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28  Abstract

29

30  The stepwise development of thymic invariant natural killer T (iNKT) cells is controlled by
31 the TCR signa strength. The scaffold protein Kinase D interacting substrate of 220 kDa
32 (Kidins220) binds to the TCR regulating TCR signaling. T cell-specific Kidins220 knock-out
33  (T-KO) mice contain severely decreased iNKT numbers. Very early in iNKT development
34  TCR signals are reduced in the T-KO. In later steps, TCR signaling is increased in the T-KO
35 leading to enhanced apoptosis of INKT cells. Kidins220's absence affects the iINKT1 subset
36  most as it requires the weakest TCR signals for development. We also show that in iNKT1
37 development, weak TCR signals promote the progressive loss of CDA4. In the periphery,
38  Kidins220 switches its role back to promoting TCR signaling as splenic T-KO iNKT cells
39  produce less cytokines and show reduced TCR signaling after in vivo stimulation with a-
40  gaactosylceramide. In conclusion, Kidins220 promotes or inhibits TCR signaling depending
41  on the developmental context.
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43 Introduction

44

45 T lymphocytes are a crucial part of the adaptive immune system. of3 T cells, which express
46  the aff T cell antigen receptor (TCR) to recognize foreign and pathogenic antigens, can be
47  further subdivided into conventional T cells, such as CD4" T helper and CD8" T killer cells,
48  and unconventional T cells, such as invariant natural killer T (iNKT) cells.

49  iNKT cells are innate-like o3 T cells expressing a limited set of TCRa and TCRp chains.
50  Unlike conventional T cells, iNKT cells react on threats almost immediately. One of their
51  main actions is the secretion of cytokines, such as interleukin 4 (IL-4), IL-17 and interferon-y
52 (IFN-y) (Lee et a., 2013; Yoshimoto and Paul, 1994; Bendelac, 1995; Godfrey et al., 2000;
53  Kronenberg and Gapin, 2002; Stetson et al., 2003; Crowe et al., 2003; Michel et a., 2007).
54  Hence, they are crucia for initiating and regulating immune responses. With their invariant
55 TCR they recognize a variety of glycolipids such as a-glucosyldiacylglycerol which
56 originates from the cell wall of several bacteria, e.g., S. pneumoniae. These glycolipids are
57 loaded onto and presented by the major histocompatibility complex | (MHC I)-like molecule
58 CD1d on antigen presenting cells (APCs) (Kinjo et al., 2011).

59 All T cells are generated in the thymus and depending on their TCR’s specificity they are
60 instructed to develop into conventional CD4" or CD8" T cells or among others into iNKT
61 cells. To be positively selected to become conventional T cells, the TCR of CD4" CD8"
62  (double positive, DP) thymocytes bind to peptide-loaded, classical MHC proteins present on
63  thymic epithelia cells (Robey and Fowlkes, 1994; Robey et al., 1990; Kaye et al., 1989;
64 Marusi¢-Galesi¢ et al., 1989; Teh et d., 1988; Kruisbeek et a., 1985; Wang et a., 2020). To
65  become positively selected to the INKT lineage, DP thymocytes carrying the Va14Ja18 TCR,
66  bind to glycolipid-loaded CD1d molecules which are expressed on DP thymocytes (Bendelac
67 etal., 1995; Colesand Raulet, 2000; Gapin et a., 2001). This binding generates a strong TCR
68 dignal that is required for iINKT cell selection (Moran et a., 2011). After selection, INKT
69 cells can develop aong one of three developmental routes and thereby become iNKT1,
70 iINKT2or iNKT17 terminally differentiated iNKT cells (Lee et a., 2013). The developmental
71 route taken depends on the INKT cell’s TCR signal strength (Tuttle et al., 2018). Strong TCR
72 dignals result in the preferential generation of INKT2 and iNKT17 cells. In contrast, weaker
73 signals promote the development of iINKT1 cells. Thus, genetic mutations affecting positive
74  regulators of TCR signaling and thereby reducing TCR signal strength, such as ZAP-70 (Hsu
75 et a., 2009; Sakaguchi et a., 2003), were shown to decrease iINKT2 and iNKT17 cell
76 numbers, whereas iINKT1 cell numbers were increased (Tuttle et al., 2018). Hence, iNKT2
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77  and INKT17 cells depend on strong TCR signals whereas iNKT1 cells rely on weaker
78  dignals.
79  Inmice, INKT2 cells express CD4 whereas iNKT17 cells do not. iINKT1 cells can either be
80 CD4" or CD4 (Lee et al., 2013). Interestingly, the CD4 and CD4" iNKT1 subsets fulfil
81  different functiona roleswith CD4 iNKT1 cells possessing more NK cell-like functions such
82  astumor killing, whereas CD4" iINKT1 cells express more proteins associated with helper T
83 cell functions like IL-4 (Georgiev et al., 2016). The signals that drive CD4" iNKT1 or CD4
84  INKT1 cell development remain unknown.
85  Directly after selection the developing iINKT cells are CD24" CD44 NK 1.1 and called stage
86  0cells (iINKTO). They develop through stage 1 to stage 2 cells. Stage 1 (CD24° CD44 NK 1.1
87 ) dready contains iINKT2 cells which are also found in stage 2 (CD24° CD44" NK1.1). In
88  stage 2 iINKT17 cells are also present. Stage 3 contains iNKT1 cells (CD24 CD44" NK1.1%)
89 (Benlagha et a., 2002; Bennstein, 2018). Thus, in the thymus all three subsets (INKT1,
90 iINKT2, iNKT17) are present as mostly resident and terminally differentiated cells (Hogquist
91  and Georgiev, 2020; Wang and Hogquist, 2018).
92  Since TCR signal strength directsiNKT cell development, it isimportant to gain more insight
93 into how this strength is regulated. We previously identified the scaffold protein Protein
94 Kinase D (PKD)-interacting substrate of 220 kDa (Kidins220), also called Ankyrin repest-
95 rich membrane spanning (ARMS), to bind to the TCR resulting in increased TCR signaling
96 (Deswal et a., 2013). Kidins220 is a large protein with four transmembrane regions with
97  both, N- and C-termini, reaching into the cytoplasm. It does not belong to the tetraspanin
98 family and has various protein-protein interaction domains, such as 11 ankyrin repeats, a
99  SAM domain, a proline-rich sequence and a PDZ-binding motif. Kidins220 is thought to act
100 asasignaling hub (Neubrand et al., 2012; Good et a., 2011). It was initialy discovered in
101 neurons, where it interacts with the nerve growth factor receptor (NGFR) and Neurotrophin
102 receptorslike Trk (Iglesias et al., 2000; Chang et al., 2004; Arévalo et al., 2004).
103  In the adaptive immune system, Kidins220 binds to the TCR in T cells and the B cell antigen
104  receptor in B cells. In both cases Kidins220 contributes to the activation of the MAP
105  kinase/Erk pathway by binding to B-Raf (Deswal et a., 2013; Fiaa et al., 2015). The
106  function of Kidins220 was studied in a murine T cell line by utilizing an shRNA-based
107 Kidins220 knock down (KD) (Deswal et al., 2013). Following TCR stimulation Erk and Ca?*
108  signaling were reduced in Kidins220 KD cells, athough TCR levels on the surface were
109 increased. This excluded the possibility of weaker signaling due to a reduced number of
110 TCRs. Consequently, after TCR stimulation Kidins220 KD cells were less activated, as seen
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111 by reduced production of IL-2, IFN-y and CD69. Hence, Kidins220 is an important positive
112 regulator of TCR signaling in vitro (Deswal et al., 2013).

113 Here, we gained insight into the function of Kidins220 in T cells in vivo. To this end, we
114  generated T cell-specific Kidins220 KO (T-KO) mice which showed strongly reduced iNKT
115  cell numbers. Anayzing the T-KO INKT cells, we found that in thymic development
116  Kidins220 first enhances TCR signals at the stage O selection step of INKT cells.
117 Surprisingly, Kidins220 then switches its function to reduce TCR signal strength in stage 2
118  and 3 INKT cells, thus preventing excessive apoptosis. In peripheral iINKT cells, Kidins220
119  again switchesits role to enhance TCR-mediated signaling in response to antigen.

120

121

122 Results

123

124  Absence of Kidins220 reducesiNKT cell numbers

125  To study the role of Kidins220 in iNKT cell development, we generated a T cell-specific
126  Kidins220 KO (T-KO) C57BL/6 mouse line. Mice with a floxed Kidins220 gene (Cesca et
127  a., 2011, 2012) were crossed with mice expressing the Cre recombinase under the proximal
128  Lck promotor (Orban et al., 1992; Hennet et al., 1995) which deletes floxed genes starting at
129  the double negative 2 (DN2) stage of thymocyte development (Shimizu et al., 2001; Shi and
130  Petrie, 2012; Fida et al., 2019). T-KO mice carry the floxed Kidins220 gene on both alleles
131 and LckCre, whereas control (Ctrl) mice carry at least one WT Kidins220 allele and LckCre
132 (Fig. 1A). A flow cytometric analysis of the spleens shows that T cell numbers were
133 diminished two-fold in T-KO compared to Ctrl mice, indicating that the T cell compartment
134  is affected by the absence of Kidins220. As expected, B cell numbers were unaffected in T-
135 KO mice (Fig. 1B).

136  To test whether unconventiona T cell numbers were also impacted by the loss of Kidins220,
137  we analyzed iNKT cells by staining with CD1d-tetramers loaded with PBS57, an analog of
138  a-Galactosylceramide (aGalCer). When bound to CD1d oGalCer (and PBS57) serve as
139  potent ligands for the INKT cell’sinvariant TCR (Brossay et al., 1998; Kawano et a., 1997).
140 Inliver, spleen and thymus, we found a reduction of INKT cell numbers in T-KO mice by 2-,
141 3- and 6-fold, respectively (Fig. 1C), suggesting that iINKT cell development is hampered in
142 the absence of Kidins220.

143 During thymic development, iINKT precursor cells are selected by DP thymocytes presenting
144  glycolipid-loaded CD1d molecules (Bendelac, 1995; Coles and Raulet, 2000). We found that
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145 CD1d levels were reduced by 1.2-fold in DP thymocytes of T-KO mice compared to Ctrl
146 mice (Fig. S1A), while CD4 and CD8 levels showed no differences, indicating that there was
147  not a genera reduction in surface protein levels (Fig. S1B). The lower CD1d expression on
148  DP cells could have caused a reduced selection of iNKT cells, since the latter need strong
149 TCR signals for positive selection (Moran et a., 2011). To test whether the reduced CD1d
150 expression could be the reason for inefficient INKT cell development in T-KO mice, we
151  generated bone marrow chimeras, for which equal amounts of bone marrow cells from
152  CD45.1" WT mice were mixed with CD45.2" Ctrl or CD45.2" T-KO bone marrow cells and
153  injected intravenously into irradiated C57BL/6 RagZ"' (Rag2 KO) mice. In this setup,
154 CD45.2" T-KO iNKT precursor cells have access to normal amounts of CD1d molecules on
155  the surface of CD45.1" WT DP thymocytes. After eight weeks we analyzed iNKT cellsin the
156  recipient thymi. When WT cells were co-injected with Ctrl cells, the percentages of iNKT
157  cells were almost the same in the WT CD45.1" and Ctrl CD45.2" populations (Fig. 1D, upper
158  panel). However, after reconstitution with CD45.1" WT and CD45.2" T-KO bone marrow
159  cells, the thymic T-KO iNKT cells showed a reduction of about 2-fold compared to the WT
160 cells (Fig. 1D, lower panel and Fig. S1C). Hence, the decrease of iNKT cell numbers in T-
161 KO mice was an iNKT intrinsic effect, since it could not be rescued once T-KO cells had
162  access to sufficient amounts of CD1d during devel opment.

163

164  Kidins220 enhances T cell activation and TCR signaling in splenic iNKT cells

165  Next, we analyzed, whether Kidins220 plays a role for the execution of iNKT cell effector
166  functions in the periphery. Since iNKT cells are a mgjor source of early IL-4 and IFN-y
167  production after aGalCer challenge, we analyzed the production of these cytokines by splenic
168  INKT cells 2 hours after intraperitoneal (i.p.) aGalCer injection. By intracellular flow
169  cytometric staining we found that the percentage of iINKT cells producing IL-4 or IFN-y were
170  reduced in T-KO compared to Ctrl mice (Fig. 2A and S2A). Further, the MFl for both
171 cytokines was reduced in the cytokine-producing cells from T-KO mice. Injection of buffer
172 aone did not lead to detectable cytokine production. Thus, T-KO iNKT cells were less
173 activated than Ctrl iNKT cells upon TCR stimulation. This is in line with reduced TCR-
174 mediated T cell activation in a conventional T cell line in which Kidins220 expression was
175  downregulated (Deswal et d., 2013).

176  Less production of IL-4 and IFN-y could be due to reduced signaling via the iNKT cells
177  TCR. Nur77 is expressed after TCR engagement, thus reporting on TCR signa strength
178  (Moran et al., 2011; Cruz Tleugabulova et al., 2016; Kumar et al., 2020). We found that
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179  aGalCer-treated T-KO mice had 60%, whereas Ctrl mice had 81% Nur77" iNKT cells in the
180  spleen (Fig. 2B), and that the Nur77 expression levels in iINKT cells had the tendency of
181  being lower in T-KO compared to Ctrl. This indicates that in splenic iNKT cells the absence
182  of Kidins220 reduces TCR signaling. Indeed, diminished TCR signaling in T-KO iNKT cells
183  would aso explain the reduced CD69 expression levels following aGalCer challenge in vivo
184  (Figs. 2C and S2B).

185  Splenic T-KO iNKT cells expressed 1.1-fold higher TCR levels compared to the Ctrl iNKT
186  cells as detected by an anti-TCRp stain. The same held true when separating total iNKT cells
187 into NK1.1" and NK1.1" iNKT cells (Fig. 2D). This is consistent with findings that a
188  downregulation of Kidins220 in a mature conventional T cell line led to slightly increased
189 TCR levels (Deswal et al., 2013), and excludes that less TCR signaling in the absence of
190  Kidins220 was dueto lower TCR levels.

191  In conclusion, Kidins220 promotes TCR signaling in peripheral iNKT cells. Thisisin line
192 with its binding to the TCR and the kinase B-Raf in a conventional T cell line (Deswal et al.,
193 2013).

194

195 Development of T-KO iNKT cdls is impeded in T-KO mice, with strongly reduced
196  iINKT21 numbers

197  Reduced iNKT cell numbers in T-KO mice might originate from an inefficient development
198  of these cells in the thymus. To elucidate INKT cell development, we analyzed thymic iINKT
199  cells (CD1dt" TCRB") from Ctrl and T-KO mice by flow cytometry. These cells were
200 divided into the established stages 0 and 1 (stage O + 1, CD44" NK1.1), stage 2 (CD44"
201 NK1.1) and stage 3 (CD44" NK1.1"; Fig. 3A). Further, stage 0 was assessed separately
202 (CD44 CD24"; Fig. 3B). Similar total iNKT cell numbersin stage 0 + 1 and in stage O alone
203  were detected in T-KO and Ctrl mice. In sharp contrast, stage 2 and 3 cell numbers were
204  reduced in T-KO mice, with stage 3 cells being affected the most (Fig. 3A). This reduction
205 ledto apercentwise increase of cellsin stages 0 and 1 and a decrease in stage 3. Furthermore,
206 CCR7"iNKT precursor cells (Wang and Hogquist, 2018) were equal in numbers in Ctrl and
207  T-KO mice (Fig. 3C), being in line with equal stage 0 numbers.

208  The strong reduction of stage 3 iINKT cell numbers suggested that iINKT1 cell numbers were
209 reduced. The iNKT1 cells express the transcription factor Thet and are either positive or
210  negative for CD4. The iINKT2 cells are Thet' CD4", whereas iNKT17 cells are Thet” CD4
211 (Lee et al., 2013). Indeed, numbers of iINKTL1 cells were reduced in T-KO mice 10-fold,
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212 iNKT2 cell numbers 2-fold and iNKT17 cell numbers were unchanged (Fig. 3D). This shows
213 that the absence of Kidins220 strongly interferes with iNKT1, slightly with iNKT2 and not
214  with iNKT17 development. Numbers of both CD4™ and CD4 iNKT1 cells were reduced;
215  with CD4 iNKT1 cells being affected stronger (Fig. 3D). Using CD122 as an alternative
216  strategy to identify iNKT1 cells (Georgiev et al, 2016), we aso saw a strong reduction of
217  these céllsin the absence of Kidins220 (Fig. S3).

218 Since iINKT1 (NK1.1" CD44") cells showed the strongest reduction, we subdivided those
219  cellsinto iINKT1a, b and c subsets based on Sca-1 and NK1.1 expression (Baranek et al.,
220  2020). iNKT1a cell numbers were only slightly reduced in T-KO mice. (Fig. 3E). However,
221  there was a strong reduction of iNKT1b and iNKT1c cell numbers, indicating that the partial
222 developmental block might occur at the transition from iINKT1ato iNKT1b in T-KO mice.
223 Sincetheratio of CD4" to CD4 iNKT1 cells was larger in T-KO mice (Fig. 3D), we tested at
224  which stage the CD4" iNKTL1 cells would be reduced. In Ctrl mice, there were 4 times and 2
225 times more CD4" than CD4 iNKT1a and iNKT1b cells, respectively (Fig. 3E). This was
226 unchanged in the T-KO mice. In Ctrl mice CD4" cells seem to “catch up” at the iINKT1c cell
227  subset, since there were equal numbers of CD4" and CD4 cells. However, in T-KO mice
228  there were still more CD4" than CD4 iNKT1c cells. Thus, the loss of Kidins220 interferes
229  with the later stages of INKT1 development, and hinders CD4" iNKT1c cellsto develop.

230

231 T-KO iNKT cells are more susceptible to apoptosis and show higher proliferative
232 activity

233 In the absence of Kidins220, iINKT cell numbers were increasingly reduced the further they
234  progressed in development. Hence, we tested whether iINKT T-KO cells exhibit increased
235  apoptosis. To this end, thymocytes were cultured overnight ex vivo and subsequently stained
236  to visuaize active Caspase 3/7 by flow cytometry. In thymi of T-KO mice about 4 times
237  more iNKT cells were apoptotic compared to Ctrl mice (Fig. 4A), which was further
238 confirmed by AnnexinV staining (Fig. S4A). As seen by 7-AAD staining, thymic T-KO
239  iINKT cdls contained higher percentages of dead cells than the ones of Ctrl mice (Fig. $4B).
240  Inline with the strongest reduction of NK1.1" stage 3 iNKT cell numbers in T-KO mice (Fig.
241 3A), the increase of apoptosis (T-KO vs Ctrl) was stronger in NK1.1" iNKT cells compared
242  to the one of NK1.1 iNKT cells (Fig. 4B). In general, apoptosis was more prominent in
243  NK1.1 iNKT cells compared to NK1.1" iNKT cells and this is in line with previous studies
244  (Luetal., 2019).
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245  The anti-apoptotic protein BCL2 was expressed to the same levels in Ctrl and T-KO iNKT
246 célls (Fig. $4C), suggesting that reduced BCL2 was not the cause for enhanced apoptosis in
247  T-KO iNKT cells. Indeed, besides BCL2 (Yao et al., 2009), BCLx. was aso shown to be
248  important for cell survival during iNKT cell development (Egawa et a., 2005), and this might
249  have been altered in the T-KO cells.

250  To test for INKT cell proliferation in vivo, we injected BrdU i.p. into T-KO and Ctrl mice.
251 Since BrdU incorporates into the DNA during DNA synthesis, the proliferated cells can be
252 visualized by flow cytometry using anti-BrdU antibodies. Unexpectedly, T-KO iNKT cells
253  had proliferated more compared to the Ctrl cells (Fig. 4C). This held true for NK1.1" and
254  NKL.1"iNKT cells.

255  In conclusion, Kidins220-deficient thymic iNKT cells proliferated more, but also were more
256  proneto apoptosis than the Citrl cells. And the latter might explain the reduction of iNKT cell
257  numbersin T-KO mice.

258

259 TCR signaling isreduced in stage 0 thymic T-KO iNKT cells and elevated in stage 2 and
260 3 T-KOINKT cdls

261  Enhanced proliferation and apoptosis in thymic T-KO iNKT cells could be caused by
262  stronger TCR signaling during development and this can be measured by CD5 surface
263  expression that correlates with the TCR signal strength (Azzam et al., 1998, 2001). Indeed, in
264  total iINKT cells from T-KO mice we found elevated CD5 levels of about 1.4-fold compared
265  to the ones from Ctrl mice (Fig. 5A). Interestingly, CD5 expression levels on the different
266  INKT stages is differentially affected by the absence of Kidins220: at stage O the CD5 levels
267  were reduced in the T-KO, at stage 1 the levels of Ctrl and T-KO cells were similar and at
268  stages 2 and 3 the CD5 levels were increased in the T-KO cells. Elevated CD5 expression
269  was preserved in peripheral NK1.1" and NK1.1 iNKT cells from the spleen (Fig. 5B).

270  As Nur77 expression levels can also be used to quantify TCR signal strength (Moran et al.,
271 2011), we analyzed the percentage of Nur77" iNKT cells in the thymus. In the total iNKT
272 population there were three times more Nur77* iNKT cells in T-KO mice compared to Ctrl
273 mice (Fig. 5C). Consolidating the CD5 data, we again detected alower (stage 0), equal (stage
274 1) and higher (stages 2 and 3) percentage of Nur77" T-KO cells compared to Ctrl cells (Fig.
275  5C). In stage 3 the largest increase of Nur77" in the T-KO cells was found (namely 4-fold
276  compared to Ctrl). Nur77 expression levels in the cells as quantified by the MFI revealed the
277  sametrend (Fig. 5D).
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278  Strikingly, these data suggest that Kidins220 enhances TCR signaling in thymic stage O iNKT
279  cellsbut reduces TCR signaling at stages 2 and 3.

280 Thischangein TCR signaling might be due to atered TCR expression levels. Indeed, in total
281  INKT cells we detected increased TCR levels in the T-KO cells (Fig. 6A). In stage 0 TCR
282  levels were lower, in stage 1 equal and in stages 2 and 3 higher in the T-KO compared to the
283  Citrl. The higher levelsin stages 2 and 3 are in line with increased TCR levels of T-KO iNKT
284  cells in the spleen (Fig. 2D) and in a T cell line where Kidins220 expression was
285  downregulated (Deswal et al., 2013).

286  Increased TCR levels correlated with increased binding of the TCR's ligand CD1dt to the
287 INKT cells (Fig. 6B). Since more surface TCR on iNKT cells might lead to more TCR
288  signaling (Tuttle et al., 2018), the enhanced CD1d binding we detected in the T-KO stage 2
289  and 3 cells might contribute to the stronger TCR signals observed in Figure 5, causing more
290  apoptosisin those iNKT cells (Fig. 4).

291

292

293  Discussion

294

295  Here, we show that the T cell-specific KO of Kidins220 leads to a severe reduction of iNKT
296 cell numbers, whereas the number of conventional T cells is only slightly reduced.
297  Surprisingly, Kidins220 switches its role twice in iNKT cell biology: from promoting TCR
298 dSignaling in the selection of DP thymocytes to the iNKT lineage, to inhibiting signaling
299  during iNKT cell development limiting TCR signal strength and alowing iNKT1 cells to
300 develop, and back to promoting TCR signaling in peripheral iNKT cells (Fig. 7).

301  During the development of iINKT cells, the TCR signal strength progressively decreases from
302 developmental stage O to stage 3 (Lu et al., 2019; Moran et a., 2011). Like others (Moran et
303 a., 2011; Azzamet a., 1998; Lu et a., 2019; Cruz Tleugabulova et a., 2016), we have used
304 CD5 and Nur77 expression as readouts for TCR signa strength to evaluate the role of
305 Kidins220 in iNKT cell development. In stage O, the TCR signal is lower in T-KO cells
306 compared to Ctrl, suggesting that Kidins220 is a positive regulator of TCR signaling (Fig. 7).
307 This is in line with data derived from a murine T cell line in which TCR signaling was
308 reduced when Kidins220 was knocked down (Deswal et al., 2013), and from cardiovascular
309 and neurological systems, where Kidins220 positively couples several receptors to
310 intracellular signaling (Arévalo et al., 2004). However, although strong signals are required
311  for iNKT positive selection (Dutta et a., 2013; Seiler et al., 2012; Moran et al., 2011), we did
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312 not find reduced cell numbers in stage 0 in T-KO mice. Most likely, the lower signals were
313  dtill above athreshold required for the DP cells to be selected to the iINKT lineage.

314 TCR signa strength also steers development of the selected iINKT cells into the different
315  subsets (INKT1, iNKT2 and iNKT17). iNKT1 cells, which require a weak TCR signal to
316  develop (Tuttle et al., 2018), were affected most by the T-KO being reduced 10-fold. Indeed,
317 remaining iINKT1 cells exhibited increased TCR signaling (CD5 and Nur77) (stage 3 cells are
318  mostly iNKTL1 cells) and enhanced apoptosis. We also found increased proliferation in stage
319  3iNKT cells (INKT1), but this obviously could not compensate for the enhanced apoptosis.
320 The generation of iINKT17 cells is promoted by TCR signals of medium strength and indeed
321  their cell numbers were similar in T-KO and Ctrl. The generation of iINKT2 cells benefits
322 from strong TCR signals and was slightly diminished (2-fold). As we did not see elevated
323  apoptosis of INKT2 cells, we expected an increase in the number of those cells in T-KO
324 mice. In support of our finding, it was already shown that stronger TCR signaling in iNKT
325 cellsleadsto adlight reduction of INKT2 cell numbers (Lu et al., 2019).

326  Interestingly, Kidins220 shows progressively higher expression levels from stage 1 to stage 3
327  (https://www.immgen.org/), supporting the assumption that in later stages of development
328  Kidins220 is needed the most to dampen TCR signals. This would make iNKT1 cells, which
329 are mostly stage 3 cells, the most Kidins220-dependent iNKT subtype — as we found.
330 Conversely, in the hypomorphic ZAP-70 mice, TCR signaling was reduced in stages 2 and 3,
331  and iNKT1 cells were percentwise increased whereas iINKT2 and iNKT17 cells were reduced
332 (Hsuet al., 2009; Sakaguchi et al., 2003; Tuttle et al., 2018; Zhao et al., 2018).

333  The phenotype of T-KO mice is very similar to the Slam family receptors (SFRs)-deficient
334 mice(Luetal., 2019), suggesting that these molecules might play similar rolesin iNKT cells.
335 For example, stage 3 iINKT cell numbers were diminished the most in SFR KO mice and
336 TCR signaling was also elevated in stage 2 and 3 INKT cells. However, there are differences
337 tothe Kidins220 KO, such as that Nur77 was equal in stage 0 SFR KO compared to the Citrl,
338  whereas in T-KO mice it was lower. Moreover, BCL2 expression was lower in SFR KO
339  iINKT cells, explaining the enhanced apoptosis, whereas in iINKT cells lacking Kidins220
340 BCL2 levels remained unchanged.

341 CD1d, the ligand for the INKT TCR, is expressed at slightly lower levels in the T-KO mice.
342  Using bone marrow chimeric mice in which T-KO iNKT precursors have access to sufficient
343  amounts of CD1d, we showed that INKT cell numbers were aso diminished, substantiating
344  our conclusion that it is an iINKT cell intrinsic mechanism that led to reduced iNKT cell
345  numbers, namely an altered TCR signal strength caused by the absence of Kidins220. Indeed,
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346  enhanced TCR signaling in the T-KO developing iNKT cells cannot be explained by lower
347 CD1d levels.

348  In conclusion, the function of Kidins220 switches during development. In stage O Kidins220
349  promotes TCR signaling, and in stages 2 and 3 it dampens TCR signaling (Fig. 7). Thisis
350  specific to Kidins220, since ZAP-70 was a positive regulator at all stages (Tuttle et a., 2018).
351  Intriguingly, in peripheral iNKT cells Kidins220 switched back to its positive regulatory
352  function. In fact, TCR signaling as measured by Nur77 expression was reduced after
353  stimulation with aGalCer in splenic T-KO iNKT cells (Fig. 7). This resulted in lower iNKT
354  cell activation as expression of CD69 and IL-4 was reduced. Thisisin line with Kidins220's
355  positive function in stage O cellsand inamurine T cell line (Deswal et ., 2013).

356  How is the changing role of Kidins220 on TCR signaling regulated? This might be at two
357 levels; firstly, by controlling TCR expression levels and secondly, by coupling to different
358  signaling proteins.

359  Firstly, Kidins220 is involved in regulating receptor levels on the cell surface. When
360  Kidins220 was downregulated in neurons or in a T cell line, glutamate receptor 1 or TCR
361 levelswereincreased, respectively (Arévalo et al., 2010; Deswal et al., 2013). Likewise, TCR
362 levelswereincreased in T-KO compared to Ctrl in stage 2 and 3 thymic and in splenic iINKT
363 cells. Sinceinin stage 2 and 3iNKT cells TCR signals were enhanced, but reduced in splenic
364 INKT cells, Kidins220 has other means to regulate signaling besides controlling receptor
365 levels (see below). However, in al thymic iNKT cell stages TCR signal strength correlated
366  with the TCR surface levels in T-KO versus Ctrl: in stage O cells TCR levels and signaling
367  were reduced but increased in stage 2 and 3 cellsin the T-KO and in stage 1 cells TCR levels
368  and signaling were the samein T-KO and Citrl.

369  Secondly, adifferent role of Kidins200 in the different INKT cell developmental stages might
370  aso be accomplished through either binding to a protein that promotes signaling (in precursor
371 and peripheral iNKT cells) or that reduces signaling (in thymic stage 2 and 3 iINKT cells). In
372 aT cdl ling, it was shown that Kidins220 binds to the TCR and to B-Raf and thus connects
373  the TCR to the MAP kinase/Erk pathway and couples the TCR to calcium signaling (Deswal
374 et da., 2013). Binding to and coupling receptors to these pathways is a general function of
375  Kidins220, as it was also demonstrated in B cells and neurons (Fiala et a., 2015; Arévalo et
376  d., 2004; Jaudon et al., 2021; Cesca et al., 2011; Scholz-Starke and Cesca, 2016). Indeed,
377 Ras, being part of the Erk pathway, is involved in iINKT development, since expression of a
378  dominant negative Ras led to reduced iNKT cell numbers (Hu et al., 2011). The function of
379  Kidins220 to couple the TCR to cacium influx is in line with the fact that Nur77
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380 transcription relies not only on TCR-mediated signals, but that calcium signaling was the
381  most important player (Liu, 2009; Y oun Hong-Duk, Chatila Talal A., 2000; Lith et a., 2020).
382  Kidins220's putative binding to a negative regulator of TCR signaling in developing iNKT
383  cells remains speculative. However, a changing role of Kidins220 was also shown in the
384  nervous system when triggering TrkB. In embryonic astrocytes, Kidins220 promotes kinase-
385  based signaling, and after birth Ca®*-dependent signaling (Jaudon et al., 2021).

386  Finally, our data shed some light on the generation of CD4" and CD4" iNKT1 cells. iNKT1a
387  cells which are mostly CD4" differentiate stepwise to iNKT1b and 1c. We show here that in
388  these steps CD4 is progressively lost, until the number of CD4" and CD4 cells is similar in
389  theiNKT1c subset. Interestingly, total cell numbers of iINKT1a cells are similar and the ratio
390 of CD4" and CD4 iNKT cells are equal in T-KO and Ctrl, showing that Kidins220 has little
391  effect during this developmental decision. Only in the following two stages, iNKT1b and 1c,
392 T-KOiNKT1 cell numbers are decreasing compared to Ctrl, with CD4 being reduced more
393 than CD4" cells, showing that Kidins220 promotes the generation of CD4 iNKT cells. This
394  suggests that the TCR signal strength also plays a role in the decision of whether an INKT1
395  cellsloses or preserves CD4 expression, in that weak signals promote the generation of CD4
396 INKT1cells.

397 Reduced TCR signaling in stage 0 and enhanced signaling in later stages of T-KO iNKT
398  cells, are afurther support for the notion that iINKT cells receive persisting TCR engagement
399  also at later stages (Park et al., 2019; Hogquist and Georgiev, 2020).

400 In conclusion, we show that the scaffold protein Kidins220, which binds to the TCR, serves
401 to either enhance or reduce TCR signals in iNKT biology, dependent on the developmental
402  stage of the cell. Thus, in the absence of Kidins220, developing thymic iINKT cells receive
403  too strong signals and die by apoptosis, thus limiting the number of INKT cells. Since iINKT1
404  cells are more affected than INKT2 or iINKT17 cells, our data are in line with earlier findings
405  that INKTL1 cells require weak TCR signals to develop (Tuttle et al., 2018). Since Kidins220
406  bindsto many receptors in different cell types (Fialaet a., 2015; Arévalo et al., 2004; Jaudon
407 etal., 2021; Cescaet al., 2011; Scholz-Starke and Cesca, 2016), our new findings might serve
408  asablueprint to re-examine signal transduction by other receptors.

409

410

411  Materials and methods

412

413  Mice
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414 Kidins220""™ mice (Cescaet al., 2012) provided by G. Schiavo (University College London,
415  London, England, UK) were crossed to pLckCre mice (Kidins220IckCre mice). Mice were
416  between 6 and 46 weeks old but for most experiments between 9 and 15 weeks. The
417 C57BL/6Rag2” (Rag2 KO), C57BL/6-Ly5.1 (CD45.1) and Kidins220lckCre mice were bred
418  under specific pathogen-free conditions. All mice were maintained in C57BL/6 background.
419 Mice were sex and age matched with litter controls whenever possible. Mice were
420  backcrossed minimum 10 generations to C57BL/6. All animal protocols (G19/151) were
421 performed in accordance with the German animal protection law with authorization from the
422 Veterindr- und Lebensmittel iberwachungsbehorde, Freiburg, Germany.

423

424 Flow cytometry

425 To gain single cell suspensions from thymus or spleen the organs were mechanicaly
426  disrupted. Lungs were cut with scissors and treated with 1 mg/ml Collagenase P and 0.1
427  mg/ml DNAsel at 37°C for 1 h. Afterwards, the digested lungs were forced through a 70 um
428  dtrainer. Single cells are the obtained by gradient centrifugation using percoll. Livers were cut
429  with scissors and forced through a 70 um strainer. Hepatocytes were gained by centrifugation
430  with percoll supplemented with 100 u/ml heparin. Erythrocytes were lysed using ACK lysis
431 buffer (150 mM NH4Cl and 10 mM KHCOj3) in al single cell suspensions. Afterwards the
432 cells were stained. Flow Cytometry was performed as shown in the company’s instructions
433 using a Gallios (Beckam Coulter) or LSRFortessa (BD Biosciences). Data evaluation was
434  performed using FlowJo X.

435

436  Antibodies and tetramers

437  The following antibodies were used to stain cells for flow cytometry: PE-labeled anti-CD1d
438  (1B1), PerCP-Cy5.5-labeled anti-CCR7 (4B12), PE-Cy7-labeled anti-CD44 (IM7), PE-
439  |abeled anti-CD45.2 (104), FITC Annexin V Apoptosis Detection Kit |, FITC BrdU Flow
440  Kit, AF647-labeled anti-Nur77 (12.14) were purchased from BD Biosciences. APC-labeled
441  anti-CD122 (TM-B1), PB-labeled anti-CD19 (6D5), FITC-labeled anti-CD45.1 (A20), FITC-
442 labeled anti-IFNy (XMGL.2), PE-Cy7-labeled anti-IL-4 (11B11), PE-labeled anti-MR1
443  (26.5), FITC-labeled anti-NK1.1 (PK136), PE-Cy7-labeled anti-Sca-1 (D7), PE-labeled anti-
444  Thet (4B10), FITC-labeled anti-TCRbeta (H57-597), PB-labeled anti-TCRbeta (H57-597)
445  were purchased from Biolegend. PerCP-Cy5.5-labeled anti-CD24 (M1/69), FITC-labeled
446  anti-CD4 (GK1.5), PE-labeled anti-CD4 (RM4-5), PE-Cy7-labeled anti-CD4 (RM4-5), APC-
447 labeled anti-CD44 (IM7), APC-labeled anti-CD5 (53-7.3), PE-Cy7-labeled anti-CD69


https://doi.org/10.1101/2022.04.05.487104
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.05.487104; this version posted April 7, 2022. 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 4.0 International license.

448  (H1.2F3), eFluor660-labeled anti-CD8a (53-6.7), APC-labeled anti-TCRbeta (H57-597) were
449  purchased from eBioscience. PE-Cy7-labeled anti-NK1.1 (PK136) was purchased from
450 Invitrogen. CellEvent Caspase-3/7 green flow cytometry assay kit was purchased from
451  Thermo Fisher Scientific. CD1d tetramers and MR1 tetramers were provided by the NIH
452  Tetramer Core Facility.

453

454  Apoptosis assays

455  To analyze relative amounts of apoptotic cells, the cells were cultured in RPMI medium
456  supplemented with 10% FBS for 18 h prior to analysis. After staining with surface antibodies,
457  the cells were treated with the Caspase 3/7 reagent (1:200) for 45 min on room temperature
458  (CellEvent Caspase-3/7 green flow cytometry assay kit). This reagent comprises a nucleic
459  acid-binding dye coupled to a peptide (DEV D) which is cleaved by active Caspase 3/7. After
460 cleavage, the dye enters the nucleus and stains nucleic acids enabling the detection of
461  apoptotic cells. For analyzing apoptosis with Annexin V (1:200) it was added for 15 min on
462  room temperature (FITC Annexin V Apoptosis Detection Kit 1). For both approaches after
463  incubation the cells were flow cytometrically analyzed without washing. Dead cells were
464  excluded based on FSC and SSC intensities.

465

466  Mixed bone marrow chimera

467 Bone marrow cells were isolated from CD45.1" mice and mixed in a 1:1 ratio with either
468 isolated bone marrow cells from CD45.2" Ctrl or CD25.2" T-KO mice. 10 million cells of
469  mixed bone marrow cells were intravenously injected into lethally irradiated (9.5 Gy) Rag2
470 KO mice. Chimeric mice were sacrificed and relative iINKT cell numbers were analyzed 7-8
471  weeks after injection.

472

473 Invivo BrdU assay

474 1.5 mg BrdU diluted in 200 uL PBS were i.p. injected into Ctrl and T-KO mice. Mice were
475  sacrificed 16 h or 24 h after injection. Thymocyte proliferation of BrdU-treated mice was
476  assessed following the FITC BrdU Flow Kit (BD) protocol.

477

478 Invivo aGalCer challenge

479  To test antigen response of iINKT cells in vivo 5 ug of aGaCer (purchased from Biozol)
480 dissolved in 200 uL PBS supplemented with 5.6% sucrose, 0.75% L-histidine and 0.5%

481  Tween20 or only buffer were intraperitoneally injected into Ctrl and T-KO mice. Two hours
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482  after injection, mice were sacrificed and splenocytes were isolated to analyze the antigen
483  response of splenic iINKT cells. For this, intracellular cytokines were analyzed as described in
484  the“intracellular staining of cytokines and transcription factors” section.

485

486 Intracellular staining of cytokinesand transcription factors

487 To detect intracellular cytokines and activation markers via flow cytometry, the
488  Cytofix/Cytoperm Kit (BD) was used. Fluorescently labeled CD1dt as well as surface
489  antibodies were stained as usual. Following to this, cells were fixed, permesbilized and
490  stained with anti-IFNy, anti-IL-4 and anti-Nur77 antibodies in Perm/Wash buffer following
491  the manufacturer’s protocol of the Cytofix/Cytoperm Kit. To stain transcription factors,
492  fluorescently labeled CD1dt and antibodies were used to stain surface molecules.
493  Furthermore, fixation and permeabilization was done according to the manufacturer’s
494  protocol of the Foxp3 / Transcription Factor Staining Buffer Set (eBioscience). Following,
495  cells were incubated with transcription factor antibodies and analyzed by flow cytometry.

496
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738  Figure 1. The numbers of conventional and un-conventional T cells are decreased in T-
739 KO mice,

740  (A) Schematics of the genotypes of Ctrl and T cell-specific Kidins220 KO (T-KO) mice are
741 shown. (B) B and T cells in the spleen of Ctrl and T-KO mice were analyzed by anti-CD19
742  and anti-TCRp staining. Total cell numbers and relative values are shown (n = 7-10). (C)
743  INKT cells were analyzed by staining lymphocytes from Ctrl and T-KO liver, spleen and
744  thymus with CD1d tetramers (CD1dt) and anti-TCRP antibodies. Total and relative cell
745  numbers are depicted (n > 11). (D) FHow cytometric analyses of iNKT cells in the thymus of
746 mixed bone-marrow chimeric mice are shown. RAG2 KO mice were lethally irradiated and
747  reconstituted with bone marrow cells from CD45.1" WT and CD45.2" Ctrl or CD45.2" T-KO
748 miceinal:l ratio. A representative analysis of the thymocytes of the WT/Ctrl (upper panel)
749  and WT/T-KO (lower panel) chimeras is shown (n = 7-8). For this figure and all following
750  ones, Ctrl samples are depicted in blue, and T-KO samplesin red. Statistical analyses for total
751 cell numbers was done by two-sided Student’s t test and for relative cell numbers by Mann-
752  Whitney U test; * p < 0.05; ** p < 0.01; *** p < 0.001; **** < 0.0001. Error bars indicate
753  SEM.
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755
756  Figure 2. Reduced activation of iINKT cellsfrom T-KO mice after aGalCer challenge.

757 (A, B) Ctrl and T-KO mice were killed 2 h after i.p. injection of aGalCer or buffer alone.
758  Expression of IL-4 (A) and Nur77 (B) was analyzed in iNKT cells by intracellular flow
759  cytometry using anti-IL-4 and anti-Nur77 antibodies (n=4-5). Plots were pre-gated on
760 CD1dt" TCRB" iNKT cells and MFI values were normalized to the ones of Ctrl samples for
761  each independent experiment. (C) Statistics of the percent of CD69 expressing iNKT cells
762  and of the CD69 MFI is shown after flow cytometry using anti-CD69 antibodies (n = 4-5).
763 (D) TCRp expression levelsin total splenic INKT cells or in iNKT cells, which were divided
764  into NK1.1 and NK1.1" populations, were determined by flow cytometry (n = 10). Statistical
765 analysis for relative cell numbers was done by Mann-Whitney U test and for MFIs by two-
766  Sided Student’st test; * p < 0.05. Error bars indicate SEM.
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768
769  Figure 3. Partial block of INKT development from stage 2 to stage 3in T-KO mice.

770 (A) CD1dt" TCRB" iNKT cells were analyzed by flow cytometry using anti-CD44 and anti-
771 NK1.1 antibodies and grouped into stages 0 + 1, 2 and 3. Graphs show total iINKT and
772 relative cell numbers (n = 10). (B) The amount of CD24" iNKTO cells was analyzed using
773 anti-CD24 and anti-CD44 antibodies (n = 12-16). (C) The expression of CCR7" identifying
774 INKT precursor cells is depicted (n = 6). (D) Thymocytes were stained with anti-CD4 and
775  with anti-Tbhet antibodies intranuclearly (n=3). (E) INKT1 cells were subdivided into
776  iNKT1a, b and c cells by using anti-Sca-1 and anti-NK 1.1 antibodies (n = 11). Subsequently,
777 each subset was divided into CD4" and CD4 populations using anti-CD4 antibodies (n = 4).
778 In al panels, cells were pre-gated for CD1dt™ TCRB" iNKT cells. Statistical analysis for
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779  relative cell numbers was performed by Mann-Whitney U test, and for total cell numbers by
780  two-sided Student’st test and for paired analysis of total cell numbers by Wilcoxon matched-
781  pairs signed rank test; * p < 0.05; ** p < 0.01; *** p < 0.001; **** < 0.0001. Error bars
782  indicate SEM.
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786

787  Figure 4. iINKT cells of T-KO mice are more proliferative and more susceptible to
788  apoptosis compared to Ctrl cdls.

789  (A) To quantify apoptosis in iINKT cells, total thymocytes were cultivated for 18 h in RPMI
790  medium supplemented with 10% FBS. Graph shows percentages of CD1dt”™ TCRB" iNKT
791  cells with active Caspase 3/7. Dead cells were excluded based on FSC and SSC values
792 (n=8). (B) Apoptotic iINKT cells as in (A) were subdivided into NK1.1" and NK1.1" cells
793  (n=4). (C) Ctrl and T-KO mice were i.p. injected with BrdU to analyze proliferating cells.
794  BrdU-treated mice were killed 16 (grey) or 24 h (black) after BrdU injection and thymocytes
795  were stained with anti-BrdU antibodies. CD1dt” TCRB" iNKT cells and iNKT cells which
796  were subdivided into NK1.1" and NK1.1" iNKT cells were analyzed using flow cytometry.
797  Graphs show relative numbers of BrdU" cells (n=6-7). Statistical analysis for relative cell
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798  numbersin (B) was done by Mann-Whitney U test and in (A) and (C) by Wilcoxon matched-
799  pairssigned rank test; * p < 0.05; ** p <0.01. Error barsindicate SEM.
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800
801 Figure 5. Stage 2 and 3 INKT cells of T-KO mice exhibit stronger TCR signaling

802 compared to Ctrl cells.

803 (A) CD5 MFI in thymic iNKT cells was assessed by flow cytometry using anti-CD5
804  antibodies. Cells were pre-gated on CD1dt” TCRB" iNKT cells. iNKT stages were analyzed
805  using anti-CD24, anti-CD44, and anti-NK 1.1 antibodies (n = 6). (B) CD5 MFI was assessed
806 in splenic iNKT cells divided into NK1.1" and NK1.1" iNKT cells using anti-NK1.1
807 antibodies (n=6). (C) Tota thymic iINKT cells and iNKT stages as distinguished in (A) were
808  analyzed regarding Nur77" cells using anti-Nur77 antibodies. Graphs show relative numbers
809  of Nur77" iNKT cells (n = 6). (D) Nur77 MFI in iNKT cells as in (A) was determined by
810 flow cytometric analysis using anti-Nur77 antibodies (n = 6). Statistical analysis for relative
811  cell numbers was determined by Mann-Whitney U test and for MFIs by two-sided Student’s
812 ttest;* p<0.05; ** p<0.01; *** p < 0.001. Error bars indicate SEM.
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816  Figure6.In T-KO mice stage 2 and 3iNKT cellshaveincreased TCR levels.

817 (A) TCRp expression levels and (B) CD1dt binding were analyzed by flow cytometry in
818  iNKT cells. Cells were pre-gated on CD1dt" TCRB" iNKT cells. iNKT stages were analyzed
819  using anti-CD24 and anti-CD44 antibodies to visualize stage 0 iNKT cells and anti-CD44 and
820  anti-NK1.1 antibodies were utilized to stain stages 1, 2, and 3. MFlIs are depicted for (A) and
821  (B) (n=6-12). Statistical analysis for MFIs was performed by two-sided Student’s t test; * p
822 <0.05; ** p<0.01; **** < 0.0001. Error bars indicate SEM.
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827  Figure 7. Kidins220 switches its function from a positive, to a negative and back to a

828 positive TCR signal regulator during iNKT cell development and function.

829  During stage 0 in thymic development, Kidins220 leads to stronger TCR signaling in iNKT
830 cells. During stages 2 and 3 of development, this function switches to the opposite as
831 Kidins220 dampens TCR signaling. In the periphery, after stimulation with aGalCer,
832  Kidins220 again switchesitsrole by enhancing TCR signaling. Created with BioRender.com.
833
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