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            Abstract
Detailed population-level description of the human immune system has
recently become achievable. We used a 'systems-level' approach to establish a
resource of cellular immune profiles of 670 healthy individuals. We report a high
level of interindividual variation, with low longitudinal variation, at the level of
cellular subset composition of the immune system. Despite the profound effects of
antigen exposure on individual antigen-specific clones, the cellular subset
structure proved highly elastic, with transient vaccination-induced changes followed
by a return to the individual's unique baseline. Notably, the largest influence on
immunological variation identified was cohabitation, with 50% less immunological
variation between individuals who share an environment (as parents) than between
people in the wider population. These results identify local environmental
conditions as a key factor in shaping the human immune system.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Subscribe to this journal
Receive 12 print issues and online access
$209.00 per year
only $17.42 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Figure 1: Data-driven analysis of immunological variation reveals
biologically meaningful cocorrelations between individual immune
parameters.[image: ]


Figure 2: The human immune system is robustly maintained in multiple stable
equilibriums.[image: ]


Figure 3: Immunological equilibrium shows elasticity after influenza
vaccination.[image: ]


Figure 4: Age is a major determinant of immunological equilibrium.[image: ]


Figure 5: Immunoprofile is not influenced by BMI, depression or
anxiety.[image: ]


Figure 6: Parenthood shapes the immune system toward a shared
equilibrium.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Consensus clustering confirms robust clustering of â€˜precursorâ€™
immune parameters.
The matrix of Spearmanâ€™s correlation coefficients between each
immune parameter is randomly sub-sampled (80% sub-sampling) and
hierarchical clustering performed for each sub-sampling for 1000
iterations. (a-c) show the consensus
results when finding two (k= 2), three or four clusters. The cluster
identified in dark blue in (a) contains
naive populations, separated from the rest of the parameters along NMDS1
in Figure 2b. Adding in additional
clusters (b & c) does not improve the
description of the data. The correlation matrix is based on the most
recent sampling of 638 individuals.


Supplementary Figure 2 Detailed description of the â€˜travelersâ€™ cohort.
(a) Timelines of the
venepuncture, travel and diarrhoeal illness dates for the volunteers in
figure 2c-d. Each volunteer is a represented along a horizontal line.
Venepuncture is shown with circles (open circle depicts pre-travel sample;
filled circle for post-travel sample). Period of travel is shown by the
grey lines and illness, where present, is shown by the thicker black
lines. Each individual's timeline has the first day of travel set as day
0. (b) Boxplot of MDS distance (measured
in Figure 2C) against length of
diarrhoeal illness. Using all data, Spearman's correlation coefficient
between duration of diarrhoea and distance = 0.21, P = 0.34 (dashed line). (c)
As in Figure 2d, separating the
diarrhoeal illness into 1-3 days or 4 or more days. No significant
difference was observed. (d) Principal
component analysis of the first sampling of all volunteers (aged 18-70
years old). The pre-travel samples are shown in black; individuals from
the rest of the study are shown in grey. (e) The distribution of distances from the centroid (0,0) is
no different between the travellers and the rest of the study
cohort.


Supplementary Figure 3 Gastroenteritis does not disturb the immunological
equilibrium.
50 individuals were sampled both before and after a trip to a
developing nation, of which 24 developed acute gastroenteritis between
samples and 26 were continuously healthy between samples. Boxplots for
each immune parameter are plotted for the samples from a returned
traveller, separated by those who developed acute gastroenteritis whilst
travelling and those who did not. Each parameter is labelled on the graph
and an (uncorrected, two tailed) Mann-Whitney P value is displayed. Boxes show median and interquartile
ranges (IQRs), whiskers extend to 1.5 x IQR. With Bonferroni correction,
all P=1.


Supplementary Figure 4 Immunological variation and cocorrelations between individual
immune parameters in a replication cohort.
(a) On the replication dataset
of 32 English individuals (day 0 sample only), a dendrogram of immune
parameters was generated by hierarchical clustering on Euclidean distances
of Spearman correlations between each parameter (left). Correlation plots
using pairwise Spearman correlation coefficients between each two
immunological parameters are shown (right). Coefficients are shown by the
angle of eclipse (left-leaning, negative; right-leaning, positive) and
colour (blue, negative; red, positive). Manually annotated thematic groups
of immune parameters are shown by the colour bar next to the dendrogram.(b) Non-metric multidimensional scaling
of pairwise Spearman correlations. The dataset is reduced from 28 immune
parameters (28 dimensions) to a 2 dimensional representation, an
exploratory approach to investigate the presence or absence of
inter-relatedness between immune parameters. Each immune parameter is a
point and the thematic groups are highlighted.


Supplementary Figure 5 Vaccination does not disturb the immunological
equilibrium.
In the vaccination cohort, 32 individuals were sampled prior to
receiving the influenza vaccine, with resampling at day 7 and day 42.
Boxplots for each unchanged immune parameter are plotted at each time
point. Each parameter is labelled on the graph and an (uncorrected, two
tailed) paired t-test P value is
displayed. Boxes show median and interquartile ranges (IQRs), whiskers
extend to 1.5 x IQR.


Supplementary Figure 6 Selection criteria for interaction between immune parameter and
aging.
Determination of significance threshold for correlations between
immune parameters and age. (a) Density
plot of distribution of the adjusted P
values, with P=0.05 and 0.01 shown by
the dashed and solid lines respectively. P=0.01 better describes the lower tail of the distribution.(b) Adjusted P values plotted against Spearmanâ€™s correlation coefficient.
0.01 < P < 0.05 have low
correlation coefficients values, supporting an exclusion threshold ofP < 0.01.


Supplementary Figure 7 Parenthood shapes the immune system towards a shared equilibrium in
an age-independent fashion.
(a) 138 individuals were
identified as adult (18-65 years) biological parents with a child still
living at home. The immune profile of age-independent parameters only was
compressed using multidimensional scaling (k=2) of the correlation matrix
between individuals, visualising pairwise Spearmanâ€™s correlation
coefficients between each individual. The immunological distance between
each male:female pair is indicated by the connecting gray line. (b) The age-independent immunological distance,
as measured by multidimensional scaling, between parental pairs versus
random male:female pairs. To generate the random distribution, each male
was computationally paired in a random fashion with 5 females from the
parental dataset. Distributions were compared using a two-tailed
Mann-Whitney test.


Supplementary Figure 8 The immunoprofiles of PBMCs stimulated ex
vivo are unaffected by diarrheal illness and converge with
cohabitation.
Cytokines were measured in supernatants of anti-CD3/-CD28
stimulated PBMC using MSD. Log10 values were used. (a) Correlation plot between each cytokine (Spearmanâ€™s).(b) MDS plot of cytokine measurements.(c and d) PCA plot of cytokine
production from stimulated cells from individuals before and after their
travel. In (c), each individual is
represented twice; their before travel sampling with a dot, joined to a
post-travel sample (a diamond) with a grey line. Individuals who were
healthy throughout their travel period are plotted with green symbols,
those with gastroenteritis plotted in brown. In (d), the distance (the grey lines in (c)) is compared between healthy individuals and those who
developed gastroenteritis (Mann Whitney test). (e) As in (c), except
comparing parental pairs. (f) As in(d), expect comparing distance between
parental pairs and randomly, in silico,
defined pairs.
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