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Conclusion: Patients with antibody deficiency, even with normal lung imaging, exhibit 65 

inflammation and dysbiosis in their airways despite higher levels of Immunoglobulin G 66 

compared to healthy controls.   67 
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Capsule summary: Persistent airway inflammation and dysbiosis despite adequate IgG 68 

replacement highlights the need for better therapeutics to maintain lung health in antibody 69 

deficient patients. 70 
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INTRODUCTION  72 

Despite adequate substitution with systemic immunoglobulin G (IgG), recurrent respiratory 73 

tract infections and chronic respiratory symptoms constitute a significant disease burden in 74 

patients with primary and secondary antibody deficiency 1,2. Although systemic IgG 75 

replacement therapy has significantly reduced mortality and severe bacterial pneumonia in 76 

these patient populations, repeated cycles of infection and inflammation drive chronic lung 77 

disease leading to bronchiectasis and lung function decline 1,3. Quality of life in primary 78 

immunodeficiency conditions correlates closely with respiratory involvement, with both 79 

airflow obstruction and respiratory exacerbation frequency having an important impact 4. 80 

Recent observational studies have documented this residual respiratory disease burden and 81 

have investigated putative causes 5. Besides more obvious risk factors like exposure to young 82 

children, low systemic levels of IgG, IgA and IgM were associated with increased infective 83 

burden in the airways. However, information on immunoglobulin levels in the respiratory 84 

tract itself and associations with both the characteristics of respiratory tract microbiota and 85 

clinical disease severity is scarce. In one study, the presence of IgM in serum and sputum in 86 

otherwise hypogammaglobulinaemic patients was shown to associate with reduced microbial 87 

burden, specifically of Haemophilus influenzae, as well as a lower incidence of acute airway 88 

infections6.  89 

In this study, we aimed to understand the respiratory tract biology in a large cohort of patients 90 

with primary and secondary antibody deficiency (immunodeficient ID), receiving long-term 91 

intravenous or subcutaneous immunoglobulin replacement. The cohort was compared to 92 

healthy donors (immunocompetent, IC) with regard to immunoglobulin levels, markers of 93 

inflammation and tissue remodeling as well as microbial diversity.   94 
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77,284 sequences. Taxonomic classification of the ASVs was completed using the HOMD 194 

extended database. Taxonomy bar plots were generated using the 20 most abundant genera 195 

across all samples. For alpha diversity analysis, the merged data set was collapsed at species 196 

level to reduce variation arising from sequencing runs. Two alpha diversity metrics, observed 197 

species (number of unique species) and Shannon index, was calculated. Wilcoxon-Mann-198 

Whitney test was used to compare the alpha diversity metrics between IC, ID normal ID 199 

abnormal groups.  200 

To investigate associations between the sputum microbiome and host proteins, Spearman 201 

correlations were calculated. 202 

Ethics 203 

All patients provided written informed consent for the collection of samples and other data 204 

under a protocol approved by the NHS Research Ethics Committee (Reference 205 

04/Q0501/119). Immunocompetent control subjects provided written informed consent for 206 

participation in bio-specimens collection study approved by Ethics Commission at Kyiv 207 

Municipal Blood Center (Protocol No. 20001501/17). 208 

  209 
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IgG concentrations in ID patients were also normal at the time of sampling. Notably, ID 235 

subjects with abnormal airways had significantly increased serum IgG (median 12.6 g/L) in 236 

comparison to IC controls. There was no significant difference in trough IgG between ID 237 

subjects with normal airways versus ID with abnormal airway morphology, median IgG 238 

trough levels were 9.07g/L and 9.70g/L, respectively (Supplementary Figure 1). IgG 239 

concentration was considerably lower in sputum than in serum and for the IC controls the 240 

median was 0.029g/L. However, ID patients had significantly higher IgG concentration in 241 

sputum at 0.215g/L and 0.178g/L in the normal and abnormal airway groups, respectively (6 242 

to 7-fold increase compared to IC).  243 

To assess the contribution of local IgG synthesis versus serum leak, linear regression analysis 244 

was performed (Supplementary Figure 2). IgA and IgM levels in sputum associated with the 245 

respective serum levels in ID subjects (IgA: r2=0.43, p<0.0001, IgM: r2=0.49, p<0.0001), 246 

while no association was observed in IC controls (IgA: r2=0.1, p=0.08, IgM r2=0.11, 247 

p=0.064).  No association was apparent between sputum and serum IgG in both groups. 248 

We also investigated IgG subclass distribution in a subset of IC and ID samples. The 249 

distribution of the IgG subclasses in sputum and serum was very similar between 250 

compartments and was as expected in terms of relative abundance. No statistical differences 251 

were found between samples from IC and ID subjects (Supplementary Figure 3), but we had 252 

less power to detect differences here due to the small number of patients and division of IgG 253 

into subclasses.  254 

The sputum of patients with antibody deficiency demonstrates marked increases in 255 

markers of inflammation and airway damage compared to healthy controls 256 

To characterize the extent of inflammation in the respiratory tract we quantified inflammatory 257 

cytokines and proteolytic markers in sputum and serum. In all groups, absolute cytokine 258 
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Immunodeficient patients demonstrate greater prevalence of pathogenic bacterial 331 

species and have reduced microbial alpha diversity, which correlates negatively with 332 

markers of tissue destruction and sputum IgG concentration 333 

We proceeded to analyse the sputum microbiome via 16S sequencing. As demonstrated in 334 

Figure 5A (individual taxa bar plots) and Figure 5B (summary bar plots), many 335 

immunodeficient patients exhibited a marked expansion of Haemophilus spp. compared to 336 

immunocompetent controls. In other patients, Streptococcus spp. or other pathogens (eg 337 

Pseudomonas) were noticeably enriched. As most of the healthy samples were obtained in the 338 

Ukraine, we included one sample from a non-PID asthmatic patient in the UK for 339 

comparability reasons. The microbiome in that sample was similar to the other 340 

immunocompetent donors (Figure 5A). 341 

As anticipated from the bar plots, alpha diversity was significantly lower in ID patients than 342 

the IC cohort (p<0.001 for comparison of number of species or Shannon index; Figure 6A). 343 

Interestingly, there were no clear differences between the ID patients with normal or 344 

abnormal airways. As an interplay between dysbiosis and inflammatory or destructive airways 345 

disease is suspected, we correlated the alpha diversity measures with MMP-9 concentration. 346 

As seen in Figure 6B, there was a strong negative correlation of MMP-9 levels with number 347 

of observed species (r= -0.32, p=0.013) and Shannon index (r= -0.47, p=0.0002). There was 348 

also a negative correlation of elastase with number of observed species (r= -0.32, p=0.02; data 349 

not shown). Given the apparent correlation we had demonstrated between sputum IgG 350 

concentration and markers of inflammation, we also investigated the relationship between IgG 351 

and alpha diversity. Again, we observed a significant negative correlation (r= -0.26, p=0.04 352 

for number of species and r= -0.44, p=0.0004 for Shannon index; Figure 6B).  353 

There was no significant difference in alpha diversity measures according to the use of 354 

inhaled corticosteroids or antibiotics.  355 
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Immunoglobulins, elastase, albumin and MMP-9 may be suitable markers for prediction 356 

of abnormal airways status in immunodeficient subjects. 357 

While multiple analytes were significantly different between the ID normal and ID abnormal 358 

patients, it remains unclear whether any biomarkers are able to accurately predict airway 359 

inflammation. We therefore searched for a combination of biomarkers separating as far as 360 

possible the ID patients with normal airways from those with abnormal airway morphology. 361 

First, we performed variable selection by fitting a sparse logistic regression by elastic net with 362 

airways status as the dependent variable and all available biomarkers as covariates; second, 363 

we fitted a multivariable logistic regression with airways status as the dependent variable and, 364 

as explanatory variables, the 6 most important analytes selected by elastic net (serum IgG and 365 

MMP-9, sputum IgM, albumin, IgG and elastase). Even though we did not have a separate 366 

cohort for validation, the model revealed a promising linear combination separating ID 367 

normal from ID abnormal (Figure 7, estimated coefficients of the combination in 368 

Supplementary Table 3).  369 

  370 
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may indicate some mechanism of either enhanced recruitment or retention of IgG in the 421 

context of inflammation. We considered whether patients with worse symptoms may be 422 

treated with more immunoglobulin by the clinical teams, but there were no clear relationships 423 

between inflammatory markers and serum IgG concentration or IgG trough.  424 

Unlike in the immunodeficient cohort, we observed positive correlations of inflammatory 425 

markers with IgA and IgM in immunocompetent individuals: this presumably indicates an 426 

appropriate local response to inflammation without leakage of systemic proteins.  427 

We also assessed the airway microbiome in the study participants. Many patients with 428 

immunodeficiency exhibited marked dominance of pathogenic organisms, especially 429 

Haemophilus spp., in comparison to immunocompetent individuals. Correspondingly, the 430 

immunodeficient group also demonstrated far lower alpha diversity measures (indicating 431 

lower richness and evenness of the bacterial species). The alpha diversity metrics correlated 432 

negatively with MMP-9 and neutrophil elastase suggesting that dysbiosis is directly 433 

associated with host damage in inflammatory airway disease 19. As with the inflammatory 434 

markers, alpha diversity also correlated negatively with sputum IgG concentration. Again, this 435 

suggests that sputum IgG paradoxically associates with airway pathology, presumably due to 436 

greater protein leak in the context of inflammation and dysbiosis.  437 

These findings are underlined by the negative correlation of lung function (FEV1% predicted) 438 

with IgG, total protein and elastase. 439 

A previous study20 identified IgA concentration as a key driver of oropharyngeal microbiome 440 

(although intriguingly alpha diversity was actually increased in the absence of IgA, unlike 441 

observations in the gut)21. In our study, using sputum rather than oropharyngeal samples, we 442 

did not replicate this result and could not differentiate samples on the basis of IgA 443 

concentration. 444 
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Instead, IgG (and IgM) concentration in sputum was among the variables which helped to 445 

differentiate immunodeficient patients with normal airways from those with abnormal 446 

airways, with higher levels correlating with an increased risk of radiological airway 447 

pathology. As expected, sputum elastase and MMP-9 also helped to differentiate the groups, 448 

while lower serum IgG and sputum albumin were the final analytes in our model. If this is 449 

replicated in other cohorts, these could be useful biomarkers to predict the progression of lung 450 

disease. 451 

Our study does have limitations. Most significantly, the healthy controls and immunodeficient 452 

patients were recruited from different sites and sputum was collected via different techniques. 453 

However, we extensively investigated the potential confounding impact of sputum induction 454 

and did not confirm any significant dilutional effect. Furthermore, the key findings remained 455 

robust even after correcting for the serum:sputum urea ratio. We do not believe there is any 456 

reason to expect that levels of immunoglobulins and inflammatory markers would be different 457 

according to country of origin of donors. Taxa identified via 16S sequencing were consistent 458 

with organisms expected in the airways, and although gastrointestinal microbiome may vary 459 

according to geographical area, the respiratory microbiome appears to be largely similar 460 

worldwide in health 22 and with airways disease 23. Even if there were minor geographical 461 

differences, alpha diversity and the presence of pathogens should not be affected by location. 462 

Of note, an immunocompetent patient from the UK demonstrated a similar pattern to the 463 

Ukrainian donors with no obvious expansion of pathogenic taxa.  464 

Further limitations include the inability to detect all analytes at measurable levels in all 465 

samples, and we were unable to measure neutrophil elastase in immunocompetent patients. 466 

We were also unable to measure other markers of NETosis and sputum cell counts due to 467 

sputum processing techniques and available volumes. It was not possible under current 468 

protocols to collect induced sputum samples from immunodeficient patients and this will be 469 
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valuable to further understand the respiratory tract biology of patients without overt 470 

respiratory symptoms. Furthermore, we could not collect samples from immunocompetent 471 

patients with bronchiectasis or other airways disease, e.g. non-cystic fibrosis bronchiectasis 472 

and COPD, which will be important in future work to discern the relative contribution of 473 

immune deficiency and airways disease to the findings in this study. Finally, proteases in 474 

sputum samples may have resulted in some minor degradation of other proteins (although we 475 

observed little objective evidence for this). However, as the proteases were more abundant in 476 

ID sputum samples, any degradation would have acted to weaken the majority of results 477 

(which tended to indicate increased abundance of other proteins in ID patients). 478 

Overall, our results indicate that patients with antibody deficiency suffer from significant 479 

inflammation and dysbiosis in the airways. This is seen especially in patients with 480 

demonstrable airways disease but there are clear pathological differences from healthy 481 

controls even with apparently normal airway morphology. It may be possible in the future to 482 

measure inflammatory markers or indicators of dysbiosis in sputum (perhaps in relation to 483 

baseline values) in order to diagnose subclinical infection, even in the absence of a positive 484 

culture for pathogens.  485 
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IC (n = 31),  

median [IQR] or  

counts (%) 

ID normal (n = 18), 

median [IQR] or  

counts (%) 

ID abnormal (n = 49), 

median [IQR] or  

counts (%) 

rheumatoid arthritis (1), systemic lupus erythematosus (1). 
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Conclusion: Patients with antibody deficiency, even with normal lung imaging, exhibit 65 

inflammation and dysbiosis in their airways despite higher levels of Immunoglobulin G 66 

compared to healthy controls.   67 
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Capsule summary: Persistent airway inflammation and dysbiosis despite adequate IgG 68 

replacement highlights the need for better therapeutics to maintain lung health in antibody 69 

deficient patients. 70 
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INTRODUCTION  72 

Despite adequate substitution with systemic immunoglobulin G (IgG), recurrent respiratory 73 

tract infections and chronic respiratory symptoms constitute a significant disease burden in 74 

patients with primary and secondary antibody deficiency 1,2. Although systemic IgG 75 

replacement therapy has significantly reduced mortality and severe bacterial pneumonia in 76 

these patient populations, repeated cycles of infection and inflammation drive chronic lung 77 

disease leading to bronchiectasis and lung function decline 1,3. Quality of life in primary 78 

immunodeficiency conditions correlates closely with respiratory involvement, with both 79 

airflow obstruction and respiratory exacerbation frequency having an important impact 4. 80 

Recent observational studies have documented this residual respiratory disease burden and 81 

have investigated putative causes 5. Besides more obvious risk factors like exposure to young 82 

children, low systemic levels of IgG, IgA and IgM were associated with increased infective 83 

burden in the airways. However, information on immunoglobulin levels in the respiratory 84 

tract itself and associations with both the characteristics of respiratory tract microbiota and 85 

clinical disease severity is scarce. In one study, the presence of IgM in serum and sputum in 86 

otherwise hypogammaglobulinaemic patients was shown to associate with reduced microbial 87 

burden, specifically of Haemophilus influenzae, as well as a lower incidence of acute airway 88 

infections6.  89 

In this study, we aimed to understand the respiratory tract biology in a large cohort of patients 90 

with primary and secondary antibody deficiency (immunodeficient ID), receiving long-term 91 

intravenous or subcutaneous immunoglobulin replacement. The cohort was compared to 92 

healthy donors (immunocompetent, IC) with regard to immunoglobulin levels, markers of 93 

inflammation and tissue remodeling as well as microbial diversity.   94 
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77,284 sequences. Taxonomic classification of the ASVs was completed using the HOMD 194 

extended database. Taxonomy bar plots were generated using the 20 most abundant genera 195 

across all samples. For alpha diversity analysis, the merged data set was collapsed at species 196 

level to reduce variation arising from sequencing runs. Two alpha diversity metrics, observed 197 

species (number of unique species) and Shannon index, was calculated. Wilcoxon-Mann-198 

Whitney test was used to compare the alpha diversity metrics between IC, ID normal ID 199 

abnormal groups.  200 

To investigate associations between the sputum microbiome and host proteins, Spearman 201 

correlations were calculated. 202 

Ethics 203 

All patients provided written informed consent for the collection of samples and other data 204 

under a protocol approved by the NHS Research Ethics Committee (Reference 205 

04/Q0501/119). Immunocompetent control subjects provided written informed consent for 206 

participation in bio-specimens collection study approved by Ethics Commission at Kyiv 207 

Municipal Blood Center (Protocol No. 20001501/17). 208 

  209 
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IgG concentrations in ID patients were also normal at the time of sampling. Notably, ID 235 

subjects with abnormal airways had significantly increased serum IgG (median 12.6 g/L) in 236 

comparison to IC controls. There was no significant difference in trough IgG between ID 237 

subjects with normal airways versus ID with abnormal airway morphology, median IgG 238 

trough levels were 9.07g/L and 9.70g/L, respectively (Supplementary Figure 1). IgG 239 

concentration was considerably lower in sputum than in serum and for the IC controls the 240 

median was 0.029g/L. However, ID patients had significantly higher IgG concentration in 241 

sputum at 0.215g/L and 0.178g/L in the normal and abnormal airway groups, respectively (6 242 

to 7-fold increase compared to IC).  243 

To assess the contribution of local IgG synthesis versus serum leak, linear regression analysis 244 

was performed (Supplementary Figure 2). IgA and IgM levels in sputum associated with the 245 

respective serum levels in ID subjects (IgA: r2=0.43, p<0.0001, IgM: r2=0.49, p<0.0001), 246 

while no association was observed in IC controls (IgA: r2=0.1, p=0.08, IgM r2=0.11, 247 

p=0.064).  No association was apparent between sputum and serum IgG in both groups. 248 

We also investigated IgG subclass distribution in a subset of IC and ID samples. The 249 

distribution of the IgG subclasses in sputum and serum was very similar between 250 

compartments and was as expected in terms of relative abundance. No statistical differences 251 

were found between samples from IC and ID subjects (Supplementary Figure 3), but we had 252 

less power to detect differences here due to the small number of patients and division of IgG 253 

into subclasses.  254 

The sputum of patients with antibody deficiency demonstrates marked increases in 255 

markers of inflammation and airway damage compared to healthy controls 256 

To characterize the extent of inflammation in the respiratory tract we quantified inflammatory 257 

cytokines and proteolytic markers in sputum and serum. In all groups, absolute cytokine 258 
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Immunodeficient patients demonstrate greater prevalence of pathogenic bacterial 331 

species and have reduced microbial alpha diversity, which correlates negatively with 332 

markers of tissue destruction and sputum IgG concentration 333 

We proceeded to analyse the sputum microbiome via 16S sequencing. As demonstrated in 334 

Figure 5A (individual taxa bar plots) and Figure 5B (summary bar plots), many 335 

immunodeficient patients exhibited a marked expansion of Haemophilus spp. compared to 336 

immunocompetent controls. In other patients, Streptococcus spp. or other pathogens (eg 337 

Pseudomonas) were noticeably enriched. As most of the healthy samples were obtained in the 338 

Ukraine, we included one sample from a non-PID asthmatic patient in the UK for 339 

comparability reasons. The microbiome in that sample was similar to the other 340 

immunocompetent donors (Figure 5A). 341 

As anticipated from the bar plots, alpha diversity was significantly lower in ID patients than 342 

the IC cohort (p<0.001 for comparison of number of species or Shannon index; Figure 6A). 343 

Interestingly, there were no clear differences between the ID patients with normal or 344 

abnormal airways. As an interplay between dysbiosis and inflammatory or destructive airways 345 

disease is suspected, we correlated the alpha diversity measures with MMP-9 concentration. 346 

As seen in Figure 6B, there was a strong negative correlation of MMP-9 levels with number 347 

of observed species (r= -0.32, p=0.013) and Shannon index (r= -0.47, p=0.0002). There was 348 

also a negative correlation of elastase with number of observed species (r= -0.32, p=0.02; data 349 

not shown). Given the apparent correlation we had demonstrated between sputum IgG 350 

concentration and markers of inflammation, we also investigated the relationship between IgG 351 

and alpha diversity. Again, we observed a significant negative correlation (r= -0.26, p=0.04 352 

for number of species and r= -0.44, p=0.0004 for Shannon index; Figure 6B).  353 

There was no significant difference in alpha diversity measures according to the use of 354 

inhaled corticosteroids or antibiotics.  355 
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Immunoglobulins, elastase, albumin and MMP-9 may be suitable markers for prediction 356 

of abnormal airways status in immunodeficient subjects. 357 

While multiple analytes were significantly different between the ID normal and ID abnormal 358 

patients, it remains unclear whether any biomarkers are able to accurately predict airway 359 

inflammation. We therefore searched for a combination of biomarkers separating as far as 360 

possible the ID patients with normal airways from those with abnormal airway morphology. 361 

First, we performed variable selection by fitting a sparse logistic regression by elastic net with 362 

airways status as the dependent variable and all available biomarkers as covariates; second, 363 

we fitted a multivariable logistic regression with airways status as the dependent variable and, 364 

as explanatory variables, the 6 most important analytes selected by elastic net (serum IgG and 365 

MMP-9, sputum IgM, albumin, IgG and elastase). Even though we did not have a separate 366 

cohort for validation, the model revealed a promising linear combination separating ID 367 

normal from ID abnormal (Figure 7, estimated coefficients of the combination in 368 

Supplementary Table 3).  369 

  370 
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may indicate some mechanism of either enhanced recruitment or retention of IgG in the 421 

context of inflammation. We considered whether patients with worse symptoms may be 422 

treated with more immunoglobulin by the clinical teams, but there were no clear relationships 423 

between inflammatory markers and serum IgG concentration or IgG trough.  424 

Unlike in the immunodeficient cohort, we observed positive correlations of inflammatory 425 

markers with IgA and IgM in immunocompetent individuals: this presumably indicates an 426 

appropriate local response to inflammation without leakage of systemic proteins.  427 

We also assessed the airway microbiome in the study participants. Many patients with 428 

immunodeficiency exhibited marked dominance of pathogenic organisms, especially 429 

Haemophilus spp., in comparison to immunocompetent individuals. Correspondingly, the 430 

immunodeficient group also demonstrated far lower alpha diversity measures (indicating 431 

lower richness and evenness of the bacterial species). The alpha diversity metrics correlated 432 

negatively with MMP-9 and neutrophil elastase suggesting that dysbiosis is directly 433 

associated with host damage in inflammatory airway disease 19. As with the inflammatory 434 

markers, alpha diversity also correlated negatively with sputum IgG concentration. Again, this 435 

suggests that sputum IgG paradoxically associates with airway pathology, presumably due to 436 

greater protein leak in the context of inflammation and dysbiosis.  437 

These findings are underlined by the negative correlation of lung function (FEV1% predicted) 438 

with IgG, total protein and elastase. 439 

A previous study20 identified IgA concentration as a key driver of oropharyngeal microbiome 440 

(although intriguingly alpha diversity was actually increased in the absence of IgA, unlike 441 

observations in the gut)21. In our study, using sputum rather than oropharyngeal samples, we 442 

did not replicate this result and could not differentiate samples on the basis of IgA 443 

concentration. 444 
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Instead, IgG (and IgM) concentration in sputum was among the variables which helped to 445 

differentiate immunodeficient patients with normal airways from those with abnormal 446 

airways, with higher levels correlating with an increased risk of radiological airway 447 

pathology. As expected, sputum elastase and MMP-9 also helped to differentiate the groups, 448 

while lower serum IgG and sputum albumin were the final analytes in our model. If this is 449 

replicated in other cohorts, these could be useful biomarkers to predict the progression of lung 450 

disease. 451 

Our study does have limitations. Most significantly, the healthy controls and immunodeficient 452 

patients were recruited from different sites and sputum was collected via different techniques. 453 

However, we extensively investigated the potential confounding impact of sputum induction 454 

and did not confirm any significant dilutional effect. Furthermore, the key findings remained 455 

robust even after correcting for the serum:sputum urea ratio. We do not believe there is any 456 

reason to expect that levels of immunoglobulins and inflammatory markers would be different 457 

according to country of origin of donors. Taxa identified via 16S sequencing were consistent 458 

with organisms expected in the airways, and although gastrointestinal microbiome may vary 459 

according to geographical area, the respiratory microbiome appears to be largely similar 460 

worldwide in health 22 and with airways disease 23. Even if there were minor geographical 461 

differences, alpha diversity and the presence of pathogens should not be affected by location. 462 

Of note, an immunocompetent patient from the UK demonstrated a similar pattern to the 463 

Ukrainian donors with no obvious expansion of pathogenic taxa.  464 

Further limitations include the inability to detect all analytes at measurable levels in all 465 

samples, and we were unable to measure neutrophil elastase in immunocompetent patients. 466 

We were also unable to measure other markers of NETosis and sputum cell counts due to 467 

sputum processing techniques and available volumes. It was not possible under current 468 

protocols to collect induced sputum samples from immunodeficient patients and this will be 469 
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23 

 

valuable to further understand the respiratory tract biology of patients without overt 470 

respiratory symptoms. Furthermore, we could not collect samples from immunocompetent 471 

patients with bronchiectasis or other airways disease, e.g. non-cystic fibrosis bronchiectasis 472 

and COPD, which will be important in future work to discern the relative contribution of 473 

immune deficiency and airways disease to the findings in this study. Finally, proteases in 474 

sputum samples may have resulted in some minor degradation of other proteins (although we 475 

observed little objective evidence for this). However, as the proteases were more abundant in 476 

ID sputum samples, any degradation would have acted to weaken the majority of results 477 

(which tended to indicate increased abundance of other proteins in ID patients). 478 

Overall, our results indicate that patients with antibody deficiency suffer from significant 479 

inflammation and dysbiosis in the airways. This is seen especially in patients with 480 

demonstrable airways disease but there are clear pathological differences from healthy 481 

controls even with apparently normal airway morphology. It may be possible in the future to 482 

measure inflammatory markers or indicators of dysbiosis in sputum (perhaps in relation to 483 

baseline values) in order to diagnose subclinical infection, even in the absence of a positive 484 

culture for pathogens.  485 
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IC (n = 31),  

median [IQR] or  

counts (%) 

ID normal (n = 18), 

median [IQR] or  

counts (%) 

ID abnormal (n = 49), 

median [IQR] or  

counts (%) 

rheumatoid arthritis (1), systemic lupus erythematosus (1). 
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Figure 3
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Supplementary Table 1. Lower limits of quantification of immuno-based methods in sputum 

and serum samples. LLOQ=lower limit of quantification. 

Parameters LLOQ units 

IgA serum 0.108 g/L 

IgA sputum 0.00156 g/L 

IgM serum 0.0417 g/L 

IgM sputum 0.00078 g/L 

MMP9 sputum 0.3 ug/ml  

MMP9 serum 0.155 ug/ml  

IL8 serum/ sputum 0.5 ng/ml 

IL6 serum/ sputum 0.001366 ng/ml 

TNFa serum/ sputum 0.002144 ng/ml 

IL1b serum/ sputum 0.002038 ng/ml 

IL5 serum/ sputum 0.001274 ng/ml 

IL13 serum/ sputum 0.012598 ng/ml 

Elastase sputum 156 ng/ml  

aHiB IgG serum 0.09 ug/ml  

aHiB IgG sputum 0.009 ug/ml  

aPCP IgG serum 3.3 ug/ml  

aPCP IgG sputum 0.33 ug/ml  

 

  



 

Supplementary Table 2. Median and IQR of variables quantified in sputum and serum of 

immunocompetent (IC) subjects and immunodeficient (ID) subjects with normal and 

abnormal airways. Kruskal-Wallis p-value and pairwise Dunn adjusted p-values are shown in 

a separate column; (a) IC vs. ID normal, (b) IC vs. ID abnormal, (c) ID normal vs. ID 

abnormal. Normal ranges for serum immunoglobulins (d) IgG 6-16 g/L, (e) IgA 0.8-3 g/L, (f) 

IgM 0.4-2.5 g/L (source: https://www.ouh.nhs.uk/immunology/diagnostic-tests/tests-

catalogue/immunoglobulins.aspx) 

 

 
IC (n = 31), 

median [IQR] 

ID normal (n = 

18), median [IQR] 

ID abnormal (n = 

49), median [IQR] 

Kruskall-Wallis p-

value and pairwise 

Dunn adjusted p-

values 

Total protein 

sputum, mg/ml 
1.16, [0.85, 1.74] 2.94, [1.27, 3.87] 2.95, [2.28, 6.13] 

< 0.005 ; 

(a) < 0.005; (b) 0.007; 

(c) 0.073 

Albumin sputum, 

ug/mL 

135.58, [65.56, 

184.11] 

473.92, [295.57, 

1538.40] 

406.50, [274.46, 

980.74] 

< 0.005 ; 

(a) < 0.005; (b) < 0.005; 

(c) 0.297 

IgG sputum, 

ug/mL 

28.89, [19.25, 

54.44] 

214.48, [83.02, 

411.72] 

177.50, [113.64, 

484.15] 

< 0.005 ; 

(a) < 0.005; (b) < 0.005; 

(c) 0.340 

IgA sputum, 

ug/mL 

250.66, [146.59, 

497.22] 
1.56, [1.56, 31.35] 1.56, [1.56, 46.13] 

< 0.005 ; 

(a) < 0.005; (b) < 0.005; 

(c) 0.461 

IgM sputum, 

ug/mL 
4.10, [2.80, 8.70] 1.85, [0.78, 10.06] 4.60, [0.78, 16.34] 

0.284 ; 

(a) 0.326; (b) 0.181;  

(c) 0.195 

IL8 sputum, 

ng/mL 
4.40, [1.94, 8.50] 26.23, [8.14, 75.35] 

43.73, [21.66, 

92.45] 

< 0.005 ; 

(a) < 0.005; (b) < 0.005; 

(c) 0.099 

MMP9 sputum, 

ug/mL 
0.44, [0.30, 0.78] 22.35, [7.94, 38.93] 19.54, [5.69, 53.03] 

< 0.005 ; 

(a) < 0.005; (b) < 0.005; 

(c) 0.357 

IL6 sputum, 

pg/mL 

33.52, [8.33, 

124.98] 

171.93, [54.64, 

373.36] 

477.79, [148.34, 

755.05] 

< 0.005 ; 

(a) < 0.005; (b) 0.019; 

(c) 0.138 

TNF-alpha 

sputum, pg/mL 
6.72, [4.41, 13.07] 

92.35, [27.70, 

589.15] 

173.36, [47.37, 

537.97] 

< 0.005 ; 

(a) < 0.005; (b) < 0.005; 

(c) 0.463 

IL1beta sputum, 

pg/mL 

242.23, [114.14, 

403.35] 

1691.74, [398.41, 

3779.39] 

3517.56, [949.74, 

7530.91] 

< 0.005 ; 

(a) < 0.005; (b) 0.009; 

(c) 0.233 

IL5 sputum, 

pg/mL 
0.66, [0.40, 1.06] 1.22, [0.72, 2.13] 2.56, [0.20, 4.56] 

0.008 ; 

(a) 0.005; (b) 0.033;  

(c) 0.412 

IL13 sputum, 

pg/mL 
11.34, [9.20, 16.77] 

30.33, [17.14, 

50.95] 

32.67, [13.97, 

48.56] 

< 0.005 ; 

(a) < 0.005; (b) 0.012; 

(c) 0.498 

https://www.ouh.nhs.uk/immunology/diagnostic-tests/tests-catalogue/immunoglobulins.aspx
https://www.ouh.nhs.uk/immunology/diagnostic-tests/tests-catalogue/immunoglobulins.aspx


 

 
IC (n = 31), 

median [IQR] 

ID normal (n = 

18), median [IQR] 

ID abnormal (n = 

49), median [IQR] 

Kruskall-Wallis p-

value and pairwise 

Dunn adjusted p-

values 

Elastase sputum, 

ng/ml 
NA 

136.53, [112.38, 

167.50] 

171.56, [140.84, 

728.36] 
0.029 ; 

Urea sputum, 

mmol/l 
1.67, [1.24, 2.30] 2.44, [2.04, 4.38] 1.96, [1.17, 2.70] 

0.028 ; 

(a) 0.413; (b) 0.019;  

(c) 0.015 

Albumin serum, 

mg/mL 

47.60, [45.48, 

52.67] 

45.55, [42.84, 

49.44] 

46.15, [43.87, 

48.95] 

0.120 ; 

(a) 0.087; (b) 0.109;  

(c) 0.449 

IgG serum,  

g/L, (d) 
10.75, [9.19, 12.85] 10.22, [9.17, 12.33] 

12.55, [10.28, 

17.10] 

0.027 ; 

(a) 0.021; (b) 0.422;  

(c) 0.066 

IgA serum,  

g/L, (e) 
2.10, [1.75, 2.66] 0.11, [0.11, 0.11] 0.11, [0.11, 0.28] 

< 0.005 ; 

(a) < 0.005; (b) < 0.005; 

(c) 0.313 

IgM serum,  

g/L, (f) 
1.15, [0.94, 1.41] 0.22, [0.09, 0.31] 0.12, [0.06, 0.63] 

< 0.005 ; 

(a) < 0.005; (b) < 0.005; 

(c) 0.238 

IL8 serum,  

ng/ml 
0.50, [0.50, 0.50] 5.39, [0.50, 14.99] 14.81, [1.80, 32.00] 

< 0.005 ; 

(a) < 0.005; (b) < 0.005; 

(c) 0.047 

MMP9 serum, 

ug/ml 
0.30, [0.21, 0.42] 0.64, [0.29, 1.00] 0.86, [0.48, 1.44] 

< 0.005 ; 

(a) < 0.005; (b) 0.007; 

(c) 0.028 

IL6 serum, 

pg/ml 
0.03, [0.03, 0.03] 9.60, [2.87, 199.55] 

117.19, [5.42, 

925.42] 

< 0.005 ; 

(a) < 0.005; (b) < 0.005; 

(c) 0.145 

TNF-alpha 

serum, pg/ml 
2.92, [2.28, 3.48] 14.40, [6.60, 35.21] 16.64, [7.93, 34.09] 

< 0.005 ; 

(a) < 0.005; (b) < 0.005; 

(c) 0.312 

IL1-beta serum, 

pg/ml 
0.01, [0.01, 0.01] 10.34, [0.98, 42.66] 

38.36, [3.98, 

296.52] 

< 0.005 ; 

(a) < 0.005; (b) < 0.005; 

(c) 0.158 

IL5 serum, pg/ml 0.07, [0.04, 0.13] 0.18, [0.12, 0.27] 0.23, [0.17, 0.31] NA 

IL13 serum, 

pg/ml 
3.82, [3.65, 3.95] 4.44, [4.33, 4.99] 4.83, [3.97, 7.76] NA 

IgG trough, g/L NA 9.07, [7.73, 10.35] 9.70, [8.45, 10.60] 0.341 ; 

Urea serum, 

mmol/L 
5.32, [4.79, 6.34] 4.87, [3.32, 8.54] 6.09, [4.66, 7.65] 

0.518 ; 

(a) 0.391; (b) 0.389; 

(c) 0.473 

CRP serum, 

mg/L 
NA 4.00, [2.25, 7.88] 5.00, [2.50, 8.00] 0.771 ; 



 

 
IC (n = 31), 

median [IQR] 

ID normal (n = 

18), median [IQR] 

ID abnormal (n = 

49), median [IQR] 

Kruskall-Wallis p-

value and pairwise 

Dunn adjusted p-

values 

aPCP serum, 

ug/mL 

44.57, [24.77, 

64.74] 

62.23, [56.06, 

92.19] 

97.64, [64.94, 

138.73] 

< 0.005 ; 

(a) < 0.005; (b) 0.212; 

(c) 0.127 

aPCP sputum, 

ug/mL 
0.33, [0.33, 0.33] 0.33, [0.33, 0.80] 0.52, [0.33, 0.65] 

0.017 ; 

(a) 0.006; (b) 0.266;  

(c) 0.205 

aHiB serum, 

ug/mL 
2.12, [0.29, 6.38] 2.51, [2.47, 2.82] 3.18, [2.28, 4.03] 

0.489 ; 

(a) 0.355; (b) 0.453;  

(c) 0.513 

aHiB sputum, 

ug/mL 
0.01, [0.01, 0.02] 0.01, [0.01, 0.08] 0.04, [0.03, 0.05] 

0.026 ; 

(a) 0.012; (b) 0.453;  

(c) 0.104 
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