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Abstract

Defining adaptive immunity with the complex structures of the human gastrointestinal (GI) tract
over life, is essential for understanding immune responses to ingested antigens, commensal and
pathogenic microorganisms, and dysfunctions in disease. We present here an analysis of
lymphocyte localization and T cell subset composition across the human Gl tract including
mucosal sites (jejunum, ileum, colon), gut-associated lymphoid tissues (isolated lymphoid follicles
(ILFs), Peyer’s patches (PPs), appendix) and mesenteric lymph nodes (MLNSs) from a total of 68
donors spanning 8 decades of life. In pediatric donors, ILFs and PP containing naive T cells and
regulatory T cells (Tregs) are prevalent in jejunum and ileum, respectively; these decline in
frequency with age, contrasting stable frequencies of ILFs and T cell subsets in the colon. In the
mucosa, tissue resident memory T cells develop during childhood, and persist in high frequencies
into advanced ages, while T cell composition changes with age in GALT and MLN. These spatial
and temporal features of human intestinal T cell immunity define signatures that can be used to
train predictive machine learning algorithms. Our findings demonstrate an anatomic basis for age-
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associated alterations in immune responses, and establish a quantitative baseline for intestinal
immunity to define disease pathologies.
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INTRODUCTION

The intestinal immune system has evolved to generate robust responses against pathogens
while suppressing immune activation to non-pathogenic antigens, such as food and
commensal flora. However, this balance becomes dysregulated in certain diseases of the
gastrointestinal (GI) tract, which show a strong association with age and specific location.
For example, sensitivity to ingested antigens (i.e. food allergies) and oral tolerance occur
more readily during early life,X inflammatory bowel disease (IBD) can involve either the
small or large intestine and also occurs more often among the pediatric and young adult
population, 2 and conversely, cancer of the intestine is typically confined to the colon and
occurs more often in late middle age.3 These age- and site-specific pathologies suggest
spatial and temporal regulation of intestinal immunity, though in humans, the processes by
which immune cell populations interact with and take up residence within the Gl tract and
gut-associated lymphoid tissues (GALT) are not known.

Immunity in the GI tract consists of the intestinal epithelial barrier, populated with
intraepithelial lymphocytes (IELS), the lamina propria (LP) populated with lymphocytes and
innate cells, and gut-associated lymphoid tissue (GALT) comprising Peyer’s patches (PPs),
isolated lymphoid follicles (ILF), the appendix, and multiple mesenteric lymph nodes
(mLNs) draining different regions of the intestinal tract.* ® The development of intestinal T-
cell immunity has been largely studied in mice, where PPs have been shown develop in utero
along with mLNs.# In mice ILFs develop within LP after birth during bacterial colonization
of the gut®, while in humans ILFs are present at birth and play roles in priming early
intestinal immune responses.’” How T cell subsets differentiate and populate ILFs and PPs in
later life in mice is not well characterized.® Developmental studies of the human intestinal
immune system have been limited by the difficulty in obtaining samples of healthy samples
from different parts of the Gl tract.”- ® 10 The development of GALT and lymphoid follicles
within the intestines remains undefined in humans.

T lymphocytes play a major role in maintaining protective immunity, memory, tolerance and
tissue homeostasis in the Gl tract. The major T cell subsets populating mouse and human
intestines are memory T cells 11 12 which arise from activated T cells after an initial antigen
encounter. Intestinal memory T cells are predominantly non-circulating, tissue resident
memory T cells (TRM) exhibiting phenotypic features such as upregulation of CD69 and
CD103 expression for tissue retention. 13- 14 The timing and pathways for intestinal TRM
establishment have not been defined for mice or humans. CD4" regulatory T cells (Tregs)
are another key subset for intestinal immunity;1° Tregs prevent and cure intestinal
inflammation in mouse models of inflammatory bowel disease (IBD).16: 17 While the
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frequency of mouse Treg in the Gl tract and GALT is significantly present throughout the
lifespan of the mouse,!8 it is unknown whether this applies to human intestines. The relative
levels and localization of T cell subsets, including memory T cells, TRM and Tregs in the
human Gl tract at different life stages has not been reported.

Here, we used our unique human tissue resource where we obtain multiple mucosal and
lymphoid tissues from organ donors,11: 19 20 for jn sjtu characterization of adaptive
immunity in the human intestinal tract across all anatomic regions and ages. Using
immunofluorescence imaging and flow cytometry, we identified tissue- and age-specific
changes in the presence of lymphoid follicles and in T cell composition within intestinal
mucosal sites and associated lymphoid tissues. We identified a large number of ILFs
containing naive T cells and Tregs in the jejunum, PP and LP in early life that decline with
age showing site-specific kinetics; the fastest decline occurs in jejunum, followed by PP
within the ileum, while colon retains similar numbers of ILF at all ages. Mucosal sites in
donors of all ages are stably populated with a predominant TRM population from childhood
(<5yrs) until advanced ages (>85yrs). Multi-dimensional analysis suggests that aging plays a
significant role in shaping the immune parameters of the GALT and mLN, compared to
mucosal tissues; individual contributions of age and tissue site are further demonstrated
using a predictive machine learning algorithm. Our findings identify a cellular basis for the
known sensitivity and tolerance to ingested antigens at young ages, and provide a new
baseline for defining immune pathologies in the intestines over space and time.

Samples for analysis of lymphocytes in human intestinal mucosal sites, GALT and
associated LN

We have established a resource to obtain multiple lymphoid and mucosal tissues from
research-consented human organ donors through a collaboration with the LiveOnNY as
previously described 19-24 We characterized mucosal intestinal tissues, GALT and lymphoid
sites (Figure 1a) from donors across all ages of life (4 months — 87 years) combining
fluorescence imaging, flow cytometry, and multiparameter analysis platforms (Figure 1b).
Unique aspects of our sampling include the simultaneous acquisition of intestinal tissues,
GALT and LN from the same donors, including PPs, present as macroscopically visible
intestinal lymphoid structures mostly concentrated in the terminal ileum.2> We surgically
excised PPs from the proximal and distal ileum, and mLN draining different sites based on
their location (Figure 1a).

Tissues were acquired from 68 individual donors (Supplementary Table 1), aged 4
months-87 years; age-matched samples were used for imaging (median age 32.6 years, 50%
male) and flow cytometry (median age 42.2 years, 58% male) (Figure 1b). Donors were
classified into three life stages: young (0-24 years), middle (25-49 years), and older (50+
years) to investigate the dynamics of intestinal immune parameters over human life.
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ILF show age-related changes in distribution and lymphocyte composition

The distribution and organization of lymphocytes in human small and large intestine was
investigated by immunofluorescence staining for CD4, CD8, CD45RA and DAPI allowing
simultaneous visualization of T cells and B cells (Supplementary Figure 1a,b).28 ILF can be
visualized within intestinal sites as regions of lymphoid aggregates with a central B cell
cluster (red) surrounded by a T cell zone (green) (Figure 2a), consistent with previous
studies.* 27 In jejunum and colon, ILFs comprised of one or more B cell follicles
surrounded by T cells, were located at the base of the LP, near the submucosal (SM) region
(Figure 2a). In the jejunum of younger donors, particularly <2yrs of age, ILFs consisted of
multiple follicular regions, while in older children and adults, ILFs were present as isolated
follicles (Figure 2a, left column). Although lymphoid follicles are retained in the PPs of
ileum throughout all stages of life (Figure 2a, middle column, Supplementary Figure 1c,d),
they were more numerous in infants and children, with greater T cell density in the
interfollicular region compared to PP in middle and older donors. By contrast, ILFs in the
colon consisted mainly of single B cell follicles surrounded by T cells, present at all ages
examined (Figure 2a, Supplementary Figure 1e,f).

To quantify changes in follicular content with age, we calculated the number of ILFs/unit
area of LP (density) and the ILF/LP area ratio (relative size). ILFs in the jejunum of younger
donors were increased in density and relative size compared to those of individuals in the
middle and older years (Figure 2a,b, Supplementary Figure 2a). By contrast, ILFs in the
colon were maintained at similar numbers and density in all three age groups, with a trend
toward a higher density of ILFs in the colon of young donors (Figure 2c, Supplementary
Figure 2a). These results show dynamic changes in the lymphoid follicle content with age
particularly in the small intestine; higher numbers of lymphoid follicles are observed in
younger years which diminish over time.

Age associated changes in naive T cell composition in the gut

We investigated the T cell subset composition of organized lymphoid structures in jejunum,
ileum and colon at different life stages (Figure 3a and Supplementary Figures 1). We
quantified different aspects of T cell subset composition and organization, including CD4*
and CD8*T cell number in the interfollicular T cell region from ILFs in jejunum, colon and
PPs, and the CD4:CD8 T cell ratio in these sites for each donor. The CD4:CD8 T cell ratio
within ILFs of jejunum and colon was not significantly different between the three age
groups (Figure 3b, Supplementary Figure 2b). However, we observed an increased
CD4:CD8 T cell ratio in the PPs of pediatric and young donors compared to middle and
older age donors (Figure 3b, Supplementary Figure 2b), consistent with lymphoid tissues
having higher CD4:CD8 T cells ratio earlier in life.20

Coordinate staining enabled us to distinguish naive CD4* and CD8*T cells which express
CDA45RA (yellow and purple, respectively) from memory subsets which are CD45RA™
(green and blue). (Although terminal effector CD8*T cells (TEMRA) also express CD45RA,
flow cytometry analysis from our previous studies and shown below revealed few TEMRA
cells in LN or intestinal sites!? 19. 20y Based on imaging, the frequency of naive CD4* and
CDS8™T cells in ILFs from jejunum, PP, and colon showed site-specific changes with age
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(Figure 3). There were higher frequencies of naive CD4* and CD8*T cells in jejunal ILF in
young pediatric donors, particularly in the first two years of life, compared to donors in
middle and older years (Figure 3c, left panel). Similarly, the PPs of young and middle aged
donors contained higher frequencies of naive T cells, compared to PPs from donors >50
years (Figure 3C, middle and Supplementary Figures 1), while colonic ILFs maintained
similar naive T cell frequencies with age (Figure 3c, right). These data demonstrate that
naive T cell attrition occurs most rapidly in jejunum, followed by PP, with memory T cells
predominating for the majority of life.

Intestinal TRM are established early and maintained at comparable frequencies at all life

stages

We used multi-parameter flow cytometry to further assess T cell subset composition in the 9
different intestinal sites shown in Figure 1a. There was a progressive increase in the
CDA4:CD8 T ratio from mucosal sites, GALT to mLNs, with an overall lower CD4:CD8
content in younger compared to older donors (Supplementary Figure 3). The frequency of
major functional T cell subsets (naive, effector memory (TEM), central memory (TCM) and
TEMRAZ8. 29) \was a feature of the specific intestinal location, with age-related changes only
in certain sites (Figure 4a). In mucosal sites (jejunum, ileum and colon), TEM were the
predominant subset for both CD4* and CD8™T cells across all age groups. TEMRA subsets
were not significantly represented in any Gl site, while TCM cells were present in constant
frequencies (20-30%) among CD4*T cells in GALT and mLN across all age groups (Figure
4a). By contrast, GALT and mLNs showed differences in frequency distribution of naive and
TEM cell subsets between site and age groups (Figure 4a). In young and middle-aged
donors, there was a directional increase in naive T cell frequency from PP to appendix
(20-40%) to mLNs (40-60%) and a corresponding decrease in TEM cell frequencies along
those same sites (Figure 4b). For donors within the older age group, naive T cells comprised
<10% in GALT, similar to intestinal sites and <20% in mLNs (Figure 4b). Therefore, while
the organization of lymphocytes and subset composition within GALT, mLN and lymphoid
follicles in the intestines is altered with age, the overall T cell subset composition averaged
across the mucosa is mostly TEM cells independent of age.

We examined the extent to which TEM cells in the Gl tract expressed markers of TRM cells
including the activation marker CD69 and tissue retention integrin CD103 30- 31, When
gating for TEM cells, the extent of CD69 and CD103 expression was a feature of the tissue
site, and did not differ with age as shown in representative flow cytometry plots from a 5yr
and 87yr old donor (Figure 4c), and in compiled data from multiple sites and individuals
(Figure 4d). The major distinction in TRM markers was due to tissue site; CD69 which has
been shown to delineate human TRM1# was expressed by the vast majority (80-90%) of
CD4" and CD8*TEM cells in intestines and GALT, and by a slightly lower percentage
(60-80%) of TEM cells in mLN sites (Figure 4d). Similarly, the frequency of CD8*TEM
cells co-expressing CD69 and CD103 in mucosal sites (jejunum, ileum, colon, 60-80%) was
much higher compared to TEM in GALT (40-60%) and mLN (10-20%), while CD103 was
expressed only by a low frequency of intestinal CD69*CD4*TEM cells (Figure 4d). We also
investigated the localization of TRM within the jejunum by imaging analysis revealing that
CD69" or CD103* T cells are predominantly present in the LP area, with only low
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frequencies of TRM within the ILFs (Supplementary Figure 4). These data reveal novel
features of human TRM across the Gl tract: first, that TRM cells are formed early within
intestinal sites and may be retained there longterm, and second, the extent of TRM
establishment is a function of the tissue site.

Localization of Intestinal Tregs in GALT with highest frequencies during childhood

We also used imaging and flow cytometry to investigate the localization of Tregs in the
human Gl tract and age-related effects. Immunofluorescence staining of CD4 and Foxp3
shows Tregs present as aggregates within ILFs of jejunum and colon, and PPs within the
ileum (Figure 5a), but only sparsely and rarely distributed within the LP and intraepithelial
sites (not shown). For quantitation of Treg frequency, we further stratified younger donors
into pediatric (0-10yrs) and youth (11-24yrs) and found a significant increase in Treg
frequency within ILFs in the jejunum and PP of pediatric donors compared to younger and
older adults (Figure 5b). In contrast, there was no significant difference in Treg frequency
within ILFs of the colon across all age groups (Figure 5b, Supplementary Figure 2c). We
further investigated Treg frequency in these sites by flow cytometric analysis using a triple
gating strategy.32 In intestinal sites, we detected a low (<2%) Treg frequency that did not
change with age (Figure 5c), consistent with our imaging data. In the GALT and mLNs
however, Treg frequency was highest in younger donors (5-10%) and significantly reduced
in middle and older-aged donors (1-3%, Figure 5c, d). Moreover, the frequency of naive
(CD45RA™) Tregs in the colon, PPs and mLNs was higher in younger compared to older
donors (Figure 5d). These data indicate a higher Treg content in the Gl tract in younger
individuals, and particularly in children, which declines with age, albeit at different rates in
GALT and lymphoid sites.

Quantifying effects of age and sex in regional intestinal immunity

To visualize the relatedness between different regions of the human intestine based on the
immune parameters measured, we performed a £distributed stochastic neighbor embedding
(t-SNE) analysis using flow cytometry data collected from our donors for 14 immune
parameters as described in the previous sections (see methods). The first two t-SNE
components are visualized showing data from all the sites with each point representing one
donor and one site shaded according to the donor age (Figure 6a left) and for each individual
site shown at right (Figure 6a right). We delineated 3 basic clusters of samples based on k-
mean clustering analysis of these data (Figure 6). Overall, mucosal sites cluster separately
from GALT and mLN sites for all donors based on the measured lymphocyte parameters
(Figure 64, left). For the appendix, younger donors seem to cluster separately from older
ones based on the t-SNEx component, while no such separation based on age was observed
for mucosal sites (Figure 6a, right). Interestingly, the PPs occupied an intermediate position
in the clusters (Figure 6a, left). In donors where PP resembled mLN, the PPs appear to
partition by age, whereas for donors where PPs resembled mucosal tissue, no partitioning by
age was observed. (Figure 6a, right). These results suggest that tissue niche plays a
prominent role shaping the immune phenotype of the human intestine. Additionally, aging
influences immune parameters in MLN and GALT to a greater extent than in mucosal sites,
with effects on PP specific to the individual.
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To further investigate impacts of age on the immune composition of the Gl tract we carried
out multivariate analysis adjusting for both sex and age. After adjusting for age, the majority
of immune parameters did not differ between males and females except that the frequency of
Tregs and CD4*TRM in the ileum, GALT and certain MLN sites was higher in males
compared to females (Figure 6b,c). Aging however, affected a greater number of
immunological parameters across the human intestine. Adjusting for sex, we observed an
inverse correlation between age and naive CD4* T cell frequency in the colon, and between
age and naive CD8* T cell frequency in the colon and mLNs from all the sites across the
intestine. Conversely, CD4* and CD8" TEM and CD8* TEMRA frequency increased with
age in all mLN sites and the colon (Figure 6b and d). Together, these results show
differential impact of age and sex on specific sites within the Gl tract; GALT and lymphoid
sites are more affected by age, while mucosal sites exhibit some sex-specific effects.

Machine learning algorithms can predict the age and tissue site of healthy human donor Gl

tract

There is evidence showing an association between certain pathologies of the Gl tract, age
and intestinal site.2 3 33 Our intestine immune cell dataset can serve to establish a baseline
from which to evaluate pathologies of the Gl tract. As a first step towards this goal we asked
whether the immune parameters measured here are sufficient to identify the proper age and
correct anatomical site of the intestine and therefore serve as a key reference point. Several
of immune parameters measured across different regions of the intestine exhibit high degrees
of correlation (Supplementary Figure 5). We hypothesized that T cell composition as
determined here could itself be predictive of the age and tissue site in the human Gl tract.
We therefore applied a custom Python script implementing supervised Random forest
classifier algorithm on our dataset. Machine learning has been implemented in a variety of
diagnostic settings from classifying cancer types, to predicting the risk of cardiac disease
and cancer outcomes.34-36 We used the aggregated dataset from all donors as input into a
machine learning algorithm, and then asked whether the “trained” algorithm could
accurately predict the tissue site and/or age of an unknown sample. Running the full model
with 16 immunological parameters resulted in an accuracy score of 0.88 for age group
prediction and 0.87 for tissue site prediction; excluding the parameters with low importance
(Figure 7a, Supplementary Figure 6) resulted in similar accuracy scores for both models
(Figure 7b,c).

Results of the age group prediction model summarized as confusion matrix in Figure 7¢
shows that middle and young age groups donors could be classified with high accuracy;
however, one of the older donors (59 years) was misclassified as middle aged due to a higher
frequency of CD4*, CD8*TCM, and lower frequency of CD45RA*Tregs compared to other
older donors in the cohort. Similarly, for tissue site prediction, we were able to achieve
perfect classification for GALT and MLN, although several mucosal samples were
misclassified (Figure 7c), based on variations in TRM frequencies. Our results serve as proof
of concept to use T cell subset composition to predict the tissue site and age of an unknown
Gl sample, and conversely to define specific immune alterations of samples from a known
site and age.
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DISCUSSION

Defining adaptive immunity in the intestine and how it changes over human life is a
necessary foundation for understanding immune-related intestinal dysfunctions and diseases.
However, most our knowledge of intestinal immunity derives from animal models. Here, we
analyzed T cell maturation and localization across the human Gl tract in 9 different sites
including small and large intestines, GALT and associated mLN from 68 organ donors
spanning nine decades of life. Our results provide new insights into the spatial and temporal
dynamics of the adaptive immune system in human intestinal immunity that cannot be
extrapolated from animal models or isolated biopsy samples. The small intestine of young
donors contains numerous large ILFs in jejunum and PP containing high frequencies of
naive T cells and Tregs, which decline with age with site-specific kinetics; jejunum shows
the most rapid decline at early ages followed by ileum, and colon maintaining ILFs over life.
Within the mucosa, however, TRM are established in childhood and their frequency and
distribution is stable into advanced ages, while GALT and MLN show gradual changes in T
cell subset composition over life. These site- and age-specific features of human intestinal
immunity are highly consistent between individuals and predictable using machine learning
approaches. Together, these findings establish a new quantitative baseline for human
intestinal immunity to define and understand disease pathologies.

The full spectrum of intestinal adaptive immunity involves T cells within mucosal sites,
GALT and MLN draining different intestinal regions. Previous studies on T cells isolated
from human intestine have been limited to tissues surgically excised or biopsy samples from
the patients who had malignancy or inflammatory bowel disease.10 37 Our longstanding
collaboration with LiveOnNY allows us access to multiple lymphoid, mucosal, and
peripheral tissue sites from previously healthy donors.11: 19 This unique resource has
allowed us to characterize global and regional changes in the human immune system with on
the cellular and molecular level 14 20. 23, 24 However, in these previous studies, cells were
isolated and characterized from digested tissues, while in this study, we investigated the
cellular localization and organization /7 situ using imaging compared to the cellular analysis
from tissue digestion. We demonstrate dynamic, age-associated changes in the organization
and composition of lymphocytes in ILFs and PPs within the small intestines in the context of
stable T cell subset composition within mucosal sites. We also reveal directionality in the
age-associated changes from jejunum to ileum and colon confirmed here by both imaging
and flow cytometry, indicative of higher antigenic stimulation in small compared to large
intestine.

The organized structures of the GALT and the draining mLNs are the main location for
priming adaptive immune cell responses in the intestine.38 By imaging and flow cytometry
analysis of PP from 55 donors, we show that PPs have numerous B cell follicles and
interfollicular T cells, which may reflect chronic stimulation by luminal antigen. We also
demonstrate that the decline in naive T cell frequency in PPs with age occurs more
precipitously after age 40-50yrs, consistent with our finding that active thymopoiesis may
cease abruptly at some point after the age of 40.39 Interestingly, the proportion of naive T
cells in PPs after 50yrs is very low, while a higher proportion of naive T cells are maintained
even in advanced ages in adjoining mLN. Therefore, naive T cell replenishment in PP due to
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thymic output is distinct from blood and lymph nodes, where naive T cells are maintained by
peripheral homeostasis.40: 41

Our imaging data also reveals that intestinal Tregs are mostly localized in ILFs and PPs
within the intestines, and are also present in mLN. Treg frequency is highest in these sites in
younger donors and declines significantly in middle and older years of adulthood. By
contrast, TRM cells are the predominant T cell subset within intestinal tissues, being
localized in the LP and IEL regions, with fewer TRM cells (particularly the more mature
CD69*CD103*TRM cells) in GALT and mLN. These results suggest spatial and temporal
segregation of different critical functions of intestinal immunity; immune regulation by
Tregs may occur specifically in follicular regions during childhood while maintenance of
protective immunity by TRM occurs throughout mucosal tissues over life.

The age-associated changes in ILF content, naive T cells and Tregs across the small intestine
provide a cellular basis for the increased propensity for intestinal immunity and tolerance to
develop in the early years. For example, oral vaccines such as those for polio or more
recently rotavirus, have proved particularly effective in infants and young children, 42
consistent with increased ILFs with naive T cells providing enhanced targets for priming.
Conversely, oral tolerance involving anergy or deletion of reactive T cells and Treg
induction43 44, is more readily achieved in children compared to adults in oral
desensitization for milk allergy.*>#47 It was also found that early exposure to peanuts during
infancy promotes tolerance and avoids atopy.33 Mechanisms underlying increased Tregs in
pediatric compared to adult donors are not known. In mice, tolerogenic DC (cDC1) can
promote Treg induction,*® and we have identified increased cDC1 frequencies in the
intestines of infants by flow cytometry 23, We propose that the increased ILF content with
distinct T and DC subsets in small intestines during early life, promotes a highly regulated
immune response to antigens introduced through the oral-gastrointestinal tract.

Our findings reveal a precise site- and age-determined T cell composition in the human Gl
tract, defining immune signatures that could be used as a new baseline from which to define
disease pathologies. Machine learning models have recently been applied for diagnostic
purposes and are being developed for precision medicine. 34-36 Here, we applied machine
learning models to identify region- and age-related immune correlates of a healthy human
intestine, revealing a highly correlative pattern of immune cell composition between regions
of the intestine within a healthy individual. We propose that applying these immune
parameters as a baseline will enable a more precise assessment of changes in the gut
immune phenotype in different disease states.

In summary, we present here a new analysis of the complex interaction of T cell immunity in
the intestine, GALT and associated lymph nodes, revealing predictive quantitative changes
that define tissue site and age. Our findings support an integral role for the T cell component
of adaptive immunity in human gut development, and in providing key protective and
regulatory functions.
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METHODS

Acquisition of tissue from human organ donors

Human tissues were obtained from deceased organ donors at the time of acquisition for life-
saving clinical transplantation through an approved protocol and material transfer agreement
with LiveOnNY. Donors were previously healthy and free of chronic disease, cancer, and
were seronegative for Hepatitis B, C, and HIV. The study does not qualify as “human
subjects” research, as confirmed by the Columbia University IRB as tissue samples were
obtained from brain-dead (deceased) individuals.

Tissues preparation and lymphocyte isolation from human intestinal tissues

Tissue samples were maintained in cold saline or University of Wisconsin (UW) solution
and brought to the laboratory within 2-4hrs of organ procurement. Intestinal sections were
opened along their mesenteric borders, washed in cold PBS (Mediatech, Manassas, VA).
Jejunum was defined from the proximal two-fifths of the small intestine between the
duodenojejunal flexure and ileocecal valve, and the proximal two-thirds of ileum is the
proximal ileum and the distal one-thirds as distal ileum, and colon samples were from the
sigmoid colon. Proximal PPs were taken from proximal ileum, distal PPs were from distal
ileum, and mLNs were separated from each regional mesentery. Samples were processed
using enzymatic and mechanical digestion resulting in high yields of live lymphocytes, as
described 21,

Flow Cytometry Analysis

Single-cell suspensions were stained with the following fluorochrome-conjugated antibodies
from Biolegned (San Diego, CA) for 30min on ice: anti-human CD3 (OKT3), CD4 (SK3),
CD8 (SK1,), CD19 (HIB19), CD25 (BC96), CD45 (HI30), CD45RA (HI100), CD69
(FN50), CD103 (Ber-ACT8,), CD127 (A019D5), CCR7 (G043H7). Viability was
determined using LIVE/DEAD fixable blue dead cell stain kit (Invitrogen, Carlsbad, CA).
For intracellular staining, surface stained cells were resuspended and incubated in 0.5 ml
fixation/permeabilization buffer (eBioscience), washed, resuspended in permeabilization
buffer (eBioscience) and stained with anti-FOXP3 antibodies (236 A/E7, eBioscience) and
Ki67 (KI-67, BioLegend) for 60 min on ice and washed twice with permeabilization buffer.
Stained cells were acquired on a 6-laser LSRII analytical flow cytometer (BD Biosciences)
and analyzed using FCS Express 6 software (De Novo Software, Glendale, CA).

Immunofluorescence imaging

Jejunum, ileum including distal PPs and colon samples were collected as described above,
and were fixed immediately in 1.0% paraformaldehyde and 0.1M L-Lysine (Sigma-Aldrich,
St. Louis, MO) add to PBS (pH7.4), incubated in 20% sucrose at 4°C, embedded in tissue-
tek OCT compound (Sakura Finetek USA, Inc., Torrance, CA), and stored at —80°C until
further use. Thin 5-8um-thick sections were cut with Leica CM 1950 cryostat (Leica
Microsystems GmbH, Wetzlar, Germany), permeabilized in PBS containing 0.1% Triton
X-100 (Sigma-Aldrich) and 20% Blocking One (Nacalai tesque, Kyoto, Japan), incubated in
with fluorochrome-conjugated antibodies (anti-human CD4 (OKT4), CD8 (HIT8a),
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CDA45RA (HI1100), Foxp3 (259D), and DAPI) in blocking buffer (PBS + 20% blocking
reagent; Blocking One) at room temperature. Samples were mounted on cover slips with
Prolong Diamond Antifade Mountant (Life Technologies, Inc., Gaithersburg, MD). Imaging
was performed on an EVOS FL Auto 2 Imaging System (Invitrogen) with motorized z focus
stage for fully automated image stitching. Specific cells were identified using the “spots”
command in Imaris software (Bitplane, Zurich, Switzerland), and nonspecific fluorescence
signals were manually removed. The lamina propria lesion and ILFs area were defined using
ImageJ software (National Institutes of Health, Bethesda, MD).

Statistical analysis and data visualization

Descriptive statistics (percent, mean, median, SEM) were calculated using GraphPad Prism
(Graphpad softfware, San Diego, CA). Significant differences were assessed using a paired ¢
test, and correlations assessed using linear regression. Multiple regression analysis of data
was carried out using Python statsmodels module*®. Ordinary least squares (OLS) regression
models were fitted for each of the immune parameters measured using age and sex as
covariate. Coefficient and p-value was extracted from the OLS results table for the main
effects of age and sex. The contribution of the main factor was considered significant in the
models if p-value was <0.1.

t-SNE analysis of data

Compiled flow cytometry data for CD4naive, CD4TCM, CD4TEMRA, CD4TEM,
CD8naive, CD8TCM, CDSTEMRA, CD8TEM, CD4Treg, CD45RATreg, CD4TEM CD69*,
CD4TEM CD69*CD103*, CD8TEM CD69*, CDS8TEM CD69*CD103* frequency for all
our donors as described in the sections above was used as an input for t-SNE analysis of the
samples. The B:T and CD4:CD8 ratio values were excluded to avoid scaling bias. The
analysis was run by implementing a custom Python script based on the

sklearn.manifold. TSNE module.50 The perplexity was set to 30 and the model was run for
1000 iterations using the exact t-SNE method. The first 2 components of the t-SNE
embedding were visualized using Python matplotlib library.

Random Forest Classifier Training and Prediction

Random forest classifier was trained using Python Scikit-learn module.>0 For predictions,
immune parameters measured were averaged across all the sites for each donor to generate
an individual immune signature, and subsequently classified into age groups. The resulting
dataset was split into 80/20 train-test subsets which were used to train and test the classifier,
respectively. For each of the models, 100-1000 trees were fitted during the training stage of
model generation. To reduce the possibility of overfitting the models, feature selection was
carried out by averaging the feature importance of each tree. The final model was generated
to only include the top most contributing factors (Importance value = 0.05, Supplementary
Figure 6 b and c).

Accuracy score calculated as below was used to evaluate the different iterations of the
trained model.
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ncorrectly predicted test samples

N total number o f samples x 100

Accuracy Score =

A confusion matrix was computed to evaluate the accuracy of a classification, such that in
the matrix X, an observation Xj; is equal to the number of observations in actual group i,
predicted to be in group j. Values reported are prevalence-weighted macro-averages across
classes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Tissues and donorsanalyzed for this study.
(a) Schematic diagram of the different part of the Gl tract characterized in this study

including mucosal tissues (jejunum, ileum, colon), gut-associated lymphoid tissue (GALT)
consisting of Peyer’s patches (PPs) and appendix, and lymphoid tissues (mesenteric lymph
nodes (MLN) draining mucosal sites) obtained from organ donors for this study. The
localization of these sites is indicated on the diagram (left) by numerical designation (right).
(b) Age range and sex of donors used for imaging (left) and flow cytometry (right) analyses.
Age distribution of analyzed donors is grouped into three life stages: Young (0-24 years,
green), Middle (25-49, blue), and Older (50+ years, gray).
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Figure 2. Dynamic, age-associated changesin lymphoid structurein human intestines.
(a) Visualization of lymphoid structures in jejunum (left), ileum (center) and colon (right)

from donors of representative ages from early life to middle age (Donor 294, 18months;
Donor 319, 11 years; Donor 321, 17 years; Donor 352, 28 years; Donor 327, 52 years).
Frozen intestinal tissues were stained for expression of CD4 (green), CD8 (blue), and
CDA45RA (red), and DAPI (cyan) was used to visualize nucleated cells. White arrows
indicate isolated lymphoid follicles (ILFs) in jejunum and colon. All images show at 10x
magnification. LP, lamina propria; SM, submucosa; MS, muscularis. Scale bars, 1000um. (b)
Quantification of ILF content and size in the jejunal ILFs in the three age groups. Graphs
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show the number ILFs/unit area of LP (left) and ILF/ LP area ratio (right) in jejunum from
young (n=16, avg. age 9yrs), middle (n=6, avg. age 32yrs) and older (n=8, avg. age 69yrs).
For each donor 2-10 samples were used for quantitation. (c) Quantification of ILF content
and size in colonic ILFs. Graphs show ILFs/unit area of LP (left) and ILF/ LP area ratio
(right) from young (n=7 avg. age = 14yrs), middle (n=7, avg. age = 37yrs) and older (n=4,
avg. age = 68yrs); samples from 3-6 donors were used for each age group. *p<0.05, NS; not
significant.
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Figure 3. T cell composition in intestinal follicular regionsisa function of tissue site and age.
(a) Frozen intestinal tissues were stained for CD4 (green), CD8 (blue) and CD45RA (red),

enabling resolution of naive and memory T cell subsets and B cells. Representative images
of ILFs in jejunum (left), PPs (center) and ILFs in colon (right) from 5 donors as in Figure 2.
All images shown at 20x magnification. Scale bars, 100um. (b) Quantification of CD4/CD8
T cell content within ILFs in jejunum (left; young: n = 8, avg. age 13yrs; middle: n = 4, avg.
age 39yrs; older: n = 4, avg. age 70yrs), PPs in ileum (center; young: n = 7, avg. age 12yrs;
middle: n = 5, avg. age 35yrs; older: n =5, avg. age 66yrs) and ILFs in colon (right; young:
n =7, avg. age 12yrs; middle: n = 7, avg. age 37yrs; older: n = 4, avg. age 70yrs) using
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Imaris software (see methods). *p< 0.05, **p<0.01. (c) Quantification of naive CD4+ and
CDB8+T cell frequency within ILFs in jejunum (left, n=16, p<0.05), PPs (middle, n=17,
p<0.001), and ILFs in colon (right, n=12, NS, 1-3 samples per donor) using Imaris software.
Three different interfollicular T cell zones were quantified for each donor, Linear regression
analysis was done with the corresponding squared correlation coefficient (R? value)
displayed.
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Figure 4. Tissuedistribution of major T cell subsetsin human intestine with age.
(a) Gating strategy used to identify T cell subsets based on CD45RA and CCR7 expression

defining: CD45RA*/CCR7* (Naive), CD45RA™/CCR7* (Central Memory or TCM),
CD45RA™/CCRT7~ (effector-memory or TEM), CD45RA*/CCR7~ (Terminal effector or
TEMRA). Flow cytometry plots of CD45RA and CCRY7 expression by CD4* and CD8* T
cells in human intestinal tissues from a representative younger (Donor 339, 5Syears) and
older (Donor 330, 59years) individual. (b) Mean frequency (+ SEM) of Naive, TEMRA,
TCM, TEM cells expressed as a percent of CD4* (left) or CD8 (right) T cells in lamina
propria, GALT and mLNs from young (green; n=11), middle (blue; n=13) and older (gray;
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n=13) donors. Statistical significance comparing young to older (black*), young to middle
(blue*) and middle to older (red*), indicated as *~ < 0.05; **P < 0.01, ***P< 0.001. (c)
Representative flow cytometry plots of CD69 and CD103 expression by CD4* and
CDS8*TEM cells from a young (top, donor 339, 5years) and aged (Donor 364, 87years)
individual in the indicated mucosal, GALT and lymphoid sites, (d) Mean frequencies + s.e.m
of CD4* CD69™ (top), CD4*CD69+*CD103* (2" row from the top), CD8*CD69* (3™ row
from the top) and CD8*CD69*CD103* (bottom) TEM cells from young (green; n=11),
middle (blue; n=13) and older (gray; n=13) donors. No significant differences were observed
between age groups
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Figure5. Elevated frequency of Treg cellsin lymphoid follicles, GALT and mLN in younger

donors.

(@) Intestinal tissue sections were stained for CD4 (green), Foxp3 (red) and DAPI (blue).
White arrows indicate CD4*Foxp3™ cells with representative images from donors of
indicated ages. Scale bars, 100um. (b) Quantification of Treg frequency from ILFs in
jejunum (left; pediatric: n = 4, avg. age 3yrs; youth: n = 3, avg. age 16yrs; middle: n = 3,
avg. age 34yrs; old: n = 3, avg. age 70yrs), PPs (center; pediatric: n = 3, avg. age 5yrs;
youth: n = 4, avg. age 18yrs; middle: n = 4, avg. age 38yrs; older: n = 9, avg. age 66yrs), and
ILFs in colon (right; young: n = 7, avg. age 16yrs; middle: n = 7, avg. age 34yrs; older: n =
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5, avg. age 66yrs) using Imaris image software. **, p<0.01. (c) Gating strategy for Treg cells
shown from a representative jJMLN of a young individual (Donor 339, 5 years) and from PP
of an older individual (Donor 349, 69years), showing sequential gating on CD25*CD127~
and Foxp3 expression, versus non-Treg (CD25-CD127%) cells, (d) Frequency (Mean+SEM)
of total (top) and CD45RA™* Treg (bottom) Tregs across the Gl tract from young (green,
n=10), middle (blue; n=13) and older (gray; n=13) donors. Statistical significance comparing
young to older (black*) and young to middle (blue*), indicated as *~ < 0.05; **P< 0.01,
***p< 0.001.
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Figure 6. Visualizing the effects of categorical variables on immunological parametersin the
human Gl tract.

(a) Graphical representation of dimensionality reduction of the dataset by t-SNE (perplexity
= 30) for all of the data in the intestines, GALT and mLN (left) and separated by each site
(right). For all the plots, each symbol is an individual data point. The color bar represents a
continuous scale from 0 — 89 years. Dashed lines mark the boundaries of k-means clusters
identified. (b) Matrices show statistically significant associations between sex and
immunological parameters measured adjusting for age (left) and statistically significant
associations between age and immunological parameters measured adjusting for sex (right).
White blocks indicate no significant relation between sex or age and the immunological
parameter at the particular site. The color bar represents the coefficients for the main effect
of sex (left) or age (right) on the immune parameter in each site, with darker red having a
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higher value in males (left) or with age (right) and darker blue having a lower value in males
(left) or with age (right). Jej = Jejunum, Ile = lleum, Col = Colon, Appe = Appendix, PP =
Peyer’s Patch, JMLN = mesenteric lymph node of the jejunum, iMLN = MLN of the ileum
and cMLN = MLN of the colon. (c) Representative graphs showing sex-specific differences
in naive CD8+T cell frequency in colon and CD4*TRM frequency in ileum. (d)
Representative graphs showing age-associated changes in naive CD8*T cell and CD8*TEM
frequency in the cMLN.
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Figure 7. Machine learning models to predict age and tissue sitein the human intestine based on

immunological parameters.

(a) Feature importance scores for Randomforest classifier (RFc) used for predicting age
group (left) and tissue site (right). The dotted black line indicates an importance score of
0.05. The parameters selected to generate the final models are in bold. (b) Confusion matrix
(CM) for predicted age groups from implementing the RFc on test dataset. X axis is the
predicted group and Y axis is the actual age group of the sample. Numbers in each box of
the CM indicate the number of samples from the test dataset predicted to fall in the
particular age group. Correctly classified samples are along the diagonal of the CM (black
blocks). (c) Confusion matrix (CM) for predicted tissue sites from implementing the RFc on
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test dataset. X axis is the predicted tissue site and Y axis is the actual tissue site of the
sample. Numbers in each box of the CM indicate the number samples of the test dataset
predicted to fall in tissue site category. Correctly classified samples are along the diagonal of
the CM (black blocks).
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