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SUMMARY 24 

98% of T cells reside in tissues, yet nearly all human T cell analyses are performed from peripheral blood. 25 

We single-cell sequenced 5.7 million T cells from ten donors’ autologous blood and tonsils and sought to 26 

answer key questions about T cell receptor biology previously unanswerable by smaller-scale experiments. 27 

We identified distinct clonal expansions and distributions in blood compared to tonsils, with surprisingly low 28 

(1-7%) clonal sharing. These few shared clones exhibited divergent phenotypes across bodily sites.  Analysis 29 

of antigen-specific CD8 T cells revealed location as a main determinant of frequency, phenotype, and 30 

immunodominance. Finally, diversity estimates from the tissue recalibrates current repertoire diversity 31 

estimates, and we provide a refined estimate of whole-body repertoire. Given the tissue-restricted nature of T 32 

cell phenotypes, functions, differentiation, and clonality revealed by this dataset, we conclude that tissue 33 

analyses are crucial for accurate repertoire analysis and monitoring changes after perturbing therapies. 34 
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INTRODUCTION 36 

T cells are fundamental players in the adaptive immune system that can recognize a remarkable diversity of 37 

peptide antigens through their T cell receptor (TCR) repertoire1,2. While blood samples are often used to 38 

monitor changes in the human TCR repertoire, they represent less than 2% of the body’s T cells3. Most T 39 

cells reside in the lymphatics (spleen, lymph nodes, tonsils) and non-lymphoid tissues (gut, skin, lung, etc.), 40 

where they surveil for infections and maintain tissue homeostasis4–7. Specialized T cell subsets serve unique 41 

tissue-based functions8. For example, tissue-resident memory T cells (TRM) are crucial for local immune 42 

responses9,10 and homeostasis11, and T follicular helper cells (TFH) are essential for germinal centers12–14. 43 

These specialized T cells are often absent or rarely detected in circulation, so tissue-based analyses are 44 

essential to understand the full scope of T cell diversity and function15. The extent of phenotypic mixing and 45 

repertoire compartmentalization between blood and tissue T cells remains unclear, largely due to low-scale 46 

sampling. It is likely that T cell location influences its phenotype and TCR specificity. Current evidence 47 

suggests that while T cell clones with common ancestors exhibit similar transcriptional profiles, single naive 48 

clones can differentiate into various phenotypes during infection16–19 or tumor progression20. Although much 49 

progress has been made over the last decade, several critical questions remain unanswered. First, what are 50 

the patterns of phenotypic concordance or divergence within clones shared between blood and tissue? 51 

Second, since tissue sites maintain T cell clones that respond to localized cues, is the relationship between a 52 

cell’s TCR and phenotype dependent on its location? Finally, is the extent of clonal sharing dictated by the 53 

nature of the antigen itself?  54 

 55 

TCR repertoire diversity is also shaped by various host factors21 and environmental factors. Age is a major 56 

determinant of TCR diversity22–25 and serves as a proxy for both changes in T cell development and 57 

accumulation of immune memory, encompassing exposure to pathogens and vaccines, self-reactivity, and 58 

the cumulative impact of chronic diseases26. Importantly, memory T cells increase significantly in the first 59 

decade of life27,28, with early antigen exposures shaping TCR diversity, which is later refined by clonal 60 

selection29. A decline in T cell function and diversity is associated with increased susceptibility to disease30. 61 

An accurate estimation of TCR diversity in humans is, therefore, important for understanding effective control 62 

of infections and subsequent protection31,32.  63 

 64 

Current estimates of peripheral TCR diversity have relied heavily on single (beta) chain sequencing of up to a 65 

million T cells to extrapolate overall bodily diversity23,33,34. While a broad range of T cells (>1020) is 66 

theoretically possible, our body has only ~4.5 x 1011 T cells3, with actual TCR diversity significantly lower due 67 

to thymic selection and clonal expansion following antigen-specific response35. On the other hand, a single 68 

TCR can recognize a variety of peptide-MHC complexes36–38, reducing the diversity needed to recognize any 69 

antigen39–41. Estimates of T cell clonotypes in the human repertoire range from 3 x 106 (β chain diversity)42 to 70 

107 - 108 23,33,43. A major challenge in reconciling these estimates is under sampling, as statistical estimators 71 

struggle with poor sampling, particularly for small clones and singletons26,35. However, recent improvements 72 
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in single-cell sequencing offer new opportunities for profiling paired TCR chains and T cell transcriptomes 73 

from hundreds of thousands of single cells in an unbiased manner.  74 

 75 

In this study, we collected paired gene expression and TCR data from a cohort of ten donors, spanning from 76 

infancy to adulthood, and investigated both phenotypic and clonal segregation of T cells between blood and 77 

tissue. Tissue T cells were isolated from tonsils, which is a unique and accessible site for studying the 78 

influence of both lymphoid and mucosal tissue environments. By examining transcriptional and TCR 79 

sequencing data from 5.7 million T cells, we show limited clonal sharing between blood and tissue and that 80 

blood sampling alone significantly underestimates clonal and phenotypic T cell diversity in the human body. 81 

Our analyses also revealed differences in antigen-specific T cell frequencies, phenotypes, and 82 

immunodominance restricted by bodily site. These findings shed new light on our current understanding of 83 

TCR repertoire biology and have significant implications for a new era of tissue-focused vaccine and 84 

immunotherapy strategies. 85 

 86 
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 88 

RESULTS 89 

Comprehensive analysis of phenotypic and clonal diversity of T cells in blood and tonsils. 90 

T cells in tissues acquire unique phenotypes and functional attributes compared to their counterparts in 91 

blood44,45. We posited that this compartmentalization of barrier sites from circulation would result in unique 92 

phenotypic and clonal characteristics reflecting tissue site-specific exposures. To date, many studies have 93 

analyzed and provided approximates of the complexity of human TCR repertoire33,43. However, 94 

technological limitations (single chain profiling of a couple of thousands of cells) and challenges in sampling 95 

(several donors, but not enough sampling depth, and lack of tissues) have, thus far, limited us from fully 96 

reconciling previous assumptions and estimates of human TCR repertoire26. Here, we seek to address 97 

these questions by deeply characterizing paired transcriptional and T cell receptor (TCR) repertoire data 98 

from �β+ T cells from both blood and tonsils (Figure S1A) from 10 donors, averaging about 300,000 single 99 

T cells per donor per tissue compartment (Figure 1A). Our primary cohort included demographically diverse 100 

donors with different exposure histories to estimate immune variation among individuals (Table S1). 101 

Selected donors ranged in age from infancy to adulthood, and samples from both male and female 102 

participants were included. Donors were diverse in their prior exposure to herpesviruses, known to influence 103 

the TCR repertoire46, and their indication for surgery (Figure 1A).  104 

 105 
Data from blood and tonsils from each donor were integrated and clustered to identify and eliminate any 106 

contaminating non-�β+ T cells. Single cell profiles from the 10 donors were then integrated, normalized, and 107 

harmonized, resulting in a combined 5,728,381 cells (Figure 1B; Figure S1B). We integrated this dataset 108 

with blood and tonsillar �β+ T cells (59,859 cells) from a secondary cohort of 8 donors, where both gene 109 

expression and surface protein readouts of 32 T cell markers (Table S2) were captured using multimodal 110 

immune profiling. Cells were clustered by gene expression at a high resolution to capture rare cell states, 111 

resulting in 43 clusters. We carefully stratified these clusters into three levels of annotations based on both 112 

gene and protein markers, starting from a broad level 1 annotation (L1: CD4, CD8, double positive (DP), 113 

double negative (DN)) to level 2 annotation (L2: naive vs. memory subsets), and a refined level 3 annotation 114 

(L3: central memory (TCM), effector memory (TEM), regulatory T cells (Tregs), T follicular helper cells (TFH), 115 

etc. as represented by individual clusters) (Figure 1B). Numerous expected T cell phenotypic populations 116 

were identifiable based on a manual review of gene expression (Figure 1C, Table S3) and protein-level 117 

expression (Figure 1D) data.  118 

 119 

All donors were well represented within each cluster (L3 annotation) (Figure 1E), although their proportions 120 

varied substantially between individuals. TFH subsets were more abundant in pediatric donors, whereas CD4 121 

effector memory (TEM) frequencies increased with age (Figure S1C). Although the number of cells 122 

recovered from each donor was variable (ranging from 380,000 to 820,000), TCR sequence detection was 123 

efficient among all donors, indicating that each donor was well represented in the TCR repertoire analysis 124 

(Figure S1D). Overall, paired productive �βTCRs were recovered from roughly 3 million single cells. 125 
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Productive TCRs were well represented in all major T cell clusters, with slightly lower recovery among 126 

mucosal-associated invariant T (MAIT) cells (Figure S1E). As expected, naive T cell clusters were the most 127 

diverse, while memory CD8 T cells (effector memory and resident memory) and MAITs were highly clonal. 128 

TFH, which are largely restricted to lymphoid sites, were the most clonal subset within CD4 T cells (Figure 129 

1F). This high-resolution map of 5.7 million T cells is the largest (total and on a per-donor basis) dataset of 130 

immune cells profiled to date, encompassing multimodal readouts (transcriptomic, TCR repertoire, and 131 

protein-level expression) and will serve as a blueprint to compare TCR complexity in circulation and tissue.   132 

 133 
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 134 

Figure 1:  A high-resolution map of blood and tonsillar T cell subsets  135 

(A) Experimental design and brief description of the primary and secondary cohort of human donors used in 136 
this study. (B) UMAP of 5.7 million cells from blood and tonsils. Level 3 cluster annotations are highlighted. 137 
(C) Heatmap of top distinguishing gene markers for each annotated cluster. (D) Bubble plot highlighting the 138 
relative expression of a subset of key cell surface markers from the secondary cohort of donors across L3 139 
clusters. The bubble size indicates the percentage of cells in each cluster with detectable protein expression, 140 
and color indicates the magnitude of expression ranging from low (blue) to high (red). (E) Stacked bar graph 141 
comparing proportional breakdown of L3 clusters from each of the ten donors from the primary cohort. (F) 142 
Stacked bar graph comparing clone counts across T cell clusters from all donors. Only cells with productive 143 
TCRs were included in downstream analyses. 144 
 145 

Compartmentalization and TCR sharing between tissue sites. 146 

To assess the extent of sharing vs. segregation of T cell phenotypes and clones between the circulation and 147 

tonsils, we stratified the dataset by their compartmental origin (blood vs. tonsil). As expected, naive CD4 and 148 

CD8 T cells were readily detected in both sites. However, T cells with certain phenotypes, such as TFH, CD8 149 

resident memory (TRM), DP, and DN, were restricted primarily to tonsils, whereas CD8 effector and central 150 

memory cells were proportionally higher in circulation (Figures 2A, S2A, and 2B). Tregs were detected in 151 

both compartments, albeit at higher frequencies in the tonsils. In contrast, most MAIT cells were captured 152 

from blood rather than tonsils, as determined by both transcriptomic data and V/J gene usage. 153 

 154 

We restricted downstream analysis to cells with productive TCRs, i.e., cells with at least one beta chain and 155 

one or two alpha chains. T cells with productive TCRs were well represented in both blood (ranging from 40-156 

76%) and tonsils (68-83%) from each donor (Figures S2C, S2D). We examined the phenotypes of the 157 

largest clones in each compartment. While central memory (TCM) subsets were more clonal in tonsils (clonal 158 

proportions: 26% for CD4s, 23% for CD8s), TEMs (43% for CD4s and 88% for CD8s) and MAITs (60%) were 159 

more clonal in blood (Figure 2B). Consistent with the literature47, the largest clones in blood were CD8 TEM 160 

and MAIT cells (Figures 2C, S3). In contrast, the largest expanded clones in tonsils were of TFH phenotype 161 

in pediatric donors and mostly CD8 TRMs in adults (Figures 2C, S3), and the largest tonsil clones generally 162 

occupied more diverse transcriptional profiles than blood clones (Figure 2C). Since millions of paired TCR 163 

alpha and beta chain sequences were recovered, we assessed the proportion of T cell clones detected in 164 

both tissue sites. Unique clones were identified by exact nucleotide matching for alpha and beta TCR 165 

sequences, likely representing T cells from a common ancestor. Out of the total TCR repertoire, clonal 166 

overlap ranged from approximately 1-7% between blood and tonsils, depending on the donor (representative 167 

donors shown in Figure 2D). We established a clear correlation between clonal sharing across 168 

compartments and donor age (Figures 2E, S4A), with older donors showing more shared clones between 169 

tissue sites than younger donors. To determine whether the empirical clonal overlap reflected strong or weak 170 

sharing among bodily sites, we compared actual repertoire sharing to a theoretically well-mixed TCR 171 

distribution estimate. The estimate was generated by equalizing (via subsampling) the number of T cells in 172 

each tissue site for a given clone to account for clone size distribution biases. Overall, TCR sharing among 173 

tissues was heavily skewed from a theoretical perfect sharing (Figures 2F and S4B). Notably, many of the 174 
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largest expanded T cell clones identified from tonsils were not detected in blood (Figures 2G and S5A), 175 

indicating that even highly expanded tonsil T cell clones are not always detectable by peripheral blood 176 

sampling. In contrast, most of the largest blood-derived T cell clones were identified in tonsils, though at 177 

much lower frequencies than in blood. This disparity was consistent across the clonal spectrum, with 178 

medium-sized clones from blood more likely to appear in tonsils (Figures 2H and S5B) than vice versa. 179 

Collectively, these findings suggest that T cell clonal expansions are often restricted to discrete bodily 180 

compartments and that blood represents a subsample of T cells from various sites.  181 

 182 
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Figure 2: Compartmentalization of TCRs between tonsils and circulation 183 
(A) UMAP of T cells from all donors split by tissue origin, i.e., blood or tonsil. (B) Stacked bar graph 184 
comparing the distribution of clone counts within each T cell cluster (L3 annotation) between blood and 185 
tonsils. (C) UMAP of T cells from blood (left) or tonsils (right) from two donors, Donor 1 and 9, with their top 186 
10 clones from each compartment highlighted in color. (D) Venn diagrams comparing clonal overlap of T 187 
cells between blood and tonsils in the two representative donors. Values indicate the fraction of unique 188 
nucleotide sequences per donor. Overlap values indicate the number of unique nucleotide sequences 189 
present in both compartments as a fraction of the total number of unique sequences per donor. (E) Line 190 
graph comparing the fraction of clones (intersect values from D) shared between blood and tonsils in relation 191 
to donor age (represented on the x-axis) (F) Histograms of well-mixed (theoretical, grey) and true clonal 192 
sharing (green) of memory T cell compartments between blood and tonsils of the two representative donors. 193 
The x-axis represents the proportion of clonal frequencies in blood. (G) Scatter plots directly comparing clone 194 
counts in blood and tonsils from the two representative donors. Clones with members only in one 195 
compartment were given a clone count 0.5 in the other tissue. The color intensity of scatter points represents 196 
the density of clones within each compartment. (H) Clone count distribution for the two representative 197 
donors. y-axis represents the average fraction of clones of a particular size with a member in the second 198 
compartment. Clones are ranked by size, smallest to largest, from left to right.  199 
 200 

TCR diversity estimates from tonsils and blood. 201 

Current estimates of human TCR diversity were derived primarily from peripheral blood sampling and 202 

estimated to span several orders of magnitude, from 3 x 106 (β chain diversity)42 to 107 - 108 23,33,43, based on 203 

modeling of both alpha and beta chains. However, given the limited clonal sharing we observed between 204 

blood and tonsils, we aimed to determine a more accurate estimate of TCR diversity that covered the 205 

distribution of clones in both circulation and in tissue sites. A major bottleneck in diversity analysis of human 206 

TCR repertoire is undersampling26, coupled with the wide variability of clonal abundances. The distribution of 207 

clone counts within the repertoire is heavy-tailed48, with the proportion of clones exceeding clonal count 208 

thresholds decreasing with approximate power-law scaling (Figure 3A). While the largest clones comprised 209 

up to 10,000 cells (>1% of total cells), more than 90% of TCRs were represented by only a single cell in the 210 

sampled repertoire. Therefore, even at the scale of this dataset (about 20-fold higher per sample than a 211 

typical single-cell dataset for a single donor), rarefaction analysis showed no saturation of discovered 212 

clonotypes with increasing cell numbers (Figure 3B). Moreover, due to the broad distribution of clonal 213 

expansion sizes, we expect many expanded clones would not have been detected as such at the typically 214 

smaller dataset sizes of prior scTCRseq studies. Indeed, when subsampling cells for each donor, we 215 

observed that between 30-60% of memory clonotypes identified as singletons at the average sampling size 216 

of prior studies were part of expanded clonotypes when considered within the entire dataset (Figure 3C). 217 

These results underscore the challenges of insufficient sampling for accurate T cell diversity assessments. 218 

 219 

Next, we assessed the clone count distributions within CD4 and CD8 T cells, each separated by naive and 220 

memory phenotypes. We detected clonal expansions in all subsets (defined here by a minimal clone count of 221 

two cells), including within the naive CD4 and CD8 compartments (Figures 3D, 3E). Within naive CD4 T 222 

cells, as previously described25,22,23, these expansions were more frequent with increased donor age (Figure 223 

3D) and were found independent of tissue site, albeit at a higher magnitude in blood. As expected, memory T 224 

cell populations contained significantly more clonally expanded TCRs (Figures 3A, 3E). Memory CD8 T cells 225 
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were more clonal than memory CD4s, underscoring their divergent proliferative responses to antigens49,50. 226 

Differences in clonality were also observed based on tissue compartment, where memory CD4 (all donors) 227 

and memory CD8 (in adults) T cells were more clonal in tonsils compared to their blood counterparts (Figure 228 

3E). Collectively, these findings highlight the role of homeostatic mechanisms, antigen exposure, and tissue-229 

specific factors against the backdrop of aging in shaping the T cell repertoire. 230 

 231 

Roughly 98% of T cells (of the 4.5 x 1011) in the human body are in lymphatics or non-lymphoid tissues3. We, 232 

therefore, asked if simple extrapolation of tonsils vs. blood repertoire rarefaction curves to whole body clone 233 

counts would predict different overall TCR richness estimates. Our analyses revealed a consistent trend of 234 

higher estimates from blood repertoire (average 3.95 x 1011 clones) vs. tonsils (average 3.35 x 1011 clones) 235 

(Figure 3F). However, differences in estimates were highly variable, ranging from 2-43% higher when using 236 

blood compared to tissue repertoire. To obtain statistically more robust lower bounds on TCR richness, we 237 

applied the nonparametric Chao151 estimator of species (i.e., clones) diversity to sampled T cell clone 238 

counts. Considering the differences in clonal distributions between naive and memory T cells, we analyzed 239 

Chao1 estimates not only for the entire repertoire but also separately for these subsets. Unexpectedly, we 240 

found that naive diversity estimates surpassed the diversity estimates from the total repertoire 241 

(representative donor in Figure 3G). These results indicate that applying diversity estimators based on T cell 242 

phenotype provides a more accurate estimate of total T cell diversity than considering the entire T cell pool. 243 

While memory T cells in the tonsils maintained similar diversity levels across donors, memory T cell diversity 244 

in the blood decreased with age (Figure S6). These findings suggest a preferential accumulation of 245 

expanded clones over time in the blood compared to tonsils, while naive T cell diversity declines with age in 246 

both compartments (Figure S6). 247 

 248 

Finally, we investigated how relying solely on blood T cell data could influence diversity estimates compared 249 

to incorporating repertoire data from both blood and tissue. To this end, we compared Chao1 estimates for 250 

the naive and memory repertoire calculated using either all sampled cells from each donor or cells from 251 

blood alone (Figure 3H). While naive TCR diversity estimates were similar, memory diversity was 252 

underestimated by up to an order of magnitude in some donors when only blood T cells were sampled 253 

(Figure 3H).  254 

 255 
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 256 

Figure 3: Diversity estimates of human blood and tissue TCR repertoire. 257 
(A) Clone count distribution of naive, memory, or total T cells for a representative donor, Donor 3. The y-axis 258 
represents the proportion of clones greater than a given size of the clone. (B) Rarefaction curves compare 259 
the number of clones relative to the number of cells sampled. Each line represents a donor, with blood and 260 
tonsillar T cells combined and singletons highlighted as a dashed line. (C) Comparison of fraction of memory 261 
T cell clones incorrectly assigned as singletons as a function of the numbers of cells sampled. The sampling 262 
size of a typical single-cell TCR dataset is highlighted in yellow. (D-E) Clone count distribution for (D) naive 263 
and (E) memory T cells from blood (top) or tonsils (bottom) for all ten donors (colored by age). The y-axis 264 
represents the proportion of clones greater than a given size of the clone. (F) Comparisons of whole-body 265 
TCR estimates from rarefaction analyses of each compartment extrapolated to total T cells in the human 266 
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body. The x-axis represents the donor's age. (G) Nonparametric (Chao1) estimates of TCR diversity for T 267 
cells (blood and tonsils combined) from Donor 3, split by their naive/memory phenotype. (H) Comparisons of 268 
Chao1 diversity of naive (left) or memory (right) T cells from blood and tonsils combined (y-axis) vs. blood 269 
cells alone (x-axis). Each dot represents a donor, and the color represents their age.  270 
 271 

TCR-driven biases in T cell transcriptional state 272 

Prior work has established that T cells differentiating from a common naive T cell are likely but not 273 

guaranteed to acquire similar differentiation profiles16,17,19,52. However, only a handful of studies have 274 

systematically examined the link between TCR sequence and T cell phenotype potential53–55. Consequently, 275 

we asked if there exists a predictable relationship between a cell’s TCR and its phenotype and whether that 276 

relationship is influenced by the cell’s presence in either blood or tissue. To address this question, we used 277 

the most detailed phenotypic annotation of each T cell cluster in the dataset, extending the annotations to 278 

Level 4 (L4) phenotypes (Figure 4A) based on the expression of specific costimulatory markers, activation 279 

states, and cytokines (Figures 4B, S7A, and S7B). Given the limited clone sharing between blood and 280 

tonsils, we first asked whether the few shared clones between tonsils and blood shared phenotypic features. 281 

Overall, we observed high concordance associated with CD4 vs. CD8 T cell lineage fate and naive vs. 282 

memory T cell differentiation status (Figure 4C). As our phenotypic comparisons became more fine-grained 283 

(e.g., specific central/effector memory phenotypes and transcriptional profiles), concordance dropped for 284 

both blood and tonsil T cells (Figure 4D). CD8 memory subsets and MAITs exhibited high clonal sharing 285 

between blood and tonsils (Figure 4E). However, it was more probable that a clone found in both 286 

compartments acquired distinct transcriptional profiles based on its tissue site. The most common pairs with 287 

converging phenotypes in blood and tonsils were CD4 and CD8 TEMs, whereas the most common pairs with 288 

diverging phenotypes were clones with CD8 TRM phenotype in tonsil and CD8 TEM phenotype in blood, or 289 

CD4 TCM phenotype in tonsil and CD4 TEM phenotype in blood (Figure 4F). 290 

 291 

To assess the extent of clonal sharing in different T cell phenotypes, we looked at subsets represented in 292 

both tonsils and blood. Tregs, for example, exhibited relatively high rates of clonal sharing between the 293 

sampled sites (Figures 4E, 4F)56. However, our analysis revealed non-Treg phenotypes in blood that were 294 

clonally related to tonsil Tregs, including CD4 TEM cells expressing tissue homing markers and a subset of 295 

naive CD4s (naive CD4-4) (Figure 4G). Conversely, T cell phenotypes restricted to tissue, such as TFH and 296 

GC-TFH, had matching TCR sequences to non-TFH cells in circulation, where they mainly manifested as 297 

TEM and TCM, expressed homing markers and, to some degree, were related to a naive cluster (CD4-4) 298 

(Figure 4G). Differential gene expression (DEG) analysis of this naive CD4-4 cluster relative to other naive 299 

CD4 clusters revealed up-regulation of homing (such as ITGB1) and activation (KLF6 and ANHAK) markers 300 

(Figure 4H). Interestingly, this subset of naive CD4s accounted for most of the expanded naive CD4 T cells 301 

and was particularly enriched in adults (Figure 4I). Taken together, these results show not only a significant 302 

degree of differentiation plasticity for T cells, but also highlight the influence of location on phenotypic fate. 303 

We conclude that T cell phenotype in the blood does not reliably reflect the differentiation state and functional 304 

role of identical clones in tissue. 305 
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 306 

 307 

Figure 4: Relationship between TCR and T cell phenotype 308 
(A) UMAP of 5.7 million T cells colored by annotation level 4 (L4). Cluster labels highlight L3 annotation in 309 
addition to highly expressed markers (tissue homing, cytokine, chemokine, costimulatory molecules, etc.). 310 
(B) Bubble plots highlight distinct subsets of TFH (left) and memory CD8 T cells (right) subsets by differential 311 
RNA or surface protein expression. (C) Probability of a clone having identical phenotype between tissue 312 
compartments. Probabilities are compared across annotation levels (y-axis). A clone here is defined by 313 
identical nucleotide sequence matches. The probability of phenotypic sharing independent of the donor origin 314 
is highlighted in orange. (D) Compartment-specific probability (blood-left; tonsil-right) of two identical clones 315 
having identical phenotypes across annotation levels (x-axis). The blue line represents cells from the same 316 
donor with identical nucleotide sequences; orange represents cells from the same donor with identical amino 317 
acid sequences; green represents cells from all donors with identical amino acid sequences; red - cells from 318 
all donors with no conditioning. (E) Bar graph highlighting the fraction of clones that have members in both 319 
blood and tonsils. Data are aggregated across donors. (F) Confusion matrix highlighting T cell phenotypes of 320 
shared clones in blood (y-axis) and tonsils (x-axis). Only clones shared between both compartments are 321 
highlighted here. Colors indicate the number of shared clones as a proportion of clones in tonsils. (G) Alluvial 322 
plot tracking blood phenotype of cells clonally related to tonsillar TFH, GC-TFH, and Tregs. (H) Bubble plot of 323 
top differentially expressed genes within naive CD4-4 subset relative to other naive CD4 subsets within L4 324 
annotation. The size of the bubble represents the percent of cells within each cluster expressing the marker, 325 
whereas color represents normalized, scale transcript counts. (I) Phenotype of expanded naive CD4 T cells 326 
(annotation level L4) across donors. Number of cells is highlighted.  327 
 328 
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Divergent differentiation fates of influenza-specific CD8 T cells derived from naive and 329 

memory pools following vaccination and infection. 330 

We next asked if memory CD8 T cell clones activated by pathogen or vaccine antigens maintain their 331 

phenotype or acquire distinct transcriptional states. Tonsil organoids (from 6 of the 10 analyzed donors) were 332 

stimulated with live-attenuated influenza vaccine (LAIV) or wild-type A/California/2009 H1N1 virus in replicate 333 

cultures for temporal sampling of influenza-specific CD8 T cells. On days 7, 10, and 14 post-stimulation, all 334 

activated T cells (CD3+ HLA-DR+ CD38++) were sorted and analyzed using scRNA-seq and TCR-seq 335 

(Figures 5A, S8A) to capture antigen-responsive T cells. Transcriptional clustering of the cells revealed 3 336 

dominant profiles of activated CD8 T cells from tonsil organoids: CD8-TRM, CD8-4-1BB+, and proliferating 337 

CD8 (Figures 5B, S8B). We analyzed the temporal dynamics of these populations and found that both 4-338 

1BB+ and proliferating CD8 populations expanded relative to unstimulated controls (Figure 5C).  339 

 340 

We then compared the clonal relationships between T cells from organoids with CD8 T cell subsets in direct 341 

ex vivo blood and tonsils from the same individual. Notably, 4-1BB expressing cells were clonally unrelated 342 

to other activated CD8 T cells from organoids or any CD8 T cell subsets assessed ex vivo, suggesting they 343 

differentiated from the naive compartment (Figures 5D, S8C). In contrast, proliferating CD8 T cells from 344 

antigen-stimulated organoids exhibited significant clonal sharing with CD8 TRM and, to a lesser extent, with 345 

CD8 TEM and TCM phenotypes from tonsils (Figure 5D). Influenza-specific expanded clones from organoids 346 

were under-represented within blood CD8 compartments. Since influenza-specific CD8 T cells are readily 347 

detected in circulation following vaccination or infection57, our findings suggest that under steady-state 348 

conditions, the pool of memory CD8 T cells from the tissue that can respond to influenza antigens mostly 349 

consists of resident memory cells. 350 

 351 

Granular clonal tracking revealed donor-specific heterogeneity in the relationship between starting and 352 

acquired phenotypes after stimulation, presumably influenced by their previous antigen exposure. Organoids 353 

from pediatric donors (3 years old) showed no clonal sharing among tonsil memory CD8 subsets, while 354 

organoids from adult tissues demonstrated the most sharing (Figure 5E). Taken together, these findings 355 

indicate that antigen-specific CD8 T cells acquire different phenotypes post-vaccination/infection and that 356 

their fate is influenced by their naive or memory origin.   357 
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 358 

 359 

 360 

Figure 5: Clonal origins of antigen-specific CD8 T cells following vaccination/infection 361 
(A) Experimental design - tonsil immune organoids were generated from 6 of the 10 donors from the primary 362 
cohort and stimulated with live-attenuated influenza vaccine (LAIV) or wild-type virus H1N1. Organoids were 363 
harvested on days 7, 10, and 14, and activated CD3+ T cells were analyzed using scRNA-seq. (B) UMAP of 364 
activated T cells and their associated annotations based on gene and protein expression. (C) Box plots 365 
compare the proportions of CD8 T cell subsets within the pool of total activated T cells over time across 366 
stimulation conditions. (D) Heatmap of clonal overlap of flu-specific activated CD8 T cells sampled (x-axis) on 367 
days 7, 10, and 14 compared to CD8 T cell subsets from blood and tonsils sampled directly ex vivo (y-axis). 368 
The data shown here is aggregated across donors. (E) Clonal tracking analysis of top 10 flu-specific 369 
proliferating CD8 T cell clones within each of the 6 donors and their occupied repertoire within CD8 subsets 370 
sampled ex vivo from blood and tonsils.  371 
 372 
Tissue-specific phenotypic and clonal segregation of antigen-specific T cells  373 
Recent work demonstrated that antigen specificity is strongly linked to CD8 T cell phenotype54,58–60. While 374 

this association has been well established in peripheral blood T cells, it remains unclear whether a similar 375 

relationship spans different bodily sites. If true, one would expect that CD8 T cells with a tissue-restricted 376 

transcriptional profile would have unique TCR specificities compared to blood. To address this, we searched 377 

for TCR sequence matches between our data and VDJdb, a public repository of TCRs with known 378 

specificities61 (Figure S9). We identified 22 exact matching TCRs (3,195 CD8 T cells) with VDJdb, some of 379 
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which were expanded clones in our dataset. We further analyzed the expanded clones by tissue site. For one 380 

particular specificity (AVFDRSDAK, derived from EBV), one donor had three different expanded clones, 381 

which were present at varying frequencies in blood and tonsils but conserved in phenotype (Figure S9A). In 382 

another case, two clones specific for a different EBV peptide (FLRGRAYGL) were only found in the tonsils 383 

and had TRM and TEM phenotypes (Figure S9B). Finally, a sequence identified as a dual binder for a CMV 384 

and an influenza peptide (CMV-NLVPMVATAV; influenza-GILGFVFTL) in VDJdb was also found in our 385 

dataset and represented a single clone found in circulation (Figure S9C), with limited representation in 386 

tonsils. 387 

 388 

Given these observations from database matching, we next asked if compartmentalization of antigen-specific 389 

T cell clones or even specificities extend to other antigens. To test this, we sorted and single-cell sequenced 390 

CD8 T cells of known specificities using oligo-barcoded tetramers (Figure 6A) with 15 different peptides 391 

covering naive antigens (melanoma, yellow fever virus vaccine, human immunodeficiency virus) and a 392 

variety of common memory exposures such as Epstein-Barr virus (EBV), cytomegalovirus (CMV), influenza, 393 

and severe acute respiratory syndrome-related coronavirus 2 (SARS-CoV-2). Matched blood and tonsils 394 

from an independent cohort of donors (2 pediatric and 2 adults) were used for this analysis. Dimensionality 395 

reduction and clustering of cells with single antigen specificities revealed clear separation of antigen-specific 396 

CD8 T cells by tissue source (Figures 6B, S10A). Additionally, these clusters were consistently represented 397 

among all donors (Figure S10B). While naive and TCM cells were observed in both compartments, TRMs 398 

expressing CD69 and CD103 were only found in tonsils, and CD95+ and effector memory RA (EMRA) 399 

phenotypes were restricted to blood (Figures 6B, 6C, and S10A). We analyzed the tissue 400 

compartmentalization and clonality within each antigen specificity and found that clone sizes varied 401 

substantially between tissue compartments. EBV and influenza-specific CD8 T cells were more clonal in 402 

tonsils than in blood, while CMV-specific cells were clonally expanded in circulation (Figures 6D, 6E). Clonal 403 

tracking analysis of the top ten clones for each specificity revealed the extent of clonal sharing between 404 

compartments (Figure 6F). While the top EBV-BMLF clones in either blood (left) or tonsil (right) had 405 

representation in the opposing compartment, the top clones specific for EBV EBNA-3C (Figure 6F), CMV-406 

pp65, influenza-matrix, and SARS-CoV-2 NP/Spike (Figure S10B) were unique within each compartment. 407 

These data, combined with our VDJdb matching analysis, demonstrate that most memory TCR clones are 408 

compartmentalized to different bodily sites and that this is due, at least in part, to their specificity and the 409 

influence of the tissue microenvironment. 410 

 411 

In humans, significant clonal expansions within the CD8 T cell repertoire are dominated by exposure to 412 

chronic infections such as EBV and CMV62,63. Our analysis of antigen-specific T cells against these viruses 413 

demonstrates that their frequency, phenotype, and clonality vary considerably between blood and tonsils. 414 

While CMV pp65-specific cells were largely restricted to blood and acquired an EMRA-like phenotype 415 

(Figures 6G, 6H), EBV-specific CD8 T cells showed a more complex behavior that was dependent on both 416 

the tissue site and peptide specificity. EBNA-3C-specific CD8 T cells (which bind a peptide from a viral 417 
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latency factor) were found in both the naive and memory CD8 T cell compartments of the tonsil. In contrast, 418 

BMLF-specific CD8 T cells (which bind a peptide from an EBV lytic factor) were more likely to be memory 419 

cells in circulation (Figures 6G, 6H). A similar phenomenon was also true for SARS-CoV-2 proteins 420 

(nucleocapsid vs. spike) (Figures 6G, 6H). Taken together, these observations suggest that factors such as 421 

the site of infection, protein accessibility, and immune evasion mechanisms likely influence the prevalence 422 

and differentiation profiles of antigen-specific T cells. 423 
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 424 

Figure 6: Clonal and phenotypic compartmentalization of Ag+ CD8 T cells 425 
(A) Experimental design for multiplexed assessment of tetramer-specific CD8 T cells from an independent 426 
cohort of HLA-A*02:01 donors with tonsils and autologous blood samples. CD4 T cells and B cells were 427 
depleted from tonsils and PBMC, stained with multiplexed tetramer assemblies, sorted, pooled, and analyzed 428 
using scRNA-seq. (B) UMAP of Ag+ CD8 T cells with associated cluster annotations based on gene and 429 
protein markers. (C) UMAP of Ag+ CD8 T cells colored by their tissue origin (D) Distribution of CD8 T cells 430 
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with different specificities (x-axis) in blood and tonsils. (E) Tissue-specific distribution of clone counts of CD8 431 
T cells with specificities against viral peptides. Data shown here are aggregated across all donors. (F) 432 
Tracking of top 10 clones specific to EBV-BMLF (top) and EBV-EBNA3C (bottom) in blood (left) and tonsils 433 
(right) and their occupied repertoire in the other tissue compartment. (G) Stacked bar graph comparing the 434 
phenotypic distribution of CD8 T cells with specificities against viral peptides. (H) UMAP of CD8 T cells 435 
(aggregated across all donors) against memory antigens in blood and tonsils. Individual pie charts highlight 436 
the proportion of cells in blood (red) or tonsils (blue).  437 
  438 
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DISCUSSION 439 

A major impetus behind this study was to define the key determinants of TCR biology by deeply sampling T 440 

cells from both blood and tonsils. By comparing these two sources, we aimed to ground our findings with 441 

prior research on the peripheral blood TCR repertoire and to contrast them with T cells residing in a mixed 442 

lymphoid and mucosal tissue environment. This unprecedented sampling depth analyzed hundreds of 443 

thousands to nearly a million single cells from each donor. We juxtaposed this atlas of 5.7 million T cells with 444 

cell surface protein readouts from a subset of cells to confidently assign phenotypes widely accepted by the 445 

immunology community64. Our study lays the groundwork for a definitive understanding of TCR diversity in 446 

healthy individuals across various ages and bodily compartments. This foundational knowledge will be a 447 

benchmark for identifying disturbances in T cell phenotypes and TCR repertoires related to various human 448 

diseases. More importantly, it will aid in the development of advanced analysis tools aimed to quantify and 449 

interpret TCR repertoires and reveal complex relationships between TCR sequence, specificity, cell fate, and 450 

their respective locations and functions.  451 

 452 

Tissue compartment differences 453 

We hypothesized that T cell phenotypes would differ between tissue compartments. Consistent with our 454 

expectations, certain phenotypes, such as TRMs and TFH, were restricted to tissue and rarely detected in 455 

circulation during homeostasis. Other memory subtypes, including TCM, TEM, MAITs, and Tregs56, were 456 

observed in both compartments in varying proportions, sometimes influenced by the donor’s age. 457 

Surprisingly, MAITs were more abundant in blood than in tonsils, which likely reflects their rarity in human 458 

palatine tonsils rather than discrepancies in cell annotation. Within phenotypes shared between 459 

compartments, we observed differences in clonal distributions based on compartmental origin. For example, 460 

TCM subsets were more clonal in tissues, while TEMs and MAITs were more clonal in blood, highlighting 461 

location-dependent expansion and distribution patterns within phenotypically related cells65. While tonsils are 462 

just one of the many possible tissue sites, clonal expansions will probably differ based on the tissue and 463 

extent of antigen exposure. 464 

 465 

Consistent with prior studies, CD8 TEMs were the most clonal among circulating T cell subsets54. In tonsils, 466 

the largest TCR clones were TFH in the youngest donors and CD8 TEM/TRM in older children and adults. 467 

These expanded TFH clones in pediatric donors were transcriptionally diverse and spanned various TFH 468 

phenotypes, whereas CD8 TEM clones in adults were transcriptionally homogeneous. This aligns with recent 469 

studies showing that clonally related CD8 T cells are more likely to be transcriptionally similar54. In contrast, 470 

TFH are highly plastic and can co-opt various flavors of Th programs (TFH1, TFH2, TFH17) depending on 471 

the immunological context and extracellular cues they sense66. We posit this as a possible explanation for 472 

the phenotypic diversity of TFH clones. 473 

 474 

Clonal sharing and antigen-specific clones. 475 
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A major strength of the study was the in-depth sampling of hundreds of thousands of T cells across 476 

autologous blood and tissue. While previous studies have investigated the clonality of specific human T cell 477 

subsets (TRM, TEM, iNKT) across tissue compartments in humans on a much smaller scale47,65,67, the 478 

unparalleled sampling in our study (100X deeper on a per donor basis) allowed us to truly understand the 479 

extent of clonal sharing and compartmentalization of T cells between blood and tissue. Even at this sampling 480 

depth, a key finding from our analyses was low clonal sharing between the compartments, underscoring a 481 

consistent theme in patterns of clonal and phenotypic segregation between blood and tissue. The fraction of 482 

shared clones was much lower than theoretical estimates of a well-mixed TCR distribution, ranging from 1-483 

7%. Higher levels of clonal sharing were observed in older donors and correlated with increased clonality of 484 

memory CD4 and CD8 subsets from tonsils. Another intriguing finding from our analyses was the presence 485 

of a population of naive CD4 T cells with small but detectable clonal expansions in both blood and tonsils 486 

from adult donors. A similar population has been described for CD8 T cells in older adults23,68. While the 487 

mechanisms regulating this clonal expansion are unclear34,69, we demonstrate that a subset of these cells are 488 

clonally related to memory CD4 T cells in tissue. Together, these findings reflect the overall impact of 489 

accumulated memory and continuous immunological interactions between blood and tissue with age25. Given 490 

the differential distribution of T cell phenotypes and clones by location, it is crucial we incorporate additional 491 

tissue analyses in human T cell aging studies. 492 

 493 

An important discovery from our experiments was the distinct clonality and phenotypic patterns of antigen-494 

specific T cells between blood and tissue. CMV-specific CD8 T cells were often restricted to blood, whereas 495 

EBV-specific clones were distributed in blood, tonsils, or both, depending on their specificity. Interestingly, 496 

large EBNA3C-specific (latency factor) CD8 T cell clones were confined to tonsils and were undetectable in 497 

blood, whereas BMLF-specific (lytic factor) T cells were more likely to be present in circulation. Furthermore, 498 

using an in vitro organoid model, we demonstrated that influenza-specific CD8 T cells that expanded in 499 

stimulated cultures were under-represented in autologous blood repertoire47,65. Our analysis shows that 500 

localized expansions contribute to disparities in clonal representation, likely dictated by viral 501 

presence/function, and suggests that tissue location may play a critical role in establishing 502 

immunodominance. It will be crucial to understand the relationship between immunodominant T cell 503 

responses and disease or therapeutic outcomes, particularly as they might be influenced by the tissue 504 

microenvironment.  505 

 506 

One of the key insights from our analysis is that while migration and tissue patrolling are vital T cell functions, 507 

this movement is insufficient to establish a full mixing of T cell clones across different bodily sites. Some 508 

evidence for this comes from parabiosis experiments in mice4,70,71, where tissue compartmentalization was a 509 

major contributing factor for immune protection in skin, gut, and lungs during infection. Furthermore, while 510 

early activated T cells can migrate to all non-lymphoid organs, memory cell trafficking becomes more 511 

restricted over time72. The extent of this “division of labor” between circulating and bona fide tissue resident 512 

subsets in humans is only beginning to emerge47,73. The dynamic nature of T cell trafficking, influenced by 513 
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factors such as infection site, stage of infection, inflammation, and homeostasis, poses challenges in 514 

capturing a consistent picture of T cell distribution and clonal diversity based solely on blood samples47,65.  515 

 516 

A renewed estimate of TCR repertoire 517 

The size and complexity of the human immune repertoire have significant implications for areas such as 518 

vaccine immunotherapy design, autoimmunity, and immune aging. With increasing age, memory CD8 T cells 519 

were more clonal in tonsils than blood, suggesting higher rates of clonal expansion in tissue relative to 520 

circulation. In contrast, the CD4 T cell memory subset was consistently more clonal in tissue in all donors. 521 

These observations suggest that, in addition to qualitative differences between tissue and blood repertoire, 522 

there exists significant differences in clonal distribution between blood and tissue. Current estimates of 523 

diversity are derivatives of blood sampling, and range from 106-108, depending on beta vs. paired chain 524 

sequencing 23,33,43. Our analyses suggest that, at least for the memory compartment, the addition of tissue 525 

repertoire provided a better estimate of diversity than blood alone. Furthermore, since blood represents only 526 

2% of total T cells in the human body3, we argue that using the tissue repertoire to model the remaining 98% 527 

of T cells in the human body would provide a more accurate estimate of TCR diversity. Towards this, our 528 

calculations indicate an average total repertoire size of 3.3 x 1011 clones based on real T cell distribution in 529 

the bodily sites vs. 3.95 x 1011 clones based on extrapolation of blood repertoire. This discrepancy is more 530 

prominent in young children, with overestimations reaching as high as 42% when only blood was used to 531 

predict the overall diversity. Collectively, these findings reiterate that in addition to estimating diversity on a 532 

per phenotype basis (naive vs. memory), the source of T cells (blood vs. various tissues and the extent of 533 

sharing) are essential factors that should be considered while evaluating the total TCR repertoire in humans 534 

at steady state. We argue that current methodologies, which rely on sampling a few thousand cells from 535 

circulation, might effectively capture ongoing immune responses to vaccination or immunotherapy, but 536 

accurately identifying the peak of T cell response remains challenging. 537 

 538 

Relationship between TCR sequence and phenotype 539 

It has long been believed that T cells with a given specificity differentiating from a common naive cell tend to 540 

acquire similar transcriptional or functional profiles. With the advent of single-cell technologies, which permit 541 

the integration of protein, gene, and TCR readouts from the same cell, there has been a renewed interest in 542 

testing a potential deterministic relationship between a cell’s TCR and its phenotype54. It has been reported 543 

that CD8 T cells for a given specificity have identical transcriptional profiles in circulation54. On the contrary, 544 

several studies in mouse models have demonstrated that a single naive CD452 or CD8 T cell16 can give rise 545 

to multiple fates, suggesting significant interclonal and intraclonal functional heterogeneity in T cell 546 

responses. The ultimate fate of the cell depends on the quality of early priming74, interactions between T cells 547 

and antigen-presenting cells (APC)75, or subsequent signals during infection76. We hypothesized that the 548 

tissue microenvironment could potentially shape the phenotype of clonally related cells in humans. Our 549 

analysis revealed high concordance between CD4 vs. CD8 lineages and naive vs. memory status across 550 

compartments, suggesting some degree of phenotypic consistency. More specifically, CD8 memory subsets 551 
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and MAIT cells were more likely to retain similar phenotypic features across blood and tonsils. However, we 552 

also observed clonally related T cells with phenotypic disparities across compartments, such as CD8 TRMs 553 

in tonsils and CD8 TEMs in blood. This highlights the possibility that identical TCR-bearing clones can adopt 554 

divergent functionalities based on location.  555 

 556 

We observed a higher degree of clonal sharing between compartments for T cell subtypes present in both 557 

blood and tonsils, such as Tregs. This is consistent with a recent report indicating that most Treg clones are 558 

specific for ubiquitous self-antigens and widely circulate and recirculate among various organs56. 559 

Surprisingly, our study points to a significant number of non-Treg cells (TEM, TCM) from blood, that are 560 

clonally related to tonsillar Tregs77. Similar trends were observed in tissue-restricted TFH phenotypes, which 561 

showed significant clonal sharing with non-TFH phenotypes (TEM and TCM) in blood. This is a surprising 562 

finding, given that influenza-specific TFH cells found transiently in circulation are clonally related to TFH cells 563 

but not to non-TFH cells in the tonsils78. Although this may be true transiently during acute antigen 564 

stimulation, our analysis highlights the possibility that at a steady state, a TCR clone can acquire distinct 565 

phenotypes depending on their localization. More importantly, this finding further underscores the adaptability 566 

and plasticity of T cells in response to the microenvironment. Consistent with this idea, a recent study reports 567 

the phenotypic plasticity of Spike S167-180 specific CD4 T cells in circulation following COVID-19 mRNA 568 

vaccination. Mudd et al. showed that spike-specific TFH persisted in draining lymph nodes for 200 days post-569 

vaccination but circulating TFH-like cells were detected only transiently in peripheral blood and acquired a 570 

Th1 phenotype 3-4 weeks post-vaccination.  571 

 572 

The tissue compartment also had a strong influence on the phenotype of antigen-specific CD8 T cells against 573 

common viruses (EBV, CMV, SARS-CoV-2) where cells with identical specificities had TEM or TEMRA 574 

phenotypes in circulation but a TRM phenotype in tonsils. The phenotypic fate of antigen-specific CD8 T cells 575 

following vaccination or infection was also dictated by the phenotype of their precursors. Analysis of tonsil 576 

organoids stimulated with influenza vaccines or viruses allowed us to identify a stimulation-specific pool of 577 

resting and proliferating TRMs on day 7 post-stimulation that were clonally related to the pre-existing pool of 578 

CD8 TRM or TEM in older children and adults but not in younger children. On the other hand, organoid CD8 579 

T cells expressing the activation marker 4-1BB were clonally unrelated to CD8 T cells sampled on day 0, 580 

suggesting their differentiation from the naive pool of TCRs. Taken together, these results highlight the 581 

complex relationship between TCR, naive or memory status, and phenotypic fate in the context of antigen 582 

stimulation in tissues. 583 

 584 

Limitations of the study 585 

Tonsils are tissue sites that combine lymphoid and mucosal characteristics, making them an ideal location to 586 

capture immune responses occurring in these distinct but interconnected environments. However, we 587 

recognize that our findings may not be completely generalizable to other tissue sites such as the gut, lung, 588 

and skin. Despite the large number of cells studied from a few donors, the observed patterns may not apply 589 
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to older adult donors, where major age-associated changes in TCR repertoire occur68,79. T cell responses are 590 

dynamic, and the extent of clonal sharing between tissues might likely be underestimated, particularly during 591 

an ongoing infection. Additionally, phenotypic convergence of antigen-specific T cells between blood and 592 

tissue during infection is a likely possibility, which was not tested in this study. Finally, although the organoid 593 

system aims to capture this dynamic response, microenvironmental factors such as local cytokines and 594 

tissue-specific interactions might not be fully understood or easily replicable in vitro. Despite these limitations, 595 

in toto, this study underscores the limited sharing and selective compartmentalization of T cells and antigen-596 

specific T cell responses, with implications for immune surveillance and tissue-specific immunity. Our study 597 

highlights the importance of considering tissue localization when assessing T cell responses, whether for 598 

chronic infections, immunotherapy, or vaccination and reinforces the need for paired analysis of blood and 599 

affected tissues, when possible, especially for organ-restricted infections.   600 

 601 

  602 
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RESOURCE AVAILABILITY  603 

Lead contact  604 

Requests for further information or access to data should be directed to Lisa E. Wagar (lwagar@hs.uci.edu).  605 

 606 

Materials availability  607 

This study did not generate new unique reagents.  608 
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FIGURE TITLES AND LEGENDS 647 

Figure 1:  A high-resolution map of blood and tonsillar T cell subsets  648 

(A) Experimental design and brief description of the primary and secondary cohort of human donors used in 649 

this study. (B) UMAP of 5.7 million cells from blood and tonsils. Level 3 cluster annotations are highlighted. 650 

(C) Heatmap of top distinguishing gene markers for each annotated cluster. (D) Bubble plot highlighting the 651 

relative expression of a subset of key cell surface markers from the secondary cohort of donors across L3 652 

clusters. The bubble size indicates the percentage of cells in each cluster with detectable protein expression, 653 

and color indicates the magnitude of expression ranging from low (blue) to high (red). (E) Stacked bar graph 654 

comparing proportional breakdown of L3 clusters from each of the ten donors from the primary cohort. (F) 655 

Stacked bar graph comparing clone counts across T cell clusters from all donors. Only cells with productive 656 

TCRs were included in downstream analyses. 657 

 658 

Figure 2: Compartmentalization of TCRs between tonsils and circulation 659 

(A) UMAP of T cells from all donors split by tissue origin, i.e., blood or tonsil. (B) Stacked bar graph 660 

comparing the distribution of clone counts within each T cell cluster (L3 annotation) between blood and 661 

tonsils. (C) UMAP of T cells from blood (left) or tonsils (right) from two donors, Donor 1 and 9, with their top 662 

10 clones from each compartment highlighted in color. (D) Venn diagrams comparing clonal overlap of T 663 

cells between blood and tonsils in the two representative donors. Values indicate the fraction of unique 664 

nucleotide sequences per donor. Overlap values indicate the number of unique nucleotide sequences 665 

present in both compartments as a fraction of the total number of unique sequences per donor. (E) Line 666 

graph comparing the fraction of clones (intersect values from D) shared between blood and tonsils in relation 667 

to donor age (represented on the x-axis) (F) Histograms of well-mixed (theoretical, grey) and true clonal 668 

sharing (green) of memory T cell compartments between blood and tonsils of the two representative donors. 669 

The x-axis represents the proportion of clonal frequencies in blood. (G) Scatter plots directly comparing clone 670 

counts in blood and tonsils from the two representative donors. Clones with members only in one 671 

compartment were given a clone count 0.5 in the other tissue. The color intensity of scatter points represents 672 

the density of clones within each compartment. (H) Clone count distribution for the two representative 673 

donors. y-axis represents the average fraction of clones of a particular size with a member in the second 674 

compartment. Clones are ranked by size, smallest to largest, from left to right.  675 

 676 

Figure 3: Diversity estimates of human blood and tissue TCR repertoire. 677 

(A) Clone count distribution of naive, memory, or total T cells for a representative donor, Donor 3. The y-axis 678 

represents the proportion of clones greater than a given size of the clone. (B) Rarefaction curves compare 679 

the number of clones relative to the number of cells sampled. Each line represents a donor, with blood and 680 

tonsillar T cells combined and singletons highlighted as a dashed line. (C) Comparison of fraction of memory 681 

T cell clones incorrectly assigned as singletons as a function of the numbers of cells sampled. The sampling 682 

size of a typical single-cell TCR dataset is highlighted in yellow. (D-E) Clone count distribution for (D) naive 683 

and (E) memory T cells from blood (top) or tonsils (bottom) for all ten donors (colored by age). The y-axis 684 
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represents the proportion of clones greater than a given size of the clone. (F) Comparisons of whole-body 685 

TCR estimates from rarefaction analyses of each compartment extrapolated to total T cells in the human 686 

body. The x-axis represents the donor's age. (G) Nonparametric (Chao1) estimates of TCR diversity for T 687 

cells (blood and tonsils combined) from Donor 3, split by their naive/memory phenotype. (H) Comparisons of 688 

Chao1 diversity of naive (left) or memory (right) T cells from blood and tonsils combined (y-axis) vs. blood 689 

cells alone (x-axis). Each dot represents a donor, and the color represents their age.  690 

 691 

Figure 4: Relationship between TCR and T cell phenotype 692 

(A) UMAP of 5.7 million T cells colored by annotation level 4 (L4). Cluster labels highlight L3 annotation in 693 

addition to highly expressed markers (tissue homing, cytokine, chemokine, costimulatory molecules, etc.). 694 

(B) Bubble plots highlight distinct subsets of TFH (left) and memory CD8 T cells (right) subsets by differential 695 

RNA or surface protein expression. (C) Probability of a clone having identical phenotype between tissue 696 

compartments. Probabilities are compared across annotation levels (y-axis). A clone here is defined by 697 

identical nucleotide sequence matches. The probability of phenotypic sharing independent of the donor origin 698 

is highlighted in orange. (D) Compartment-specific probability (blood-left; tonsil-right) of two identical clones 699 

having identical phenotypes across annotation levels (x-axis). The blue line represents cells from the same 700 

donor with identical nucleotide sequences; orange represents cells from the same donor with identical amino 701 

acid sequences; green represents cells from all donors with identical amino acid sequences; red - cells from 702 

all donors with no conditioning (E) Bar graph highlighting the fraction of clones that have members in both 703 

blood and tonsils. Data are aggregated across donors.  (F) Confusion matrix highlighting T cell phenotypes of 704 

shared clones in blood (y-axis) and tonsils (x-axis). Only clones shared between both compartments are 705 

highlighted here. Colors indicate the number of shared clones as a proportion of clones in tonsils. (G) Alluvial 706 

plot tracking blood phenotype of cells clonally related to tonsillar TFH, GC-TFH, and Tregs. (H) Bubble plot of 707 

top differentially expressed genes within naive CD4-4 subset relative to other naive CD4 subsets within L4 708 

annotation. The size of the bubble represents the percent of cells within each cluster expressing the marker, 709 

whereas color represents normalized, scale transcript counts (I) Phenotype of expanded naive CD4 T cells 710 

(annotation level L4) across donors. Number of cells is highlighted.  711 

 712 

Figure 5: Clonal origins of antigen-specific CD8 T cells following vaccination/infection 713 

(A) Experimental design - tonsil immune organoids were generated from 6 of the 10 donors from the primary 714 

cohort and stimulated with live-attenuated influenza vaccine (LAIV) or wild-type virus H1N1. Organoids were 715 

harvested on days 7, 10, and 14, and activated CD3+ T cells were analyzed using scRNA-seq. (B) UMAP of 716 

activated T cells and their associated annotations based on gene and protein expression. (C) Box plots 717 

compare the proportions of CD8 T cell subsets within the pool of total activated T cells over time across 718 

stimulation conditions. (D) Heatmap of clonal overlap of flu-specific activated CD8 T cells sampled (x-axis) on 719 

days 7, 10, and 14 compared to CD8 T cell subsets from blood and tonsils sampled directly ex vivo (y-axis). 720 

The data shown here is aggregated across donors. (E) Clonal tracking analysis of top 10 flu-specific 721 
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proliferating CD8 T cell clones within each of the 6 donors and their occupied repertoire within CD8 subsets 722 

sampled ex vivo from blood and tonsils.  723 

 724 

Figure 6: Clonal and phenotypic compartmentalization of Ag+ CD8 T cells 725 

(A) Experimental design for multiplexed assessment of tetramer-specific CD8 T cells from an independent 726 

cohort of HLA-A*02:01 donors with tonsils and autologous blood samples. CD4 T cells and B cells were 727 

depleted from tonsils and PBMC, stained with multiplexed tetramer assemblies, sorted, pooled, and analyzed 728 

using scRNA-seq. (B) UMAP of Ag+ CD8 T cells with associated cluster annotations based on gene and 729 

protein markers. (C) UMAP of Ag+ CD8 T cells colored by their tissue origin (D) Distribution of CD8 T cells 730 

with different specificities (x-axis) in blood and tonsils. (E) Tissue-specific distribution of clone counts of CD8 731 

T cells with specificities against viral peptides. Data shown here are aggregated across all donors. (F) 732 

Tracking of top 10 clones specific to EBV-BMLF (top) and EBV-EBNA3C (bottom) in blood (left) and tonsils 733 

(right) and their occupied repertoire in the other tissue compartment. (G) Stacked bar graph comparing the 734 

phenotypic distribution of CD8 T cells with specificities against viral peptides. (H) UMAP of CD8 T cells 735 

(aggregated across all donors) against memory antigens in blood and tonsils. Individual pie charts highlight 736 

the proportion of cells in blood (red) or tonsils (blue).  737 

 738 

 739 

 740 

  741 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 19, 2024. ; https://doi.org/10.1101/2024.08.17.608295doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.17.608295
http://creativecommons.org/licenses/by-nc-nd/4.0/


METHODS 742 

Informed consent and sample collection. Tonsils from healthy consented individuals undergoing surgery 743 

for obstructive sleep apnea, hypertrophy, or recurrent tonsillitis were collected in accordance with the 744 

University of California, Irvine Institutional Review Board (IRB). Ethics approval was granted by the University 745 

of California, Irvine IRB (protocol #2020-6075), and all participants provided written informed consent. 746 

Participants in the primary cohort used for the study were aged 3-39 (Table S1). Overall, tonsil tissue was 747 

healthy in appearance. Although most donors were otherwise healthy, two of the participants self-reported 748 

prior diagnosis with an autoimmune disease (psoriatic arthritis in Donor 8 and rheumatoid arthritis in Donor 749 

10). 750 

 751 

Sample processing. Samples were processed as previously described. Briefly, whole tonsils were collected 752 

in saline after surgery and immersed in an antimicrobial bath of Ham’s F12 medium (Gibco) containing 753 

Normocin (InvivoGen), penicillin, and streptomycin for 30-60 min at 4°C for decontamination of the tissue. 754 

Tonsils were then briefly rinsed with PBS and mechanically dissociated; debris was removed using gradient 755 

centrifugation (Lymphoprep, Stemcell). PBMCs were isolated from blood (diluted 1:1 in PBS) by standard 756 

density gradient centrifugation over Ficoll. Cells were counted, and samples were cryopreserved in fetal 757 

bovine serum (FBS) with 10% DMSO and stored in nitrogen until use.  758 

 759 

Pathogen exposure history. Prior exposure to select viruses was determined using semi-quantitative 760 

ELISAs measuring IgG antibodies against CMV (Abcam, cat #ab108724), EBV-VCA (Abcam, cat 761 

#ab108730), and EBV-EBNA1 (Abcam, cat #108731) per manufacturer’s instructions. Briefly, diluted serum 762 

samples were added to pre-coated wells and incubated at 37’C for 1 hour. Samples were then washed, 763 

treated with HRP-conjugated secondary antibodies, washed, and TMB substrate was used for signal 764 

development. Experimental readouts were measured colorimetrically and seropositivity was established 765 

using the thresholds defined by the manufacturer for each kit.  766 

 767 

T cell isolation for scRNA-seq. Cryopreserved tonsil and PBMC samples (donors 1-10) were revived using 768 

pre-warmed media: RPMI1640 supplemented with glutamax, 10% heat-inactivated FBS, 1x nonessential 769 

amino acids, 1x sodium pyruvate, and 1x penicillin-streptomycin. Cells were washed then washed with FACS 770 

buffer (PBS + 2% FBS + 0.05% Sodium Azide). Roughly 107 PBMC or tonsil cells were stained with 771 

Live/Dead NIR (1/1500) in PBS for 30 minutes in the dark. Cells were washed and prestained with Fc Block 772 

(1/50) for 20 minutes on ice and stained with a cocktail of antibodies - CD3-BB700 (1/50), TCR-gd-PE-Cy7 773 

(1/100), CD14-BV605 (1/100), CD19-BV605 (1/100), and CD16 (1/100) for an additional 30 minutes on ice. 774 

After washing, cell pellets were resuspended in 200 uL of 1X PBS + 0.04% BSA and placed on ice prior to 775 

sorting. ab+ T cells were sorted based on viable single cells with markers CD19/CD14/CD16- CD3+ TCRgd- 776 

(Figure S1A).  777 

 778 

 779 
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 780 

scRNAseq with scTCR 781 

Sorted cells were washed and resuspended in 1X PBS with 0.04% BSA, counted, and resuspended in a final 782 

concentration at 1200 cells/uL. Single-cell suspensions were loaded on a Chromium X controller (10X 783 

Genomics) with a loading target of 30,000 - 50,000 cells in several replicates (4-24 GEM samples depending 784 

on the sort yield) with a goal of sequencing ~500,000 cells per donor per compartment (blood or tonsils). 785 

Gene expression and TCR libraries were generated using the Chromium Next Gem Single Cell 5’ Reagent 786 

Kit v2 (Dual Index) per the manufacturer’s instructions. Quality and quantity of libraries were measured on 787 

tapestation, qubit, and bioanalyzer and sequenced on Illumina NovaSeq 6000 with a sequencing target of 788 

30000 reads per cell for gene expression libraries and 5000 reads per cell for TCR.   789 

 790 

scRNAseq with cell surface protein analysis 791 

Cryopreserved tonsil and PBMC samples from 8 independent donors (donors 11-18, ages 3-58) (Table S1) 792 

were revived in pre-warmed RPMI1640 (supplemented with 10% FBS), washed with FACS buffer, and 793 

stained using a cocktail containing Fc block, CD19-APC (1/50), CD3-AF488 (1/50), and TCRgd-PE (1/50). 794 

Additionally, during the antibody staining step, samples were stained with unique hashing antibodies 795 

(TotalSeqC, BioLegend CA) for sample barcoding. Cells were stained for 30 minutes on ice, washed twice 796 

with FACS buffer, and sorted on a FACSAria Fusion (BD Biosciences). Roughly 50,000 ab+ T cells were 797 

collected from viable single cells with CD19-CD3+TCRgd- phenotype, pooled by compartment, washed with 798 

FACS buffer, and stained with a cocktail of oligo-tagged cell surface antibodies (Table S2). Cell pellets were 799 

washed thoroughly in 4 mL FACS buffer for a total of 4 washes. After the final wash, pellets were 800 

resuspended in 100 uL 10X buffer, counted, and resuspended to a final concentration of 2,400 cells/uL. 801 

Single-cell suspensions were loaded on a 10X Genomics Chromium controller in duplicates with a loading 802 

target of 60,000 cells per sample. Libraries were generated using the Chromium Next Gem Single Cell 5’ 803 

Reagent Kit v2 (Dual Index) per the manufacturer’s instructions with the addition of 5’ Feature Barcode 804 

libraries. Quality and quantity of libraries were measured on tapestation, qubit, and bioanalyzer, and 805 

sequenced on Illumina NovaSeq 6000 with a sequencing target of 30,000 reads per cell for gene expression 806 

libraries and 10,000 reads per cell for TCR and feature barcode libraries. 807 

 808 

Single-cell data QC 809 

Raw reads from gene expression, TCR, and for a subset of donors, feature barcode libraries were aligned 810 

using Cell Ranger Single Cell Software Suite with Feature Barcode addition (version 6.1.1; 10X Genomics) 811 

against the GRCh38 human reference genome (GRCh38-2020-A) using the STAR aligner (version 2.7.2a). 812 

Alignment was performed using feature and vdj options (vdj_GRCh38_alts_ensembl-5.0.0) in Cell Ranger. 813 

Samples were aggregated, resulting in one composite alignment file for each donor and compartment. For 814 

the 8 donors with paired cell surface data, feature files from Cell Ranger were manually updated to separate 815 

hashing antibodies (HTO) vs. other cell surface antibodies (Protein) to facilitate independent normalization 816 

procedures. Next, data frames from each donor/compartment were split by libraries for QC. For each library, 817 
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the gene expression matrix was loaded in Seurat (version 5.0.2) and TCR genes were summarized into 818 

custom TCRA, TCRB, TCRG, and TCRD genes to avoid downstream clustering based on V/D/J gene usage. 819 

Cellular features such as mitochondrial and ribosomal gene expression and the number of housekeeping 820 

genes were added as additional meta-features. Next, within each library, doublets were identified 821 

computationally, with an expected doublet rate of 0.4% per 1,000 cells. DoubletFinder (version 3)80 was run 822 

on default settings (pN = 0.25, pK = 0.09, PCs=1:20) and removed from subsequent QC steps.  Poor quality 823 

cells and droplets with ambient RNA (number of expressed genes less than 200 and housekeeping genes 824 

less than 25) and additional doublets (number of expressed genes more than 4000) were excluded from 825 

subsequent analysis. Finally, libraries from each donor and compartment were re-merged to generate a QC-826 

filtered dataset. 827 

 828 

Donor specific analysis 829 

Before integrating data from all 10 donors, QC-filtered data from blood and tonsils from each donor were 830 

analyzed independently. Donor specific objects were generated by merging blood and tonsil datasets from 831 

each donor using the merge function in Seurat. Data normalization and variance stabilization were performed 832 

on the merged donor-specific object using NormalizeData and ScaleData functions in Seurat. Dimension 833 

reduction was performed using the RunPCA function to obtain the first 30 principal components, of which the 834 

first 20 were used for clustering with Seurat’s RunUMAP function with a resolution of 0.8. At this stage, cell 835 

types were broadly assigned as CD3D expressing T cells and CD19 or MS4A1 expressing B cells. 836 

Contaminating B cell clusters from each UMAP were filtered before downstream integration. For samples 837 

with paired protein information, data were normalized using centered log-ratio transformation (CLR), and 838 

donor assignment and doublet removal were performed using the HTODemux function in Seurat81. For cell 839 

surface protein analysis, read counts were normalized using CLR, and any contaminating CD19 protein-840 

expressing clusters were excluded from downstream integration. 841 

 842 

Data Integration and harmonization 843 

To enable efficient and large-scale integrative analysis of millions of cells, we used atomic sketch integration 844 

in Seurat82. This involved a) iterating through each donor, sampling 50,000 cells (atoms) each from blood 845 

and tonsils with equal representation, b) generating a dictionary representation to reconstruct each cell 846 

based on the atoms, c) integrating the atoms from each dataset using FastRPCAIntegration, and d) for each 847 

donor, reconstructing each cell from the integrated atoms using IntegrateSketchEmbeddings. Since this 848 

approach does not require loading or processing the entire dataset simultaneously, it easily enables analysis 849 

of all 5.7 million cells. For the integrated object, we ran FindVariableFeatures to extract the top 2,000 variable 850 

genes, performed z-score transformation using ScaleData, and then performed principal component analysis 851 

using RunPCA. To correct batch effects, we used Harmony v1.0.107 to scale millions of cells across donors 852 

but not compartments. We used RunHarmony, with the top 30 PCs as input, and corrected batch effects 853 

across donors83. The success of data integration and harmonization was tested qualitatively with the 854 
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FindClusters and RunUMAP function using the top 15 dimensions and resolution 2.0, resulting in 47 clusters 855 

encompassing 5.7 million cells from blood and tonsils combined.  856 

 857 

Cluster annotation 858 

Slight over-clustering of the dataset allowed us to annotate clusters to a finer level (annotation level 4), which 859 

were progressively consolidated to broad T cell annotations (levels 3, 2, and 1). Gene and protein markers 860 

for each of the 47 clusters were identified using the FindMarkers function in Seurat. For gene expression, we 861 

used Wilcoxon Rank Sum tests for differential marker detection using a log2 fold change cutoff of at least 862 

0.4, and clusters were identified using a known catalog of markers defined for T cells from human tonsil64. A 863 

similar approach was followed for protein expression.  Both positive and negative protein markers from each 864 

cluster were used to aid manual annotation. In certain cases, clusters were merged when no distinguishing 865 

markers were identified between cell states (E.g., TFH subsets). A list of the final cluster-specific markers is 866 

provided in Table S3.  867 

 868 

TCR preprocessing 869 

Only QC-filtered cells with confirmed annotation were included in downstream TCR analysis. In addition, 870 

cells were included in the TCR analysis only if they contained a single TRB chain and a maximum of 2 TRA 871 

chains as productive TCRs. In a further processing step, only the TRA with the highest UMI was retained for 872 

cells with multiple TRA to simplify downstream analyses. A secondary dataset was created to analyze clonal 873 

expansion, aggregating cells with the same clonotype. Clonotypes were defined by identical full TRA+TRB 874 

nucleotide sequences Clonotypes were annotated by the majority origin (blood or tonsil), and phenotypic 875 

annotations of corresponding cells. Basic features of the repertoire (clonality by donor, cluster, compartment) 876 

was described using standard workflows in Immunarch84. 877 

 878 

Clonal overlap and mixing 879 

Data were filtered for clonal overlap/mixing analysis to retain only cells annotated as memory phenotype. The 880 

following filtering steps were performed for clonal mixing/sharing analysis to equalize blood and tonsil clone 881 

size distributions. For each donor, only clones with sizes from 10-100 cells were retained. The number of 882 

unique clones in blood and tonsils was equalized by subsampling, followed by equalizing the total number of 883 

cells in blood and tonsils. Cells from blood or tonsils were randomly permuted among all cells for a given 884 

donor to create a well-mixed dataset. The number of counts for a given clone in blood and tonsils was 885 

calculated to compute mixing fractions for the true and well-mixed sets. The probability that a member of a 886 

given clone group would be found in a blood sample was then computed as:  887 

p(blood) = (counts_blood)/(counts_blood + counts_tonsil) 888 

and vice versa. This subsampling was performed 10 times for each donor. The data from each run were 889 

aggregated to produce the distribution of mixing.  890 

 891 

Diversity Estimates and Phenotypic matching 892 
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T-cell richness was computed using the Chao1 diversity measure51. Phenotypic coincidence probabilities 893 

were calculated using an unbiased Simpson’s diversity estimator85, with conditional coincidence probabilities 894 

calculated by an equally weighted average across conditioning groups. Sampling variance was calculated 895 

using the unbiased variance estimator described in86. Rarefaction curves were generated by repeated 896 

random subsampling of cells and calculating the number of clones within each sample. For each donor, 897 

these curves were extrapolated to total T cells in the body, based on estimates published in3 solely from 898 

tonsils or blood repertoire or a combination of both (98% tonsil and 2% blood). 899 

 900 

VDJ-db queries 901 

A matching function was used to query our dataset and associated metadata (donor-specific TCRs, HLA, 902 

and annotations) against a set of reference TCRs with known specificities from VDJ-db (cite). Intersecting 903 

matches were based on common features such as TRB amino acid sequences and paired TRA-TRB amino 904 

acid sequences. Once matched, the epitope and epitope species from the reference and a list of matching 905 

cell barcodes were retrieved. Matching sequences were further filtered to ensure either class-I or class-II 906 

allele matching for a particular donor. 907 

 908 

Immune organoids for analysis of activated CD8 T cells 909 

Cryopreserved tonsil cells from 6 of the original 10 donors (donors 1, 2, 4, 5, 7, and 10) were thawed, 910 

enumerated, and roughly 1.5 e6 cells were plated in 200 µl final volume in ultra-low attachment plates 911 

(Corning). Organoid media was composed of RPMI1640 with glutamax, 10% FBS, 1x nonessential amino 912 

acids, 1x sodium pyruvate, 1x penicillin-streptomycin, 1x Normocin (InvivoGen), 1x insulin, selenium, 913 

transferrin supplement (Gibco), and 0.5 µg/ml recombinant human BAFF. The following amounts of influenza 914 

antigens were added to replicate cultures on day 0 based on our prior titration87: A/California/07/2009 H1N1 915 

virus - 2.5 hemagglutination units (HAU) per culture; 2019/20 live attenuated influenza vaccine (LAIV 916 

FluMist® Quadrivalent) - 1/2,000 final dilution. Cultures were incubated at 37°C, 5% CO2 with humidity, and 917 

media was replenished every other day by exchanging 30% of the volume with fresh organoid media.  918 

Organoids were cultured for two weeks and harvested on days 7, 10, and 14. On harvest days, organoids 919 

were washed in FACS buffer and surface stained in a cocktail containing CD19-BV605 (1/100), CD3-APC-920 

Cy7 (1/100), HLA-DR-PerCP-Cy5.5 (1/100), CD38-FITC (1/100), and Zombie Aqua (1/200), in addition oligo-921 

tagged surface antibodies (TotalSeq-C, Table S2). Additionally, each organoid was labeled with a unique 922 

hashing antibody (TotalSeq-C), allowing for sample multiplexing. Samples were stained for 30 minutes in the 923 

dark on ice, washed twice with FACS buffer, and left on ice until sorting. Activated T cells were sorted from 924 

viable singlets from the CD3+HLA-DR++CD38++ gate. Cells were washed with 10X buffer, counted, 925 

resuspended in a final concentration of 2,400 cells/uL, and immediately loaded into a 10X Genomics 926 

Chromium Controller.  Libraries were generated using the Chromium Next Gem Single Cell 5’ Reagent Kit v2 927 

(Dual Index) per the manufacturer’s instructions with the addition of TCR and 5’ Feature Barcode libraries. 928 

Quality and quantity of libraries were measured on tapestation, qubit, and Bioanalyzer and sequenced on 929 
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Illumina NovaSeq 6000 with a sequencing target of 30,000 reads per cell for gene expression libraries and 930 

10,000 reads per cell for TCR and feature barcode libraries.  931 

 932 

 933 

scRNA analysis of activated CD8 T cells 934 

Sequencing reads were aligned using Cell Ranger, with feature barcode and hashing antibody readouts. 935 

Data QC was performed in Seurat using cutoffs described above. Additional doublets were removed based 936 

on co-expression of multiple hashing antibodies. QC filtered objects from day 7, 10, and 14 libraries were 937 

merged in Seurat. For the integrated object, we ran FindVariableFeatures to extract the top 10,000 variable 938 

genes, performed z-score transformation using ScaleData, and then performed principal component analysis 939 

using RunPCA. Finally, we ran FindClusters and RunUMAP function using the top 20 dimensions and 940 

resolution 0.8, resulting in 15 clusters of activated T cells encompassing 26,723 cells from tonsil organoids. 941 

Clusters were annotated based on protein readouts and top gene markers calculated using FindAllMarkers in 942 

Seurat. Three CD8 T cell subsets were further analyzed for clonal sharing and tracking with ex vivo CD8 T 943 

cell subsets from donor-matched blood and tonsils using Immunarch84. 944 

 945 

Antigen-specific CD8 T cell analysis 946 

Antigen-specific CD8 T cells were profiled using Chromium Single Cell 5’s Barcode Enabled Antigen 947 

Mapping (BEAM) technology (10X Genomics). Peptides (Genscript, 100 uM each) from commonly circulating 948 

viruses (EBV, CMV, influenza, SARS-CoV-2) or sources naive to most individuals (myelin, melanoma, YFV, 949 

HIV) were prescreened on an HLA-A*02:01 donor per the manufacturer’s instructions and analyzed by flow 950 

cytometry. On experiment day, assemblies were generated for 15 peptides (Table S4), and a negative 951 

control and incubated overnight at 4C. The following day, each of the assemblies (negative controls and 952 

target peptides) was quenched for 15 minutes on ice per the manufacturer’s instructions, pooled, and left on 953 

ice in the dark. CD8 T cells from autologous blood and tonsils from 4 HLA-A*02:01 donors were enriched 954 

using negative selection magnetic beads (CD4, CD19 depletion, Miltenyi Biotec). Roughly 1.5 e6 enriched 955 

CD8s were stained with Fc block for 10 minutes on ice, mixed with pooled BEAM assemblies, and incubated 956 

for an additional 15 minutes on ice in the dark. Samples were stained with a cocktail containing Zombie Aqua 957 

(1/200), CD3-BV605 (1/50), CD19-APC (1/50), CD4-Pacific Blue (1/50), CD8-APC-Cy7 (1/100), CD45RA 958 

(1/50) prepared in FACS buffer. The staining cocktail also contained a universal cocktail of oligo-tagged 959 

antibodies (Table S2) and unique hashing antibodies (BioLegend) for sample barcoding. Samples were 960 

incubated for 30 minutes on ice in the dark, washed twice with FACS buffer, and sorted on FACSAria Fusion 961 

(BD Biosciences). CD19-CD3+CD4-CD8+ PE+ cells were sorted into 10X buffer, washed twice, resuspended 962 

in 25 uL, and loaded on the 10X Genomics Chromium Controller. Libraries were generated using the 963 

Chromium Next Gem Single Cell 5’ Reagent Kit v2 (Dual Index) per the manufacturer’s instructions with the 964 

addition of TCR, BEAM, and 5’ Feature Barcode libraries. Quality and quantity of libraries were measured on 965 

tapestation, qubit, and Bioanalyzer and sequenced on Illumina NovaSeq 6000 with a sequencing target of 966 

30,000 reads per cell for gene expression libraries and 10,000 reads per cell for TCR, BEAM, and feature 967 
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barcode libraries. Data were aligned and analyzed as described for activated T cells, but with the 968 

incorporation of BEAM libraries in Cell Ranger multi alignment, which provided antigen-specificity scores for 969 

each cell after correcting for signals from negative control peptide. Only cells with a single dominant peptide 970 

specificity score (cutoff 0.5) were included in downstream analyses. 971 
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