies are elevated in PASC. 

705 (a) Representative flow cytometry density plots of SARS-CoV-2-specific T cells stimulated with 
706 S, N and M peptide pools (5 µg/ml) for six hours with from one participant with PASC. Samples 
707 were gated through lymphocytes, live, CD3+, separated by CD4+/CD8+ and then frequencies of 
708 cytokines were assessed. Percent of total CD4+ producing (b) IFN- (c) TNF- (d) IL-2 or CD8+ 
709 producing (e) IFN- (f) TNF- or (g) IL-2 T cells in response to S, N and M peptide pools. Each 
710 point represents the sum of the combined frequencies of virus-specific T cells to the peptide pools 
711 from each participant. The horizontal bars depict the median values for each cohort. Color labeling 
712 the same as in Figure 1. Mann-Whitney tests were used to determine statistical significance.
713
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714

715

716

717

718

719

720

721 Fig 3. IFN- and TNF-722  producing T cell responses 

723 to individual SARS-CoV-2 proteins. 

724 Percent of CD4+ T cells producing (a) IFN- or (b) TNF- and CD8+ T cells producing (c) IFN- 
725 or (d) TNF- in response to S, N and M peptide pools separately. (e) Frequency of total (S, N, and 
726 M) CD8+ T cells or (f) S-specific CD8+ T cells producing TNF- for PASC participants compared 
727 by sex. Blue represents PASC-NH (not hospitalized), red represents PASC-hospitalized and 
728 orange represents RC participants. Mann-Whitney tests were used to determine statistical 
729 significance.
730
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731

732 Fig 4. Cytokine co-expression of SARS-CoV-2 specific T cells differs between PASC and RC. 

733 Cytokine co-expression on SARS-CoV-2 specific T cells visualized using simplified presentation 
734 of incredibly complex evaluations (SPICE) analysis. Each pie chart represents the proportions of 
735 combinations of IFN-, TNF- and IL-2 producing T cells in response to one SARS-CoV-2 
736 protein. Arcs surrounding each pie chart depict the proportion of cells secreting each individual 
737 cytokine. Colors for pie charts and arcs represent different cytokines or combinations of cytokines 
738 and are listed in their corresponding legend. Stars denote significant differences determined by 
739 student t test between PASC and RC cohorts for a particular combination of co-expressed 
740 cytokines matching as indicated by the color corresponding to the pie legend. Stars are positioned 
741 next to the cohort with the higher proportion. P values positioned between PASC and RC pie charts 
742 denote statistical significance of overall composition by permutation test with 10,000 iterations. 
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743

744 Fig 5. TNF--producing T cells have the highest proportion of Ki-67 expression.

745 Shown are the percentages of CD4 T cells (left panels) and CD8 T cells (right panels) obtained 
746 from the blood of PASC participants that are positive for Ki-67 expression. T cell populations 
747 are further grouped by their production of cytokines and responses to peptide pools of SARS-
748 CoV-2 structural proteins (S, top panels; N, middle panels; M, bottom panels). Note, data points 
749 from individual PASC participants were obtained for 1 or more of the cytokines assessed; 
750 however, in no instances are there multiple values obtained from the same participant for a 
751 particular cytokine. Blue represents IFN-+ T cells, brown represents TNF-+ T cells and green 
752 represents IL-2+ T cells. Mann-Whitney tests were used to determine statistical significance. 
753
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754

755

756

757

758 Fig 6. Plasma IL-6 in 759 PASC is higher than RC and 

760 correlates with frequency of TNF- producing CD8+ T cells. 

761 (a) Plasma IL-6 levels (pg/mL) and (b) plasma CRP levels (mg/L) in PASC versus RC. (c) PASC 
762 plasma IL-6 (pg/mL) levels and (d) PASC plasma CRP levels (mg/L) in female versus male. € 
763 Correlations between plasma IL-6 and frequency of TNF--producing CD8+ T cells in PASC 
764 participants. (f) Correlations between plasma IL-6 and frequency of TNF--producing CD8+ T 
765 cells in RC participants. For a-d, bar represents median of cohort and error bar is 95% confidence 
766 index. Each point represents data from one participant. Blue: PASC-NH (not hospitalized), red: 
767 PASC-Hospitalized and orange: RC participants. For a-d Mann-Whitney tests were used to 
768 determine statistical significance. For e-f Spearman correlations were used to determine statistical 
769 significance. 
770
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771

772

773 Fig 7. Correlations between SARS-CoV-2 specific T cells and FEV1 and symptoms in PASC.

774 Correlations between the total frequency of IFN--producing (a) CD4+, (b) CD8+ SARS-CoV-2-
775 specific T cells, TNF--producing (c) CD4+, (d) CD8+ SARS-CoV-2-specific T cells, with percent 
776 predicted FEV1. Correlations between frequencies of (e) total and (f) S-specific IFN--producing 
777 CD8+ T cells, (g) total IL-2-producing CD4+ T cells and (h) S-specific TNF--producing CD8+ T 
778 cells with duration of prolonged dyspnea in days. Each point represents data from one PASC 
779 participant. Blue and red symbols represent PASC-NH (not hospitalized) and PASC-Hospitalized 
780 participants, respectively. Spearman correlations were used to determine statistical significance.
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