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Abstract

How FOXP3* T follicular regulatory (Tfr) cells simultaneously steer antibody formation
toward microbe/vaccine recognition and away from self-reactivity remains unsettled. To
explore human Tfr cell provenance, function and location heterogeneity, we used paired
TCRVAITCRVB sequencing to distinguish tonsillar Tfr cells clonally related to natural
Tregs (nTfr) from those likely induced from Tfh cells (iTfr). The proteins iTfr and nTfr cells
differentially expressed were utilized to pinpoint their in situ locations via multi-plex
microscopy and establish divergent functional roles. In-silico and tonsil organoid tracking
models corroborated the existence of separate Treg-to-nTfr and Tfh-to-iTfr
developmental trajectories. In total, we have identified human iTfr cells as a distinct CD38-
expressing, GC-resident, Tfh-descended subset that gains suppressive function while
retaining capacities for B-cell help whereas CD38 nTfr cells are elite suppressors
primarily localized to follicular mantles. Interventions differentially targeting Tfr subsets
may provide therapeutic opportunities to boost immunity or more precisely treat

autoimmune diseases.

One sentence summary: Human tonsillar Tfr clones descend from either Treg or Tfh
lineages and provenance predicts their TCR repertoires, locations and functional

characteristics.
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Main Text

INTRODUCTION

Germinal centers (GCs) are formed within secondary lymphoid tissues to orchestrate
dynamic interactions between T follicular helper (Tfh) cells and GC B cells (7). GCs are
remotely controlled by negative feedback from their chief product, systemically circulating
affinity-maturated antibodies (2), and locally governed by FOXP3* T follicular regulatory
(Tfr) cells (3). Various Tfr cell-deficient mouse models demonstrate increased production
of autoantibodies (4,5) and diminished vaccine responses (6—9). These findings suggest
murine Tfr cells are functionally heterogeneous and express a mixture of T cell receptors

(TCRs), some recognizing self, others recognizing foreign antigens.

The provenance(s) of Tfr cells is unsettled. Mouse Tfr cells were originally described as
descending solely from thymically derived FOXP3* T regulatory cells (Tregs) (7-9) but
more recently, three animal studies have challenged this dogma. One demonstrated that
vaccines containing incomplete Freund's adjuvant could spur mouse FOXP3 naive CD4*
T cells to differentiate into vaccine-specific Tfr cells (70). A second study utilized
longitudinal intravital microscopy to identify accumulations of Tfh-descended FOXP3-
expressing T cells in murine GCs two to three weeks after immunization with an Alum-
adjuvanted vaccine (717). Finally, TCRA sequence sharing between TCRB-transgenic
murine CD4" subsets indicated Tfr cells are most clonally related to Tregs and to a slightly
lesser degree, Tth cells (712). Notably, to collect sufficient TCRA mRNA for analysis, this
group pooled material from multiple draining lymph nodes which likely diluted clonal

relationships between cells from the same GC.
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Although their function is likely important to immunologic health and their dysfunction a
contributor to various disease states, few studies have assessed the biologic roles of
human Tfr cells (173—-77) and none have addressed their provenance(s) or intermediate
developmental stages within tissues. Successful human Tfr cell investigations have been
impeded by a lack of experimental tools to dynamically study human GC responses.
Herein, we describe a series of novel approaches for studying human tonsillar Tfr cells
including use of immunized tonsillar organoids as model systems to in-vitro track Treg
and Tfh cell contributions to the Tfr pool. Further, we demonstrate how an interlocking
suite of single cell technologies can clonally distinguish Tfr cells induced in vivo from Tfh
lineage cells (iTfr) from those “naturally” derived from Tregs (nTfr). Once identified, we
detail key genes and proteins distinguishing these two ancestrally distinct populations,
including CD38, which is a reliable tonsillar iTfr cell biomarker. Using CD38 as a handle,
we catalogued the precise in situ locations of iTfr cells in human tonsil tissues using co-
detection by indexing (CODEX) multiplex microscopy and sort-separated iTfr from nTfr
cells for downstream functional assessments. In total, we have identified heretofore
unappreciated clonal, transcriptional, functional and positional heterogeneity in the
human Tfr pool that reflect distinct descendant-ancestor relationships with both the Treg

and Tfh cell lineages.

RESULTS

Differential CD25/CXCR5/PD1 expression distinguish tonsillar CD4* T-cell subset
transcriptomes
We isolated CD4* T cells from excised pediatric tonsils and used CD25 expression to

separate CD25" regulatory subsets from CD25 Tth cells, a strategy employed frequently
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98 in published mouse and human studies (Fig. 1A and fig. S1A) (78). Among the CD25
99  population CXCRS5 and PD1 staining defined Tfh cells with high purity as assessed
100  separately with intracellular BCL6 and FOXP3 staining. BCL6 expression was universally
101  detected in the CD25"CXCR5*PD1" Tfh gate with only a trivial frequency (<0.1%) of
102  FOXP3 expressing cells identified (fig. S1B). Although a CD25 Tfr subset has been
103  described in mice and humans (19,20), less than 10% of the tonsillar CXCR5"FOXP3*
104  population analyzed lacked CD25 expression and since none of these highly expressed

105 PD1, they could not be mistaken for Tth cells (fig. S1C).

106  Within the CD25" subset were classic CXCR5'PD1'° Tregs, which expressed FOXP3, and
107  two CXCRS-expressing follicular populations. One CXCR5" subset, which stained PD1
108 intermediate, corresponded to Tfr cells since it expressed higher FOXP3 than Tregs and
109  could suppress T responder (Tresp) cell proliferation in vitro (fig. S1D). The other CXCR5*
110  population was PD1"and secreted IL-10, but did not express FOXP3 (fig. S1A). Although
111  asimilar CD25"CXCR5*PD1M, IL-10 secreting tonsillar subset was attributed suppressive
112 function by another group (27), in our hands these cells were not effective at inhibiting T
113 responder (Tresp) proliferation in vitro (fig. S1D) (22). For this reason, we descriptively

114  call this population “CD25"Tfh".

115  To explore transcriptional relationships between tonsillar CD4* T cells we employed the
116 above strategy to sort live Treg, Tfr, CD25"Tfh and Tfh subsets from two
117  immunocompetent pediatric tonsil donors, TC174 and TC341. Rather than utilizing entire
118  tonsils or tonsil pairs, fewer cells (20,000 per subset) were collected from small tonsil
119 wedge dissections to selectively reduce the number of GCs sampled and to maximize

120  clonal overlaps between antigen-expanded lineages (Fig. 1A). Subset-specific single cell
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121 RNA-sequencing (sc-RNAseq) libraries were created from sorted cells with an average
122 of 10,372 cells recovered per library (range 8,512-15,598 cells, table S1). Sequenced
123 libraries were dimensionally reduced to form a single two-dimensional Uniform Manifold
124 Approximation and Projection (UMAP) for each tonsil donor (Fig. 1B and fig. S2). In both
125 UMAPs Treg and Tfh cells localized to distant, non-overlapping spaces while Tfr cells and
126 CD25"Tfh cells filled the intervening space. As expected from our sorting strategy,
127 CXCR5 and PDCD1 (PD1) transcripts were highest in CD25"Tfh and Tfh cells. IL2RA
128 (CD25) transcripts were lowest in Tth cells (fig. S3). FOXP3 transcripts were predictably
129  enriched in Treg and Tfr cells. PRDM1 (BLIMP1) and CTLA4 expression were greatest in
130 Tfr, but also high in CD25"Tfh cells. Thus, sorting on variable CD25, CXCRS5, and PD1
131  expression defines four transcriptionally distinct subsets, two that expressed FOXP3 and
132  two that did not. This strategy efficiently captures the large majority of the Tfr cell

133 population while effectively preventing cross contamination between Tfh and Tfr cells.

134 In-silico and in-vitro models predict Treg and Tfh/CD25"'Tfh lineages each

135  contribute to the Tfr pool

136  To explore the competing hypotheses that Tfr cells descend from Tregs or from Tth cells,
137 we set Treg, Tfr, CD25"Tfh and Tfh cell transcriptomes as conceptual differentiation
138  start/end points and used pseudotime analysis (23) to infer developmental trajectories
139  (but not trajectory directions) based on progressive gene expression states. Two Tfr
140 developmental arcs were generated; one connected Tfr cells directly to Tregs and the
141  other connected Tfr to Tfh cells by passing through CD25"Tfh cells (Fig. 1B). To deduce
142 trajectory directions, we compared the relative abundance of nascent (unspliced) and

143  mature (spliced) mRNA of single Tfh and Treg cells (i.e. RNA velocity). Although
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144  transcriptionally distinct, Treg and Tfh RNA velocities converged along a centerline that
145 ran directly through Tfr transcriptional space (Fig. 1C). Hence, results from
146  transcriptionally-based, in-silico developmental models are consistent with two distinct
147  ancestor-descendant relationships for Tfr cells, one shared with Tregs and the other

148  shared with CD25"Tfh and/or Tfh cells.

149 To test pseudotime and RNA velocity predictions in vitro, tonsillar organoids, which
150 generate vaccine-specific immune responses within characteristic GC light and dark
151  zones (24,25), were utilized to dynamically track Treg and Tfh lineage cells. In separate
152  experiments, 1x10* sorted CellTrace™ Violet (CTV)-stained Tregs or 4x10* sorted
153  carboxyfluorescein succinimidyl ester (CFSE)-stained Tfh cells were incorporated into
154  autologous tonsillar organoids. Organoids were subsequently vaccinated with a human
155 pneumococcal diphtheria toxin-conjugated vaccine adjuvanted with Alum (PCV13,
156 illustrated in Fig. 1D and fig. S4A). After seven to eight days in culture, organoid cells
157  were mechanically dissociated, resuspended and intravitally stained cells re-identified by
158 flow cytometry. Although most CellTrace™ Violet-stained Tregs did not divide in
159 organoids, the 1-2% that did divide maintained FOXP3 expression and differentially
160  upregulated CXCRS 4-7 fold, a change consistent with Tfr differentiation (fig. S4, B and
161 C). The frequency of divided CFSE-stained Tfh cells was greater (52%), with some cells
162  demonstrating = 3 divisions. With each division, CD25 mean fluorescence intensities
163  (MFls) increased whereas PD-1 expression remained stable (Fig 1E and fig. S4D). Also,
164  compared with undivided cells, divided CFSE-stained Tth cells upregulated key regulatory
165  proteins including BLIMP1, CTLA4, and FOXP3 (Fig. 1E, F and fig. S4D). Similar changes

166  were observed by culturing either tonsillar Tfh cells or CD25M"Tfh cells with recombinant
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167 IL-2 (rlL-2) and antiCD3/CDZ28. After five days of rIL2 treatment, Tfh cells slowly lost BCL6
168 expression and upregulated CD25"Tfh-associated proteins including BLIMP1, CD25,
169 CTLA4 and Ki67 but not FOXP3 (fig. S5A and B). In contrast, CD25"Tth cells treated with
170  rIL2 for five days began expressing FOXP3 (fig. S5B) and were significantly better at
171  suppressing Tresp cell proliferation than ex vivo CD25"Tfh (p<0.01; Fig. 1G). Hence, in-
172 vitro models suggest IL-2 responsive tonsillar Tfh cells pass through a proliferative
173  CD25"Tfh intermediate stage to seed the Tfr pool.

174

175  Tfr clones are related to either Treg or Tfh/CD25" Tfh lineages, but not both

176 To determine what clonal relationship(s) exist between human tonsillar CD4* T cell
177  subsets in vivo, paired TCRB and TCRA transcripts were analyzed from each of TC174
178 and TC341’s respective scRNA-seq libraries. An average of 7,873 cells per library (range
179 6,484 to 9,596 cells, table S1) were recovered with both a TCRB and TCRA nucleotide
180  sequence. Although no consistent differences in subset V(D)J gene usage patterns (fig.
181 S6 and S7) and predicted CDR3 amino acid length distributions were appreciated (fig.
182  S8), Treg clonal diversity was considerably greater than Tfr, CD25*Tfh and Tfh diversity
183 by several measures (Shannon’s diversity index, inverse Simpson index, Chao1 and
184  abundance-based coverage estimator (ACE); Fig. 2A). These measures likely reflect the
185  higher proportion of non-expanded naive cells in the Treg pool relative to other studied
186  subsets (fig. S9). For instance, 96.2+0.3% of Treg clones were comprised of a single cell,
187  a frequency considerably higher than in Tfh (85+1.0%), CD25"Tth (76.5+1.5%), and Tfr
188  (78+2.0%) subsets (Fig. 2B and fig. S10A). Similarly, the top ten largest Treg clones

189  (which numbered 16.5%+4.4 clones due to ranking ties) were comprised of only 10.1+5.5
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190 cells, whereas Tfh, CD25"Tfh, and Tfr top ten clones were bigger, containing 24.1+7.5
191 cells, 461£14.1 cells, 32.5+7.7 cells, respectively. These data suggest follicular subsets

192  like Tfh, CD25"Tfh, and Tfr are more clonally-expanded than Tregs.

193  In mice, the TCRaf repertoires of thymically-derived Tregs and FOXP3" T helper cells do
194  not overlap (12,26). Like published murine data, we found clone sharing between Treg
195 and Tfh cells from the same tonsil donor to be minimal (0.3+0.1%), with no overlap among
196  either donor subsets’ top ten largest clones (Fig. 2C, fig. S10B and fig. S11). In contrast,
197  tonsillar Tfh and CD25"Tfh cells from the same donor shared many clones (11.5+£0.5%),
198  including most (93.2+1.9%) of the same top ten largest clones reinforcing Tfh and CD25"
199  cell lineage affiliation. As predicted by the mouse literature (72), many (29+£21%) top ten
200  Treg clones were shared with Tfr cells but none of these were among the largest Tfr cell
201 clones. Instead, some of the largest Tfr clones were shared with either Tfh or CD25"Tth
202 lineage cells. Moreover, none of the top ten largest clones shared between Tfr and Treg
203 cells overlapped with the top ten largest clones shared between Tfr and Tfh/CD25"Tth

204 lineage cells (Fig. 2C and fig. S10B), indicating divergent Tfr ancestry.

205 To determine how comprehensively the Tfr pool could be divided by its clonal
206 relationships with Treg and Tfh/CD25"Tfh lineage cells, we expanded our analysis
207 beyond the top ten to include all Tfr clones (8,207+16 clones). Through this more
208 exhaustive approach we identified a total of 150185 clones shared between Tfr and Tregs
209 (Fig. 2D, fig. S10C and fig. S10E) and 318+58 Tfr clones shared between Tfr and Tfh
210  cells (Fig. 2E, fig. S10D and fig. S10E). Importantly, these three subsets only held 5.5+0.5
211  clones in common reinforcing that Tth and Treg cells separately contribute to the Tfr pool.

212 Also notable was the high degree of clone sharing between Tfr, CD25"Tfh and Tfh cells.

10
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213 50.448% of the clones shared by Tfr and Tfh cells were also shared between Tfr and
214  CD25"Tfh cells consistent with a Tfh to CD25"Tfh to Tfr developmental arc. In contrast,
215 only 7.6+£1.7% of Tfr clones shared with Tregs were also shared with CD25"Tfh cells.
216  Hence, corroborating in-silico predictions and in-vitro lineage tracing, the majority of
217  shared tonsillar Tfr clones overlap either Treg lineage or Tfh/CD25" lineage cells but
218 importantly not both populations. These observations provide in-vivo evidence that Tregs

219 and Tfh clones seed the human tonsillar Tfr pool separately.

220  Stringent clonal relationships distinguish Tfr cells with divergent ancestries

221  Although sort purity was uniformly high (fig. S12), we could not exclude the possibility that
222  some observed clonal overlaps between tonsillar CD4* T cells subsets were the result of
223 unintentional contamination. To reduce experimental noise we performed a second, more
224 strict analysis which defined a “stringent clone” as = 2 cells in the same donor subset that
225  expressed identical paired TCRA and TCRB nucleotide sequences. This more rigid
226  definition further minimized the clonal overlap between Tregs and Tfh cells, leaving only
227  one stringent clone in the combined TC174 and TC341 dataset (Fig. 3A). Other clonal
228 relationships were strengthened by stringent analysis including Tfr and Treg cells (42
229  combined stringent clones), Tfr and Tfh cells (73 combined stringent clones), and Tfh

230 cells and CD25"Tth cells (603 combined stringent clones).

231  To group Tir cells by their clonal relationships with other subsets, Tfr cells that shared
232 stringent clones with Tregs, but not Tfh cells, were designated “nTfr" cells. The “n”
233 references the natural Treg->Tfr differentiation pathway originally described in mice (7-

234 9). Separately we designated Tfr cells that shared stringent clones with Tfh cells, but not

11
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235  Tregs, as “iTfr" cells (so named because they were likely induced from Tfh lineage cells).
236  On tonsil donor-specific transcriptomic UMAPs, most iTfr cells localized closer to Tfh
237  transcriptional space, whereas nTfr cells localized nearer to Tregs (Fig. 3B and fig. S13).
238  Furthermore, few Tfr cells of either kind crossed the centerline previously determined
239  through RNA-velocity analysis of TC174 cells (Fig. 3B). These data suggest stringent
240 clonal relationships between tonsillar T helper subsets capture lineage-specific

241 transcriptional differences.

242  Surface CD38 expression effectively distinguishes tonsillar iTfr and nTfr cells

243  To explore transcriptional differences between iTfr and nTfr cells, we pooled scRNA-seq
244  data from the clonally identified iTfr cells (n=218) and nTfr cells (n=263) from both tonsils
245  and found 86 differentially expressed genes (DEGs, Fig. 3C). DEGs upregulated by nTfr
246 cells connected closely to Treg biology and included FOXP3, ENTPD1 (CD39), TIGIT,
247  TNFRSF4 (0X40), and TNFRSF18 (GITR). Notably /IKZF2 (HELIOS), once considered a
248  practical biomarker to distinguish natural, thymically-derived Tregs from induced
249  counterparts, was uniquely expressed by nTfr cells (27). DEGs upregulated by iTfr cells
250  encoded the follicular cytokine IL21, the regulatory cytokine IL10, AIOLOS (/KZF3), and
251 LAG3 (Fig. 3C). iTfr cells also uniquely expressed CD38 and lacked nearly all IL7R
252  transcripts. Of all DEGs encoding cell surface proteins, CD38 was one of the most
253  promising candidate biomarkers to potentially distinguish iTfr from nTfr cells (Fig. 3D).
254  Additionally, DNA-barcoded antibodies targeting 139 TC341 Tfr cell surface molecules
255 identified CD38, over GITR, TIGIT, OX40, CD127, CD161 and LAG3, to be the protein
256  most significantly and consistently upregulated by iTfr cells relative to nTfr cells (p<0.001)

257 (Fig. 3D-J).

12
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258  Tofurther validate CD38 as a potential iTfr biomarker, a flow cytometric survey of Tfr cells
259  was performed on five to seven additional, unrelated pediatric tonsil donors. Across tonsil
260 donors CD38 staining was consistently bimodal with approximately 35% of Tfr cells
261  expressing it and 65% not (Fig. 4, A and B), a proportion that matched the ratio of clonally
262  defined nTfr to iTfr cells (Fig. 3A). CD38Tfr cells also expressed more CD39, CD25,
263 CTLA4, CD127, GITR, HELIOS, TIGIT, and FOXP3 than CD38*Tfr cells, consistent with
264  clonally defined nTfr transcriptomes (Fig. 4C-G and fig. S14). CD38*Tfr cells were
265  uniformly AILOS*LAG3*CD127- cells, a profile matching transcriptomes of clonally
266  defined iTfr cells (Fig. 4C). ICOS, IL21, and Ki67 MFIs were also all significantly higher in
267 CD38*Tfr cells (p<0.01, p<0.001 and p<0.0001, respectively; Fig. 4C) reflecting a likely
268 developmental relationship with Tfh/CD25MTfh lineage cells. Hence, differential CD38

269  expression by tonsillar Tfr cells predicts broader, lineage-associated immunophenotypes.

270  CD38*Tfr cells are regulatory cells specialized to provide B-cell help; CD38" Tfr cells

271  are elite suppressors

272 Although FOXP3 transcripts and FOXP3 MFIs were significantly higher in nTfr cells and
273  CD38Tfr cells, respectively, CD38*Tfr cells clearly also expressed FOXP3 (Fig. 4D). In
274  fact, FOXP3 MFlIs in CD38*Tfr cells were as high as in bona fide tonsillar Tregs,
275  suggesting a regulatory identity. Additionally, CD38*Tfr cells consistently demonstrated
276  the highest CTLA4 MFIs and the greatest frequencies of IL10 secreting cells of any
277  studied regulatory subset (Fig. 4, C and G and Fig. 5A). Indeed, sorted CD38*Tfr cells
278  were as capable of inhibiting Tresp proliferation in vitro as tonsillar Tregs (Fig. 5B). More
279  impressive suppressive function was demonstrated by CD38 Tfr cells which outperformed

280  all other tested subsets in in-vitro assays (p<0.001 for both comparisons). Since CD38"

13
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281  Tir cells displayed lower CTLA4 MFlIs (Fig. 4G) and less IL10 expression than CD38*Tfr
282  cells (Fig. 5A), their elite suppressive function may derive from one or more other,

283  previously described regulatory strategies (i.e. ectonucleotidase, IL-2 sink, GITR) (28).

284  Within GCs, Tfh cells induce B-cell class-switching, somatic hypermutation and
285 plasmablast differentiation by secreting IL-21 (29,30). Since /L2717 was the most
286  upregulated iTfr DEG (Fig. 3C), we compared the frequencies of IL21-secreting CD38"
287 and CD38Tfr cells across several tonsil donors. Indeed, on average 2.7 times as many
288  tonsillar CD38*Tfr cells secreted IL21 as CD38Tfr cells (7.3% vs. 2.7%, p<0.01; Fig. 5C).
289  Moreover, GC B cells co-cultured with autologous CD38*Tfr cells generated significantly
290  higher supernatant IgG (p<0.01) and more IgA (p<0.05) than GC B cells co-cultured with
291  CD38Tir cells (Fig. 5D). To determine if IL-10 or IL-21 secretion by CD38*Tfr cells could
292  account for enhanced IgG and IgA secretion we cultured GC-B cells with and without
293  recombinant IL-10 and/or IL-21. Although IL-10 had little effect by itself, GC B cells treated
294 with a combination of IL-10 and IL-21 secreted significantly more IgG and IgA than those
295  treated with IL-21 alone (p<0.01 for both comparisons; Fig.5 E). Hence, CD38*Tfr cells
296 are regulatory cells that retain and refine their capacity for B-cell help through IL-21 and

297  IL-10 secretion. CD38 Tfr cells are elite suppressors.

298 CD38*Tfr cells reside inside GCs, CD38 Tfr cells localize to the follicular mantle

299  Although the follicular dendritic cell lattice attracts Tfh and Tfr cells by maintaining a
300 CXCL13 gradient (31,32), not all CXCRS5 expressing T helper cells are located within
301 GCs. Prior analysis of human lymph nodes indicate most human Tfr cells accumulate

302  within follicles but clearly outside GC borders (20,33). To identify the precise locations of
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303  Tir cells in human tonsillar tissue we employed CODEX to sequentially stain and image
304 a DAPI-stained donor tonsil with a panel of 23 oligo-conjugated antibodies. Antibody
305 targets included those relevant to follicular T cell biology and lineage-defining antigens to
306 identify B cell, T cell, follicular dendritic cell and epithelial populations (table S2). After
307 image acquisition, stitching, registration, segmentation, normalization, and high-
308 dimensional clustering by marker profiles to identify cell types, a k-nearest neighbors-
309 based, machine-learning platform (34) was employed to assign all tonsillar cells — totaling
310 more than 1.5 million— to one of ten cellular neighborhoods (CNs) (Fig. 6A). Each CN
311 possessed a characteristic cell type composition profile (fig. S15A and B) (34). Tonsil
312 follicles were comprised of three distinct neighborhoods, CN3, CN6, and CN7. CN3 and
313 CNY7 primarily contained either GC B cells or Tth cells, respectively, and corresponded to
314 GC dark and light zones (fig. S15 A-C). CN6 regions surrounded GCs and were
315 comprised largely of naive B cells, a profile consistent with follicular mantles (fig. S15A-
316 C). To determine the spatial distribution of Tfr cells, we searched cells in follicles (i.e.
317 CN3, CN6 and CN7) for FOXP3 and CD4 co-expression (Fig. 6B). Of 1,206 Tfr cells
318 identified in this manner, 1,164 localized to mantles (Fig. 6A and B). The remaining Tfr
319  cells were dispersed among dark zones (n=25) and light zones (n=17; Fig. 6A and B). Tfr
320 locations identified by CODEX were independently confirmed by analyzing five additional
321 tonsil donors with conventional immunofluorescence confocal microscopy. Indeed, most
322 Tfr cells (71%) identified by our secondary analysis were positioned outside of GCs (fig.

323 S16C).

324 CD38 is distributed across tonsillar mononuclear cells in a trimodal pattern (fig. S17). At

325 the extremes of expression are naive B cells, which do not substantively express CD38,
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326 whereas plasmablast/plasma cells and highly activated GC B cells stain CD38P9"t,
327 Intermediate CD38 expressors include a proportion of GC B cells and tonsillar T cells (fig.
328 S17). To assess follicular CD38 distribution in situ, we stained tonsil sections with anti-
329 CD38, anti-FOXP3 and anti-BCL6 antibodies and imaged them with confocal microscopy.
330 CD38Mdt cells, which likely belonged to the B lymphocyte lineage, were readily
331 identifiable on stained sections, but so were CD38-expressing Tfr cells, which comprised
332 20% of the total Tfr pool (fig. S16, A and B). Regarding Tfr subset positions, 80% of
333  CD38*'Tfr cells localized within GCs, whereas most (85%) of CD38" Tfr cells were
334 identified outside GCs in a 50um ring that contained some, but not most, of the follicular
335 mantle (fig. S16, A and C). To determine Tfr subset locations within better-defined mantle,
336 light, and dark zones, we analyzed CD38 expression on a CODEX-stained tonsil section.
337 Unlike conventional confocal microscopy where Tfr cells were either clearly expressed
338 CD38 or not, CD38 expression on CODEX-stained Tfr cells appeared more continuous
339 (Fig. 6, C and D). To distinguish between CD38 positive and negative cells we set an
340 expression threshold so that the proportion of CD38* GC-resident Tfr cells identified by
341 CODEX (59.5%; Fig. 6D) closely matched the proportion of counterparts definitively
342 identified by confocal microscopy (58%; fig. S16D). Using this expression threshold, 52%
343  of dark zone and 70.6% of light zone Tfr cells expressed CD38. In contrast, only 6.6% of
344  mantle zone Tfr cells expressed CD38, a significantly different distribution (P<0.0001 by
345 Chi-square tests for both comparisons; Fig. 6E). Hence, tonsillar CD38'Tfr cells
346 preferentially reside in GCs nearby clonally related Tfh cells whereas CD38Tfr cells

347 reside mostly in the mantle, closer to Tregs.
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348  To determine if CODEX-identified Tfr cells shared phenotypic features with CD25MTfh/Tth
349 or Treg lineage cells, we determined the proteins differentially expressed between CD38*
350 and CD38Tfr cells (Fig. 6F). In agreement with flow cytometric analyses, proteins
351 significantly upregulated in CD38*Tfr cells included Ki67, a prominent CD25"Tfh cell
352  marker, and several canonical Tth cell molecules (BCL6, CXCRS5, CD26 and SLAM) (35).
353  In summary, tonsillar CD38*Tfr cells are clonally related to Tfh cells, retain a Tfh-like
354  capacity for GC B-cell help, gain new regulatory functions through differentiation, and
355 reside primarily within GC dark and light zones. In contrast, CD38 Tfr cells are clonally
356 related to Tregs, appear highly specialized to suppress Tresp cell proliferation, and

357 localize mostly to the follicular mantle.

358 DISCUSSION

359 Herein, we describe previously unappreciated clonal, functional, and positional
360 heterogeneity within the human tonsillar Tfr cell pool. Using in-silico transcriptomic
361 trajectory projections, in-vitro tonsillar organoid lineage tracking, and in-vivo TCRA/TCRB
362 sequencing we show human Tfh cells are not a terminally differentiated population.
363  Rather, Tfh cells are capable of proliferating through a CD25"BLIMP1* intermediary stage
364 before gaining FOXP3 expression and clear regulatory function as iTfr cells. Despite their
365 considerable transformation, iTfr cells retain critical Tfh cell characteristics, like IL-21
366 secretion and GC-residence, that preserve the capacity for, and opportunity to provide,

367 meaningful follicular B-cell help.

368 The existence of iTfr cells challenges early experiments in the Tfr field that demonstrated

369 adoptively transferred murine Tregs, but not naive T cells, entered the Tfr pool 7 to 11
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370  days after vaccination (7,72). Our lineage tracking experiments using tonsillar organoids
371 indicate that one week is likely too brief an interval for human naive T cells to transition
372 to Tfh cells, then to CD25"Tfh intermediary cells and finally to Tfr cells. Indeed, more
373  recently published longitudinal intra-vital imaging of mouse lymph nodes revealed
374 FOXP3" cells of Tth origin accumulated in GCs 14 to18 days after vaccination and their
375 influx heralded GC contracture (77). Our data suggest iTfr cells may arrive in the light
376  zone at a similar GC life stage to suppress the same TCRaB-matched Ttfh clones they
377 descended from. Since iTfr cells retain the ability to help B cells and permeate the dark
378 zone, they may also maintain follicular output as GCs shrink. In contrast, nTfr cells are
379 elite suppressors primarily positioned outside GCs but within follicular mantles suggesting

380 a gatekeeping role that may include controlling autoreactive T cells at the T-B border.

381 Using non-biased, multi-omic analysis we identified CD38 as a practical cell surface
382  marker to divide live, clonally divergent tonsillar Tfr subsets for downstream analyses, yet
383 itis unclear if this molecule is important for iTfr cell differentiation or function. As CD38-
384  deficient humans have not yet been identified, this line of inquiry may be best addressed
385 using genetically manipulated animals. Although CD38 expression has been primarily
386 described on human myeloid and B cells (36), recently a subset of GC-resident CD38
387  expressing CTLA4" Tfr cells were described within human mesenteric lymph nodes (20).
388 Based upon our own microscopy findings, these cells and tonsillar iTfr cells may be

389 analogous in both provenance and function.

390  While definitive identification of human Tfr cells requires intracellular FOXP3 staining, we
391 did not clonally identify iTfr and nTfr cells nor sort-separate cells for functional analyses

392 using differential FOXP3 expression since fixation/permeabilization would negatively
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393  affect mRNA integrity (37) and render cells inviable. Nevertheless, the clonal overlaps we
394 identified between tonsillar Tfr and Treg cells and between Tfr and Tth cells using cell
395  surface stains were also reported in Foxp39% reporter mouse lymph nodes (72). Instead
396  of anchoring on FOXP3, our sorting strategy relied upon differential CD25, CXCRS, and
397 PD1 expression to capture most Tfr cells without sacrificing purity. One described human
398  Tfr subset definitively excluded by this approach was CD25Tfr cells (19), which comprise
399  <10% of the total tonsillar Tfr pool. Due to their omission, it is unclear if CD25Tfr cells
400 existon the iTfr lineage continuum, the nTfr lineage continuum, or represent contributions
401 from additional sources. One clue that suggests a relationship with Tregs is the reportedly
402  high Helios expression by CD25Tfr cells, a feature shared with nTfr cells. Future studies
403  using more inclusive strategies will be required to definitively address CD25 Tfr cell

404  provenance.

405  Finally, our study sought to describe the origins, functions and positions of Tfr cells in the
406 secondary lymphoid tissues of healthy humans. Since lymph nodes and spleens are
407  rarely excised from well subjects, we utilized tonsils from pediatric donors free of systemic
408 inflammatory or immune deficiency diseases. If iTfr cells are generated in human lymph
409 nodes, as they are in human tonsils and murine lymph nodes (70, 717), iTfr/nTr imbalances
410 may contribute to a spectrum of GC-relevant diseases including disorders caused by
411 autoantibody production (i.e. systemic lupus erythematosus), poor vaccine responses
412 (aging), or both (common variable immune deficiency; CVID). Indeed, increased
413  circulating CD25"Tfh cell frequencies and asymmetrically hyperplastic GCs have been
414  uniformly described in CVID patients with co-morbid autoantibody-mediated cytopenias

415  (22,38). Application of concepts, models and techniques described herein to diseased
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416 patient lymphoid tissues, rather than continued emphasis on studying their peripheral
417  blood samples, may reveal unexpected pathophysiologies and provide new opportunities

418 to intervene with precision therapies.

419

420 MATERIALS AND METHODS

421  Study design

422 The main aim of this study was to evaluate the contributions of Treg and Tth cells to the
423 human tonsillar Tfr pool. The study was conducted by multi-omic sequencing of 82,973
424  single CD4* T cells from two immunocompetent tonsil donors. Microscopic imaging was
425 performed on 10 tonsil tissue sections from six additional donors. Functional in-vitro
426  analyses and independent confirmatory studies were conducted using material from 45

427  additional tonsil donors.

428 Tonsillar T CD4" cell subset preparation and sorting

429  Fresh tonsils were obtained as discarded surgical waste from de-identified immune-
430 competent children undergoing tonsillectomy to address airway obstruction or recurrent
431  tonsillitis. Tonsil donor mean age was 6 years and 53 % were male. Tissue collection was
432  determined not to be human subjects research by the Children’s Hospital of Philadelphia
433  Institutional Review Board. A single cell suspension of tonsillar mononuclear cells (MNCs)
434  was created by mechanical disruption (tonsils were minced and pressed through a 70-
435  micron cell screen) followed by Ficoll-Paque PLUS density gradient centrifugation (GE

436  Healthcare Life Sciences). CD19-positive cells were removed (StemCell) and CD4* T
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437  cells were enriched with magnetic beads (Biolegend) prior to sorting Tth cells (CD4*CD25%
438  CXCR5"PD1M), CD25"Tfh  cells  (CD4*CD25"CXCR5"PD1M),  Tfr  cells
439  (CD4*CD25"CXCR5*PD1M), and Treg (CD4*CD25"CXCR5PD1") on a BD FACSAria™
440 (BD Bioscience). Dead cells were excluded using LIVE/DEAD stain (Thermo Fisher

441  Scientific). The gating strategy is shown in Fig.1A.

442  CD4* T cell subsets immunophenotyping

443  Tonsillar enriched CD4* T cells were immunophenotyped using an LSRFortessa flow
444  cytometer (BD Bioscience) with antibodies against AIOLOS (16D9C97), CD4 (OKT4),
445 CD25 (BC96), CD38 (HIT2), CD39 (A1), CD127 (A019D5), CD130 (2E1B02s), CD161
446  (HP-3G10), CXCR5 (J252D4), FOXP3 (150D), GITR (108-17), HELIOS (22F6), IL-10
447  (JES3-9D7), Ki67 (Ki-67), LAG3 (11C3C65), and PD-1 (EH12.2H7) all from BioLegend;
448 BCL6 (K112-91), CTLA4 (BNI3) and OX40 (ACT35) from BD Bioscience; BLIMP1
449  (IC36081A) from R&D systems; and IL-21 (3A3-N2), IL-17 (eBio64DEC17), and TIGIT
450 (MBSAA43) from Invitrogen. AIOLOS, BCL6, CTLA4, HELIOS, Ki67, LAG3, IL-10, IL-17,
451 and IL-21 intracellular staining was performed after fixation and permeabilization with the
452  Foxp3/Transcription Factor Staining Buffer Set (eBioscience) in accordance with the
453  manufacturer’s instructions. To assess IL-10, IL-17, and IL-21 secretion by tonsillar CD4",
454 T cell subsets were rested overnight at 37°C then stimulated for 6 h with phorbol 12-
455  myristate 13-acetate (25 ng/mL; Sigma) and ionomycin (1 mg/mL; Sigma) in the presence
456  of Brefeldin A (5 pg/ml; BD Bioscience). Flow cytometric analyses were visualized with

457  FlowdJo software (TreeStar).

458 CITE-Seq and ScRNA-Seq
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459  Viable tonsillar Tfh, CD25"Tfh, Tfr, and Treg cells were sorted from tonsils excised from
460 two immune-competent male patients with obstructive sleep apnea. One patient was four
461 and the other six-years-old. Transcriptome and TCR repertoire for each CD4" T cell
462 subset was obtained using a ScRNA-Seq approach. A CITE-Seq study was also
463  developed on viable sorted Tfr cells from the 4-year-old donor. For the CITE-Seq sample
464  preparation, Tfr cells were resuspended at 20 x 108 cells/ml in CITE-seq staining buffer
465  (BioLegend) and incubated with Human TruStain FcX Fc Blocking reagent for 10 min at
466  4°C to block nonspecific antibody binding. Following Fc blocking, cells were incubated
467  with a pool of 139 antibodies conjugated to an antibody-derived tag (ADT), inclusive of
468  seven isotype controls (TotalSeg-C Human Universal Cocktail, anti-human GITR (108-
469 17) and anti-human CD130 (2E1B02); BioLegend) for 30 min at 4°C. After incubation,
470  cells were washed three times with 3.5 ml of staining buffer to remove antibody excess.
471  Cells were passed through a 40-um filter to remove any cell clumps and resuspended in
472 10% FBS RPMI media at 1 x 108 cells/ml for 10x Genomics 5’ single-cell RNA-seq. Next-
473  generation sequencing libraries were prepared using the 10x Genomics Chromium Single
474  Cell 5’ Library and Gel Bead kit v1 with Feature Barcoding Technology for Cell Surface
475  Protein, per manufacturer’'s “Chromium Single Cell V(D)J Reagent Kits” protocol.
476  Libraries were uniquely indexed using the Chromium i7 Sample Index Kit, pooled, and
477  sequenced on the lllumina NovaSeq 6000 sequencer (v1.5 chemistry) in a paired-end,
478  single indexing run. Sequencing for each gene expression library targeted 20,000 mean
479  reads per cell and each V(D)J library targeted 5,000 read pairs per cell. Data was then
480  processed using the Cellranger multi pipeline (10x genomics, v5.0) for demultiplexing and

481  alignment of sequencing reads to the GRCh38 transcriptome (10x Genomics v.3.0.0) and
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482  creation of feature-barcode matrices based on cell-associated cell barcodes across each
483  paired gene-expression-VDJ library. CITE-Seq (ADT) data were identified for the Tfr
484  library using the designated TotalSeq-C nucleotide sequences as an input to the
485  cellranger multi pipeline. Data was aggregated using the cellranger aggr pipeline (10x
486  Genomics, v.5.0). Secondary analysis was performed using the Seurat package version
487 4.1 (39) within the R computing environment. Gene barcode matrices were filtered to
488 include cells expressing between 200-4000 genes and having mitochondrial content
489  <20% of genes expressed. The filtered dataset was log-normalized, scaled, principal
490 component analysis (PCA) performed, and clustered based on the top 2000 variable

491  genes across the dataset. UMAP plots were used for visualization.

492  V(D)J repertoire analysis

493  Immune profiling V(D)J data was added to the dataset by matching cell barcodes in the
494  scRNAseq libraries. Shared stringent clonotypes between samples were defined as
495 TCRa and TCRp chains at the nucleotide level that were a direct match between at least
496 two different T cell sub-populations in a minimum of two cells from each T cell population.
497  scRepertoire within the R compute environment was used to evaluate clonal overlap,
498  compute diversity metrics, and produce VDJ clonotype sharing visualizations between T
499  cell subpopulations (40). Cell barcodes that had a TCRa, B chain that mapped to “NA”
500 was excluded from downstream analysis. Further, the filterMulti command within the
501 scRepertoire package was used to filter multi-mapping TCRa or TCRp chains in each of
502  the single cell VDJ libraries which identifies multimapping chains and provides a TCRao/f3
503 consensus call based on the highest expression for a single cellular barcode.

504
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505 Tonsillar organoid preparation

506  Once isolated, MNC were counted and resuspended in organoid media (RPMI with L-
507  glutamine, 10% FBS, 2 mM glutamine, 1X penicillin-streptomycin, 1 mM sodium pyruvate,
508  1X MEM non-essential amino acids, 10 mM HEPES buffer, and 1 pg/ml of recombinant
509  human B-cell activating factor [BioLegend]) at a concentration of 6 x 107 cells per ml. As
510 previously described by Wagar et al. 6 x 10° MNC were transferred to permeable
511  transwells (0.4-uym pore, 12-mm diameter; Millipore, (24)). Viable sorted Tfth and Treg
512 cells from autologous tonsil donors were stained with carboxyfluorescein diacetate
513  succinimidyl ester (CFSE; Thermo Fisher Scientific) or CellTrace Violet (CTV; Thermo
514  Fisher Scientific), respectively, for tracking. 40 x 10° Tfh cells or 10 x 10° Tregs were
515 added to sepreate organoids. Transwells were then inserted into standard 12-well
516 polystyrene plates containing 1 ml of additional organoid media and placed in an
517  incubator at 37 °C and 5% COZ2. Organoid media was replaced every 3 days. On culture
518 day 7, prior Tfh cells were identified according to the CFSE dye and evaluated for FOXP3,
519 CTLA4, CD25, LAG3, and BLIMP1 expression. On culture day 8, prior Tregs were

520 identified according to the CTV dye and evaluated for FOXP3 and CXCRS5 expression.

521  Treg cell suppression assays

522 CD4*CD45R0O-CD25" sorted naive responder T cells (5 x 10%) were labeled with CFSE
523  and cocultured with an equal number of either Tfth, CD25"Tfh, CD38*/CD38"Tfr, or Treg
524  cells. Cultures were activated with anti-CD2/CD3/CD28 coated beads at a bead to cell of

525  ratio of 1:1 (Miltenyi Biotec). Cocultures were stained for viability with the LIVE/DEAD Kit
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526 (Thermo Fisher Scientific), and the proliferation of viable responder T cells was

527  determined by CFSE dilution at culture day 3.5 by flow cytometry.

528 B-cell/T-cell cocultures and B-cell cultures

529 2.5 x 10 viable CD19*CD21*CD38*IgD- sorted GC B cells were cocultured with an equal
530  number of viable sorted CD38" or CD38" Tfr cells. Cocultures were activated by addition
531 of CD3/CD28—coated beads (Dynadeads, Sigma) at a ratio of 1 bead per T cell. Separatly,
532 5 x 10* sorted viable GC B cells were cultured with megaCD40L at 1ug/ml (Enzo),
533 recombinant IL-21 and/or recombinant both at 25ng/ml (R&D system). On day 7, culture

534  supernatant IgG, and IgA concentrations were determined by ELISA.

535 CODEX image processing and computational analysis

536 Raw TIF images were processed using MCMICRO (417), a Dockerized NextFlow pipeline
537 implementing both BaSiC (Docker tag 1.0.1) for tile-level shading correction as well as
538 ASHLAR (Docker tag 1.14.0) for inter-tile stitching and cross-cycle registration. The
539 resulting OME.TIFF file output was segmented using a Dockerized implementation of
540 Mesmer/DeepCell (Docker tag 0.10.0-gpu) (42) using the cycle 2 DAPI channel as
541  “nuclear” input and a weighted sum of IgD, CD3, CD4, CD8, CD19, and CD95 channels
542  as a composite “membrane” input. Briefly, each channel was re-scaled to the 99.9%-ile
543  of pixel intensity, summed, and the result then rescaled to avoid saturation on a 16-bit
544  color scale. Per-cell marker expression was then computed by the average raw pixel
545 intensity of each marker over each cellular segmentation mask. The resulting cellular
546  expression matrix was further processed and analyzed in R (v4.0.2) using Seurat (v4.0.4),

547  with non-cellular artifacts manually flagged and removed based on cell size and
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548 autofluorescence outliers. Centered log ratio (CLR)-normalization was performed within
549 each of 23 marker channels across cells prior to downstream principal component
550 analysis (npcs=10), neighbor identification (dims=1:10), and cluster identification
551  (resolution=0.4). Cellular clusters were named based on manual review of population-
552  level marker distributions and spatial localization. Cellular neighborhood (CN) analysis
553  was performed as previously described (34) using K=20 nearest neighbors. Due to the
554 rarity of CD4*FOXP3* populations in GCs, identification and annotation of such cells were
555 manually curated by review of the raw imaging data. Prior to differential protein
556  expression analysis, background subtraction was performed by subtracting the cycle 1
557  “blank” signals for the respective imaging channel from each marker. CD38 expression
558 patterns were independently confirmed by high-resolution confocal imaging to ensure
559 CD38 signals identified by CODEX imaging were not highly influenced by membrane

560 spillover (43) from B cells onto T cells.

561 Immunostainings and fluorescence microscopy

562  Tonsils were frozen in Tissue-Tek O.C.T™ Compound (Sakura Finetek) and 6um-section
563  were prepared and mounted on SuperFrost™ Plus glass slides (Fisher Scientific), fixed
564  in cold acetone for 20 min and air dried. Rehydration and washing in Tris Buffered Saline
565 (TBS) followed. Non-specific antibody binding was avoided using Blocking Reagent™
566  (Perkin Elmer) for 30 min. Sections were then incubated overnight with anti-human CD38
567 (EPR4106, abcam), FOXP3-eFluor570 (236A/E7, Invitrogen) BCL6-AF647 (K112-91, BD
568 Bioscience) antibodies at 4 °C overnight. To detected CD38 protein, sections were
569 incubated with anti-rabbit AF488 (Invitrogen) antibodies for 2h at room temperature. After

570  fixation with paraformaldehyde 4% (Electron Microscopy Sciences) for 20 min, slides
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571  were then stained with DAPI (1 pg/ml, Sigma) for 15 min at room temperature and
572 mounted with fluorescent mounting medium (DAKO). All images were acquired using a

573  Leica TCS SP8 Confocal and analyzed using ImageJ software.

574  Statistical analyses

575  Prism v9 (GraphPad) was used to perform non-parametric Mann-Whitney tests for
576 analysis of immunophenotypic data, functional assays. Chi-square and Spearman
577  correlation R coefficient tests were performed for Tfr cell localization analysis. Non-
578 parametric statistical correlation analysis was performed as previously described

579  (https://github.com/wherrylab/statistics _code) for differential protein expression analysis

580 of CODEX-stained tonsillar tissue. Differential expression analysis was performed in the
581 scRNAseq and CITE-seq data using a Wilcoxon Rank Sum test and a Bonferroni

582  correction to account for multiple comparisons.
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583  Supplementary Materials

584  Fig. S1. Treg and follicular T helper cell sorting strategy.

585  Fig. S2. Dimensionally reduced transcriptomes of indicated TC341 cell subsets.

586 Fig. S3. Violin plots display differentially expressed transcripts from pooled tonsil donor
587 cells (TC174 and TC341).

588 Fig. S4. A strategy to track Tregs within vaccinated tonsillar organoids and measure
589 differential protein expression on organoid incorporated Treg and Tth cells.

590  Fig. S5. In-vitro Tfh and CD25"Tfh cell differentiation experiments.

591  Fig. S6. TCRA gene segment usage of TC174 and TC341.

592  Fig. S7. TCRB gene segment usage of TC174 and TC341.

593  Fig. S8. TCR CDRS3 length distributions of TC174 and TC341.

594  Fig. S9. Differential CD45RO expression by CD4* T cell subsets.

595  Fig. S10. Clone size distribution and clone sharing between T helper subsets from TC174
596 and TC341.

597  Fig. S11. Morisita clonal overlap frequencies of TC174 and TC341.

598 Fig. S12. Pre and post-sort cell purity assessments.

599  Fig. S13. iTfr and nTfr localizations on the TC341 UMAP.

600 Fig. S14. CD38" and CD38" Tfr cell extended immunophenotypes.

601  Fig. S15. Tonsil cellular neighborhoods (CNs) and cell type profiles.

602  Fig. S16. Confocal microscopy of stained tonsillar germinal centers (GCs).

603 Fig. S17. CD38 expression distribution across tonsillar mononuclear cells from a
604  representative donor.

605
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606 Table S1. Summary statistics for single-cell experiments

607 Table S2. CODEX antibody panel
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Figure 1. In silico and in vitro models predict Tfh and Treg cells each contribute to the Tfr
pool. (A) A strategy to sort Tfh, CD25" Tth, Tfr, and Treg cell subsets from a small tonsil wedge
is depicted. (B) Dimensionally reduced single cell RNA-sequencing of TC174 T cell subsets are
displayed as a UMAP. Pseudotime cell ordering projections (black arrows) identify two possible
Tfr developmental arcs, one to CD25"Tfh and Tth cells (D), the second to Tregs ((2)). (C) RNA
velocities of Tth and Treg cells from TC174 are displayed. An arbitrary dashed centerline denotes
convergence. (D) A strategy to track within vaccinated tonsillar organoids is depicted. (E) CD25,
PD1, BLIMP1, CTLA4 and (F) FOXP3 expression by divided (div) and non-divided (0 div) CFSE
stained Tfh cells are displayed 7 days after PCV13 vaccination. Green horizontal bars indicate
mean values (G) Histograms record inhibition of T responder (Tresp, CD45ROCD25 CD4* T
cells) cell proliferation in co-cultures with Tfh cells or CD25"Tth cells before or after five days of
recombinant IL2 treatment. **, P<0.01 by Mann-Whitney U tests.
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Figure 2. The tonsillar Tfr pool shares clones with clonally diverse Tregs and clonally
expanded Tfh/CD25"Tfh cells. (A) TCRA/TCRB repertoire diversities of Tfh, CD25"Tfh, Tfr and
Treg subsets from TC174 and TC341 are measured using Shannon, Inverse Simpson, Chao and
ACE indices. (B) Pie charts indicate subset-specific clone size distributions (cells per clone) for
TC174 (C) Tracking the top ten largest clones per TC174 subset across other subsets, (D)
tracking the top 100 largest clones shared between TC174 Tfr and Tfh cells and (E) between
TC174 Tfr and Tregs across other subsets. More than 10 clones or 100 clones per subset are
sometimes displayed to account for ranking ties and clone sharing across subsets.
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Figure 3. Transcriptomes of stringently defined iTfr and nTfr cells diverge and are
predicted by variable CD38 expression. (A) Venn diagram displays overlapping TC174
stringent clones, defined as a clone with 22 cells. #, iTfr stringent clones; 1, nTfr stringent clones.
(B) Positions of stringent TC174 iTfr and nTr cells are displayed overlying a UMAP plot. (C) A
volcano plot shows genes differentially expressed between stringently defined iTfr and nTfr cells
pooled from TC174 and TC341. (D-J) Violin plots display differential expression of pooled
transcripts and corresponding cell surface protein expression on TC341 subsets. Horizontal bars
indicate mean values. ***, P<0.001 by Wilcoxon rank sum test with Bonferroni correction.
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Figure 4. Variable CD38 expression predicts distinct and larger Tfr cell
immunophenotypes. (A) Tfr expression of CD38 from a representative tonsil donor and (B) Tfr
CD38 expression frequencies for 6 pediatric tonsil donors. (C) A heat map displays geometric
mean fluorescence intensity (QMFI) z-scores associated by T-cell subsets from 6 donors. Proteins
differentially upregulated in CD38"Tfr (yellow) and CD38Tfr cells (blue) are shaded. (D-G)
Histograms display gMFIs of indicated proteins by T subsets from a representative tonsil donor
and bar graphs show gMFIs for 5-6 tonsil donors. *, P<0.05; **, P<0.01; ***, P<0.001; ****
P<0.0001 by Mann-Whitney U tests.
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Figure 5. CD38'Tfr cells provide germinal center B-cell help. CD38Tfr cells are elite
suppressors. (A) Frequencies of PMA/ionomycin-activated T-subsets expressing IL10 are
shown for a representative donor (left) and all available donors (n=5, right). (B) Day 4 Tresp cell
proliferation with and without indicated T cell subsets from for a representative donor (left) and all
available donors (n=5, right) (C) Frequencies of PMA/ionomycin-activated T-subsets expressing
IL21 are shown for a representative donor (left) and all available donors (n=5, right). Day 7 IgG
and IgA supernatant concentrations from GC B cells (D) co-cultured with either CD38" or CD38"
Tfr cells stimulated with anti-CD3/CD28 beads (n=5) or (E) cultured alone with megaCDA40L,
recombinant IL21 and/or recombinant IL10 treatment (n=7). *, P<0.05; **, P<0.01; ***, P<0.001;
by Mann-Whitney U tests.
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Figure 6. Multiplex imaging principally identifies CD38'Tfr cells within tonsil germinal
centers. (A) A CODEX-stained human tonsil section is portioned into cell neighborhoods (CNs)
and the locations of CD4"FOXP3" cells in the dark zone (CN3), mantle (CN6), and light zone
(CN7) are marked. (B) A CD4"FOXP3" gate and the proportion of gated cells in each follicular
CN is shown. (C) A representative tonsil GC with CNs, FOXP3 (pink) staining, CD38 (green)
staining, and CD4 (cyan), IgD (orange), CD38, and FOXP3 overlaid. CD38" (yellow arrow heads)
and CD38" Tfr cells (white arrows heads) positions are indicated (D) Violin plots indicate CD38
expression distribution on CD4*FOXP3" cells from different CNs. A red dashed line indicates the
expression threshold above which Tfr cells were considered CD38". (E) Proportions of CD38
expressing subsets in indicated follicular CNs. (F) Differential protein expression by CD38" and
CD38Tfr subsets. Square size and color indicate fold change difference and direction,
respectively, by Spearman correlation R coefficient. *, P<0.05 **, P<0.01 ***, P<0.001, ****
P<0.0001 by unpaired Wilcoxon tests or Chi-squared test. Scale bar 200-pixel=64.5um. DZ, dark
zone; LZ, light zone; M, mantle; T, T cell zone.
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Supplementary Figure 1. Treg and follicular T helper cell sorting strategy. (A, left) Treg
(CD4*CD25"CXCR5PD1,, black), Tfr (CD4'CD25"CXCR5'PD1™, light blue), CD25"Tfh
(CD4*CD25"CXCR5"PD1", orange) and Tfh (CD4'CD25CXCR5"PD1", red) gates are
displayed on T cells from a representative tonsil donor. (A, right) Histograms and plots display
FOXP3 and BCL6 mean fluorescence intensities (MFls) on T helper subsets from a representative
and all tonsil donors (n=6-8), respectively. Two-dimensional dot plots show (B) FOXP3
expression on cells in the Tfh gate and (C) PD1 expression on FOXP3*CXCR5'CD25" Tfr cells
from a representative donor and all donors (n=11). (D, left) Representative histograms of CFSE-
labeled T-cell responders (Tresp, CD4*CD25 CD45R0O") stimulated (solid line) or not (dashed line)
in coculture with indicated tonsillar T helper cell subsets are displayed. Bar graph (right)
represents mean percent inhibition relative to unstimulated Tresp cells from three tonsil donors.
Error bars means + SEMs. *, P<0.05 by Mann-Whitney U test.
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Supplementary Figure 4. A strategy to track Tregs within vaccinated tonsillar organoids
and measure differential protein expression on organoid incorporated Treg and Tfh cells.
(A) is depicted by cartoon. (B) Divided (div) Cell Trace Violet™ (CTV) stained Tregs from a
representative organoid experiment differentially upregulate CXCR5 at day 7-8 compared with
undivided (0 div) counterparts yet maintain FOXP3 expression. (C) CXCRS expression of divided
and undivided cells from five independent experiments are shown. (D) CD25, PD1, and FOXP3
expression by divided and non-divided CFSE stained-Tfh cells are displayed 7 days after PCV13
vaccination in tonsil organoids (n=4) *, P<0.05 ; **, P<0.01 by Mann-Whitney U test.
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Supplementary Figure 5. In-vitro Tfh and CD25hiTfh cell differentiation experiments. (A)
Representative histograms of BLIMP1, BCL6, CD25, Ki67 and CTLA4 expression by Tfh cells
before (red), after 48hours (dashed line) and five days (solid line) of recombinant IL2 treatment.

(B) Representative dot plot of Tth (left) and CD25"Tth cell (right) FOXP3 expression after five
days of recombinant IL2 (rlL-2) treatment.
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frequencies in tonsil donors TC174 and TC341.
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Supplementary Figure 7. TCRB gene segment usage of TC174 and TC341. Tth cells (red),
segment usage frequencies in tonsil donors TC174 and TC341.
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Supplementary Figure 8. TCR CDR3 length distributions of TC174 and TC341. Distribution
of TCRA (above) and TCRB (below) CDR3 segments of indicated T-cell subsets (Tfh, red;
CD25"Tth, orange; Tfr, light blue and Treg, black) from two TC174 and TC341.
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Supplementary Figure 9. Differential CD45RO expression by CD4+ T cell subsets. Tth cells
(red), CD25"Tth cells (orange), Tfr cells (light blue) and Tregs (black) CD45RO are displayed as

(left) histograms from a representative tonsil donor (right) and all tonsil donors (n=10). ****
P<0.0001 by Mann-Whitney U test.
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Supplementary Figure 10. Clone size distribution and clone sharing between T helper
subsets from TC174 and TC341. (A) Pie charts indicate subset-specific clone size distributions
(cells per clone) for TC341. (B) Tracking the top ten largest clones per subset across other
subsets. (C) Tracking the top 100 largest clones shared between Tfr and Tfh cells and (D)
between Tfr and Tregs across other subsets. More than ten clones or 100 clones per subset are
sometimes displayed to account for ranking ties and clone sharing across subsets. E) Venn
diagrams depict clone sharing between T helper cell subsets from TC174 or TC341.
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Supplementary Figure 12. Pre and post-sort cell purity assessments. (above) Sorting
strategy to sort Tfh, CD25"Tth, Tfr, and Treg cells. (below) Post-sort purities of the same subsets
from a representative tonsil donor are displayed.
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Supplementary Figure 13. iTfr and nTfr localizations on the TC341 UMAP. iTfr (yellow) and
nTr (dark blue) cell positions are indicated relative to clonally-undefined Tfr cells (light blue) and
non-Tfr cells (gray).
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Supplementary Figure 14. CD38" and CD38" Tfr cell extended immunophenotypes (A)
Histograms display TIGIT, OX40, GITR, CD130, LAG3 ICOS and AIOLOS expression by
indicated T helper cell subsets from a representative tonsil donor (left) and bar graphs shows
geometric mean fluorescence intensities (QMFIs) from counterpart cells fom five to six tonsil
donors. (B) Dot plots present CD161, Ki67 and CD39 frequencies of indicated subsets from a
representative tonsil donor (left) and five to six tonsil donors (right) **, P<0.01; ***, P<0.001; ****,
P<0.0001 by Mann-Whitney U tests.
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Supplementary Figure 15. Tonsil cellular neighborhoods (CNs) and cell type profiles. (A)
CN positions, (B) cell type compositions by CN, and (C) cell type protein expression profiles of a
CODEX-stained tonsil section are displayed.
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Supplementary Figure 16. Confocal microscopy of stained tonsillar germinal centers
(GCs). (A) BCL6, FOXP3, CD38 and DAPI stains of a representative tonsil section are displayed
separately and merged. The positions of CD38"FOXP3" cells (yellow arrows) and CD38'FOXP3*
cells (white arrows) are indicated. White dashed squares contain one representative
CD38'FOXP3" cell magnified in insets at the top left corner. (B) Frequencies of GC-associated
FOXP3" cells that express CD38, or not, from five tonsil donors are shown. (C) Proportions of
FOXP3* CD38' FOXP3* and CD38"FOXP3" cells located within BCL6-defined GCs and outside
them in the surrounding 50um GC edge region and (D) Proportions of CD38FOXP3" and
CD38'FOXP3" cells located within BCL6-defined GCs are displayed.
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Supplementary Figure 17. CD38 expression distribution across tonsillar mononuclear cells
from a representative donor.
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Table S1. Summary statistics for single-cell experiments.
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# transcriptome # TCRa/TCRb # clones # stringent clones # stringent clone cells
TC174 TC341 TC174 TC341 TC174 TC341 TC174 TC341 TC174 TC341
Treg 9270 8512 7850 6484 7498 5863 267 238 619 858
tot Tfr 10440 9913 8224 8191 5746 6113 921 870 3399 2947
CD25hi Tfh 10061 9157 8213 6279 4943 3419 1256 743 4526 3602
Tfh 15598 10022 9596 8146 6505 5286 1555 1051 4646 3911
Table S2. CODEX antibody panel
Antibody clone Reference
BCL6 K112-91 BD Bioscience
CD3 UCHT1 Akoya Biosicences
CD4 SK3 Akoya Biosicences
CD5 UCHT2 Akoya Biosicences
CD8 SK1 Akoya Biosicences
CD19 HIB19 Akoya Biosicences
CD25 BC96 Biolegend
CD26 236.3 Abcam
CD35 E11 Abcam
CD38 HB-7 Akoya Biosicences
CD45RA HI100 BD Bioscience
CD95 DX2 Biolegend
CD138 MI15 Akoya Biosicences
CXCR3 GO25H7 Biolegend
CXCR5 51505 R&D Systems
FOXP3 PCH101 Thermo Fisher Scientific
HLA-DR L243 Akoya Biosicences
ICOS C398.4A Akoya Biosicences
IgD NB7453 Novus
Ki67 B56 Akoya Biosicences
PD-1 EH12.2H7 Akoya Biosicences
RUNXS3 R3.5G4 BD Bisocience
SLAM IPO-3 Abcam
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