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Abstract

Natural killer (NK) cells recognize target cells through germline-encoded activation and
inhibitory receptors enabling effective immunity against viruses and cancer. The Ly49 receptor
family in the mouse and killer immunoglobin-like receptor family in humans play a central role
in NK cell immunity through recognition of MHC class I and related molecules. Functionally,
these receptor families are involved in licensing and rejection of MHC-I-deficient cells through
missing-self. The Ly49 family is highly polymorphic, making it challenging to detail the
contributions of individual Ly49 receptors to NK cell function. Herein, we showed mice lacking
expression of all Ly49s were unable to reject missing-self target cells in vivo, were defective in
NK cell licensing, and displayed lower KLRG1 on the surface of NK cells. Expression of Ly49A
alone on a H-2D background restored missing-self target cell rejection, NK cell licensing, and
NK cell KLRGI1 expression. Thus, a single inhibitory Ly49 receptor is sufficient to license NK
cells and mediate missing-self in vivo.
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58  Introduction
59  Natural killer (NK) cells are innate lymphoid cells (ILCs) that can mediate effective immunity
60  against viruses and cancer through direct lysis and cytokine production (Huntington et al., 2020;
61  Piersma and Brizi¢, 2021). NK cells recognize their target cells through integration of signals by
62  germline-encoded activation and inhibitory receptors (Long et al., 2013). These inhibitory
63  receptors include members of the Ly49 family in the mouse and killer immunoglobin-like
64  receptor (KIR) family in humans and they prevent killing of healthy cells through recognition of
65  MHC class I (MHC-I) (Colonna and Samaridis, 1995; Karlhofer et al., 1992). Host cells may
66  lose surface MHC-I expression in response to virus infection or malignant transformation. As a
67  result, these cells become invisible to CD8" T cells, but simultaneously become targets for NK
68  cells through “missing-self” recognition (Kaérre et al., 1986).
69 The inhibitory Ly49 molecules appear to be responsible for missing-self recognition in
70  mice (Babi¢ et al., 2010; Belanger et al., 2012; Gamache et al., 2019; Parikh et al., 2020; Zhang
71  etal., 2019). However, it has been sometimes challenging to draw definitive conclusions because
72 the Ly49 family is highly polymorphic and differs between mouse strains. Moreover, multiple
73 inhibitory Ly49 receptors within a single host can recognize a given MHC-I molecule while
74  others apparently have no ligands and instead recognize other MHC-I alleles (Schenkel et al.,
75  2013). Yet, the Ly49s for non-host MHC-I alleles are still expressed. For example, in the
76  C57BL/6 background, Ly49C and Ly49I can recognize H-2® MHC-I molecules that include H-
77  2K®and H-2DP, while Ly49A and Ly49G cannot recognize H-2" molecules and instead they
78  recognize H-2¢ alleles. Still these Ly49s are expressed in C57BL/6 mice, so their individual
79  contributions to missing-self rejection are unclear. Ly49A has also been implicated in
80  recognition of the non-classical MHC-I molecule H2-M3, which is upregulated in response to
81  exposure to N-formylated peptides (Andrews et al., 2012; Chiu et al., 1999). Importantly, the
82  specificities of several Ly49s have been clearly established while others remain to be confirmed.
83  For example, the binding of Ly49A to H-2D? has been confirmed by crystallographic studies
84  (Tormo et al., 1999), and validated by mutational analysis of both Ly49A and H-2D¢
85  (Matsumoto et al., 2001; Wang et al., 2001). By contrast, the MHC-I specificities of other Ly49s
86  have been primarily studied with MHC tetramers containing human f2-microglobulin (B2m),
87  which is not recognized by Ly49A (Mitsuki et al., 2004), on cells overexpressing Ly49s (Hanke
88 etal., 1999). Thus, the contributions of individual Ly49 receptors to NK cell effector function
89  are confounded by expression of multiple receptors, some of which may be irrelevant to a given
90  self-MHC haplotype, and multiple Ly49 alleles whose specificities are less well defined.
91 In addition to effector function in missing-self, Ly49 receptors that recognize their
92  cognate MHC-I ligands are involved in licensing or education of NK cells to acquire functional
93  competence. NK cell licensing is characterized by potent effector functions including IFNy
94  production and degranulation in response to activation receptor stimulation (Elliott et al., 2010;
95  Kimetal., 2005). Like missing-self recognition, inhibitory Ly49s require SHP-1 for NK cell
96 licensing which interacts with the ITIM-motif encoded in the cytosolic tail of inhibitory Ly49s
97 (Bernetal., 2017; Kim et al., 2005; Viant et al., 2014). Moreover, lower expression of SHP-1,
98  particularly within the immunological synapse, is associated with licensed NK cells (Schmied et
99 al., 2023; Wu et al., 2021). Thus, inhibitory Ly49s have a second function that licenses NK cells
100  to self-MHC-I thereby generating functionally competent NK cells but it has not been possible to
101  exclude contributions from other co-expressed Ly49s.
102 The complex nature of the Ly49 family confounds our fundamental understanding of
103 these receptors, particularly regarding their function in vivo. To better understand Ly49 function
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104 in vivo, several groups made mutant mouse lines with altered expression of the Ly49 locus. This
105  was pioneered by the Makrigiannis group, which targeted the Ly49o promoter in 129 ES cells
106  and resulting mice were subsequently backcrossed to C57BL/6 background (Belanger et al.,

107 2012). These mice were defective in rejection of MHC-I deficient target cells in vivo and

108  exhibited reduced tumor control as well (Tu et al., 2014). However, there was limited surface
109  expression of NKG2A as well as Ly49s so these target defects were not solely dependent on
110  absence of Ly49s. Moreover, these mice likely carried 129 alleles of other genes in the NK gene
111 complex (NKC) that are expressed on NK cells, display allelic polymorphisms and are

112 genetically linked to Ly49. Following the development of mouse CRISPR engineering, the Dong
113 group deleted the entire 1.4 Mb Ly49 locus in the C57BL/6 NKC and showed that Ly49-deficient
114 mice were unable to reject MHC-I deficient cells in vivo at steady state (Zhang et al., 2019).

115  Besides loss of Ly49 expression, surface expression of other receptors, including KLRGI,

116 NKG2A, NKG2D and CD94 were also reduced in these mice. Around the same time, we

117  generated a mouse that contains a 66 Kb and 149 Kb deletion in the C57BL/6 Ly49 locus,

118  resulting in loss of 4 Ly49 molecules including Ly49A and Ly49G (Parikh et al., 2020). The
119 resulting ALy49-1 mice were also deficient in H2D9-restricted control of murine

120  cytomegalovirus (MCMYV), which was rescued by knock-in of Ly49a into the Ncr! locus. Thus,
121  available genetic evidence suggest inhibitory Ly49 receptors are essential for licensing and

122 missing-self recognition.

123 The current data, however, do not take into account that individual Ly49s are

124  stochastically expressed on NK cells, and multiple receptors are simultaneously expressed on
125  individual NK cells, resulting in a diverse Ly49 repertoire of potential specificities on

126  overlapping subsets of NK cells (Dorfman and Raulet, 1998; Kubota et al., 1999; Smith et al.,
127 2000). As a result, not all NK cells express a specific Ly49 receptor and most NK cells express
128  multiple Ly49 molecules, making it difficult to study the biology of a specific Ly49 receptor
129  without genetic approaches. However, Ly49 genes are highly related and clustered together,

130  resulting in a high concentration of repetitive elements (Makrigiannis et al., 2005), complicating
131  the capacity to target individual Ly49 genes for definitive analysis. Moreover, in ALy49-1 mice
132 which had an intact Ly49d coding sequence, the percentage of NK cells expressing Ly49D was
133 markedly reduced, even though Ly49D was otherwise expressed at normal levels, suggesting a
134 regulatory locus control region within the deleted fragments (Parikh et al., 2020). Such data raise
135  the possibility that the large genetic deletions of the Ly49 locus may affect other NK cell

136  receptors in the NKC that contribute to NK cell function. Thus, expression of individual Ly49
137  receptors without confounding effects of other Ly49s and potentially other NKC genes is needed
138  to validate the conclusions from study of mice lacking Ly49 expression.

139 Here we studied the role of an individual Ly49 receptor in NK cell function. To this end,
140  we deleted all NK cell Ly49 genes using CRISPR/Cas9 and confirmed the role of the Ly49

141  family in missing self and licensing. Subsequently, we expressed Ly49A in isolation under

142 control of the Ncr! locus in Ly49-deficient mice on a H-2D? background to show that a single
143 inhibitory Ly49 receptor expressed by all NK cells is sufficient for licensing and mediating

144  missing-self in vivo.

145
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147  Results

148

149  NK cells from CRISPR-generated mice lacking all NK cell-related Ly49 molecules display

150  reduced KLRGI expression.

151  To investigate the role of individual Ly49 molecules, we generated a mouse that lacked all

152 expressed Ly49 receptors. We targeted the remaining Ly49 region in our previously published
153 ALy49-1 mouse (Parikh et al., 2020) with guide RNAs targeting Ly49i and Ly49q. The resulting
154  mouse contained a fusion between Ly49i and Ly49q with a deletion of the start codon and

155  insertion of a fusion sequence that did contain a potential start site for a putative 5 amino acid
156  polypeptide (Figure 1A). We confirmed that the 3 deletion reported in the ALy49-1 mouse was
157  unaffected, resulting in a frameshift and a premature stop codon after 9 amino acids in the fused
158  Ly49a/g gene. Thus, genetic and sequencing analysis revealed all Ly49 genes were disrupted and
159  we termed this mouse line Ly49KO (Figure 1A).

160 Flow cytometry confirmed loss of cell surface expression of Ly49 molecules in

161  homozygous Ly49KO mice (Figure 1B). NKG2A, CD94, and NKG2D molecules that are

162  encoded by the NKG2 locus, located next to the Ly49 locus, were still expressed, albeit at

163  marginally lower frequencies (Figure 1C) (Yokoyama and Plougastel, 2003). Unrelated

164  molecules 2B4 and CD122 were unaffected. In heterozygous Ly49KO mice, the percentages of
165  NK cells expressing Ly49A, Ly49C, Ly49D, Ly49G2, Ly49H, and Ly491 were reduced by 33-
166  41%. The median fluorescent intensity (MFI) for Ly491 was reduced by 26% in Ly491" NK cells
167  in heterozygous Ly49KO mice, while the other Ly49s did not display significant differences in
168  MFI. Consistent with apparent dependence of normal KLRG1 expression on MHC-I expression
169  (Corral et al., 2000) and previous reports (Zhang et al., 2019), Ly49KO NK cells showed a 51%
170 reduction in KLRG1 expression (Figure 1C). NK cells in Ly49K O mice displayed similar

171  maturation to wildtype NK cells, based on expression of the surface markers CD27 and CD11b
172 (Figure 1D). Thus, Ly49KO mice specifically lack all Ly49 molecules and display moderate
173 alterations in select surface molecules while showing otherwise normal numbers of apparently
174 mature NK cells.

175

176  Ly49-deficient NK cells are defective in licensing and rejection of MHC-I deficient target cells.
177  Inhibitory Ly49-positive NK cells can be licensed through recognition of cognate MHC-I

178  molecules, resulting in a phenotype of increased IFNy production following plate-bound anti-
179  NKI1.1 stimulation (Kim et al., 2005). NKG2A has been implicated in NK cell licensing by the
180  non-classical MHC-I molecule Qal (Anfossi et al., 2006), to eliminate potential confounding
181  effects by this interaction, effector functions of NKG2A- NK cells were evaluated as described
182  before (Bern et al., 2017). Stimulation of Ly49KO NK cells anti-NK1.1 resulted in a 73%

183  reduction in IFNy production as compared to wildtype NK cells, similar to unlicensed NK cells
184  from H-2K® and H-2DP double deficient (KODO) mice (Figure 2A). Both Ly49KO and KODO
185  NK cells produced high amounts of IFNy in response to phorbol 12-myristate 13-acetate (PMA)
186  plus ionomycin (Figure 2B), indicating that their [IFNy production machinery is intact. Thus,
187  these results confirm that Ly49 molecules are required for the NK cell licensed phenotype.

188 To investigate the capability of Ly49KO NK cells to reject MHC-I deficient target cells,
189  we challenged anti-NK1.1 NK cell-depleted, wildtype, and Ly49KO mice with a mixture of
190  wildtype, B2m deficient x KODO (MHC-I KO), H-2D" KO, and H-2K" KO splenocytes that
191  were differentially labeled with CellTrace Far Red (CTFR) and CellTrace Violet (CTV) (Figure
192 2C). While wildtype mice efficiently rejected MHC-I KO and H-2K® KO target cells, only 13%
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of H-2DP KO target cells were rejected by wildtype mice, indicating that missing-self recognition
in the C57BL/6 background depends on the absence of H-2K" rather than H-2D". None of the
target cell populations were rejected in the Ly49K O mice, comparable to wild type controls
depleted of NK cells. Thus, Ly49 molecules mediate NK cell-dependent MHC-I deficient target
cell killing in vivo under steady-state conditions and rejection of MHC-I deficient target cells is
predominantly controlled by H-2K® in the H-2" background.

Expression of Ly494 in Ly49-deficient H-2D? transgenic mice rescues KLRGI expression.

To investigate the potential of a single inhibitory Ly49 receptor on mediating NK cell
licensing and missing-self rejection, the Ly49KO mice were backcrossed to H-2D? transgenic
KODO (D8-KODO) Ly49A KI mice that express Klral cDNA encoding the inhibitory Ly49A
receptor in the Ner ! locus encoding NKp46 and its cognate ligand H-2D¢ but not any other
classical MHC-I molecules (Parikh et al., 2020). Ly49A expression in the resulting
Ly49KO/Ly49A KI D8-KODO mice closely follows NKp46 expression because NKp46
NK1.1" NK cells in the bone marrow of these mice do not express Ly49A, while virtually all the
NKp46* NK1.1" NK cells in the bone marrow and spleen express Ly49A (Figure 3A).
Ly49KO/Ly49A KI D8-KODO NK cells expressed robust levels of Ly49A, albeit at lower MFI
as compared to Ly49A expression on D§-KODO NK cells, consistent with prior observations
with wild type Ly49A and H2D? (Held et al., 1996; Karlhofer et al., 1994). NK cells were able to
fully mature in Ly49KO D8-KODO and Ly49KO/Ly49A KI D§-KODO mice as we observed
similar percentage of mature CD27- CD11b* NK cells in spleen, bone marrow, and liver (Figure
3B). While there was a modest significant increase in immature CD27" CD11b” NK cells in the
bone marrow of Ly49KO D8§-KODO and Ly49KO/Ly49A KI D8-KODO mice, no differences
were observed in NK cell maturation in spleen and liver. The decrease in the frequency of
KLRG1* NK cells observed in the Ly49KO NK cells on the H-2° background was recapitulated
in the D8-KODO background (Figure 3C). Intriguingly, expression of Ly49A in
Ly49KO/Ly49A KI D8-KODO mice rescued KLRG1 expression and resulted in similar levels of
KLRG1 as D8-KODO NK cells. Taken together, Ly49A engineered to be encoded within the
NKp46 locus was efficiently expressed as an isolated Ly49 receptor and supported KLRGI
expression.

NK cells expressing Ly49A in isolation are fully licensed and capable of rejecting MHC-I
deficient target cells.

Next, we investigated the potential of Ly49A expression alone to mediate NK cell licensing and
rejection of MHC-I deficient target cells. In D8-KODO mice, Ly49A* NK cells displayed
increased levels of IFNy production and degranulation measured by CD107 in response to plate
bound anti-NK1.1 stimulation as compared to all NK cells including unlicensed cells (Figure
4A). Similar to Ly49KO NK cells on the H-2° background, Ly49KO NK cells on the D§-KODO
background showed a 72% decrease in IFNy production, but also showed a 59% decrease in
degranulation as compared to Ly49A* NK cells in D§-KODO mice. This impaired [FNy
production and degranulation was reversed in Ly49A KI NK cells on the Ly49KO D8-KODO
background, that showed similar IFNy production and degranulation to Ly49A* NK cells on the
D8-KODO background, indicating that Ly49A KI NK cells are licensed. Importantly, there were
no differences among all NK cell populations in IFNy production and degranulation in response
to PMA/Ionomycin (Figure 4B), indicating that the IFNy production and degranulation
machinery are not affected in any of the mouse strains. Thus, the Ly49KO/Ly49A KI D§-KODO
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239  NK cells displayed a fully licensed phenotype comparable to licensed Ly49A™ NK cells in D8-
240  KODO mice.

241 Finally, we interrogated whether a single inhibitory Ly49 molecule would be sufficient to
242  mediate missing-self rejection of MHC-I deficient cells. To this end D8-KODO, Ly49KO D§-
243  KODO, and Ly49KO/Ly49A KI D8-KODO mice were challenged with a mixture of D§-KODO
244  and KODO (MHC-I deficient) splenocytes that were differentially labelled with CTV. D8§-

245  KODO mice efficiently rejected KODO target splenocytes, while Ly49KO D8-KODO mice
246  were unable to reject these cells. However, this defect was completely restored in the

247  Ly49KO/Ly49A KI D8-KODO mice, demonstrating that a single inhibitory Ly49 receptor is
248  sufficient to mediate missing-self rejection of cells lacking its MHC class I ligand.

249
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250  Discussion

251  Several mice with genetic modifications in the Ly49 complex have been developed to study the
252 role of Ly49 receptors but they have limitations (Belanger et al., 2012; Bern et al., 2017;

253  Gamache et al., 2019; Parikh et al., 2020; Zhang et al., 2019). A complicating factor in these
254  studies is that multiple Ly49s, often with incompletely understood specificities, may be involved
255  intarget cell recognition. Here, we studied a mouse where a single Ly49 was under control of the
256  Ncrl locus which is expressed on all NK cells on the background of a complete Ly49 KO.

257  Consistent with previous reports (Belanger et al., 2012; Parikh et al., 2020; Zhang et al., 2019),
258  Ly49-deficient NK cells were deficient in licensing and missing-self rejection, both on a H-2°
259  background and in the presence of a single classical MHC-I allele, H-2D¢. While our results did
260  not interrogate licensing by inhibitory receptors outside of the Ly49 receptor family, such as has
261  been reported for NKG2A (Anfossi et al., 2006; Zhang et al., 2019), they do demonstrate that
262  expression of Ly49A without other Ly49 family members can mediate NK cell licensing.

263  Moreover, we found that Ly49 receptors are required and sufficient for missing-self rejection
264  under steady-state conditions. However, these observations do not rule out involvement of other
265 inhibitory receptors under specific inflammatory conditions. For example, NKG2A contributes to
266  rejection of missing-self targets in poly(I:C)-treated mice (Zhang et al., 2019). Finally,

267  expression of the inhibitory Ly49A in isolation did not alter NK cell numbers or maturation,

268 indicating that the Ly49s do not affect these parameters of NK cells. Yet the NK cells were fully
269  licensed in terms of IFNy production and degranulation in vitro and efficiently rejected MHC-I
270  deficient target cells in vivo. Thus, a single Ly49 receptor is capable to confer the licensed

271  phenotype and missing-self rejection in vitro and in vivo.

272 We observed that rejection of H-2K’-deficient targets was more potent than H-2D-

P73 deficient target splenocytes, comparable to previous observationws (Johansson et al., 2005).

274  These data indicate that H-2K® is more efficiently recognized by Ly49s as compared to H-2DP.
275  This is further supported by early studies using Ly49 transfectants binding to Con A blasts

276  showing that Ly49C and Ly49I can bind to H-2D’-deficient but not H-2K®-deficient cells (Hanke
277  etal, 1999), despite the caveat of testing binding to cells overexpressing Ly49s in these studies.
278  Our studies indicate that the efficiency of Ly49-dependent missing-self rejection depends on
279  characteristics of specific MHC-I alleles recognized by cognate Ly49 receptors in vivo.

280 KLRGI is an inhibitory receptor that recognizes E-, N-, and R- cadherins to inhibit NK
281  cell cytotoxicity (Ito et al., 2006). KLRGI is expressed on a subset of mature NK cells and can
282  be upregulated in response to proliferation in a host with lymphopenia (Huntington et al., 2007).
283  Consistent with previously published results (Zhang et al., 2019), we observed decreased

284  KLRGI expression in Ly49-deficient NK cells. The Ly49 gene family as well as K/rg! is located
285  within the NKC on chromosome 6 (Yokoyama and Plougastel, 2003), thus an effect of

286  regulatory elements deleted in Ly49KO mice cannot be excluded. This is further emphasized by
287  studies of our ALy49-1 mouse which expresses Ly49D on fewer NK cells (Parikh et al., 2020).
288  The Ly49d gene appears intact and Ly49D" NK cells expressed Ly49D at normal levels,

289  suggesting the absence of a regulatory element in the deleted regions. Here, we showed

290  expression of only Ly49A, encoded in the Ncr! locus located on chromosome 7, in Ly49KO

291  mice on a H-2D background restored KLRG1 expression in NK cells from different tissues,
292  indicating that inhibitory Ly49 receptors rather than regulatory elements influence KLRGI

293  expression. Moreover, NK cell KLRG1 expression is modulated by MHC-I molecules (Corral et
294  al., 2000). Therefore, KLRG1 expression may be modulated as a consequence of NK cell

295  licensing through inhibitory Ly49 receptors.
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296 The Ly49 family is stochastically expressed on NK cells, resulting in a NK cell repertoire
297  with different combinations of Ly49 receptors on individual NK cells. Not all Ly49 alleles are
298  equally expressed which has been suggested to be dependent on allelic exclusion (Held et al.,
299  1995). Epigenetic control including DNA-methylation, histone modification, and regulatory

300 elements have been linked to Ly49 expression (Kissiov et al., 2022; McCullen et al., 2016;

301  Roubhi et al., 2006; Saleh et al., 2004). We observed that in Ly49KO heterozygous mice the

302  percentage of Ly49" NK cells was reduced for each Ly49 molecule, yet the expression level

303  measured by MFI was not affected except for Ly49I, indicating that loss of one allele does not
304  affect Ly49 surface levels. Nonetheless, alternate mechanisms may control Ly49 expression as
305  was observed for Ly491. Expression of Ly49a within the Ncrl locus resulted in ubiquitous

306  Ly49A expression in NK cells, albeit at lower levels compared to Ly49A* D8-KODO NK cells.
307  Despite the lower expression levels of Ly49A, Ly49A KI NK cells were fully licensed and

308 efficiently eliminated MHC-I-deficient target cells, suggesting that minor alterations in

309  expression levels of various Ly49s on individual NK cells may not affect NK cell functions. In
310  conclusion, these data show that expression of a single inhibitory Ly49 receptor is necessary and
311  sufficient to license NK cells and mediate missing self-rejection under steady state conditions in
312 vivo.

313
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314  Materials and Methods

315

316  Animals

317  C57BL/6 (stock # 556) mice were purchased from Charles Rivers laboratories, B2m-deficient
318  (stock # 2087) were purchased from Jackson laboratories, H-2K® x H-2D" double-deficient

319  (stock # 4215; KODO) mice were purchased from Taconic Farms. D8 is a H-2D¢ transgenic

320  mouse that has been previously described (Bieberich et al., 1986) and was provided by D.

321  Marguiles, National Institute of Allergy and Infectious Diseases, Bethesda, MD. D8-KODO

322 mice have been previously generated by crossing D8 transgenic mice to a KODO background
323  (Choietal., 2011). ALy49-1 and Ly49A KI mice were previously generated in our laboratory
324  (Parikh et al., 2020). In Ly49A KI mice the stop codon of Ncrl encoding NKp46 is replaced with
325  aP2A peptide-cleavage site upstream of the Ly49A cDNA, while maintaining the 3’ untranslated
326  region. All mice were maintained within the Washington University animal facility in

327  accordance with institutional ethical guidelines under protocol number 21-0090. All experiments
328  utilized sex- and age-matched mice.

329

330  Generation of Ly49KO mice

331  The remaining Ly49 receptors in ALy49-1 mice were targeted using CRISPR/Cas9 as previously
332 described (Parikh et al., 2015a). Briefly, the Ly49 locus was targeted with gRNAs directed

333 against Ly49q (5’-ACCCATGATGAGTGAGCAGG-3") and Ly49i (5’-

334  TGAGACTTCATAAGTCTTCAAGG-3’), with the PAM sequence underlined. For the mRNA
335  microinjections, 20ng of each guide and 100ng of Cas9 mRNA were used. Deletions in the Ly49
336  locus were screened using the primers 5’-GCCCATCTGGCTTCCTTTCT-3’ (Ly49g-Rv), 5°-
337 CAAGCCCCGATGAGATGGAT-3’ (Ly49i-Rv), and GGATCAGTCCATGTCAGGGTT

338  (Ly49i-Fw) yielding a 409 bp wildtype and a 552 bp mutant band and confirmed using Southern
339  blot analysis (data not shown). To minimize off-target CRISPR/Cas9 effects, candidate founder
340  mice were backcrossed to C57BL/6 mice for 2 generations then crossed to derive homozygous
341 Ly49KO mice. Deletions were verified by Sanger sequencing (Azenta Life Sciences) in

342 homozygous Ly49KO mice using the PCR primers Ly49¢-Rv and Ly49i-Fw for the Ly49q/i

343  fusion sequence and the primers AACCAAGCCCCAATGAGATC (Ly49g-Rv) and

344 TGGGTCAGTCCATGTCAGTG (Ly49a-Fw) for the Ly49a/g fusion sequence resulting in

345  552bp and 409bp products, respectively.

346

347  Flow cytometry

348  Fluorescent-labeled antibodies Ly49D (clone 4D11), Ly49EF (CM4), Ly49F (HBF-719),

349  Ly49G2 (eBio4D11), Ly49H (3D10), Ly491 (YLI-90), 2B4 (eBio244F4), CD122 (TM-bl),

350 NKG2AB6 (16al1), NKG2ACE (20D5), CD94 (18d3), NKG2D (CX5), CD27 (LG.7F9),

351 CDl11b (M1/70), IFNy (XMG1.2), CD107a (eBio1D4B), NKp46 (29A1.4), CD3(145-2C11),
352 CD4 (RM4-5), CD8 (53-6.7), TCRB (H597), and CD19 (eBio1D3) were purchased from

353 Thermo Fisher Scientific; Ly49A (YE1/48.10.6), KLRG1 (2F1), and NK1.1 (PK136), were

354  purchased from Biolegend; Ly49C (4LO311) was purchased from Leinco Technologies. Cells
355  were stained with fixable viability dye eF506 (Thermo Fisher Scientific), continued by staining
356  of cell surface molecules in 2.4G2 hybridoma supernatant to block Fc receptors. For intracellular
357  staining, cells were fixed and stained intracellularly using the BD Cytofix/Cytoperm

358  Fixation/Permeabilization Kit (BD Bioscience) according to manufacturer’s instructions.

359  Samples were acquired using FACSCanto (BD Biosciences) and analyzed using FlowJo software
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360  (BD Biosciences). NK cells were defined as singlet Viability-NK1.1+NKp46+CD3-CD19- or
361  Viability-NK1.1+NKp46+CD4-CD8-TCRB-CD19-.

362

363  In vitro stimulation assays

364  Stimulation of splenic NK cells was performed as previously described (Parikh et al., 2020;

365  Piersma et al., 2019). Briefly, 1 - 4 pg/ml anti-NK1.1 (clone PK136, Leinco Technologies) in
366  PBS was coated in 24-well plates for 90 min at 37°C. Plates were washed with PBS and 5 x 10°
367  splenocytes were added per well. In parallel, splenocytes were stimulated with 200 ng/ml

368  Phorbol myristate acetate (PMA; Sigma-Aldrich) and 400 ng/ml lonomycin (Sigma-Aldrich).
369  After 30 min incubation at 37°C, Monensin (Thermo Fisher Scientific) and fluorescently labelled
370  anti-CD107a antibody were added, cultures were incubated for an additional 7 hours at 37°C and
371  subsequently analyzed by flow cytometry.

372

373 In vivo Killing assays

374  Invivo killing assays were performed as previously described (Parikh et al., 2015b). Briefly,

375 target splenocytes were isolated from C57BL/6, MHC-I deficient (TKO), H-2K"-deficient, H-
376  2DP-deficient, KODO and D8-KODO mice. Indicated target splenocytes were differentially

377  labelled with CellTrace violet, and/or CellTrace far red (Thermo Fisher Scientific). Target

378  splenocytes were additionally labeled with CFSE to identify transferred target splenocytes from
379  host cells. Target cells were mixed at equal ratios for each target and 2 x 10° splenocytes per
380  target were injected i.v. into naive hosts. Where indicated NK cells were depleted with 100pg
381  anti-NK1.1 (Leinco technologies) 2 days before target cell injection. Two days after challenge
382  splenocytes were harvested and analyzed by flow cytometry. Target cell rejection was calculated
383  using the formula [(1—(Ratio(KO target/wildtype target)sample/Ratio(KO target/wildtype

384  target)control))*100].

385

386  Statistics

387  All experiments were performed at least twice, and representative examples are shown.

388  Cumulative data for 2 independent experiments is shown for in vivo killing assays. Statistical
389  analysis was performed with Prism (GraphPad software) using unpaired #-tests and two-way

390  ANOVA with corrections for multiple testing. Error bars in figures represent the SEM. Statistical
391  significance was indicated as follows: **** p» <0.0001; *** p <0.001; ** p <0.01; *, p <

392 0.05; ns, not significant.

393
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400  Figure Legends

401

402  Figure 1 Mice generated to lack all NK-related Ly49 molecules using CRISPR have NK cells
403  that display alterations in select surface molecules. (A) Genetic map of the Ly49 locus of

404  wildtype C57BL/6 and Ly49KO mice and Sanger sequencing of the fusion sequences in the

405  Ly49KO mice. (B) Ly49 receptor expression on splenic NK cells of the indicated mice. (C)

406  Surface receptor expression on splenic NK cells from indicated mice. (D) Expression of the

407  maturation markers CD27 and CD11b on splenic NK cells from indicated mice. MFI, median
408  fluorescent intensity. Error bars indicate SEM; ns, not significant; *p < 0.05, **p <0.01, ***p <
409  0.001, and ****p < 0.0001.

410

411  Figure 2 NK cell licensing and rejection of MHC-I deficient target cells is defective in Ly49KO
412 mice. Splenocytes from the indicated mice were stimulated with plate bound anti-NK1.1 (A) or
413 PMA/ionomycin (B) and IFNy production by NKG2A- NK cells and analyzed by flow

414  cytometry. (C) In vivo cytotoxicity assay against H-2K®, H-2DP and full MHC-I deficient targets.
415  Splenocytes from WT, H-2Kb, H-2Db and MHC-I deficient mice were differentially labeled

416  with CTV and CTFR as indicated. Mixture of labeled target cells were injected i.v. into wildtype,
417  Ly49KO, and anti-NK1.1-depleted mice. Target cells were analyzed in spleens by flow

418  cytometry 2 days after challenge. KODO, H-2K® x H-2D" knock out; MHC-I KO, KODO x B2m
419  knockout; MFI, median fluorescent intensity. Error bars indicate SEM; ns, not significant; *p <
420  0.05, **p <0.01, ***p <0.001, and ****p <0.0001.

421

422  Figure 3 Ly494 is efficiently expressed in Ncrl-Ly49A knockin mice and rescues KLRG1

423 expression in NK cells. Flow cytometric analysis of NK cells in D8-KODO, Ly49KO D8-

424  KODO, and Ly49KO/Ly49A KI D8-KODO mice (A) Ly49A expression in NKp46" and NKp46
425  NKI1.1" NK cells in bone marrow and spleen of the indicated mice. (B) Expression of the

426  maturation markers CD27 and CD11b on NK cells in spleen, bone marrow, and liver of indicated
427  mice. (C) KLRGI expression by NK cells in spleen, bone marrow, and liver of indicated mice.
428  MFI, median fluorescent intensity. Error bars indicate SEM; ns, not significant; *p < 0.05, **p <
429  0.01, ***p <0.001, and ****p < 0.0001.

430

431  Figure 4 Expression of Ly49A in isolation is sufficient for NK cell licensing and missing-self
432 rejection. Splenocytes from the indicated mice were stimulated with plate bound anti-NK1.1 (A)
433 or PMA/ionomycin (B). IFNy production and degranulation (CD107a) by NKG2A- NK cells
434  were analyzed by flow cytometry. (C) Splenocytes from D8-KODO and KODO mice were

435  differentially labeled with CTV as indicated. A mixture of labeled target cells were injected i.v.
436  into D8-KODO, Ly49KO D8-KODO, and Ly49KO/Ly49A KI D8-KODO mice. Specific

437  rejection of target cells was analyzed in spleens by flow cytometry 2 days after challenge. Error
438  bars indicate SEM; ns, not significant; ***p < 0.001, and ****p < 0.0001.

439

440


https://doi.org/10.1101/2024.06.04.597367
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.04.597367; this version posted November 21, 2024. 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 4.0 International license.

441 References

442

443

444  Andrews DM, Sullivan LC, Baschuk N, Chan CJ, Berry R, Cotterell CL, Lin J, Halse H, Watt
445 SV, Poursine-Laurent J, Wang C-R, Scalzo AA, Yokoyama WM, Rossjohn J, Brooks AG,
446 Smyth MJ. 2012. Recognition of the nonclassical MHC class I molecule H2-M3 by the

447 receptor Ly49A regulates the licensing and activation of NK cells. Nat Immunol 13:1171-
448 1177. doi:10.1038/n1.2468

449  Anfossi N, André P, Guia S, Falk CS, Roetynck S, Stewart CA, Breso V, Frassati C, Reviron D,
450 Middleton D, Romagné F, Ugolini S, Vivier E. 2006. Human NK cell education by inhibitory
451 receptors for MHC class 1. Immunity 25:331-342. doi:10.1016/j.immuni.2006.06.013

452  Babi¢ M, Pyzik M, Zafirova B, Mitrovi¢ M, Butorac V, Lanier LL, Krmpoti¢ A, Vidal SM,

453 Jonjic S. 2010. Cytomegalovirus immunoevasin reveals the physiological role of “missing
454 self” recognition in natural killer cell dependent virus control in vivo. J Exp Med 207:2663—
455 2673. doi:10.1084/jem.20100921

456  Belanger S, Tu MM, Rahim MMA, Mahmoud AB, Patel R, Tai LH, Troke AD, Wilhelm BT,
457 Landry JR, Zhu Q, Tung KS, Raulet DH, Makrigiannis AP. 2012. Impaired natural killer cell
458 self-education and “missing-self” responses in Ly49-deficient mice. Blood 120:592—602.

459 doi:10.1182/blood-2012-02-408732

460  Bern MD, Beckman DL, Ebihara T, Taffner SM, Poursine-Laurent J, White JM, Yokoyama

461 WM. 2017. Immunoreceptor tyrosine-based inhibitory motif-dependent functions of an MHC
462 class I-specific NK cell receptor. Proc Natl Acad Sci U S A 114:E8440-E8447.

463 doi:10.1073/pnas.1713064114

464  Bieberich C, Scangos G, Tanaka K, Jay G. 1986. Regulated Expression of a Murine Class I Gene
465 in Transgenic Mice. Mol Cell Biol 6:1339—-1342. do0i:10.1128/mcb.6.4.1339-1342.1986

466  Chiu NM, Chun T, Fay M, Mandal M, Wang C-R. 1999. The Majority of H2-M3 Is Retained
467 Intracellularly in a Peptide-Receptive State and Traffics to the Cell Surface in the Presence of
468 N-Formylated Peptides. J Exp Med 190:423-434. doi:10.1084/jem.190.3.423

469  Choi T, Ferris ST, Matsumoto N, Poursine-Laurent J, Yokoyama WM. 2011. Ly49-dependent
470 NK cell licensing and effector inhibition involve the same interaction site on MHC ligands. J
471 Immunol 186:3911-3917. doi:10.4049/jimmunol.1004168

472  Colonna M, Samaridis J. 1995. Cloning of immunoglobulin-superfamily members associated
473 with HLA-C and HLA-B recognition by human natural killer cells. Science 268:405—408.

474  Corral L, Hanke T, Vance RE, Cado D, Raulet DH. 2000. NK cell expression of the killer cell
475 lectin-like receptor G1 (KLRG1), the mouse homolog of MAFA, is modulated by MHC class


https://doi.org/10.1101/2024.06.04.597367
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.04.597367; this version posted November 21, 2024. 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 4.0 International license.

476 I molecules. Eur J Immunol 30:920-930. doi:10.1002/1521-4141(200003)30:3<920::aid-
477 immu920>3.0.co0;2-p

478  Dorfman J, Raulet DH. 1998. Acquisition of Ly49 receptor expression by developing natural
479 killer cells. J Exp Med 187:609—618.

480  Elliott JM, Wahle JA, Yokoyama WM. 2010. MHC class I-deficient natural killer cells acquire a

481 licensed phenotype after transfer into an MHC class I-sufficient environment. J Exp Med
482 207:2073-2079. doi:10.1084/jem.20100986

483  Gamache A, Cronk JM, Nash WT, Puchalski P, Gillespie A, Wei H, Gray L, Hammarskjold M-
484 L, Xu W, Brown MG. 2019. Ly49R activation receptor drives self-MHC-educated NK cell
485 immunity against cytomegalovirus infection. Proc Natl Acad Sci U S 4 1:201913064.

486 doi:10.1073/pnas.1913064117

487  Hanke T, Takizawa H, McMahon CW, Busch DH, Pamer EG, Miller JD, Altman JD, Liu Y,
488 Cado D, Lemonnier FA, Bjorkman PJ, Raulet DH. 1999. Direct Assessment of MHC Class I
489 Binding by Seven Ly49 Inhibitory NK Cell Receptors. Immunity 11:67-77.

490 doi:10.1016/s1074-7613(00)80082-5

491  Held W, Dorfman JR, Wu MF, Raulet DH. 1996. Major histocompatibility complex class I-
492 dependent skewing of the natural killer cell Ly49 receptor repertoire. Eur J Immunol

493 26:2286-92. doi:10.1002/¢ji.1830261003

494  Held W, Roland J, Raulet DH. 1995. Allelic Exclusion of Ly49-Family Genes Encoding Class-I
495 Mhc-Specific Receptors on Nk Cells. Nature 376:355-358.

496  Huntington ND, Cursons J, Rautela J. 2020. The cancer-natural killer cell immunity cycle. Nat
497 Rev Cancer 7:703—-18. doi:10.1038/s41568-020-0272-z

498  Huntington ND, Tabarias H, Fairfax K, Brady J, Hayakawa Y, Degli-Esposti MA, Smyth MJ,

499 Tarlinton DM, Nutt SL. 2007. NK Cell Maturation and Peripheral Homeostasis Is Associated
500 with KLRG1 Up-Regulation. J Immunol 178:4764—4770. doi:10.4049/jimmunol.178.8.4764
501  Ito M, Maruyama T, Saito N, Koganei S, Yamamoto K, Matsumoto N. 2006. Killer cell lectin-
502 like receptor G1 binds three members of the classical cadherin family to inhibit NK cell

503 cytotoxicity. J Exp Med 203:289-295. doi:10.1084/jem.20051986

504  Johansson S, Johansson M, Rosmaraki E, Vahlne G, Mehr R, Salmon-Divon M, Lemonnier F,
505 Karre K, Hoglund P. 2005. Natural killer cell education in mice with single or multiple major
506 histocompatibility complex class I molecules. J Exp Med 201:1145-1155.

507 doi:10.1084/jem.20050167

508  Karlhofer FM, Hunziker R, Reichlin A, Margulies DH, Yokoyama WM. 1994. Host MHC class I
509 molecules modulate in vivo expression of a NK cell receptor. J Immunol 153:2407-2416.


https://doi.org/10.1101/2024.06.04.597367
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.04.597367; this version posted November 21, 2024. 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 4.0 International license.

510  Karlhofer FM, Ribaudo RK, Yokoyama WM. 1992. MHC class I alloantigen specificity of Ly-

511 49+ IL-2-activated natural killer cells. Nature 358:66—70. doi:10.1038/358066a0

512 Kirre K, Ljunggren HG, Piontek G, Kiessling R. 1986. Selective rejection of H-2-deficient

513 lymphoma variants suggests alternative immune defence strategy. Nature 319:675—-678.

514 doi:10.1038/319675a0

515  Kim S, Poursine-Laurent J, Truscott SM, Lybarger L, Song Y-J, Yang L, French AR, Sunwoo
516 JB, Lemieux S, Hansen TH, Yokoyama WM. 2005. Licensing of natural killer cells by host
517 major histocompatibility complex class I molecules. Nature 436:709-713.

518 doi:10.1038/nature03847

519  Kissiov DU, Ethell A, Chen S, Wolf NK, Zhang C, Dang SM, Jo Y, Madsen KN, Paranjpe I, Lee
520 AY, Chim B, Muljo SA, Raulet DH. 2022. Binary outcomes of enhancer activity underlie
521 stable random monoallelic expression. Elife 11:¢74204. doi:10.7554/elife.74204

522 Kubota A, Kubota S, Lohwasser S, Mager DL, Takei F. 1999. Diversity of NK Cell Receptor
523 Repertoire in Adult and Neonatal Mice. J Immunol 163:212-216.

524 doi:10.4049/jimmunol.163.1.212

525 Long EO, Kim HS, Liu D, Peterson ME, Rajagopalan S. 2013. Controlling Natural Killer Cell
526 Responses: Integration of Signals for Activation and Inhibition. Annu Rev Immunol 31:227—
527 258. doi:10.1146/annurev-immunol-020711-075005

528  Makrigiannis AP, Patel D, Goulet M-L, Dewar K, Anderson SK. 2005. Direct sequence
529 comparison of two divergent class | MHC natural killer cell receptor haplotypes. Genes
530 Immun 6:71-83. doi:10.1038/sj.gene.6364154

531  Matsumoto N, Mitsuki M, Tajima K, Yokoyama WM, Yamamoto K. 2001. The functional

532 binding site for the C-type lectin-like natural killer cell receptor Ly49A spans three domains
533 of its major histocompatibility complex class I ligand. J Exp Med 193:147-158.

534 McCullen MV, Li H, Cam M, Sen SK, McVicar DW, Anderson SK. 2016. Analysis of Ly49
535 gene transcripts in mature NK cells supports a role for the Prol element in gene activation,
536 not gene expression. Genes Immun 17:349-357. doi:10.1038/gene.2016.31

537  Mitsuki M, Matsumoto N, Yamamoto K. 2004. A species-specific determinant on beta2-

538 microglobulin required for Ly49A recognition of its MHC class I ligand. Int Immunol

539 16:197-204. doi:10.1093/intimm/dxh017

540  Parikh BA, Beckman DL, Patel SJ, White JM, Yokoyama WM. 2015a. Detailed Phenotypic and
541 Molecular Analyses of Genetically Modified Mice Generated by CRISPR-Cas9-Mediated
542 Editing. PLoS ONE 10:¢0116484. doi:10.1371/journal.pone.0116484


https://doi.org/10.1101/2024.06.04.597367
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.04.597367; this version posted November 21, 2024. 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 4.0 International license.

543  Parikh BA, Bern MD, Piersma SJ, Yang L, Beckman DL, Poursine-Laurent J, Plougastel-

544 Douglas B, Yokoyama WM. 2020. Control of Viral Infection by Natural Killer Cell

545 Inhibitory Receptors. Cell Rep 32:107969. doi:10.1016/j.celrep.2020.107969

546  Parikh BA, Piersma SJ, Pak-Wittel MA, Yang L, Schreiber RD, Yokoyama WM. 2015b. Dual
547 Requirement of Cytokine and Activation Receptor Triggering for Cytotoxic Control of
548 Murine Cytomegalovirus by NK Cells. PLoS Pathog 11:¢1005323.

549 doi:10.1371/journal.ppat.1005323

550  Piersma SJ, Brizi¢ 1. 2021. Natural killer cell effector functions in antiviral defense. FEBS J.
551 doi:10.1111/febs.16073

552 Piersma SJ, Pak-Wittel MA, Lin A, Plougastel-Douglas B, Yokoyama WM. 2019. Activation

553 Receptor-Dependent IFN-y Production by NK Cells Is Controlled by Transcription,

554 Translation, and the Proteasome. J Immunol 203:1981-1988. doi:10.4049/jimmunol.1900718
555 Rouhi A, Gagnier L, Takei F, Mager DL. 2006. Evidence for Epigenetic Maintenance of Ly49a
556 Monoallelic Gene Expression. J Immunol 176:2991-2999. doi:10.4049/jimmunol.176.5.2991
557  Saleh A, Davies GE, Pascal V, Wright PW, Hodge DL, Cho EH, Lockett SJ, Abshari M,

558 Anderson SK. 2004. Identification of Probabilistic Transcriptional Switches in the Ly49 Gene
559 Cluster A Eukaryotic Mechanism for Selective Gene Activation. Immunity 21:55-66.

560 doi:10.1016/j.immuni.2004.06.005

561  Schenkel AR, Kingry LC, Slayden RA. 2013. The ly49 gene family. A brief guide to the

562 nomenclature, genetics, and role in intracellular infection. Front Immunol 4:90.

563 doi:10.3389/fimmu.2013.00090

564  Schmied L, Luu TT, Sendergaard JN, Hald SH, Meinke S, Mohammad DK, Singh SB, Mayer C,
565 Casoni GP, Chrobok M, Schlums H, Rota G, Truong HM, Westerberg LS, Guarda G, Alici E,
566 Wagner AK, Kadri N, Bryceson YT, Saced MB, Hoglund P. 2023. SHP-1 localization to the
567 activating immune synapse promotes NK cell tolerance in MHC class I deficiency. Sci Signal
568 16:eabq0752. doi:10.1126/scisignal.abq0752

569  Smith HR, Chuang HH, Wang LL, Salcedo M, Heusel JW, Yokoyama WM. 2000. Nonstochastic
570 coexpression of activation receptors on murine natural killer cells. J Exp Med 191:1341—

571 1354.

572 Tormo J, Natarajan K, Margulies DH, Mariuzza RA. 1999. Crystal structure of a lectin-like

573 natural killer cell receptor bound to its MHC class I ligand. Nature 402:623—631.

574 doi:10.1038/45170

575  Tu MM, Mahmoud AB, Wight A, Mottashed A, Bélanger S, Rahim MMA, Abou-Samra E,
576 Makrigiannis AP. 2014. Ly49 family receptors are required for cancer immunosurveillance
577 mediated by natural killer cells. Cancer Res 74:3684-3694. doi:10.1158/0008-5472.can-13-
578 3021


https://doi.org/10.1101/2024.06.04.597367
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.04.597367; this version posted November 21, 2024. 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 4.0 International license.

579  Viant C, Fenis A, Chicanne G, Payrastre B, Ugolini S, Vivier E. 2014. SHP-1-mediated

580 inhibitory signals promote responsiveness and anti-tumour functions of natural killer cells.
581 Nat Commun 5:5108. doi:10.1038/ncomms6108

582  Wang J, Whitman MC, Natarajan K, Tormo J, Mariuzza RA, Margulies DH. 2001. Binding of
583 the natural killer cell inhibitory receptor Ly49A to its major histocompatibility complex class
584 I ligand. Crucial contacts include both H-2Dd AND beta 2-microglobulin. J Biol Chem

585 277:1433-42. doi:10.1074/jbc.m110316200

586  WuZ, Park S, Lau CM, Zhong Y, Sheppard S, Sun JC, Das J, Altan-Bonnet G, Hsu KC. 2021.
587 Dynamic variability in SHP-1 abundance determines natural killer cell responsiveness. Sci
588 Signal 14:eabe5380. doi:10.1126/scisignal.abe5380

589  Yokoyama WM, Plougastel BFM. 2003. Immune functions encoded by the natural killer gene
590 complex. Nat Rev Immunol 3:304-316. doi:10.1038/nri1055

591  Zhang X, Feng J, Chen S, Yang H, Dong Z. 2019. Synergized regulation of NK cell education by
592 NKG2A and specific Ly49 family members. Nat Commun 10:5010—-12. doi:10.1038/s41467-
593 019-13032-5

594

595


https://doi.org/10.1101/2024.06.04.597367
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.04.597367; this version posted November 21, 2024. 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 4.0 International license.

Figure 1 - Piersma et al.
(A) GRCm39 chromosome 6

1 WT
129,804,635 , Kira13-ps2 130,368,424
Lyao (= th@h@hh @@ @
L o_ J J
T - 316 Kb deletion - 149 Kb deletlon -
e s | activating
I
| ™ Ly49KO Hinhibitory
O pseudogene
Lyas (e pseudog
Ly49q/i fusion « - - - - -~~~ 777 Tte-o g .
1 Ly49q start codon deleted 1 Ly499/a fu5|on
(Stop ‘Gln ‘ Pro‘ Glu ‘ Ser ‘ Met | Putative polypeptide (Stop‘ Leu‘ Gin ‘Thr ‘ Leu‘ Ser ‘ Arg ‘ Gly ‘ Ser‘Metlframe shift and early stop codon
31UGUCAACUUAUUCACUGG‘AGUAACACCGAGUGA GUAACACCCUCAUGUUCUUCA GACH' 3*UAGAGUGUCAACUCAUUCACUGGAGGGUGAGUAGAACCCUAACUAU-5mRNA
Ly49q Exon2 [ fusion sequence | Ly49i Exon2 Ly49g Exon2 [ Ly49a Exond
5ACAGT TGAATAAGTGACCTCATTGTGGCTCACT CATTGTGGGAGTACAAGAAGT CTGS 5 ATCTCACAGTTGAGTAAGT GACCTCCCACTCATCT TGGGATT GATA-3'genomic

FKAK kK kKK kKK kK kK
(B) mwildtype mELy49KO x wildtype mmLy49KO e v (v R v |
¥ ]
Z g0 r >
t
s
240 o o
(5]
°
. /- - 0 ﬂn A A -
N ot ot ot N Fl & n Y Tt i) o To? = 0° T L T L T T
—> Ly49A FITC —»'Ly49C PE —> Ly49D APC —> Ly49EF ok
PerCP-Cy5.5 M
120
_ o
[ o
S 8o
[}
2
/\ /\ b
—>Lyaof pE” —}rL‘L4‘962 APC :L 4oH FITC —>|j 491 AP 0T - X - \
y y y F L P G
SR SN Y
( C ) Ll KK *k FKKK
100- owildtype 100
2]
X 75 omLy49KO 2
: g
S 504 z
< 50 wildtype ‘5 50
o X
2 254 °
S
e o e - o 0- 0
—» 2B4 PE-Cy7 —»CD122 FITC —> NKG2AB6 & csl*o
PerCP-eF710 150- . B ST
Ou
= e ° ’_‘ |_| g B CD27 SP
£100- N Ly49KO  mcp27+CD11b+
2 s, EICD11b SP
B 50 A.
| —>CD11b efd50
T e S N N
—>CD94 eF450 —>NKG2D PE —>KLRG1 PE g 4_va S

oS &
Figure 1 Mice generated to lack all NK-related Ly49 molecules using CRISPR have have NK cells that display
alterations in select surface molecules. (A) Genetic map of the Ly49 locus of wildtype C57BL/6 and Ly49KO
mice and Sanger sequencing of the fusion sequences in the Ly49KO mice. (B) Ly49 receptor expression on
splenic NK cells of the indicated mice. (C) Surface receptor expression on splenic NK cells from indicated
mice. (D) Expression of the maturation markers CD27 and CD11b on splenic NK cells from indicated mice.
MFI, median fluorescent intensity. Error bars indicate SEM; ns, not significant; *p < 0.05, **p < 0.01, ***p <
0.001, and ****p < 0.0001.
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Figure 2 NK cell licensing and rejection of MHC-I deficient target cells is defective in Ly49KO mice. Spleno-
cytes from the indicated mice were stimulated with plate bound anti-NK1.1 (A) or PMA/ionomycin (B) and IFN
v production by NKG2A- NK cells and analyzed by flow cytometry. (C) In vivo cytotoxicity assay against
H-2Kb, H-2Db and full MHC-I deficient targets. Splenocytes from WT, H-2Kb, H-2Db and MHC-I deficient
mice were differentially labeled with CTV and CTFR as indicated. Mixture of labeled target cells were injected
1.v. into wildtype, Ly49KO, and anti-NK1.1-depleted mice. Target cells were analyzed in spleens by flow
cytometry 2 days after challenge. KODO, H-2Kb x H-2Db knock out; MHC-1 KO, KODO x B2m knockout;
MFI, median fluorescent intensity. Error bars indicate SEM; ns, not significant; *p < 0.05, **p < 0.01, ***p <

0.001, and ****p < 0.0001.
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Figure 3 Ly49A is efficiently expressed in Ncr1-Ly49A knockin mice and rescues KLRG1 expression in
NK cells. Flow cytometric analysis of NK cells in D8-KODO, Ly49KO D8-KODO, and Ly49KO/Ly49A KI
D8-KODO mice (A) Ly49A expression in NKp46+ and NKp46- NK1.1+ NK cells in bone marrow and spleen
of the indicated mice. (B) Expression of the maturation markers CD27 and CD11b on NK cells in spleen, bone
marrow, and liver of indicated mice. (C) KLRG1 expression by NK cells in spleen, bone marrow, and liver of
indicated mice. MFI, median fluorescent intensity. Error bars indicate SEM; ns, not significant; *p < 0.05, **p <

0.01, ***p < 0.001, and ****p < 0.0001.
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Figure 4 Expression of Ly49A4 in isolation is sufficient for NK cell licensing and missing-self rejection. Spleno-
cytes from the indicated mice were stimulated with plate bound anti-NK1.1 (A) or PMA/ionomycin (B). [FNy
production and degranulation (CD107a) by NKG2A- NK cells were analyzed by flow cytometry. (C) Spleno-
cytes from D8-KODO and KODO mice were differentially labeled with CTV as indicated. A mixture of labeled
target cells was injected i.v. into D8-KODO, Ly49KO D8-KODO, and Ly49KO/Ly49A KI D8-KODO mice.
Specific rejection of target cells was analyzed in spleens by flow cytometry 2 days after challenge. Error bars
indicate SEM; ns, not significant; ***p < 0.001, and ****p < 0.0001.
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