10

11

12

13

14

15

16

17

18

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.09.552511; this version posted August 13, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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

available under aCC-BY-NC-ND 4.0 International license.

Title: Diverse Epithelial Lymphocytes in Zebrafish Revealed Using a Novel Scale Biopsy

Method

Running title: Zebrafish epithelial lymphocytes

Authors: Gilseung Parkl, Clay A. Fosterz, Megan Malone—PerezZ, Ameera Hasana, Jose Juan

Macias®, and J. Kimble Frazer™*?

Affiliations:
Depts. of Cell Biology, *Pediatrics, Section of Pediatric Hematology-Oncology, and

*Microbiology & Immunology, University of Oklahoma Health Sciences Center, OK, USA.

Corresponding author:

J. Kimble Frazer

941 Stanton L Young Blvd.

Basic Sciences Education Bldg., Rm.224
Oklahoma City, OK 73104

Phone: 405-271-5311, ext. 42375. Fax: 405-271-1025. Email: Kimble-Frazer@ouhsc.edu



https://doi.org/10.1101/2023.08.09.552511
http://creativecommons.org/licenses/by-nc-nd/4.0/

19

20

21

22

23

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.09.552511; this version posted August 13, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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
available under aCC-BY-NC-ND 4.0 International license.

Summary:

This study describes a new biopsy method to acquire zebrafish lymphocytes for ex vivo
studies, without euthanasia. Expression profiles of individual lymphocytes from multiple
zebrafish transgenic lines reveal diverse lymphocyte populations, including novel cells

expressing genes of both the B- and T-lineages.
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Abstract:

Zebrafish are a compelling model to study lymphocytes because zebrafish and humans
have similar adaptive immune systems. Human and zebrafish lymphocyte types are conserved,
but many aspects of zebrafish lymphocyte biology remain uninvestigated, including
lymphocytes in peripheral tissues, like epidermis. Here, we report the first study focused on
zebrafish scale epidermal lymphocytes. Zebrafish scales represent a source to longitudinally
sample live fish. We developed a novel biopsy technique, collecting scales to analyze epithelial
lymphocytes from several fluorescently-labeled lines. We imaged scales via confocal
microscopy and demonstrated multiple lymphocyte types in scales/epidermis, quantifying them
flow cytometrically. We profiled gene expression of scale, thymic, and marrow lymphocytes
from the same animals, revealing B- and T-lineage signatures. Single-cell gRT-PCR and RNA
sequencing (scRNAseq) show not only canonical B and T cells, but also novel lymphocyte
populations not described previously. To validate longitudinal scale biopsies, we serially
sampled scales from fish treated with dexamethasone (DXM), demonstrating epidermal
lymphocyte responses. To analyze cells functionally, we employed a bead-ingestion assay,
showing thymic, marrow, and epidermal lymphocytes have phagocytic activity. In summary, we
establish a non-lethal technique to obtain zebrafish lymphocytes, providing the first
quantification, expression profiling, and functional data from epidermal lymphocytes in the

zebrafish model.
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Introduction:

Immune cell functions are well-established in skin,*™ which serves as both a barrier and
a lymphoid organ.l’3 Mammalian cutaneous lymphocytes include epidermal cytotoxic T (CTL)
and dermal B, T, and natural killer (NK) cells.>® Zebrafish share B/T/NK lymphocytes, surface
immunoglobulin (slg), T cell receptors (TCR), MHC molecules, and other immunologic features

1012 7ebrafish lymphocytes are well-characterized,”*?° but most studies focus

with mammals.
only on cells of lymphoid tissues. Several reports briefly mention epidermal lymphocytes: one
noted igm’ skin B cells;”® another mpegl.1' B cells;** a third identified B-1-like cells in multiple
organs, including skin.”! However, these reports concentrate on thymus, marrow, and spleen,

2223 5r melanoma.®*

while most skin/scale studies investigate osteogenesis
Zebrafish are small, making non-lethal lymphocyte collection difficult. Obtaining blood
retro-orbitally® is technically-challenging, with serial-sampling infeasible. Instead, most reports

182627y collect lymphocytes post-euthanasia, precluding longitudinal studies.

(including ours
Here, we describe a new method to collect 1-20 scales/fish, yielding hundreds-to-thousands of
lymphocytes and permitting repeated sampling. Via scale biopsy, we examined several
transgenic lines, identifying, quantifying, and expression-profiling epidermal lymphocytes.
Single-cell studies revealed B- and T-lineage subtypes and potentially novel lymphocyte
populations. We also functionally tested lymphocyte DXM-responses and phagocytosis. Overall,

we describe a simple technique to collect zebrafish epidermal lymphocytes and their first

comprehensive study.
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Materials & Methods:
Zebrafish

182627 \vith a 14:10-hour circadian-cycled colony

Zebrafish care was reported previously,
kept at 28.5°C. Experiments followed IACUC-approved protocols. Anesthesia utilized 0.02%
tricaine methanesulfonate (MS-222). Transgenic cd79:GFP" and Ick:mCherry fish (from the Zon
laboratory, Harvard University) were inter-bred, creating double-transgenics.
Biopsies

Scale biopsy is detailed in Supplemental Materials.
Microscopy

Anesthetized 3-to-9m fish were imaged with a Nikon AZ100 microscope. Low- and high-
exposure images were obtained as previously’®?® using a Nikon DS-Qi1MC camera and NIS
Elements (V4.13) software. Select images are brightened to enhance dim-fluorescence.
Confocal imaging

Scales were slide-mounted with SlowFade™ Glass Soft-set Antifade Mountant plus DAPI.
Imaging utilized a Leica-SP8 confocal microscope and LAS-X (V3.7.4.23463) software.
Flow cytometry/FACS

Tissues were pestle-dissociated and passed through 35um filters.”® Cells were collected
from lymphoid/precursor gates using a BD-FACSJazz (Becton-Dickinson). Flow cytometry used a
CytoFLEX™ and Kaluza software (Beckman-Coulter).

qRT-PCR
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83 RNA was extracted using Trizol (Invitrogen). Total RNA triplicates (16ng) were reverse-
84  transcribed for SYBR-Green qRT-PCR with a CFX96 Touch™-PCR System (Biorad). Two™" (Cta =
85  Clexperimenta~Clhousekeeping) - Calculated expression relative to A-actin and eeflall1.
86  Single-cell qRT-PCR
87 Cells were FAC-sorted into 96-well plates, lysed, and cDNA synthesized using Fluidigm™
88  protocols. Supplementary Material lists sc-qRT-PCR details. CT values were converted to Log2Ex
89  using a limit of detection (LoD) = 27. Other LoDs yielded similar results. Cells expressing >30% T-
90 and <30% B-lineage genes were designated T-lineage, and vice versa. Cells expressing >30% of
91 T-and B-lineage genes were designated Bi-Phenotypic.
92  scRNAseq
93 Cell-capture utilized 10xGenomics Chromium, with Illumina NovaSeq6000 sequencing.
94  Cells (18,000 thymic; 8,800 marrow; 3,500 scale) were loaded (1,000 cells/ul) on 10xGenomics
95  single-cell v2 chips into a Chromium controller and processed per 10xGenomics protocol.
96  Supplementary Material details data-processing and analysis steps.
97  DXM treatment
98 Zebrafish were continuously-housed for 10d in 10ug/ml DXM in 500ml fish water,
99 changed daily, as previously.27 Fish were imaged pre- and post-treatment, with fluorescence-
100  integrated densities quantified via ImageJ.”’
101  Phagocytosis assays
102 Fluorescent lymphocytes were sorted into 1.5ml Eppendorfs in 5ul volumes with a BD-

103  FACSAria Fusion (Becton-Dickinson), incubated with 1pl of 1:1000-diluted 1pum blue-
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104  FluoSpheres (Thermo-Fisher) for 30min, and analyzed via ImageStream™ MkIl and IDEAS
105  software (Luminex).

106  Data Sharing Statement

107 scRNA-seq data used in this study are available at GEO under accession number

108  GSE237417.
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109  Results:

110  Zebrafish epidermal lymphocytes

111 To investigate zebrafish epidermal lymphocytes, we analyzed transgenic fish bearing
112 lymphocyte-specific fluorophores. Microscopy of B-labeled lines, cd79a:GFP and cd79b:GFP,"
113  exhibited head and gill fluorescence; T cell-specific Ick:GFP fish displayed thymic fluorescence
114  (Figure 1A), as previously described.’***?” To determine whether fluorescence emanated from
115  skin/scales, we developed a novel scale biopsy method (details in Supplemental Material).

116 Upon removal, epidermis remains attached to lateral/exterior and medial/interior scale
117  surfaces (Figure 1B, DAPI).”> Expectedly, by fluorescent microscopy, wild-type (WT) scales
118  lacked fluorescence (Figure 1B, left) except rare auto-fluorescent cells (Figure S1A). However,
119  ¢d79a:GFP, c¢d79b:GFP, and Ick:GFP epidermis (Figure 1B, right three columns) were all
120  fluorescent. Confocal imaging revealed GFP', ~10um lymphocytes, some with cytoplasmic
121 protrusions (Figures 1B red-boxes, S1A yellow-boxes), confirming these findings. 3-Dimensional
122 confocal microscopy movies of scales display fluorescent cells from various perspectives (Figure
123 S1B).

124  Identifying epidermal lymphocytes

125 We next analyzed fluorescent cells from scales of these and two additional transgenic
126  lines: dual-transgenic Ick:GFP;rag2:hMYC fish have lymphocytosis and eventually develop acute

182627 we also tested Ick:xmCherry fish (gift from the Zon laboratory,

127  lymphoblastic leukemias;
128  Harvard University). We identified lymphoid gates®® by forward- and side-scatter (Figure 2A)

129  and detected fluorescent epidermal cells from each line (Figure 2B). B-labeled lines (cd79a:GFP,

130  ¢cd79b:GFP) exhibited GFP" and GFP" populations, (Figure 2B, upper-histograms). T-labeled
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131 Ick:GFP (+/- rag2:hMYC) and Ick:mCherry scales had only GFP°/mCherry”® cells (Figure 2B,
132  lower-histograms). Transgenic human MYC (hMYC) did not alter GFP intensity, but slightly
133 increased GFP" cells/scale (quantified subsequently).

134 To confirm cell identities, we measured B- (pax5, cd79b, ighm, ighz), T- (cd4, cd8, Ick),
135 and lymphoblast- (igic1s1, rag2) transcripts by gqRT-PCR (primers in Supplementary Table 1).
136 GFP'cells (GFP'°+ GFPhi) of both cd79 lines expressed B-lineage mRNAs, unlike GFP*/mCherry”
137  cells of Ick fish (Figure 2C, top). Thus, both cd79 lines label the B-lineage, further proving that B
138  cells reside in zebrafish epidermis. Oppositely, Ick lines’ fluorescent cells expressed T-lineage
139  genes, unlike both cd79 lines (Figure 2C, middle), demonstrating T cells also populate scales.
140  Both cd4 and cd8 were detected in Ick:mCherry scales, indicating both Ty and CTL are present.
141 However, cd8 was not detected in Ick:GFP scale cells, suggesting a difference between the Ick
142  lines. Scale lymphocytes lacked rag2 (Figure 2C, bottom), implying they are mature B and T cells.
143  However, we detected igic1s1 (which we previously postulated to be a pre-B surrogate Ig light
144  chain®') in epidermal B cells of both cd79 lines. This may reflect residual mRNA in mature B cells,
145  or that our prediction is erroneous. Regardless, these data demonstrate Ty, CTL, and B cells
146  each reside in zebrafish epidermis.

147  Single-cell profiles reveal multiple epidermal lymphocyte types

148 We next analyzed GFP" and GFP" cells from cd79a and cd79b scales, thymus, and
149  marrow of the same fish via single-cell multiplex-qPCR, using orthologues that distinguish B, T,
150  and other mammalian leukocytes (Figure 3A).2%?”*? We tested 16 B- (pax5, cd79a, etc.) and 10

151  T-lineage (cd4, lat, etc.) transcripts, 17 lymphoblast (rag1, rag?2), leukocyte (/-plastin), erythroid
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152  (bal), or lymphocyte (bcl6a, id3, ets1) mRNAs, plus housekeeping (eeflalll/efla) and control
153  (GFP) genes (primers in Supplementary Table 2).

154 GFP" thymocytes of cd79a fish expressed B-lineage genes (pax5, cd79a, cd79b, ighm,
155  etc.), supporting bulk gRT-PCR results, and other B cell receptor (BCR)-related genes syk, lyn,
156  and bInk, but not T-lineage genes. Cells lacked rag1/2, but 10/22 expressed il7r, like pre-B
157 cells.®® We designated these GFP" thymocytes “pax5* mature B cells” (Figure 3A, 1%-column).
158 Unexpectedly, cd79a GFP" thymocytes had near-opposite profiles, with mostly T- rather
159  than B-lineage transcripts (Figure 3A, Z”d—column). Thus, unexpectedly, they are T cells.
160  Curiously, although GFP" in the cd79a:GFP background, these cells lacked cd79a mRNA and had
161  low-to-undetectable GFP transcripts. We postulate these cells transcribed cd79a and GFP
162  previously, but when FACS-purified, only scant GFP protein remains, explaining their GFP"

163  status. Notably, human T-lymphoblast cancers are occasionally CD79A***3¢

suggesting some T-
164  lymphoblasts may express CD79A. Alternatively, cd79a:GFP may imperfectly recapitulate
165  genuine cd79a expression. Regarding cd4 and cd8, most GFP® cells were immature cd4/cd8
166  double-positive (DP) or mature cd8 single-positive (SP), with only one cd4 SP cell (Figure 3B,
167  left).

168 We simultaneously analyzed scale lymphocytes. Scale GFP" cells were near-identical to
169  GFP" B-thymocytes (Figure 3A, 3" vs. 1%-columns), except ~32% (14/44) had detectable rag2,
170  suggesting recent Ig-recombination. Thus, some skin B cells are likely newly-immigrated. Unlike
171 GFP" thymocytes, which were mostly T-lineage (Figure 3A, 2™-column), GFP" scale cells (4™-

172 column) comprised several cell types: 50% (19/38) resembled GFP" thymocytes, but only SP

173 (cd4/Ty or cd8/CTL, not DP). Another ~37% (14/38) were highly unusual, with high levels of

10
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174  both B- (cd79b, lyn, bink, etc.) and T- (cd8, Ick, lat, etc.) lineage mRNAs. We designated these,
175  which express both BCR- and TCR-signaling pathway genes, as “Bi-Phenotypic” (BiP) cells (tan in
176  Figure 3A). Many also expressed ighm and/or ighz, and mpegl.1, another zebrafish B-lineage
177 marker.” However, BiP cells lacked other B-lineage genes (pax5, btk, syk, cd79a) that GFP"

3738 T4 further

178  scale/thymic B cells expressed, also dissimilar from previously-described BiP-ALL.
179  delineate BiP cells, we ranked GFP" scale cells using T (cd4/cd8) versus B (cd79b) transcripts
180  (Figure 3B, middle), resulting in ~29% BiP (tan), ~24% T (red), ~16% B (light blue), with ~32%
181  uncategorized (green). Plotting cd2 vs. cd79b yielded similar results (Figure S2A, upper plot). BiP
182  lymphocytes, which have not been reported previously, were also detected in other

"d_6™ columns, and subsequent figures).

183  populations (tan hashes in Figure 3A, 2
184 We also analyzed marrow lymphocytes. Like thymus and skin, marrow GFP" cells were
185  mostly B-lineage (Figure 3A, Sth—column), with little ragl (1/22) or rag2 (5/22), suggesting
186  mature B cells transcribe more cd79a (thus, they are GFPhi). Marrow GFP® cells differed from
187  GFP"° thymic/scale cells. In marrow, few GFP" lymphocytes (~14%) were T-lineage (Figure 3A,
188 6"-column); most cells (~81%) resembled other tissues’ GFP" B cells. Marrow GFP" vs. GFP" B
189  cell maturity also differed, with just ~23% of GFP" B cells rag1’/2* versus ~48% of GFP" B cells
190 (again showing B-precursors have lower cd79a and GFP). A two-gene index (/at for T, pax5 for B)
191  estimated marrow GFP" cells at 19% T, 67% B, with 3 unclassified cells (Figure 3B, right).
192  Plotting cd2 vs. pax5 was identical (Figure S2A, lower dot plot).

193 In summary, all cd79a GFP" lymphocytes exhibited unambiguous B-lineage profiles, but

194  GFP"° lymphocytes varied by tissue: GFP" thymocytes were DP or SP (mostly cd8'/CTL) T cells.

195  Marrow GFP" cells were ~81% B-lineage (~48% immature rag’) and ~14% T-lineage. Scale GFP®

11
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196  cells were most complex, comprising cd4” or cd8" SP T cells and mixed-lineage BiP lymphocytes.
197  Thymus and marrow also contained occasional BiP cells. To independently re-test these findings,
198  we next analyzed cd79b:GFP fish.

199 GFP" thymocytes of cd79b fish resembled cd79a thymic pax5* B cells (1*-columns of
200  Figure 3Cvs. 3A), but dissimilarly, ~24% were rag1® and/or rag2’. Two-gene analysis (rag2, pax5)
201  delineated these B-subtypes (Figure 3D, left). Unlike cd79a GFP"° thymocytes that were T-
202  lineage, cd79b GFP" thymocytes harbored two B-populations: immature (pax5/rag2*) and
203  mature (pax5'/rag2’; Figure 3C, Z”d—column), which were mutually-exclusive by two-gene
204  (rag2/pax5) analysis (Figure 3D, right). GFP" mature-pax5" cells expressed no ighz and much
205  higher ighm than GFP" immature-pax5 B-thymocytes, which transcribed ighm and ighz
206  similarly. The immature pax5/rag2” population was clearly B-lineage, highly expressing Ig-
207  variable genes (igicls1, igiv2s1_2), and lIg-constant (ighm, ighz), cd79b, lyn, bink, and mpeg1.1
208  transcripts. However, they also resembled cd79a BiP cells that were pax5/cd79a and
209  expressed ighm and/or ighz and cd8. Finally, like GFpP" B-precursors, they exhibited high rag2,
210 rasa4, gata3, il7r and myc orthologues. We speculate these cells are nearing B-lineage
211 commitment, silencing non-B genes and initiating lg-rearrangement.

212 GFP" cd79b scale cells (Figure 3C, 3rd—column) matched GFP" cd79a scale B cells (Figure
213 3A, 3"-column) and GFP" cd79b thymocytes (Figure 3C, 1-column), but as in cd79a fish, GFP"®
214 scale cells (Figure 3C, 4™-column) had multiple populations: (1) mature-pax5* B cells (identical
215  to thymic GFP" pax5” B cells), (2) pax5 B cells (different from thymic pax5 B cells, with higher

216  cd4, mpegl.1, absent bal, and low-to-absent ighm, ighz, and other Ig mRNAs), (3) T cells

12
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217  (resembling cd79a GFP" scale cells), and (4) BiP cells resembling cd79a GFP"° scale BiP
218  lymphocytes. A fifth unclassifiable group (¥19%) co-expressed low B-/T-lineage gene levels.
219 Marrow cd79b cells confirmed prior results, with >90% GFP" and >50% GFP" cells

220  having mature-pax5* B-profiles like those seen in thymus/scales (Figure 3C, 5-6™

columns).
221  Remaining GFP" marrow cells were pax5’, yet expressed other B-lineage genes. Unlike cd79a,
222 no marrow GFP"® cells were T-lineage in cd79b fish. Overall, most GFP" cells (198/214; ~93%) in
223  every tissue from both cd79-labeled lines were B-lineage; B-subtypes varied by tissue and
224  genotype. Another ~7% (16/214) showed BiP features. Both lines’ GFP" cells were more
225  complex, containing B, T, and BiP cells; subtypes (e.g., pax5" vs. pax5’) also varied by tissue and
226  genotype. We also analyzed GFP cells. Many were not convincingly lymphoid, although some
227  GFP B, T, and BiP cells were detected (Figure S2B).

228  Single-cell profiling double-transgenic fish

229 We next bred cd79a:GFP to Ick:mCherry fish to make double-transgenics that resembled
230  both parental lines (compare Figures 4A and 1A). From these, we purified four populations:
231 P1—GFP"/mCh’ P2—GFP"/mCh"; P3—GFP/mCh"; P4—GFP/mCh'"®; abundance varied by
232 tissue (Figure 4A, Table 1). sc-qPCR revealed multiple profiles (Figure 4B). P1 was exclusively B-
233  lineage in every tissue. P2 resembled cd79a GFP" thymocytes, with two differences: (1) DP cells
234 were absent (versus 23% of cd79a GFP" thymocytes; Figure 3B vs. S3A) with most being SP
235  cd8'/CTL. (2) Few P2 cells were gata3’, versus 68% of cd79a GFP® thymocytes. Mammalian T2,
236 invariant NK/T2 (iNKT2), and innate lymphoid cell-2 (ILC2) cells express GATA3, perhaps

237 explainingthis.”'40

13
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238 GFP" thymocytes that differed by mCherry level (P3, mChhi; P4, mCh'°) were both
239  primarily T-lineage, resembling P2. Many P2-P4 thymocytes also expressed B-lineage transcripts
240  (cd79b, syk, lyn, bink), like BiP cells (Figure 4B, thymus P2-P4 columns. Scale and marrow P2-P4
241  mimicked thymic P2-P4, with many cells also having BiP-profiles (Figure 4B, scale/marrow P2-P4
242  columns).

243 We also analyzed Ick:GFP fish, whose thymic fluorescence resembled Ick:mCherry
244  (Figure 4A, 4C). Thymi had large GFP" and smaller GFP® fractions, but unlike mCherry
245  scales/marrow that contained both mCh" and mCh" cells (Figure 4A), Ick:GFP scales/marrow
246  contained no GFP" cells (Figure 4C). By sc-qPCR, Ick:GFP GFPP thymocytes had strong T-
247  signatures, like P4 (mCh'°) thymocytes (Figure 4D 1%-column vs. 4B 4th—column). However, ~80%
248  were ragl’/2", versus no thymic P4 cells. These rag® cells had BiP features, expressing Ig
249  (igicls1, igiv2s1 2, ighm, ighz), BCR (cd79b, syk, lyn, bink), and other B-lineage genes (e.g.,
250 mpegl.1; Figure 4D), but none expressed cd4 and only ~14% cd8, implying GFP" thymocytes
251  are T-progenitors just initiating TCR recombination. Conversely, most GFP" thymocytes
252 expressed cd8 and/or cd4 (~44% DP, ~41% cd8'SP, ~6% cd4'SP; Figure S3B), rag1/2, and other
253 T-genes; 30% showed BiP features (Figure 4D, 2"-column). We anticipated scale GFP" cells
254  would resemble P4. Instead, they exhibited three profiles: 38% were GFP'°thymic BiP cells, 50%
255 T-lineage (like P4), and 12% B-lineage (Figure 4D, 3™-column). Marrow GFP" cells were similar
256 (45% BiP, 42% T, 10% B; Figure 4D, 4™-column).

257 Comparing both lines, we draw five conclusions: (1) P1 is B-lineage. (2) P2-P4 are largely
258  T-lineage, with P2 (mChhi), P3 (also mChhi), and P4 (mCherry'“) all containing BiP lymphocytes. (3)

259  Surprisingly, T-lineage cells are more uniform in dual-transgenic (mChIo and mCh" cells in every
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260  tissue) than Ick:GFP (GFPhiceIIs only in thymus). Cell profiles in Ick:GFP a lso varied more. (4)
261  Like preceding genotypes, B and T lymphocytes are abundant in epidermis. (5) Reproducibly,
262  BiP cells are found in every tissue and genotype.

263  Epidermal lymphocyte quantification

264 Defining cell subtypes and frequencies allowed lymphocyte quantification post-biopsy,
265  via extrapolated identities from gene expression profiles (GEP; Figures 3-4). cd79a:GFP scales
266  had ~40 GFP" (84% B-lineage, 16% BiP; Figure 3A) and ~58 GFP® (50% T, 37% BiP, 8% B)
267  cells/scale (Figure 5A, Table 2). cd79b:GFP scales had ~6 GFp" (100% B; Figure 3C) and ~29
268  GFP" (50% B, 22% T, 9% BiP) cells/scale. We also tested IgM1:GFP (which labels ighm" B cells)
269  scales,™ finding ~10 GFP* B cells/scale, less than cd79 fish, where both Ig-lineages express GFP.
270 Ick:GFP scales (Figure 5B, Table 2) had no GFP" and ~63 GFP" cells/scale (50% T, 38% BIP,
271  12% B; Figure 4D). We also analyzed Ick:GFP in casper (lacking melanophores and iridophores‘u)
272 and hMYC backgrounds. Casper scales had no GFP" and ~58 GFP" cells/scale, comparable to
273 WIK Ick:GFP. hMYC scales resembled WIK Ick:GFP, with no GFP" and ~95 GFP" cells/scale (43%
274 T, 32% BiP, 15%B; Figure S3C). A rag2 promoter drives hMYC, and ultimately induces ALL>*?"*
275  Scales of this genotype had more lymphocytes, but we exclused fish with ALL, and the ~50%
276  increase (95 vs. 63) was statistically insignificant. Excluding hMYC fish, we recovered an average
277  of ~64 lymphocytes/scale from the cd79 and Ick genotypes analyzed (Table 2).

278  Lymphocyte scRNAseq

279 We next performed scRNAseq on GFp" thymocytes and GFP" scale/marrow cells from

280  Ick:GFP fish. After QC, we obtained 1,890 cell GEPs, which clustered into 13 populations (0-12;

281  Figure 6A; analysis details in Supplemental Material). To identify groups, we examined T-/B-
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282 /NK-lineage defining genes,?®*™*

plus our sc-qPCR data (Supplementary Table 2 genelist). We
283  also examined ILC-genes, but found little expression. UMAP demonstrated the lower cluster
284  group (Populations 3, 5, 6, 8, and 10) was near-exclusive to thymus (Figures S4C-D), suggesting
285  these are immature T cells. Only Population 12 in this lower group (black in Figures 6A, S4A)
286  contained appreciable non-thymocytes, with >1/3 marrow-derived (Figure S4C-D). Relative
287  enrichment scores were to build violin plots, showing Population 3 with the strongest T-lineage
288  profile (dark-green in Figure 6A). Like Population 3, other thymus-derived clusters (Populations
289 5,6, 8, 10) had high rag1/2, Ick, GFP, and other T-lineage transcripts (Figure S4B). Populations 3,
290 5, 6, and 8 contained cd4’/8" DP cells, while Population 10 was DN ragl/gata3’. Only
291  Population 8 had little i/7r. Mammalian DN4 and DP T-lymphoblasts down-regulate IL7R,
292  arguing thymic-derived Populations 3, 5, 6, and 10 are likely immature T cells of these stages,
293  with Population 8 being an earlier developmental stage.46 A key feature differentiating
294  Populations 5, 6, and 8 was cell-cycle stage: Population 8 was near-entirely S-phase, Population
295 5 was G,/M, and Population 6 contained Go/Gy, S, and G,/M cells.

296 Population 12 (black cluster in Figure 6A) showed a violin plot B-signature, was
297  cd4/8/rag, and from only thymus and marrow (Figures S4C-D). Population 12 cells also
298  expressed myeloid markers like spilb, cepba, and fcerlgl (Supplemental Table 3). Comparison
299 to human genesets by over-representation analysis (details in Supplemental Material)
300 corroborated this, suggesting Population 12 contains primarily myeloid/dendritic cells.

301 Most upper UMAP clusters (Populations 0, 1, 2, 4, 7, 9; Figure 6A) were seen in all three

302 tissue types, including scales (Figure S4C-D), with only Population 11 absent in scales.

303  Populations 0 and 1 (light- and dark-blue) had violin plot T-lineage signatures and were either
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304  ¢d4'SP (the majority) or cd8'SP (the minority; Figure S4B). Population 7 (dark-orange) likewise
305 contained rag  mature cd4® SP or cd8" SP T cells. Populations 2 and 4 (light-green and pink,
306  Figure 6A) were large clusters in the upper UMAP group, most abundant in scales (Figure S4C).
307 Their violin plots indicated B-signatures (Figures 6A, S4D), but many B-specific markers (i.e.,
308 ¢d79) were not detected by scRNAseq, except syk (both populations) and lyn (primarily
309  Population 4; Figure S4B). Much of Population 4 expressed nkl.2 (a human GNLY orthologue;
310  Figure S4B) suggesting it may contain NK cells. Violin plots for Population 4 support this. Over-
311  representation analysis of Population 2 and 4 markers and human genesets indicate both
312  contain NK cells, with Population 2 cells being id3".

313  As noted, Population 11 (brown, Figure 6A) was absent in scales (Figure S4C) and rare overall.
314  Some cells were faintly cd4’/8" DP, but violin plots were inconclusive. Cluster-specific markers
315 egr2b, cebpd, and Icp2a, and high cd63 levels indicate Population 11 likely includes
316  granulocytes (Supplemental Table 3), which over-representation analysis with human genesets
317  corroborated. Finally, Population 9 cells (purple, Figure 6A) were rare and nearly scale-exclusive
318  (Figure S4C). They were cd4/8 and ragl /2, with high syk and il7r (Figure S4B). Over-
319 representation analysis indicated Population 9 correlated with NK/NKT cells, and this cluster
320 had many differentially-expressed NK-lineage genes (sla2, cebpb, socsla, etc.; Supplemental
321  Table 3). Population 9 resembles Populations 2 and 4, with higher il7r being a key difference
322  (Figure S4B).

323  Lymphocyte DXM-sensitivity

324 To functionally test epidermal lymphocytes, we used DXM,*” which depletes mammalian

47,48

325 lymphocytes. We serially-biopsied fish pre-/post-10d of treatment, analyzing by microscopy
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326  and FACS. To exclude potential biopsy-induced inflammatory effects, we alternated flanks for
327  pre-/post-treatment sampling and also serially-biopsied untreated fish.

328 Following DXM, microscopic fluorescence declined ~50% in cd79a and cd79b fish (Figure
329  7A-B, upper-rows), with ~85% fewer GFPhi/GFPIo scale cells by FACS (Figures 7A-B, lower-rows).
330  Ick:GFP fish exhibited ~20% fainter thymic fluorescence and ~70% fewer scale GFP" cells (Figure
331 7C). Ick:mCherry and double-transgenic (cd79a:GFP/cd79b:GFP + Ick:mCherry) fish yielded
332 similar results (Figure 7D-F). Untreated controls had non-significant differences in all
333  parameters (Figure S5A-S5C). We conclude DXM depletes zebrafish epidermal lymphocytes, as
334 in mammals.””*

335 Lymphocyte phagocytosis

1921 3nd many cells were mpeg1.1* (Figures 3-

336 Zebrafish mpeg1.1” B cells are phagocytic,
337  4), so we performed bead-ingestion assays (Figure 8A-C)."® cd79a GFP" marrow (81% B; ~38%
338 mpegl.1"; Figure 3A) and cd79b GFP" thymic/scale (93-100% B, >84% mpeg1.1*; Figure 3C) cells
339  had substantial (22-35%) phagocytosis. In Ick:GFP fish, GFP" cells from every tissue and GFP"
340 thymocytes were highly phagocytic also (26-32% and 59%, respectively). To compare cell types,
341  we categorized groups as B, T, or mixed (B, T, and/or BiP cells) based on prior sc-qPCR. While

342  every category showed phagocytic activity, we saw no significant differences (Figure 8C). Thus,

343  many zebrafish lymphocytes—including those in epidermis—are phagocytic.
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344  Discussion:
345 Unlike zebrafish, mammalian epidermal lymphocytes are well-described.'™ Studies in

21,49-51 .
’ and can also inform cutaneous

346  fish have discovered new molecules and cell types,
347  immunity. Here, we provide the first thorough description of zebrafish epidermal lymphocytes.
348 Imaging transgenic fish scales identified epidermal fluorescent cells (Figures 1B, S1B). FACS
349  corroborated this, with GFPhi/GFPIo cells in cd79:GFP scales and GFP"® cells in Ick:GFP scales
350 (Figure 2B). qRT-PCR showed GFP' cells in cd79 lines are B-lineage and GFP'°/mCherryIo cells in
351  Ick:fluorophore fish are T-lineage (Figure 2C).

352 Single-cell gRT-PCR of lymphocytes from cd79a tissues revealed heterogeneity, with
353  most GFP" cells B-lineage, but GFP" profiles varying, especially in scales. BiP cells that express
354  T-/B-lineage transcripts equally were detected in all tissues, being most abundant in epidermis
355  (Figure 3A). Their lower frequency in lymphopoietic organs argues they are not lymphoid
356  precursors, and warrants future investigation of this novel population.

357 Results in cd79b fish further clarified cell identities: First, immature and mature thymic
358  B-populations were each detected (Figure 3C). Second, all tissues contained B-lineage GFP"
359  cells lacking pax5, plus other differences from pax5' B cells. Our data expand upon a prior cd79
360  study,’ which noted GFP” lck* marrow cells (here, GFP"), but did not examine them. Thus, the
361  B-fraction schema® they proposed omitted populations newly described here. Our discovery of
362 T and BiP cells with low cd79a/b levels further expands both lines’ utility.

363 We also examined well-characterized lck:GFP fish™*8%52 praviously, we found GFP®

364  B-ALL in these™®*®? indicating GFP"° cells were B-lineage, but here GFP" thymocytes had

365 multiple identities, with individual skin/marrow GFP" cells having T-, BiP-, and B-GEPs (Figure
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366  4D). Thus, Ick expression, often considered T-specific, actually varies by tissue, and even within
367  tissues.

368 We also analyzed double-transgenic fish (Figure 4A-B). P1 (GFPhi—onIy) was uniformly B-
369 lineage and similar across tissues. P2 (GFP'°/mChhi) was chiefly T-lineage, but also contained BiP
370 cells in each tissue. P3 (GFP'/mChhi) was also primarily T-lineage, but despite no GFP-
371  fluorescence and undetectable cd79a, many P3 cells had BiP features, with high cd79b and
372  other B-lineage—including GFP—transcripts. P4 (GFP'/mCh'°) resembled P2 and P3, containing
373  both T and BiP cells, but unlike P2-P3, also harbored rare B cells.

374 Biopsies yielded ~60 lymphocytes/scale (Figure 5, Table 2). With ~700 scales and rapid
375  regrowth,?” twenty zebrafish scales can provide >10° lymphocytes. Exploiting this, we piloted
376  scRNAseq using Ick:GFP scale cells and lymphopoietic controls. GEP revealed 13 clusters (Figure
377  6A), with Populations 3, 5, 6 and 8 representing i/7r DN4/DP T-lymphoblasts, Population 4
378  exhibiting strong B- and NK-GEP, and Population 2 potentially harboring BiP lymphocytes
379  (Figures 6B, S4B, S4D). Expectedly, scRNAseq of Ick:GFP lymphocytes fails to answer many
380 questions, as this transgene does not label all lymphocytes, even when parsed into GFP" and
381  GFP" fractions. scRNAseq of cd79a, cd79b, and our novel double-transgenic lines will likely
382  resolve these issues.

383 Functionally, we tested DXM (which depletes mammalian lymphocytes),*”*®

quantifying
384 epidermal lymphocyte responses. All genotypes showed diminished fluorescence by

385  microscopy and decreased cell numbers by cytometry (Figure 7). Finally, we also demonstrated

386  phagocytosis by multiple lymphocyte populations (Figure 8).
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387 Overall, we describe new methodology to collect fish epidermal lymphocytes, and the
388 first comprehensive description of these cells, advancing zebrafish adaptive immunity modeling.
389  This will facilitate lymphocyte-based investigations, including longitudinal studies where serial-

390 sampling bolsters experimental design.
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1 Table 1: Cell population frequencies in cd79a:GFP + Ick:mCherry and Ick:GFP zebrafish.
cd79a:GFP + Ick:mCherry Thymus Scale Marrow
Total Lymphoid Gate cells 9,449 cells 7,157 cells 17,562 cells
Population 1 (GFP"/mCh) 10.0% 2.4% 18.2%
Population 2 (GFP'°/mCh") 14.1% 1.7% 0.4%
Population 3 (GFP/mCh") 32.8% 17.5% 2.2%
Population 4 (GFP/mCh') 1.2% 14.2% 2.6%
GFP/mCh cells 41.9% 64.2% 76.6%
2
Ick:GFP Thymus Scale Marrow
Total Lymphoid Gate cells 43,160 cells 8,176 cells 27,685 cells
GFP'° cells 5.7% 22.0% 6.2%
GFP" cells 24.4% 0% 0%
GFP" cells 69.9% 78% 93.8%
3
4  Table 2: Quantification of scale lymphocytes.
) ] ] WIK Casper Ick:GFP +
Genotype cd79a:GFP cd79b:GFP |IlgM1:GFP| Ick-GEP Ick-GEP rag2:hMYC
Fluorescence | GFP" | GFP'° | GFP" | GFP° | GFP* |GFP"|GFP |GFP"| GFP'° |GFP"| GFP'
B cells/scale 34 5 6 15 10 8 7 14
(84%) | (8%) |(100%)| (50%) | (100%) (12%) (12%) (15%)
T cells/scale 29 6 32 29 41
(50%) (22%) (50%) (50%) (43%)
. 6 21 3 24 22 30
BiP cells/scale | ;o0\ | (379) (9%) (38%) (38%) (32%)
hi lo
GFP™or GFP™ | /g ks34 10 6+1 |*29+9] 10+1 63+6 58+ 19 *95 + 16
cells/scale
Lymphocytes/ 98 35 10 63 58 95
scale

Average lymphocytes/scale (B, T, BiP) recovered after biopsy of different genotypes (totals are
extrapolated based on each cell type % in scales Figures 3-4, Supplemental Figure 3C). Totals are
means = S.E.M. * “Other cells” in Figures 3-4 and Supplemental Figure 3C are omitted, so totals
for some columns do not = 100% of total cells/scale.
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Figures

Figure Legends
Figure 1: Zebrafish lymphocytes in scale epidermis. (A) Light and fluorescent microscopy images
of wild-type (WT) or transgenic cd79a:GFP, cd79b:GFP, and Ick:GFP fish. Yellow circle denotes
thymic region. White bars = 2mm. (B) Top row: light microscopy images of single scales from each
fish in panel 1A. DAPI highlights nuclei concentrated in caudal, water-exposed region of scales.
Middle row: low-power confocal fluorescent images show GFP* cells in the epidermis of all three
transgenic lines. Bottom row: red-boxed regions in middle rows at high-power. White bars = 100

um in light microscopy, DAPI, and low-power confocal images or 10 um in high-power images.

Figure 2: Epidermal lymphocyte identities. (A) Flow cytometry work-flow showing example
lymphoid and GFP-, GFP'°, and GFP" gates in Ick:GFP fish. (B) Fluorescent microscopy images and
flow cytometry histograms of scale cells from B- (cd79a:GFP, cd79b:GFP) or T- (Ick:GFP, Ick:GFP +
rag2:hMYC, Ick:mCherry) labeled lines. Yellow ovals denote thymic region. White bars = 2mm. (C)
Bulk qRT-PCR of FAC-sorted GFP* cells from cd79a:GFP (n=2), cd79b:GFP (n=2), Ick:GFP (n=4), or
Ick:mCherry (n=3) fish (40 scales/fish) using B- (pax5, cd79b, ighm, ighz), T- (cd4, cd8, Ick), or
lymphoblast- (igic1s1, rag2) specific genes. Results normalized to housekeeping genes eeflalll

(efla) and rpl13a, shown as mean + S.D.

Figure 3: Single-cell gene expression profiles of lymphocytes from cd79-labeled fish. (A)
Transcript levels in GFP" and GFP'° populations from cd79a:GFP thymic, scale, and marrow cells
obtained using multiplex-gPCR. Labels at top list genotype, tissue, and GFP intensity of each

sample type. Inferred cell identities are below heatmaps with total cell number and percentage.
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Figures

Cell identifies are color-coded in legend below figure. (B) Dot-plots depicting expression levels of
genes listed on X- and Y-axes. Each dot is one cell from the heatmap in A. (C-D) Identical data
depictions as in A and B, with results for cd79b:GFP fish. Expression of eeflalll (efla; bottom
heatmap row) was used as a threshold to confirm wells contained amplifiable RNA. CT values

converted to Log,Ex for visualization of relative expression levels.

Figure 4: Single-cell profiles of lymphocytes from cd79a:GFP + IckzmCherry and Ick:GFP fish. (A)
Fluorescent microscopy images and flow plots of thymus, scale, and marrow from cd79a:GFP +
Ick:mCherry fish. Yellow oval denotes thymic region. White bars = 2mm. Populations 1-4 are
described in the main text. (B) Transcript levels in Populations 1-4 from each tissue (left, thymus;
middle, scale; right, marrow). Data depiction identical to Figures 3A and 3C. (C) Same format as
in A, with results for Ick:GFP fish. Propidium iodide (PI; Y-axis) used to verify viability. (D) Data
depiction identical to B, with transcript levels for GFP'° and GFP" cells. Black boxes in center (scale)

column indicate genes not tested.

Figure 5: Quantifying scale epidermal lymphocytes. FAC-sorted lymphocytes recovered post-
biopsy of (A) B- or (B) T-lineage labeled lines. WT scales (WIK genotype) were auto-fluorescence
controls. Bars indicate number of GFP" or GFP'" cells/scale. Each dot is one scale. Pairwise
comparisons to identify significantly different pairs of means were performed using Dunn’s test.

p-values: *<0.05, **<0.005, ***<0.0005, ****<0.0001.
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Figures

Figure 6: scRNAseq and lineage-specific gene signatures of Ick:GFP lymphocytes. (A) UMAP plot
of GFP* cells from thymus, scale, and marrow (merged) from Ick:GFP fish. Cluster analysis showed
13 populations; cell number for each is listed at right. (B) Violin plot distributions of T-, B-, and
NK-lineage single-cell gene signature scores for each cluster (estimated using Seurat and UCell).

Violin plots are color-coded according to UMAP and legend colors above.

Figure 7: Epidermal lymphocyte DXM responses. (A) cd79a:GFP, (B) cd79b:GFP, (C) Ick:GFP, (D)
Ick:mCherry, (E) cd79a:GFP + Ick:mCherry, and (F) cd79b:GFP + Ick:zmCherry fish before and after
10 days of continuous DXM immersion. Top panels: pre- and post-DXM fluorescent microscopy
images; fluorescence-integrated density histograms at right. Yellow ovals denote thymic region;
white bars = 2mm. Bottom panels: flow cytometry plots of biopsies pre- and post-DXM (5
scales/biopsy), with histograms of lymphocytes/5 scales at right. Gates, cells/gate, and % of total
cells are shown in flow plots. Three (A-D) or two (E, F) fish tested for each genotype. Repeated
measures two-way ANOVAs used Sidak’s multiple-comparison test. p-values: *<0.05, **<0.005,
**%<0.0005, ****<0.0001.

Figure 8: Phagocytosis by zebrafish lymphocytes. (A) Results for lymphocytes (GFP" or GFP'°)
from each tissue (thymus, scale, or marrow), with total cells tested and percent (+) for red-bead
ingestion. Brightfield images show example cells with >1 attached/internalized bead. Fluorescent
micrographs show merged GFP + red (bead) images. White bars = 10um. Red font indicates
samples with highest phagocytic activity. (B) Histograms of phagocytosis results in panel A,

grouped by predominant cell type. Asterisks denote samples labeled red in panel A. (C)
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Figures

75  Comparison of each cell type (B, T, or mixed B + T). Groups are based on single-cell expression
76  results in Figures 3-4.
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