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Abstract 30 

Systemic antibody responses are more strongly associated with protection against severe 31 

COVID-19 in the lung than with protection against SARS-CoV-2 infection in the upper airway. 32 

To define the immunological basis of this divergence, we performed contemporaneous 33 

sampling of blood, nasal lining fluid (NLF), and bronchoalveolar lavage (BAL) fluid in HIV-34 

uninfected adults and antiretroviral therapy (ART)-treated people with HIV (PWH). Serum 35 

spike-specific IgG antibodies correlated more strongly with BAL than with NLF across multiple 36 

variants of concern and were not confounded by HIV status. In contrast, IgA drove ACE2–spike 37 

inhibition activity in NLF, and this was not predicted by systemic or LRT antibodies. SARS-CoV-38 

2–specific CD4⁺ and CD8⁺ T cells were enriched in BAL, exhibited tissue-resident phenotypes, 39 

and did not correlate with circulating T cells, even in ART-treated PWH. Together, these 40 

findings could provide an immunological basis for why systemic antibody responses reliably 41 

correlate with protection against lung disease but poorly predict nasal immunity.  42 

 43 

 44 

Word count: 154 words  45 
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Introduction 46 

SARS-CoV-2 continues to circulate globally despite widespread vaccination and prior infection 47 

1. Since the emergence of the Omicron variant, a key clinical shi! has been observed: while 48 

lower respiratory tract (LRT) disease has declined substantially, upper respiratory tract (URT) 49 

infections remain common and continue to drive transmission 2, 3, 4, 5. In Malawi, earlier waves 50 

dominated by the Beta and Delta variants of concern were associated with high rates of severe 51 

COVID-19 and mortality 6. However, following the emergence of Omicron in December 2021, 52 

severe outcomes declined sharply, despite seroprevalence data indicating ongoing 53 

widespread exposure 3. Consistent with this, a meta-analysis demonstrated significantly 54 

reduced protection against reinfection with Omicron BA.1, while protection against severe 55 

disease remained largely preserved  7. Together, these observations suggest that the immune 56 

mechanisms preventing severe disease may differ from those required to block URT infection 57 

and onward transmission. 58 

 59 

Systemic anti-Spike binding and neutralising antibodies are well-established correlates of 60 

protection (CoPs) against symptomatic COVID-19 and reliably predict protection against 61 

symptomatic disease 8, 9. However, their predictive value for preventing URT infection or 62 

transmission is limited 10. Parenteral COVID-19 vaccines induce robust systemic immunity but 63 

elicit relatively weak mucosal antibody responses in the respiratory tract 11, 12, 13, 14, and 64 

parenteral booster doses generate strong serum IgG but minimal mucosal IgA in saliva and 65 

nasal secretions in the absence of infection 15. In contrast, intranasal vaccines induce potent 66 

local immunity and show promise for sterilising protection 11, 16, 17, 18, with clinical evidence 67 

demonstrating that intranasal administration of an adenovirus-vectored SARS-CoV-2 vaccine 68 

markedly increases spike-specific secretory IgA in the nasal mucosa 18. These findings 69 

highlight a functional immunological divergence between compartments. However, the 70 

mechanisms underpinning this compartmentalisation, and its implications for defining CoPs 71 

against URT infection, remain incompletely understood. This suggests that additional 72 

immune parameters, including T cell responses and local mucosal humoral immunity, may be 73 

required to comprehensively assess protective immunity against SARS-CoV-2. 74 
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The impact of HIV infection on COVID-19 susceptibility and immune responses also remains 75 

incompletely defined 19. Untreated HIV infection has been associated with prolonged SARS-76 

CoV-2 shedding, accelerated viral evolution, and evidence of immune-driven selection 20, 21, 22. 77 

In addition, impaired systemic SARS-CoV-2-specific T cell responses have been described in 78 

untreated HIV infection, characterised by reduced magnitude and diminished cross-79 

recognition of variant epitopes compared with HIV-negative or treated aviraemic individuals 80 

23. Advanced HIV infection and low CD4⁺ T cell counts have also been linked to suboptimal 81 

humoral responses to SARS-CoV-2 24. Although mucosal antibody responses are increasingly 82 

recognised as critical for limiting SARS-CoV-2 infection and transmission in the general 83 

population, direct assessment of respiratory tract mucosal immunity in people with HIV 84 

remains scarce. To date, only a single study has evaluated saliva antibodies in ART-treated 85 

people with HIV (PWH), reporting comparable neutralising activity to HIV-uninfected adults 86 

following BNT162b2 mRNA vaccination 25. Thus, the absence of detailed studies interrogating 87 

respiratory mucosal immunity against SARS-CoV-2 in PWH represents a significant knowledge 88 

gap. 89 

 90 

To address these gaps, we performed paired sampling of blood, nasal lining fluid (NLF), and 91 

bronchoalveolar lavage (BAL) in adults with and without HIV in Malawi. Using 92 

electrochemiluminescence immunoassays and multiparameter flow cytometry, we quantified 93 

SARS-CoV-2-specific antibody and T cell responses across systemic, upper, and lower 94 

respiratory compartments. This approach enabled us to define the compartment-specific 95 

architecture of antiviral immunity and to assess the impact of vaccination and treated HIV 96 

infection. Our findings provide insight into the limitations of systemic immune correlates for 97 

predicting URT protection and aim to inform future vaccine strategies and the development of 98 

more comprehensive CoP frameworks that incorporate mucosal as well as systemic 99 

immunity.  100 
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Results 101 

Cohort characteristics and sampling 102 

We recruited 91 adults in Blantyre, Malawi, comprising 45 HIV-uninfected adults and 46 103 

asymptomatic people with HIV (PWH) on ART for more than one year. Nasal lining fluid (NLF), 104 

bronchoalveolar lavage (BAL) fluid, and peripheral blood were collected from all participants. 105 

Baseline characteristics, including median age and sex distribution, were different between 106 

the study groups (Table 1), with the PWH group being older (median 29 vs 40, p<0.001) and 107 

predominantly female (49% vs 74%, p=0.018). The median peripheral CD4⁺ T cell count was 108 

580 cells/μl (IQR 450–697) in ART-treated PWH. Detectable plasma viral load was observed in 109 

15% (7/46) of ART-treated PWH.  110 

 111 

Thirty-three per cent (15/45) of the HIV-uninfected adults were COVID-19 vaccinated, 112 

compared to 54% (25/46) of the ART-treated PWH. The time since last COVID-19 vaccination 113 

was similar between the two study groups (32 months vs 33 months, p=0.944). Thirty-three 114 

per cent (5/15) of the vaccinated HIV-uninfected adults received at least 2 doses, compared to 115 

64% (16/25) in the ART-treated PWH group. 116 

 117 

Systemic Spike IgG responses exhibit a stronger association with the lower than the 118 

upper respiratory tract 119 

SARS-CoV-2 infection induces both systemic and mucosal antibodies; however, the extent to 120 

which immune responses are coordinated across respiratory compartments remains unclear. 121 

To address this, we quantified SARS-CoV-2–specific IgG and IgA antibodies in paired serum, 122 

NLF, and BAL samples from HIV-uninfected adults. We also examined the relationship 123 

between antibody responses across and within compartments. 124 

 125 

All participants showed serological evidence of prior SARS-CoV-2 exposure, as indicated by 126 

detectable Nucleocapsid-specific antibodies, consistent with high community transmission in 127 

Malawi during successive epidemic waves 3, 6. Wildtype (WT) Spike-, RBD- and Nucleocapsid-128 

specific IgG titres exceeded IgA titres in serum, whereas WT Spike- and Nucleocapsid-specific 129 
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IgA predominated in NLF and Nucleocapsid-specific IgA in BAL, consistent with compartment-130 

specific isotype skewing (Fig. 1a). IgG and IgA responses across compartments showed 131 

broadly similar binding breadth against SARS-CoV-2 WT and variants of concern (VOCs) (Fig. 132 

1b). However, Delta Spike-specific IgA titres exceeded WT Spike-specific IgA titres across all 133 

compartments (Fig. 1b), consistent with its widespread circulation in Malawi prior to the 134 

emergence of Omicron 3, 6. In contrast, Omicron Spike-specific IgG and IgA responses were 135 

broadly lower than WT Spike-specific responses across the compartments (Fig. 1b), in keeping 136 

with its reported immune-evasive properties 26.  137 

 138 

We then examined the relationship between antibody responses across and within 139 

compartments. Serum IgG levels correlated strongly with BAL IgG across WT strain and all 140 

VOCs, whereas correlations between serum and NLF IgG were weak and only limited to Beta 141 

(Fig. 1c). Between BAL and NLF, IgA responses correlated for Beta and Gamma, but not for WT, 142 

Alpha, Delta and Omicron (Fig. 1c). Within serum, IgG and IgA responses showed no 143 

correlation across all variants, similarly no IgG–IgA correlations were observed within BAL for 144 

WT or any VOCs (Fig. 1c). In NLF, IgG and IgA correlations were restricted to WT and Alpha (Fig. 145 

1c). 146 

 147 

Furthermore, we measured inhibition of Spike–ACE2 binding to assess functional antibody 148 

activity. Serum demonstrated consistently higher neutralising activity than NLF across WT 149 

strain and all VOCs, with the lowest inhibition observed for Omicron in both compartments 150 

(Fig. 1d). Correlation analyses suggested that neutralisation in NLF was primarily IgA-151 

mediated, whereas serum neutralisation was predominantly driven by IgG (Fig. 1e), consistent 152 

with prior observations 27. IgG contributed minimally to ACE2 inhibition in NLF, particularly 153 

against Delta and Omicron. 154 

 155 

Together, these findings indicate that systemic antibody responses are more closely aligned 156 

with the lower than the upper respiratory tract. The weak coupling between serum and NLF 157 
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responses, particularly for IgG and Omicron, underscores the compartmentalised nature of 158 

mucosal upper airway immunity and its limited reflection in systemic measurements. 159 

 160 

Airway mucosal SARS-CoV-2–specific antibody responses are preserved in ART-treated 161 

PWH 162 

ART-treated PWH generate SARS-CoV-2–specific antibody responses in blood that are broadly 163 

comparable to those of HIV-uninfected individuals 23. However, whether mucosal SARS-CoV-2–164 

specific antibody responses are similarly preserved across respiratory compartments remains 165 

unclear, particularly given evidence of persistent immune dysregulation at barrier sites 166 

despite systemic viral suppression 28. To address this, we compared Spike-, RBD- and 167 

Nucleocapsid-specific IgA and IgG responses in serum, BAL, and NLF by HIV status. WT Spike-, 168 

RBD-, and Nucleocapsid-specific IgA and IgG responses in serum, BAL, and NLF did not differ 169 

significantly between ART-treated PWH and HIV-uninfected participants (Fig. 2a-b). Similarly, 170 

the ACE2 inhibition against WT and multiple VOCs was comparable between the two groups in 171 

both serum and NLF (Fig. 2c). These findings indicate that mucosal humoral immunity is 172 

largely preserved in ART-treated PWH.   173 

 174 

Serum and mucosal correlates of potential anti-SARS-CoV-2 neutralising immunity vary 175 

across the upper and lower airway compartments 176 

Antibody-mediated neutralisation is a key mechanism of protection against SARS-CoV-2 177 

infection 29, 30. Given the observed compartmentalisation of humoral responses, we next 178 

sought to identify immunological markers most strongly associated with functional antibody 179 

activity across the respiratory tract and systemic circulation. Because direct neutralisation 180 

assays in BAL were not feasible due to dilutional constraints, BAL anti-Spike IgG was used as a 181 

surrogate marker of neutralisation potential in the lower respiratory tract. In the URT and 182 

serum, ACE2 inhibition served as the readout of neutralisation capacity. For each participant, 183 

we calculated the breadth of anti-Spike SARS-CoV-2–specific binding IgG, binding IgA, and 184 

ACE2 inhibition as the median response across Wildtype and four SARS-CoV-2 variants of 185 

concern and included these measures in multivariable linear regression models. 186 
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We applied multivariable linear regression models incorporating demographic and 187 

immunological variables to identify predictors of NLF and serum ACE2 inhibition breadth and 188 

BAL anti-Spike IgG binding breadth (Table 2). NLF ACE2 inhibition breadth was most strongly 189 

associated with local anti-Spike IgA binding breadth (β = 0.62, p < 0.001), with a smaller 190 

contribution from NLF IgG binding breadth (β = 0.26, p = 0.008). In contrast, serum ACE2 191 

inhibition breadth was strongly associated with serum IgG binding breadth (β = 0.68, p < 192 

0.001), whereas the contribution of serum IgA binding breadth was not statistically significant 193 

(β = 0.12, p = 0.148). In the LRT, BAL anti-Spike IgG binding breadth was associated with serum 194 

IgG binding breadth (β = 0.50, p < 0.001) and BAL IgA binding breadth (β = 0.52, p < 0.001). 195 

Demographic variables, including age, sex, HIV status, and vaccination status, were not 196 

significant predictors of these outcomes. These findings identify anatomically distinct 197 

correlates of potential anti-SARS-CoV-2 neutralising immunity, with systemic IgG responses 198 

aligning more closely with the lower respiratory tract, whereas local IgA predominates as a 199 

correlate of neutralisation capacity in the upper airway. 200 

 201 

SARS-CoV-2-specific T cell responses are enriched in the lung, uncoupled from antibody 202 

levels and largely preserved under suppressive ART 203 

Given the close alignment between serum and BAL antibody responses, we next assessed 204 

whether SARS-CoV-2–specific T cell responses were similarly coordinated across 205 

compartments. Using intracellular cytokine staining following stimulation with overlapping 206 

peptides, we quantified WT Spike- and WT Nucleocapsid-specific CD4⁺ and CD8⁺ T cells in BAL 207 

and blood samples. Representative flow cytometry plots illustrate SARS-CoV-2–specific CD4⁺ 208 

and CD8⁺ T cell responses detected in BAL and blood (Fig. 3a). Spike- and Nucleocapsid-209 

specific CD4⁺ T cell frequencies were significantly higher in BAL than in blood (Fig. 3b). 210 

Similarly, Nucleocapsid-specific CD8⁺ T cell frequencies were significantly higher in BAL than 211 

in blood (Fig. 3c), whereas only a non-significant trend was observed for Spike-specific CD8⁺ T 212 

cells. Spike- and Nucleocapsid-specific CD4⁺ T cell and CD8⁺ T cell frequencies were positively 213 

correlated within each compartment. Moreover, no association was observed between 214 

antibody levels and T cell frequencies within compartments (Fig. 3d).  215 
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Comparisons between ART-treated PWH and HIV-uninfected individuals revealed broadly 216 

similar Spike- and Nucleocapsid-specific CD4⁺ and CD8⁺ T cell frequencies in both BAL and 217 

blood (Fig. 4a–b). However, Nucleocapsid-specific CD8⁺ T cells in BAL showed a trend towards 218 

lower frequencies in ART-treated PWH compared to HIV-uninfected individuals. No significant 219 

correlations were observed between BAL and blood Spike- and Nucleocapsid-specific CD4⁺ or 220 

CD8⁺ T cell frequencies (Fig. 4c–d). Together, these data indicate that SARS-CoV-2–specific T 221 

cell responses are compartmentalised, enriched in the lung, largely preserved under 222 

suppressive ART, and not reliably reflected in peripheral blood. 223 

 224 

SARS-CoV-2–specific T cells exhibit compartment-specific phenotypic divergence 225 

To further characterise compartmental divergence, we performed phenotypic profiling of WT 226 

Spike- and WT Nucleocapsid-specific CD4⁺ and CD8⁺ T cells from BAL and blood, pooling data 227 

across vaccination and HIV status. Spike- and Nucleocapsid-specific CD4⁺ T cells in BAL 228 

exhibited phenotypes enriched for CD69 expression with limited CD103 co-expression and a 229 

TNFα-dominant cytokine profile (Fig. 5a). In contrast, Spike- and Nucleocapsid-specific CD4⁺ 230 

T cells in blood were predominantly CD69⁻CD103⁻ with IFNγ and/or TNFα production, 231 

reflecting a systemic effector phenotype (Fig. 5a).  232 

 233 

On the other hand, Spike- and Nucleocapsid-specific CD8⁺ T cells showed even clearer 234 

compartmental divergence (Fig. 5b). In BAL, Spike- and Nucleocapsid-specific CD8⁺ T cells 235 

were dominated by CD103⁺CD69⁺ phenotypes with IFNγ and/or TNFα production, consistent 236 

with tissue-resident memory (TRM)–associated markers. In contrast, blood Spike- and 237 

Nucleocapsid-specific CD8⁺ T cells were predominantly CD69⁻CD103⁻ and produced IFNγ or 238 

TNFα. 239 

 240 

Together, these findings demonstrate that SARS-CoV-2–specific T cells exhibit pronounced 241 

compartment-specific phenotypic differentiation, with BAL populations displaying features 242 

consistent with tissue residency and functional potential that is not recapitulated in 243 

peripheral blood.   244 
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Discussion 245 

Despite widespread COVID-19 vaccination and natural infection, SARS-CoV-2 continues to 246 

circulate globally, driven by persistent URT infection and transmission even in highly 247 

vaccinated populations¹. Prior infection or vaccination confers substantially stronger 248 

protection against LRT disease than against URT infection⁷. This clinical divergence is 249 

mirrored immunologically; serum anti-Spike IgG neutralising antibodies are established 250 

correlates of protection against severe COVID-19 but are less predictive of URT infection or 251 

transmission 8, 9, 10. To investigate the immunological basis for this compartment-specific 252 

dissociation, we performed contemporaneous sampling of serum, BAL, and NLF, enabling 253 

direct comparison of immune responses across systemic, upper, and lower airway 254 

compartments. 255 

 256 

Our data demonstrate that systemic antibody responses, particularly serum anti-Spike IgG, 257 

align more closely with immunity in the lower respiratory tract (LRT) than in the upper 258 

respiratory tract (URT). BAL anti-Spike IgG titres correlated strongly with serum neutralisation, 259 

consistent with prior observations in other settings 31, and suggesting shared induction 260 

pathways or IgG transudation into the alveolar space 32. In contrast, functional antibody 261 

activity in NLF was primarily driven by local IgA and was poorly predicted by systemic or LRT 262 

antibody responses. This compartmentalisation likely reflects fundamental differences in 263 

immune induction and maintenance across the respiratory tract. Whereas IgG in the lower 264 

airway may be sustained through systemic immune memory and transudation, immunity in 265 

the upper airway appears to rely predominantly on locally induced IgA, which may be more 266 

transient and exposure-dependent 33, 34. These kinetic differences may contribute to the 267 

dissociation between protection from severe disease and susceptibility to URT infection. 268 

 269 

The limited association between systemic or LRT antibodies and URT neutralising activity 270 

may help explain the reduced performance of serum neutralisation assays as correlates of 271 

protection for URT infection 35. Although serum anti-Spike IgG and BAL IgA showed modest 272 

associations with NLF antibody levels, they did not independently predict URT neutralisation. 273 
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This is particularly relevant in the context of intramuscular SARS-CoV-2 vaccines, which, while 274 

highly effective at preventing severe disease, o!en fail to elicit robust or durable mucosal 275 

antibody responses in the respiratory tract 11, 36. In contrast, vaccination strategies combining 276 

intramuscular priming with intranasal boosting elicit strong mucosal IgA and neutralising 277 

responses 37, 38, 39. Collectively, these findings underscore the importance of incorporating 278 

mucosal immune endpoints into vaccine evaluation and support the development of mucosal 279 

vaccine platforms to achieve sterilising immunity and reduce transmission. 280 

 281 

Beyond humoral immunity, we identified marked compartmentalisation of SARS-CoV-2–282 

specific T cell responses. Antigen-specific CD4⁺ and CD8⁺ T cells were significantly enriched in 283 

BAL compared with blood, consistent with observations in other respiratory infections, 284 

including Mycobacterium tuberculosis and influenza virus 40, 41. Moreover, BAL SARS-CoV-2–285 

specific T cells exhibited phenotypic profiles distinct from those in blood. In particular, CD8⁺ T 286 

cells in BAL were biased toward a tissue-resident memory (TRM) phenotype, defined by CD69 287 

and CD103 expression 42, 43. TRM cells mediate rapid, localised immune responses and are 288 

thought not to recirculate 43, consistent with the absence of a correlation between BAL and 289 

blood T cell frequencies. The enrichment of TRM-associated phenotypes in BAL, together with 290 

the lack of correlation with blood responses, supports the concept that lung-resident T cell 291 

immunity is compartmentalised and not adequately captured by peripheral sampling. 292 

 293 

Our cohort included a substantial proportion of PWH receiving suppressive ART, most of 294 

whom had undetectable viral load and preserved CD4⁺ T cell counts. In this context, SARS-295 

CoV-2–specific systemic and mucosal antibody responses, as well as T cell responses, were 296 

broadly comparable between ART-treated PWH and HIV-uninfected individuals. These findings 297 

are consistent with data from South Africa showing that impaired SARS-CoV-2–specific CD4⁺ T 298 

cell responses were confined to viraemic individuals and were not observed in those on 299 

suppressive ART 23. While uncontrolled HIV infection has been associated with prolonged 300 

SARS-CoV-2 shedding 20, 44, our data indicate that responses were broadly comparable among 301 

ART-treated PWH and HIV-uninfected participants in both systemic and airway mucosal 302 
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immune responses, aligning with growing evidence that well-controlled HIV infection does 303 

not confer increased risk of severe COVID-19 or prolonged viral shedding 19. 304 

 305 

Several limitations should be acknowledged. First, the cross-sectional design precludes 306 

definitive inference regarding the timing, durability, or variant-specific dynamics of immune 307 

responses, and waning or boosting over time may differentially affect responses across 308 

compartments. Second, quantification of mucosal immune responses is subject to technical 309 

variability related to sampling and dilution, particularly in BAL. Owing to low antibody 310 

concentrations resulting from lavage dilution, direct neutralisation or pseudo-neutralisation 311 

assays could not be performed on BAL samples. In addition, although ACE2 inhibition 312 

represents a surrogate rather than authentic virus neutralisation, it provides a scalable and 313 

informative functional readout that has been widely applied in prior studies to assess 314 

neutralising activity, including in mucosal samples 45. Finally, the absence of clinical 315 

endpoints, such as infection or disease outcomes, limits direct inference regarding protection. 316 

Longitudinal studies linking compartment-specific immunity to prospective infection risk will 317 

be required to validate these associations. Nonetheless, the immune parameters assessed 318 

here, including binding antibodies, surrogate neutralisation measures, and functional T cell 319 

responses, are closely linked to protective immunity. 320 

 321 

In summary, this study provides an immunological framework that may explain why systemic 322 

antibody responses reliably correlate with protection against LRT disease but poorly predict 323 

URT immunity to SARS-CoV-2. While serum anti- SARS-CoV-2 IgG reflects protective immunity 324 

in the lung as previously reported 31, it fails to capture neutralising capacity in the upper 325 

airway, where local IgA predominates as shown in this study. These findings highlight the 326 

need to incorporate mucosal immune measures into future correlates-of-protection studies 327 

and suggest that alternative vaccine strategies, including mucosal delivery, may be required 328 

to achieve durable protection against SARS-CoV-2 infection and transmission.  329 
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Methods 330 

Study design and participants 331 

This cross-sectional study was conducted at the Malawi-Liverpool-Wellcome Research 332 

Programme (MLW) in Blantyre, Malawi, to investigate respiratory mucosal immune responses 333 

to SARS-CoV-2. We recruited healthy adults aged 18 to 65 years with a history of prior SARS-334 

CoV-2 infection from Queen Elizabeth Central Hospital (QECH), Blantyre, Malawi. Participants 335 

included HIV-uninfected adults and clinically asymptomatic PWH who were receiving ART for 336 

more than 1 year and attending routine follow-up visits at HIV care clinics.  COVID-19 337 

vaccination history, including vaccine type, number of doses, vaccination dates, and booster 338 

status, was verified using the health passport records. HIV status was confirmed using the 339 

national rapid diagnostic testing algorithm (two independent rapid tests), with polymerase 340 

chain reaction (PCR) used for confirmation in PWH on ART. ART duration and regimen were 341 

verified from the health passport book. Participants were excluded if they had active SARS-342 

CoV-2 infection, poor clinical status, or contraindications to bronchoscopy, were pregnant, 343 

had recent tuberculosis treatment, chronic respiratory or systemic comorbidities, 344 

hypoxaemia (SaO₂ <90%), significant anaemia or bleeding disorders, known allergies to study 345 

medications used during bronchoscopy (including lignocaine), recent smoking exposure, or if 346 

informed consent was not provided. 347 

 348 

Sample collection 349 

We obtained peripheral blood samples by venepuncture. At the screening visit, whole blood 350 

was collected into EDTA tubes for full blood count, CD4 count, and HIV viral load 351 

measurement. At the enrolment visit, conducted 2 days a!er screening, whole blood was 352 

collected into sodium heparin and serum separator tubes. Peripheral blood mononuclear 353 

cells (PBMCs) were isolated from whole blood within 2 h of collection by density-gradient 354 

centrifugation using Lymphoprep (Fisher Scientific, UK). Cells were washed twice in 355 

phosphate-buffered saline (PBS; Thermo Fisher Scientific, UK) and counted by trypan blue 356 

exclusion (Sigma-Aldrich). PBMCs were used immediately for intracellular cytokine assays. 357 

Plasma was separated by centrifugation at 1,500 × g for 10 min. Serum was aliquoted and 358 
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stored at −80 °C for subsequent antibody analysis using a multiplex Meso Scale Discovery 359 

(MSD) immunoassay. 360 

 361 

Nasal lining fluid (NLF) was collected using a synthetic absorptive matrix (Hunts Development 362 

Ltd, UK), eluted in 200 μL PBS (Fisher Scientific), and centrifuged at 1,500 × g for 10 min. The 363 

eluate was stored at −80 °C until antibody analysis using a multiplex MSD immunoassay. A full 364 

list of reagents is provided in Supplementary Table 1. 365 

 366 

Bronchoalveolar lavage (BAL) was collected using a flexible fibreoptic bronchoscope, instilling 367 

200 mL of sterile saline (0.9% NaCl) into the right middle lobe, with gentle suction applied 368 

a!er each instillation. BAL samples were processed within 1 h of collection. BAL fluid was 369 

filtered through a sterile 100 μm cell strainer and centrifuged at 500 × g for 10 min at 4 °C. The 370 

cell pellet was resuspended in RPMI 1640 medium (Fisher Scientific) supplemented with 10% 371 

fetal bovine serum (Sigma-Aldrich). Cell viability was assessed by trypan blue exclusion 372 

(Sigma-Aldrich). BAL cells were used immediately for intracellular cytokine assays. Cell-free 373 

BAL supernatant was aliquoted and stored at −80 °C for subsequent antibody analyses using a 374 

multiplex MSD immunoassay. 375 

 376 

SARS-CoV-2 serology 377 

A Meso Scale Discovery (MSD) immunoassay was used to measure SARS-CoV-2 IgG and IgA 378 

antibody titres against three viral proteins: wildtype (WT) Nucleocapsid, WT receptor-binding 379 

domain (RBD) and WT Spike. The assay was performed using a 10-spot MULTI-SPOT 96-WELL 380 

plate that was pre-coated with different SARS-CoV-2 antigens, including: WT Nucleocapsid, 381 

WT RBD and WT Spike and Spike VOCs antigens for Alpha, Beta, Gamma, Delta, and Omicron 382 

(B.1.1.529), following the manufacturer’s instructions. In summary, the plates were blocked 383 

with MSD Blocker A, and reference standards, controls and samples (serum IgA 1:5,000, serum 384 

IgG 1:5,000; NLF IgA 1:500, NLF IgG 1:10; BAL supernatant IgA 1:100, BAL supernatant IgG 1:10) 385 

diluted in diluent buffer were then added. A!er incubation, a detection antibody was added 386 

(MSD SULFO-TAG™ Anti-Human IgG or IgA Antibody), followed by the addition of MSD GOLD™ 387 
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Read BuDer B. The plates were then read using a MESO® QuickPlex SQ 120 MM Reader. As per 388 

the manufacturer's instructions for the MSD kit, only the WT Spike, WT RBD and WT 389 

Nucleocapsid have measurements in both World Health Organisation Binding Antibody Units 390 

(WHO BAU/ml) and MSD Arbitrary Units (MSD AU/ml). However, antibody measurements for 391 

the Spike variants of concern are reported only in MSD AU/mL and are not yet calibrated to 392 

WHO BAU/ml units. Furthermore, BAL samples were adjusted with a dilution factor of 100, 393 

based on our unpublished urea assay results from prior work, while the NLF was adjusted to a 394 

dilution factor of 20 based on the elution volume used.  395 

 396 

ACE2 inhibition (surrogate neutralisation) assay 397 

A quantitative COVID-19 Angiotensin-converting enzyme 2 (ACE2) Neutralisation MSD 10-spot 398 

MULTI-SPOT® 96-well plate was used to measure neutralisation capacity, following the 399 

manufacturer’s instructions. The plate was pre-coated with SARS-CoV-2 viral antigens and 400 

then blocked with MSD Blocker A for 30 minutes. Prepared reference standards and diluted 401 

samples (serum [1:20] and NLF [1:20]) in diluent buffer were added, then incubated for 2 402 

hours. A!er that, the ACE2 detection antibody (SULFO-TAG Human ACE2 Protein) was added 403 

and incubated for 60 minutes. Finally, MSD GOLD™ Read Buffer B was added, and plates were 404 

read using a MESO® QuickPlex SQ 120 MM Reader. 405 

 406 

T cell stimulation and intracellular cytokine staining 407 

PBMCs and BAL cells were stimulated with PepTivator SARS-CoV-2 Prot_N, a pool of 408 

lyophilised peptides covering the complete nucleocapsid protein sequence (GenBank 409 

MN908947.3, Protein QHD43423.2, Miltenyi Biotec, UK), or PepTivator SARS-CoV-2 Prot_S 410 

complete, covering the full spike glycoprotein sequence (aa 5–1273; GenBank MN908947.3, 411 

Protein QHD43416.1, Miltenyi Biotec, UK), in the presence of co-stimulatory antibodies (anti-412 

CD28 and anti-CD49d; BD Biosciences), Brefeldin A (BD GolgiPlug™, BD Biosciences) for 18 h at 413 

37 °C. Cells stimulated with Cell Activation Cocktail (phorbol 12-myristate 13-acetate [PMA] 414 

and ionomycin, without Brefeldin A; BioLegend) served as positive controls, whereas 415 

unstimulated cells served as negative controls. 416 



 16 

Following 18 h stimulation, cells were harvested and stained with LIVE/DEAD fixable aqua 417 

amine-reactive dye (Thermo Fisher Scientific), followed by surface fluorochrome-labelled 418 

monoclonal antibodies: APC anti-human CD3, APC-Cy7 anti-human CD4, Alexa Fluor 700 anti-419 

human CD8, Brilliant Violet 605 anti-human CD69, and PE-Cy7 anti-human CD103 (all 420 

BioLegend; antibody details in Supplementary Table 1). Cells were then fixed and 421 

permeabilised using Fixation/Permeabilisation solution (Thermo Fisher Scientific) for 40 min, 422 

washed in permeabilisation buffer (Thermo Fisher Scientific), and stained intracellularly with 423 

PE anti-human IFN-γ and FITC anti-human TNF-α (BioLegend; antibody details in 424 

Supplementary Table 1). 425 

 426 

Flow cytometry acquisition and analysis 427 

PBMCs and BAL samples were acquired on a BD LSRFortessa™ flow cytometer using FACSDiva 428 

v.9.2 (BD Biosciences), and data were analysed using FlowJo v10.10.0 (BD Biosciences). 429 

Compensation was performed using single-stained compensation beads (BD CompBeads), 430 

and gates were set using unstimulated controls. Doublets and dead cells were excluded 431 

before analysis. T cells were identified as CD3⁺ lymphocytes and further subdivided into CD4⁺ 432 

and CD8⁺ populations. Cytokine-producing cells were defined as IFN-γ⁺ and/or TNF-α⁺ a!er 433 

background subtraction of unstimulated controls. The gating strategy is shown in 434 

Supplementary Fig. 1. 435 

 436 

Ethics statement 437 

The study was conducted in accordance with the Declaration of Helsinki and adhered to good 438 

clinical practice as well as local and international institutional guidelines. Ethical approval 439 

was obtained from the National Health Sciences Research Committee (protocol no. 440 

AD23/03/4018, Malawi) and the Liverpool School of Tropical Medicine Research Ethics 441 

Committee (protocol no. 23-026, UK). Written informed consent was obtained from all 442 

participants before enrolment. Participants received compensation in accordance with 443 

approved ethical guidelines. 444 

 445 
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Statistical analysis 446 

All statistical analyses were performed using R (version 4.5.2). Paired antibody responses were 447 

compared using two-sided Wilcoxon signed-rank tests, whereas comparisons between 448 

independent groups for T cell responses were performed using two-sided non-parametric 449 

Wilcoxon rank-sum tests. Correlations were assessed using Spearman’s rank correlation 450 

coefficient and interpreted with emphasis on consistent patterns observed across 451 

compartments, variants and viral antigens. P values from comparisons and correlation 452 

analyses of antibody responses were adjusted for multiple testing using the Benjamini–453 

Hochberg false discovery rate (FDR) method. Multivariable linear regression models were 454 

used to identify predictors of antibody responses, adjusting for age, sex, HIV status and 455 

vaccination status. Statistical significance was defined as a two-sided P < 0.05. Details of 456 

statistical tests and sample sizes for each analysis are provided in the corresponding figure 457 

legends. 458 

 459 

Data availability 460 

The source data generated in this study have been deposited in a GitHub repository and are 461 

accessible through https://github.com/glorialuhanga/Divergent-systemic-and-airway-462 

mucosal-adaptive-immunity-to-SARS-CoV-2-in-African-adults. 463 

 464 

Code availability 465 

The manuscript code and R scripts used to analyse the datasets are available in the GitHub 466 

repository https://github.com/glorialuhanga/Divergent-systemic-and-airway-mucosal-467 

adaptive-immunity-to-SARS-CoV-2-in-African-adults. 468 
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Tables 658 

Table 1 | Participant demographics and clinical characteristics 659 
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Table 2 | Linear regression analysis of immunological markers and demographic factors 662 

 663 

Linear regression models were used to assess associations between immunological markers 664 

(breadth of anti-Spike SARS-CoV-2–specific binding IgG, anti-Spike SARS-CoV-2–specific 665 

binding IgA, and ACE2 inhibition) and demographic variables (age, sex, HIV and vaccination 666 

status). Breadth was defined as the median response across Wildtype and four SARS-CoV-2 667 

variants of concern for each participant. Values represent regression coefficients (β) with 95% 668 

confidence intervals; p-values indicate statistical significance (*p < 0.05).  669 

 670 

  671 
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Figures and Figure Legends 672 

Figure 1. 673 

 674 
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Figure 1 | SARS-CoV-2–specific binding antibody responses in systemic and mucosal 675 

compartments. 676 

Serum, bronchoalveolar lavage (BAL), and nasal lining fluid (NLF) from HIV-uninfected adults 677 

were analysed for IgG and IgA antibody responses against SARS-CoV-2 Spike wildtype and 678 

variants of concern (VOCs), including Alpha, Beta, Delta, Gamma and Omicron. Antibody titres 679 

were quantified using a multiplex MSD assay, and ACE2–Spike binding inhibition was 680 

measured using a surrogate neutralisation assay. a, Box plots comparing WT SARS-CoV-2 681 

Spike-, Receptor Binding Domain (RBD)- and Nucleocapsid-specific IgG and IgA antibody 682 

concentrations in serum, BAL, and NLF (n = 41). Antibody concentrations are expressed as 683 

WHO binding antibody units (BAU ml⁻¹). Dotted orange line represents cut-off for 684 

seropositivity.  b, Box plots showing the breadth of IgG and IgA antibody responses against 685 

SARS-CoV-2 wildtype, Alpha, Beta, Delta, Gamma and Omicron variants in serum, BAL and NLF 686 

(n = 43). c, Correlogram depicting relationships between IgG and IgA binding antibody titres 687 

against wildtype, Beta, Delta and Omicron variants across serum, BAL and NLF (n = 43) 688 

samples. Numeric values indicate Spearman’s correlation coefficients (r). Asterisks denote 689 

statistical significance (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001). d, Box plots showing ACE2–Spike 690 

binding inhibition activity (%) in serum and NLF against SARS-CoV-2 wildtype, Alpha, Beta, 691 

Delta, Gamma and Omicron variants (n = 43). e, Scatter plots showing correlations between 692 

ACE2–Spike binding inhibition activity (%) and IgG and IgA antibody titres against SARS-CoV-2 693 

wildtype, Alpha, Beta, Delta, Gamma and Omicron variants in serum and NLF (n = 43). Data in 694 

panels a, b, c and e were log₁₀-transformed for statistical analysis and visualisation. Box plots 695 

show the interquartile range (25th–75th percentiles), with the median indicated by a 696 

horizontal line. Whiskers extend to values within 1.5× the interquartile range, and points 697 

beyond this range represent outliers. Statistical significance was assessed using two-sided 698 

Wilcoxon signed-rank tests (a, b, d) and Spearman’s rank correlation tests (c, e); p < 0.05 was 699 

considered significant. P values were adjusted for multiple comparisons within each figure 700 

panel using the Benjamini-Hochberg false discovery rate (FDR) method.  701 

 702 

  703 
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Figure 2. 704 

 705 

Figure 2 | Comparable SARS-CoV-2–specific antibody responses and ACE2 inhibition 706 

between ART-treated people with HIV (PWH) and HIV-uninfected individuals across 707 

systemic and mucosal compartments. 708 

SARS-CoV-2 Spike–specific IgG and IgA binding antibody titres and ACE2–Spike binding 709 

inhibition activity were compared between PWH and HIV-uninfected individuals in serum, 710 

nasal lining fluid (NLF) and bronchoalveolar lavage (BAL) samples against wildtype, Alpha, 711 
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Beta, Delta, Gamma and Omicron variants. Antibody titres were quantified using a multiplex 712 

MSD assay, and ACE2–Spike binding inhibition was measured using a surrogate neutralisation 713 

assay. a, Box plots comparing SARS-CoV-2 WT Spike-, RBD- and Nucleocapsid–specific IgA 714 

antibody concentrations between PWH and HIV-uninfected individuals. Results are expressed 715 

as WHO binding antibody units (BAU ml⁻¹), across systemic and mucosal compartments (HIV-, 716 

n = 43, HIV+, n = 45). b, Box plots comparing SARS-CoV-2 WT Spike-, RBD- and Nucleocapsid–717 

specific IgG antibody concentrations between PWH and HIV-uninfected individuals. Results 718 

are expressed as WHO binding antibody units (BAU ml⁻¹), across systemic and mucosal 719 

compartments (HIV-, n = 43, HIV+, n = 45). Dotted orange line represents cut-off for 720 

seropositivity.  c, Box plots comparing ACE2–Spike binding inhibition activity (%) against 721 

wildtype and VOCs (Alpha, Beta, Delta, Gamma and Omicron) between PWH and HIV-722 

uninfected individuals in serum and NLF (HIV-, n = 43, HIV+, n = 44). Box plots show the 723 

interquartile range (25th–75th percentiles), with the median indicated by the centre line. 724 

Whiskers extend to values within 1.5× the interquartile range, and points beyond the whiskers 725 

denote outliers. Data in panel a was log₁₀-transformed for statistical analysis and 726 

visualisation. Statistical significance was assessed using two-sided Wilcoxon signed-rank 727 

tests; p < 0.05 was considered significant. p values were adjusted for multiple comparisons 728 

within each figure panel using the Benjamini-Hochberg false discovery rate (FDR) method. 729 

 730 

  731 
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Figure 3. 732 

 733 

Figure 3 | Detection of SARS-CoV-2–specific T cell responses in systemic and mucosal 734 

compartments. 735 

Bronchoalveolar lavage cells (BAL) and peripheral blood (PB) cells collected from HIV-736 

uninfected individuals were stained with fluorochrome-conjugated antibodies to identify total 737 

IFN-γ and TNF-α-producing CD4⁺ and CD8⁺ T cells following stimulation with SARS-CoV-2 738 

overlapping peptides (WT-spike and Nucleocapsid) and Phorbol 12-myristate 13-acetate and 739 

Ionomycin (PMA and Ionomycin). a, Representative flow cytometry plots of SARS-CoV-2–740 

specific CD4⁺ and CD8⁺ T cell responses in BAL and PB. b,c Box plots comparing b, CD4⁺ 741 

and c, CD8⁺ T cell responses between BAL and PB following stimulation with PMA/ionomycin 742 



 31 

(BAL, n = 32; PB, n = 41), SARS-CoV-2 WT Spike (BAL, n = 32; PB, n = 41), and Nucleocapsid 743 

(BAL, n = 30; PB, n = 37) peptide pools. d, Correlograms depicting the relationships between 744 

SARS-CoV-2 WT Spike- and Nucleocapsid-specific CD4⁺ and CD8⁺ T cell responses, along with 745 

IgG and IgA binding antibody titers (BAL Spike, n = 27; Nucleocapsid, n = 25 and PB Spike, n = 746 

36; Nucleocapsid, n = 32). Numeric values indicate Spearman’s correlation coefficients (r). 747 

Asterisks denote statistical significance (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001). Data were log₁₀-748 

transformed for statistical analysis and visualisation. Box plots represent the interquartile 749 

range (25th–75th percentiles), with the median indicated by the centre line. Whiskers extend 750 

to values within 1.5× the interquartile range, and points beyond the whiskers denote outliers. 751 

Statistical significance was assessed using two-sided Wilcoxon rank-sum tests (b,c) and 752 

Spearman’s rank correlation tests (d); p < 0.05 was considered significant.  753 



 32 

Figure 4. 754 

 755 

Figure 4 | Comparable SARS-CoV-2–specific T cell responses between ART-treated people 756 

with HIV (PWH) and HIV-uninfected individuals across systemic and mucosal 757 

compartments. 758 

SARS-CoV-2–specific CD4⁺ and CD8⁺ T cell responses were compared between PWH and HIV-759 

uninfected individuals in bronchoalveolar lavage and peripheral blood samples. a,b, Box 760 

plots comparing a, CD4⁺ and b, CD8⁺ T cell responses between PWH and HIV-uninfected 761 

adults following stimulation with PMA/ionomycin, SARS-CoV-2 WT Spike, and Nucleocapsid 762 

peptide pools in bronchoalveolar lavage (BAL) and peripheral blood (PB) (HIV-, n = 32; HIV+, n 763 

= 17). c,d, Correlation plots showing the relationship between BAL and PB SARS-CoV-2 764 

wildtype (WT) spike– and WT nucleocapsid–specific CD4+ and CD8+ T cell responses (n = 48). 765 
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Box plots represent the interquartile range (25th–75th percentiles), with the median indicated 766 

by the centre line. Whiskers extend to values within 1.5× the interquartile range, and points 767 

beyond the whiskers denote outliers. Data in panels a–b were log₁₀-transformed for statistical 768 

analysis and visualisation. Statistical significance was assessed using two-sided Wilcoxon 769 

rank-sum tests (a,b) and Spearman’s rank correlation tests (c, d); P < 0.05 was considered 770 

significant.  771 
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Figure 5. 772 

 773 

 774 

Figure 5 | Phenotypic profiles of SARS-CoV-2–specific T cells across systemic and mucosal 775 

compartments. 776 

Scatter plots, bar graphs and heatmaps showing the distribution of WT SARS-CoV-2 Spike- and 777 

Nucleocapsid-specific CD4⁺ and CD8⁺ T cells in bronchoalveolar lavage samples, pooled 778 

across HIV and vaccination status. a, WT SARS-CoV-2 Nucleocapsid and Spike-specific CD4⁺ T 779 

cells (S BAL n = 55, PB n = 65; NP BAL n = 54, PB n = 61). b, WT SARS-CoV-2 Nucleocapsid and 780 

Spike-specific CD8⁺ T cells (S BAL n = 55, PB n = 65; NP BAL n = 54, PB n = 61). Asterisks denote 781 

statistical significance (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001). Data are presented as median and 782 

interquartile range (IQR), with the bar denoting the median. The heatmap denotes the 783 

contribution of each specific marker combination to the total response. Statistical analyses 784 
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were performed using two-sided Wilcoxon rank-sum tests and Spearman’s rank correlation 785 

tests; P < 0.05 was considered significant.  786 
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Supplementary tables 787 

Supplementary Table 1: The table summarises all reagents and antibodies used to generate 788 

the data presented in this manuscript. 789 

Reagents used in the experiments shown in this manuscript  

Item  Manufacturer  
Product 

code  

Fetal Bovine Serum  Sigma-Aldrich  F9665 

RPMI-1640 Medium (1X) with L Glutamine  Fisher Scientific  12004997 

Stemcell Lymphoprep™ Fisher Scientific 07811 

Trypan blue Sigma-Aldrich T8154 

Gibco™ Penicillin-Streptomycin Thermo Fisher Scientific 15140122 

Gibco™ HEPES (1M)  Thermo Fisher Scientific 15630056 

Gibco™ Phosphate Buffered Saline (PBS), pH7.2  Thermo Fisher Scientific 11540546 

CTL kit ( contains-Cryo A, Cryo B, Cryo C ) 
Cellular Technology 

Limited (CTL), USA 

CTLC-ABC-

300 

Invitrogen™ LIVE/DEAD™ Fixable Aqua Dead Cell 

Stain Kit, for 405 nm excitation 
Thermo Fisher Scientific  L34957  

Invitrogen™ eBioscience™ 

Fixation/Permeabilization Concentrate 
Thermo Fisher Scientific 00-5123-43 

Invitrogen™ eBioscience™ 

Fixation/Permeabilization Diluent 
Thermo Fisher Scientific 00-5223-56 

Invitrogen™ eBioscience™ Permeabilization 

Buffer (10X) 
Thermo Fisher Scientific 00-8333-56 

SULFO-TAG™ Anti-Human IgG detection antibody Meso Scale Discovery D21ADF-3 

SULFO-TAG™–human ACE2 protein Meso Scale Discovery D21ADG-3 

MSD Blocker A Meso Scale Discovery  R93BA-2 

GOLD™ Read Buffer B Meso Scale Discovery R60AM-2 

BD FastImmune™ Co-Stimulatory Antibodies 

(CD28/CD49d) 
BD Biosciences 347690 

Brefeldin A (BD GolgiPlug™) BD Biosciences 555029 
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Cell Activation Cocktail (without Brefeldin A) BioLegend 423301 

PepTivator SARS-CoV-2 Prot_S Complete Miltenyi Biotec 130-127-951 

PepTivator SARS-CoV-2 Prot_N Miltenyi Biotec 130-126-698 

 790 

 791 

  792 

Antibodies used for surface staining of T cells from PBMCs and BAL cells 

Antibody  Supplier  Product code  

APC anti-human CD3 antibody  BioLegend  300312 

APC-Cy7 anti-human CD4 antibody  BioLegend 317418 

Alexa Fluor® 700 anti-human CD8 antibody  BioLegend 344724 

Brilliant Violet 605™ anti-human CD69 antibody  BioLegend 310938 

PE-Cy7 anti-human CD103 antibody BioLegend 350212 

Antibodies used for intracellular staining of T cells from PBMCs and BAL cells 

Antibody  Supplier  Product code  

PE anti-human IFN-γ antibody  BioLegend 502509 

FITC anti-human TNF-α antibody  BioLegend 502906 
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Supplementary figures 793 

 794 

 795 

Supplementary Fig. 1 | Flow cytometry gating strategy for systemic and mucosal WT 796 

SARS-CoV-2 Spike–specific T cell populations. a, Peripheral blood mononuclear cells 797 

(PBMCs) and b, bronchoalveolar lavage (BAL) cells were stained with a panel of 798 

CD4+ T cells
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b. Representative gating strategy for BAL

CD4+ T cells
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fluorochrome-conjugated surface and intracellular antibodies and analysed by flow 799 

cytometry. The gating strategy for CD3⁺CD4⁺ and CD3⁺CD8⁺ T cells is shown, including 800 

assessment of functional responses (IFN-γ⁺, TNF-α⁺) following stimulation with WT SARS-CoV-801 

2 Spike peptide. 802 
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