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            Abstract
Chronic lymphoproliferative disorder of natural killer cells (CLPD-NK) is characterized by clonal expansion of natural killer (NK) cells where the underlying genetic mechanisms are incompletely understood. In the present study, we report somatic mutations in the chemokine gene CCL22 as the hallmark of a distinct subset of CLPD-NK. CCL22 mutations were enriched at highly conserved residues, mutually exclusive of STAT3 mutations and associated with gene expression programs that resembled normal CD16dim/CD56bright NK cells. Mechanistically, the mutations resulted in ligand-biased chemokine receptor signaling, with decreased internalization of the G-protein-coupled receptor (GPCR) for CCL22, CCR4, via impaired Î²-arrestin recruitment. This resulted in increased cell chemotaxis in vitro, bidirectional crosstalk with the hematopoietic microenvironment and enhanced NK cell proliferation in vivo in transgenic human IL-15 mice. Somatic CCL22 mutations illustrate a unique mechanism of tumor formation in which gain-of-function chemokine mutations promote tumorigenesis by biased GPCR signaling and dysregulation of microenvironmental crosstalk.
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                    Fig. 1: Mutational landscape of CLPD-NK and CCL22 mutations.[image: ]


Fig. 2: Similar expression profiles of CCL22 mutant CLPD-NK to normal CD56bright NK cells.[image: ]


Fig. 3: Structural mapping and in vitro functional analysis of CCL22 mutants.[image: ]


Fig. 4: CCL22 mutations drive proliferation and CD56+ phenotype in vivo.[image: ]


Fig. 5: Enhanced cell crosstalk for CCL22 mutant NK cells.[image: ]


Fig. 6: Schema of CCL22-mutant CLPD-NK leukemogenesis.[image: ]
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Extended data

Extended Data Fig. 1 The mutational landscape and clinical parameters CLPD-NK patients.
a, Heatmap of the 59 cases with CLPD-NK in the discovery cohort and 62 CLPD-NK cases in the validation cohort. CCL22 mutations were detected in 16 out of 59 (27%) and 10 out of 62 (16%) cases and were mutually exclusive of STAT3 mutations. Higher CD56 expression was observed in CCL22 mutant cases. b,c, Distribution of CD56 and CD16 expression in the discovery cohort. Hb, hemoglobin; Plt, platelet; WBC, white blood cell; yr, year.


Extended Data Fig. 2 Gene expression profiling of 59 CLPD-NK cases and 12 normal NK samples (6 CD56bright, 6 CD56dim).
A total of 495 differentially expressed genes between CCL22 mutant vs other cases, STAT3 mutant vs other cases, and non-CCL22/STAT3 mutant vs other cases were used for the hierarchical clustering. CCL22 mutant cases were clustered with CD56bright normal NK cells.


Extended Data Fig. 3 CCL22-Pro79Arg transduced NK-92 recapitulated primary CLPD-NK samples with CCL22 mutations in the expression of several important genes.
a, Gene expression ratio of CCL22-Pro79Arg NK-92 cells compared to CCL22-wild type (wt) and empty vector (EV)- transduced NK-92 cells. b, Reduced FASLG expression of CCL22-Pro79Arg NK-92 cells compared to CCL22wt and EV NK-92 cells was confirmed by flow cytometry. CCL22-Pro79Arg NK-92 cells without staining is shown as Negative. c, Immunoblotting confirmed higher GZMK expression in engrafted CCL22-Pro79Arg NK-92 cells. The samples derive from the same experiment and were processed in parallel.
Source data


Extended Data Fig. 4 Comparison of growth advantage in CCL22-Pro79arg, wild type, and empty vector transduced cells.
Cytokine independent assay in CCR4 expressing (a) Ba/F3 cells with murine Il-3 or recombinant CCL22 proteins and (b) NK-92 cells with human IL-2, co-expressing wild type or mutant CCL22 (Pro79Arg, Leu45Arg), or GFP-expressing lentiviral vector (Empty vector). No cytokine independent growth was observed. The mean (Â± SD) cell count (x 1,000,000) is shown (nâ€‰=â€‰3). c,d, No growth advantage was observed by adding hIL-15 and/or hIL-18 to engineered NK-92 cells. The mean (Â± SD) cell count (x 1,000,000) is shown (nâ€‰=â€‰3). e, Recombinant murine IL-15 showed cross-reactivity to human engineered NK-92 cells with lower efficiency than human IL-15. The mean (Â± SD) relative proliferation rate of murine IL-15 compared to human IL-15 is shown (nâ€‰=â€‰6, except for empty vector at day6 nâ€‰=â€‰4 due to technical issue).


Extended Data Fig. 5 Inferring likely functional impact of the mutations on CCL22-CCR4 interactions.
a, 6 missense mutations were identified in CCL22 at 3 positions. The positions at which each mutation occurs are indicated with numbers 1-3, and residue identities for both WT and mutated residues are indicated. Basic residues are highlighted with blue. Mutations of Leu45Arg, Pro46Arg, and Pro79Arg were substitutions to basic residues, suggesting that additional basic residues might modulate chemokine-glycosaminoglycans interactions. b,c, Sequence logo depicting residue conservation among human chemokine paralogs at the five mutated positions. Pro46 and Pro79 were well conserved among all human chemokine paralogs. Structural context of these two conserved Proline residues relative to the chemokine secondary structure: both Prolines occur in loops adjacent to alpha helices and likely facilitate loop turns that orient the adjacent alpha helices. d, Chemokine-GPCR model of the CCL5-CCR5 complex depicting a sulfated Tyrosine in the chemokine receptor N-terminus. Tyrosine sulfation is a common modification of chemokine receptor N-termini with significant effects on chemokine-GPCR interactions and functional properties. e, CCR4 N-terminus with putative sulfotyrosine motif labeled. Chemokine receptors are known to undergo sulfation at tyrosine residues that are adjacent to acidic residues in chemokine receptor N-termini, and sulfated tyrosine residues enhance chemokine-GPCR interactions. f, Comparison of CCL20-CCR6 and CCL5[5P7]-CCR5 chemokine-GPCR complexes reveals that the residue corresponding to CCL22 P79 interacts with the receptor ECL2 in the CCL5[5P7]-CCR5 complex but not the CCL20-CCR6 complex due to different orientations of the chemokine and receptor relative to one another (arrows). g,h, Mutation of the CCL22 residue at P79 may alter the ability of CCL22 to interact with CCR4 at extracellular loop 2. The CCR4 extracellular loop 2 is rich in hydroxyl-containing residues, such that Pro79Arg mutation might be expected to enhance interactions with CCR4 extracellular loop 2 whereas Pro79Leu or Pro79Phe mutations might have minimal or inhibitory effects on CCL22-CCR4 interactions relative to the endogenous Pro79.


Extended Data Fig. 6 Internalization assay with exogenous recombinant wild type or mutant CCL22 in Ba/F3âˆ’CCR4 cells.
Both exogenous recombinant wild type and mutant CCL22 internalize CCR4 dose dependently. Mutant CCL22 showed weaker effect than wild type CCL22 in all the tested condition. The mean (Â± SD) difference from positive control (Ba/F3-CCR4 without treatment; 0%) and negative control (Ba/F3 and Ba/F3-CCR4 with isotype; 100%) is shown (nâ€‰=â€‰3). P value was calculated by t-test. *0.01â€‰<â€‰pâ€‰<â€‰0.05; **0.001â€‰<â€‰pâ€‰<â€‰0.01.


Extended Data Fig. 7 Paracrine mechanism with endogenous CCL22 induced internalization of CCR4.
a, Immunofluorescence showing (scale bar 10 Î¼m) the difference of CCR4 internalization between CCL22-Pro79Arg and wild type in unpermeabilized and permeabilized condition. CCR4-expressing 293â€‰T cells were transiently transfected with the vector containing CCL22 wild type or Pro79Arg. Unpermeabilized condition only detect surface CCR4, while permeabilized condition can detect both surface and internalized CCR4. Surface CCR4 expression was decreased in wild type CCL22 but not in Pro79Arg-CCL22 mutation after 48â€‰hours incubation. b, Serum swapping assay showing change of CCR4 expression by replacing serum of CCL22 wild type and mutant (Pro79Arg, Leu45Arg) expressing Ba/F3-CCR4 cells. Decreased CCR4 internalization (increased CCR4 expression) was observed by replacing serum of mutant CCL22 from that of CCL22 wild type, and vice versa. The mean (Â± SD) change rate from serum non-swapped data is shown (nâ€‰=â€‰3).


Extended Data Fig. 8 CCL22-CCR4 downstream signaling.
a, Phosphorylation of AKT, and mitogen-activated protein kinase (MAPK) (p44/42 extracellular signal-regulated kinase (Erk) 1/2) by immunoblotting. Ba/F3-CCR4 cells were stimulated with exogenous recombinant wild type or mutant CCL22 (50â€‰ng/ml) for 5â€‰minutes (min). Both exogenous recombinant wild type and mutant CCL22 activated pAKT in a similar way, but p42/44 ERK was slightly reduced by mutant CCL22. The samples derive from the same experiment and were processed in parallel. b, Ba/F3-CCR4 cells were stimulated over time with exogenous recombinant wild type or mutant CCL22 (100â€‰ng/ml) and pAKT was assessed by phosphoflow cytometric analysis. Activation of pAKT was not different between exogenous recombinant wild type and mutant CCL22. The mean (Â± SD) fluorescence intensity (MFI) is shown (nâ€‰=â€‰3). c,d, Single cell phosphoproteomic detection via IsoLight validated reduced phosphorylation of ERK in mutant CCL22 (50â€‰ng/ml) after three-hour (h) incubation. c, Positive cell rate of pERK and (d) the mean of detected pERK signal are shown. P value was calculated by t-test. **0.001â€‰<â€‰pâ€‰<â€‰0.01.
Source data


Extended Data Fig. 9 CCL22 mutations drive proliferation in vivo.
a,b, GFP positive cell rate in (a) spleen and (b) bone marrow cells at the end of study (batch 1; day 57, batch 2; day 44) in NSG mice (3 mice for each group) and NSG-Tg(Hu-IL15) mice that constitutively express human IL-15. Mice were transplanted with NK-92 cells expressing wild type (nâ€‰=â€‰3 (batch 1, square), 2 (batch 2, round), biologically independent animals) or mutant CCL22 (Pro79Arg; nâ€‰=â€‰3, 4), or GFP-expressing lentiviral vector (empty vector; nâ€‰=â€‰3, 4). NK-92 cells expressing mutant CCL22 showed higher GFP positive cell rate than wild type CCL22 and empty vector expressing NK-92 cells in both spleen and bone marrow. GFP positive cells were observed in NSG-Tg(Hu-IL15) mice but not or few in regular NSG mice. The mean GFP positive rate is shown by the dotted line. c,d, Peripheral blood analysis from retroorbital bleeds detected only few circulating human cells at week 6 (batch 2 day 44; the same day of the end of study, empty vector nâ€‰=â€‰4, wild type CCL22 nâ€‰=â€‰2, mutant CCL22 nâ€‰=â€‰4, biologically independent animal samples). Higher circulating human cells were observed in mutant CCL22 although at lower percentage than those observed in spleen and bone marrow. The mean (Â± SD) GFP positive rate is shown. P value was calculated by t-test. *0.01â€‰<â€‰pâ€‰<â€‰0.05; **0.001â€‰<â€‰pâ€‰<â€‰0.01; ***0.0001â€‰<â€‰pâ€‰<â€‰0.001.


Extended Data Fig. 10 Correction by genome editing of mutated CCL22 reverts the higher expression of chemokine/cytokine and their receptors in primary CLPD-NK samples.
NK cell line NKL which has the hotspot CCL22 mutation (Arg44_Leu45insSer) was edited (CRISPR/Cas9) to revert the mutation (mt) into the wild type (wt) codon. a, Relative gene expression of chemokine receptors in CCL22 mutant compared to wild type was shown. CCL22 mutant NKL represented higher expression of several chemokine receptors. b, Comparison of chemokine and cytokine secretion between CCL22 mutant (NKL-parent-CCL22mt) and wild type NKL (NKL-edited-CCL22wt) by using chemokine array. Cell culture media after 72-hour incubation was analyzed. Several cytokines showed enhanced secretion in CCL22 mutant that related to dendritic cell maturation.
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Uncropped western blots for Fig. 2d: actin, GZMK and pSTAT3.


Source Data Extended Data Fig. 3
Uncropped western blots for Fig. 3: GZMK and actin.


Source Data Extended Data Fig. 8
Uncropped western blots for Fig. 8: actin, pAKT and pERK.
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