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Abstract

The polymorphism of the gene FAM13A (family with sequence similarity 13, member A) is
strongly linked to therisk of lung cancer and chronic obstr uctive pulmonary disease, which are
among the leading causes of mortality and morbidity in lung-related diseases worldwide.
However, the underlying molecular and cellular mechanisms through which FAM13A
contributes to the pathogeness of these diseases largely remain unclear. Here, using a Faml13a
knock out (KO) mouse model, we showed that Fam13a depletion upregulated the expression of
the terminal differentiation and inhibitory marker, KLRGL1 (killer cell lectin-like receptor G1)
in natural killer (NK) cells. NK cells from Faml3a-deficient mice showed impaired 1FN-y
production either against target tumor cells or following various cytokine cocktail simulations.
Furthermore, the number of lung metastases induced by B16F10 melanoma cells was increased
in Fam13a-K O mice. Collectively, our data suggest a key role of FAM13A in regulating NK cell
functions, indicating that the key lung-disease risk gene FAM13A might contribute to the

pathogenesis of several lung diseasesvia regulating NK cells.
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Abbreviations

APC, Antigen-presenting cells

AR, Activating receptor

AWS, Animal welfare structure

CFSE, Carboxy fluorescein succinimidyl ester
CM, Central memory

COPD, Chronic obstructive lung disecase
EM, Effector memory

eQTL, Expression quantitative trait loci
FACS, Flow cytometry

Fam13a, Family with sequence similarity 13, member A
FBS, Fetal bovine serum

GWAS, Genome-wide association study
HET, Heterozygous

IFN-y, Interferon gamma

IL-2/-12/-15/-18, Interleukin 2/12/15/18
IR, Inhibitory receptor

KIR, Killer immunoglobulin-like receptors
KLRGL, Killer cell lectin-like receptor G1
KO, Knockout

MFI, Mean fluorescent intensity

MHC, Major histocompatibility complex
NK, Nature Killer

PBS, Phosphate-buffered saline

PCR, Polymerase chain reaction

pLN, peripheral lymph nodes

Tconv, Conventional CD4 T cells

Treg, CD4 regulatory T cells

WT, Wildtype
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I ntroduction

Several independent genome-wide association studies (GWAS) among various populations have
already reproducibly shown the strong link between the polymorphism of Family with sequence
similarity 13, member A (FAM13A) and chronic obstructive pulmonary disease (COPD) and lung
cancer, the leading entities causing mortality in lung-related diseases worldwide [1-12]. Functional
studies have revealed that Faml3a depletion reduces the susceptibility to COPD via inhibiting the
WNT/B-catenin pathway in a mouse model [13]. In human lung tumor cell lines, knocking-down
FAM13A reduced tumor cell proliferation but induced cell migration in vitro [14]. However, the exact
in vivo physiological role of FAM13A in the complicated process of tumor onset and metastasis till
remains mysterious. Recently, a few studies indicated that FAM13A might be involved in the
regulation of immune responses. Eisenhut et al. observed the upregulation of FAM13A in CD4"CD25
effector T cells but reduced expression in T regulatory cells (Tregs) of human blood [14]. In contrast,
in our previous study [15], the expression of FAM13A was increased in human Tregs vs. CD4"
effector T cells following TCR stimulation. Another work using the expression quantitative trait loci
(eQTL) method has briefly investigated the functional effect of FAM13A knockdown on human naive
CD4" T cédls in vitro [16]. Meanwhile, microRNA-328 in M2 macrophage-derived exosomes has
been demonstrated to regulate the progression of pulmonary fibrosis via Faml3a in an animal model
[17]. Those different reports all suggest potential roles of Faml3a, although sometimes even
controversial, in immune cells, which, however, highlights a need of more investigation to clarify

further the complicated invivo functions of Fam13a in the immune system.

Here we utilized a Faml13a whole-body knockout (KO) mouse model to study the potential in vivo
impact of Fam13a on cellular phenotypes and functions of magjor immune cells, including NK cells, T
and B lymphocytes. We found that Faml3a did not affect the homeostatic composition and basic
functional markers of total B cells, CD4" T cells, CD4" Tregs and CD8" T cells. Interestingly,
Faml3a depletion upregulated the expression of the critical maturation and inhibitory marker,
KLRG1 [18, 19] while impairing the IFN-y production of NK cells. Notably, Faml3a depletion
exacerbated lung metastasis induced by B16F10 melanoma cells in the C57BL/6 (B6) mouse model.
Altogether, our results provide strong evidence that Fam13a is an important component regulating the

effector functions of NK cells, mostly through modulating KLRG1 expression and | FN-y production.

Results
Fam13a depletion has no spontaneous effects on homeostatic cellularity and functions of

major immune subsets
To identify the potential effect of Fam13a on the homeogtatic phenotypes of the immune system, we

firg analysed the composition of different major immune cell types in various lymphoid organs and
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tissues of Faml3a KO mice [Fam13a™m2a(KOMPWs

] with B6 background obtained from the Knockout
Mouse Project. The same mice have been characterized elsewhere [13], but not in the context of
immunology. As a starting point, we compared the mRNA expression of Faml3a in the lung tissue
between Fam13a knockout (KO) and wild type (WT) mice and that in NK cells isolated from spleen.
As expected, Fam13a KO mice relative to WT littermates exhibited a clear reduction in the transcript
expression of Faml3a in both the lung tissue (Sla Fig) and NK cells (S1b Fig). We checked the
frequency of CD19°CD3NK1.1" NK cells in several relevant tissues including spleen (Sic and 1d
Fig), peripheral lymph nodes (pLNs) (Sle Fig), bone marrow (BM) (S1f Fig) and lung (S1g Fig) and
no significant difference between homeogatic Fam13a KO and WT mice was observed. We also
could not see any significant difference in the frequencies of several other mgjor types of lymphocytes,
such as CD3" total T cells, CD19" B cells, CD8" T cells, CD4" T cells as well as CD4" Treg cells (S1
Table). We further characterized the naive and memory compartment of CD4" and CD8" T cells.
Again, no significant difference was found in the percentages of naive (CD44°“CD62L"%") and
effector memory (CD44"""CD62L', EM) CD4" T cells and naive, EM and central memory
(CD44""CDE2L"" CM) CD8' T cells at the tested age (8-12 wks) (S1 Table). In conclusion,
Faml13a depletion does not lead to spontaneous abnormalities in the development of various major

immune cells under homeostasis.

To further evaluate whether Fam13a influences the basic homeostatic functions of those immune cells,
we analysed the expression of an activation marker (CD69), an exhaustion/activation marker (PD-1)
and a proliferation marker (Ki-67) of CD4" and CD8" T cells. No significant difference in the
frequency of the cells expressing any of those markers among CD4" T cells and CD8" T cells in
spleen exhibited between Faml13a KO and WT mice (S1 Table). We also analyzed a key subset of T
cells, Tregs, which play a key role in suppressing responses of effector immune cells. Therefore, we
evaluated their suppressive function by co-culturing the CFSE-labelled CD4" conventional T cells
(Tconv), antigen-presenting cells (APCs) and Tregs. Loss of Faml3a did not compromise Treg
suppressor function against Tconv proliferation (S2a Fig). In short, Faml3a depletion causes
deficiency neither in the development, nor in the activation or proliferation of major lymphoid subsets
such as CD4" and CD8" T cells, at least in the analyzed mice lines aged 8-12 weeks under

homeostatic conditions.

Faml13a depletion upregulates the expression of KLRG1 in NK cells

As demonstrated above, Fam13a depletion did not generate differences in the frequency of total NK
cells under homeostatic conditions, which, however, cannot exclude the potential effect of Faml13a on
certain NK functions. To explore whether Fam13a affects major functional markers of NK cells, we
firg investigated the maturation profile of NK cells by checking the co-expression of CD27 and
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CD11b. Interestingly, we noticed that Fam13a depletion led to a significant but only modest change
in the proportions of immature CD11b'CD27"and mature CD11b"CD27 NK cells (S3a-c Fig). Since
CD11b"CD27 NK cells are mature NK cells, representing the major KLRG1-expressing NK subset
[19-21], we also analyzed the expression of the inhibitory receptor KLRG1 among NK cells. In line
with the data related to CD27 and CD11b subsets, we observed a much higher percentage of KLRG1-
expressing cells among total NK cells in both spleen (Fig 1a, b) and pLNs (Fig 1c, d) of the Faml3a-

KO mice.

To get a more comprehensive picture, we further analyzed different inhibitory receptors (IR) and
activation receptors (AR) of NK cells, whose engagement is critical to regulate and balance NK cell
activities. For the AR, the frequency of NKp46", Ly49H" and Ly49D" NK cells (S3d-f Fig), as well
as the expression of 2B4 and NKG2D (S3g-h Fig) were not significantly altered in Faml13a KO NK
cells. For the IR, we did not observe any significant difference in the expression of Ly49A, Ly49C/I|
and NKG2A (S3i-k Fig) on NK cells between Faml13a KO and WT mice. In summary, loss of
Faml3a critically upregulated KLRG1 expression, indicating that Faml3a has an inhibiting or

regulatory effect on NK cell maturation or preventing to some extent premature entry into the

senescent State.
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Fig 1. Fam13a depletion upregulates the expression of KLRGL1 in NK cells. (a) Representative FACS plots
of KLRG1 and NK1.1 expression on CD19'CD3" NK1.1"cellsin spleen. (b) Percentages of KLRG1'CD19'CD3
NK1.1" among NK cells in spleen of Faml3a KO and WT littermates (KO, n=12; WT, n=10). (c)
Representative FACS plots of KLRG1 and NK 1.1 expression on CD19°CD3” NK1.1'cells in pLNs of Faml13a
KO and WT littermates. (d) Percentage of KLRG1" subpopulation among NK cell in pLNs of Fam13a KO and
WT littermates (KO, n=7; WT, n=5). Results represent four independent experiments. Data are mean + s.d. The
p-values were determined by a two-tailed Student’s t-test. n.s. or unlabeled, not significant, *p<=0.05,
**p<=0.01 and ***p<=0.001.

Fam13a depletion impairs NK-cell FN-y production

A few studies have already demongtrated that KLRG1 inhibited NK-cell IFN-y production as well as
cytotoxicity [18, 22, 23]. Since we observed a significant upregulation in the frequency of the
KLRG1" NK cells, we further assessed IFN-y production and degranulation of NK cells. We
expanded NK cells by culturing total splenocytes isolated from Fam13a KO or WT littermates in the
presence of a high concentration of 1L-2 for 5 days. Then the cells were restimulated via different
cytokine cocktails to check IFN-y production (Fig 2a). We found that Faml3a deficiency did not
affect the survival and expansion of NK cellsin vitro (Fig 2b-c). However, when stimulated with the
cytokine cocktail containing IL-2, IL-12 and IL-15, Faml3a-deficient NK cells produced a
significantly lower amount of IFN-y compared with their WT counterparts (Fig 2d-€). Furthermore,
even when stimulated with the strong activation cytokine cocktail composed of IL-2, IL-12 and IL-18,
the deficiency in IFN-y production capacity of Fam13a-KO NK cells was not compensated (Fig 2f-g).
Taken together, our data demongtrate that Faml13a depletion impairs IFN-y production in NK cells

under various cytokine-cocktail stimulationsin vitro.

To further check the killing capacity of NK cells towards tumor cells, we pre-activated NK cellsin
vivo by injecting the TLR3 agonist poly(1:C) into Fam13a KO and WT littermates (Fig 2h). We then
evaluated the expression of IFN-y and the degranulation marker CD107a of NK cells following the
incubation with the target tumor cell line YAC-1. In line with the in vitro observations, lower amounts
of IFN-y were produced by Fam13a KO NK célls, as shown by different readouts, such as the lower
frequency of IFN-y-expressing NK cells (Fig 2i), the smaller absolute number of IFN-y-expressing
NK cells (Fig 2j) and the decreased MFI of IFN-y per NK cell in IFN-y* NK cells (Fig 2k). CD107a
reflects the cytotoxic activity of NK cells and cytotoxic CD8" T lymphocytes [24, 25]. No significant
difference was observed in the percentages of CD107a-expressing cells among total NK cells (Fig 21)
and in the absolute number of CD107a" NK cells (Fig 2m) between Faml3a KO and WT mice
following poly(l:C) injection. Interestingly, loss of Faml13a caused a modest but significant decrease
in the degranulation capacity per individual NK cell against YAC-1, as indicated by the decreased
MFI of CD107ain Faml3a deficient NK cells (Fig 2n). In conclusion, Fam13a depletion essentially
impairs NK-cell IFN-y production against Y AC-1 tumor cells.
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Fig 2. Fam13a deficiency impairs NK-cell IFN-y production following in vitro or ex vivo stimulation. (a)
Schematic of the experimental setup to stimulate NK cells with different cytokine cocktails. (b) Percentage of
living cells after 5-day expansion in the presence of IL-2 (KO, n=10; WT, n=7). (c) Percentage of NK1.1*NK
cells after 5-day expansion in the presence of I1L-2 (KO, n=10; WT, n=8). (d) Representative FACS histogram
overlay of IFN-y production of Faml13a KO (red line) and WT (black line) NK cells following 5-day IL-2
expanson and IL-2, IL-12 and IL-15 re-stimulation. (€) Percentage of IFN-y producing cells among total NK
cells after 1L-2, IL-12 and IL-15 re-stimulation (KO, n=12; WT, n=9). (f) Representative FACS histogram
overlay of IFN-y production of Fam13a KO (red line) and WT (black line) NK cells after 5-day IL-2 expansion
and IL-2, IL-12 and IL-18 re-stimulation. (g) Percentage of IFN-y producing cells among total NK cells after IL-
2, IL-12 and IL-18 re-stimulation. (h) Schematic of the experimental setup to analyze the ex-vivo degranulation
capacity of NK cells. Faml3a KO or WT littermates were injected intraperitoneally (i.p.) with 150 pg poly(l:C)
or PBS and then the next day splenocytes were incubated with YAC-1 cells to evaluate NK cell IFN-y
production and degranulation. (i) Percentage of IFN-y producing NK cells of Faml13a KO and WT NK cells
against YAC-1 tumor cells. (j) Absolute number of IFN-y producing NK cells of Faml3a KO and WT NK cells
against YAC-1 tumor cells. (k) Geometric mean of IFN-y expression intensity in total IFN-y" NK cells of
Faml13a KO and WT NK cells. (I) Percentage of CD107aproducing NK cells of Faml3a KO and WT NK cells
against YAC-1 tumor cells. (m) Absolute number of CD107a producing NK cells of Fam13a KO and WT NK
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cells againg YAC-1 tumor cells. (n) Geometric mean (MFI) of CD107a expression intensity in total CD107a’
NK cells of Faml3a KO and WT NK cells (KO, n=12, WT, n=9). Results are representative of three (b, c, €, g)
and two (i-n) independent experiments. Data are mean + s.d. The p-values were calculated by a two-tailed
Student’ st-test. n.s. or unlabeled, not significant, * p<=0.05, ** p <=0.01 and ***p <=0.001.

Fam13a deficiency worsens lung metastasis induced by melanoma cellsin vivo

Having shown that Fam13a depletion impaired certain critical effector functions of NK cellsin vitro
and ex vivo, we sought to further investigate the in vivo effects. Since NK cells are critical in the
control of tumor metastasis [26], we induced lung metagtasis by intravenous injection of B16F10
melanoma cells into Fam13a whole-body KO and WT littermates. After 16 days post inoculation, we
evaluated the lung metastases (Fig 3a). Compared with WT littermates, Faml3a KO mice had
developed much more tumor metastases in the lung (Fig 3b-c). For cellular compostion phenotypes,
we firg analyzed NK cells in the spleen and lung tissues. The frequency and absolute number of
NKp46'NK1.1" NK cells among CD3CD19 splenocytes was much lower in B16F10-inoculated
Faml3a KO mice compared with that in WT littermates (Fig 3d-f). Importantly, Fam13a KO mice
also had a lower percentage of infiltrated NKp46'NK1.1" NK cells among CD3'CD19 cells in the
tumor tissue, i.e., lung in comparison to WT littermates (Fig 3g). Furthermore, similar to the
homeostatic phenotype of Fam13a KO NK cells (Fig 1a-b), a much higher frequency of KLRG1"
cells were also observed among total NK cells in both spleen (Fig 3h-i) and lung (Fig 3j) of Faml3a
KO mice in comparison with that in WT littermates. In the chronic infection model, such as chronic
hepatitis C virus infection, KLRG1" NK cells represent an exhausted phenotype and lower capacity
for IFN-y production [27-29]. This indicates that both the decreased number and the high level of
KLRGL1 of NK cellsin Faml3a KO mice together aggravate tumor metastasis.

Although NK cells are indispensable in suppressing B16F10-induced lung metastasis, we hitherto
cannot exclude the potential role of other immune cells [30]. We therefore assayed lung-infiltrating T
lymphocytes, CD4" T cells and cytotoxic CD8" T cells. We observed a higher percentage of CD4" T
cells and CD25""CD4* Tregs (S3a-b Fig), but not CD8 T cells (S3c Fig) in Faml3a KO compared
to that in WT littermates. Furthermore, there was a higher frequency of effector memory (EM) but a
lower percentage of naive CD4" T cells in Fam13a KO mice, indicating more CD4" T cells were
participating in the fight against melanoma, which could be either a driving factor or a secondary
response of deteriorated lung metastasis (S3d-e Fig). This effect on naive or memory compartment
was not so obvious yet in infiltrated CD8" T cells (S3f Fig). We also found there were much higher
percentages of PD-1" CD4" T cells in the lung (S3g-h Fig), indicating more exhausted or activated
CD4" T cells in Fam13a KO mice. Again, the effect on PD-1 expression was not so significant in
infiltrated CD8" T cells of Fam13a KO mice (S3i Fig). These results indicate that, although a major
role of Faml3a-deficient NK cells in the rejection of melanoma cells is likely, we cannot definitively

exclude a potential contribution from other Fam13a-deficient immune cells, e.g., CD4" T cells.
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Fig 3. Faml3a deficiency aggravates lung metastasis induced by melanoma cells. (a) Schematic of the
experimental setup for lung metastasis model induced by B16F10 melanoma cells. (b) Representative
photographs of freshly isolated lungs after B16F10 cell inoculation. (c) Quantified metastatic foci of freshly
isolated lungs after B16F10 cell inoculation (pooled KO, n=21; pooled WT, n=23). (d) Representative FACS
plot of NKp46 and NK1.1 expression on Faml3a KO and WT CD3'CD19 living singlet lymphocytes. (e, Q)
Percentage of NKp46"NK1.1* NK cells out of CD3'CD19 cellsin spleen (€) or lung (g) of Fam13a KO and WT
littermates. (f) Absolute number of NKp46'NK1.1" NK cells out of CD3'CD19 cells in spleen of Fam13a KO
and WT littermates. (h) Representative FACS plot of KLRG1 and NK1.1 expression on Faml3a KO and WT
NK cellsin the spleen. (i, j) Percentage of KLRG1" NK cells among total NK cellsin spleen (i) or lung (j) (KO,
n=3, WT, n=4). Data are mean * s.d. The p-values were calculated by a two-tailed Student’s t-test. n.s. or
unlabeled, not significant, * p<=0.05, **p <=0.01 and ***p <=0.001.

Discussion

In this work, we showed that (i) Faml3a depletion upregulates the expression of the inhibitory and
maturation marker, KLRG1 of NK cells, (ii) Faml3a is required for an optimal NK cell IFN-y
production, (iii) in vivo, the KO mice develop significantly more lung metastases after intravenous
injection of a melanoma cell line, and (iv) the absence of Faml3a does not generate a phenotypic
impact on B and T cell numbers and subset distribution, nor on Treg function (at least under

homeogtasis).

For ex vivo phenotyping analysis of Fam13a-KO mice, the most striking observation we found is the
enhanced expression of KLRG1 in Fam13a-KO NK cellsvs. WT NK cells. KLRGL1 isan IR of the C-
type lectin superfamily able to inhibit NK cell functions (cytotoxicity and cytokine production) upon
recognition of its non-MHC class | ligands, which are E-, N- and R-cadherins [18, 22, 23]. The latter
are adhesion molecules downregulated on cancer cells. In mice, KLRGL1 is expressed on roughly a

third of NK cells, but it increases upon infections[22, 23]. In Fam13a-K O mice, particularly in spleen,
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this value was almost doubled in most of the animals. Furthermore, KLRG1 is regarded as a
maturation and terminal differentiation marker of NK cells. In line with this notion, we also observed
modestly increased percentages of mature CD11b"CD27" NK cells, which suggests that Fam13a has
an inhibiting or regulatory effect on NK cell maturation or preventing to some extent premature entry

into the senescent state.

Our in vitro NK cell functional studies showed that Fam13a-deficient NK cells displayed an impaired
IFN-y production following IL-2/1L-12/IL-15 or IL-18 cytokine cocktails stimulation. Furthermore,
after an in vivo pre-activation of NK cells via the TLR3 agonist poly(l:C), Fam13a-KO NK cells
produced less | FN-y compared to WT NK cells. We also observed a mild effect of Fam13a depletion
on NK degranulation, i.e., no significant difference in the percentages of CD107aexpressing NK cells,
except for a modest decrease in the MFI of CD107a” NK cells. Since KLRGL inhibits IFN-y
expression in NK cells at least in chronic viral infections [27-29], it is not surprising to observe

impaired IFN-y production in NK cells following various types of activation.

In our in vivo B16F10 melanoma models, we observed a strong reduction in the number of NK cells
in spleen and lung of the KO mice compared to their WT counterparts, but a significantly higher
frequency of KLRG1" NK cells. This might suggest at first sight that more NK cells were inhibited
following the induction of lung metastasis. Moreover, Faml3a-KO mice displayed a significantly
higher number of lung metastases compared to the WT animals, which is in accordance with our in
vitro findings, showing a hypofunctional state of KO NK cells. Since IFN-y production by NK cellsis
critical to control B16F10-induced lung metastasis [31], the observed reduced capability of IFN-y
production in Faml3a KO NK cells, might at least partially contribute to more severe metastasis in
vivo. In line with our observation about a higher expression of KLRGL1 and the in vitro hypofunctional
state of NK cells in Fam13a KO mice, KLRG1 neutralization antibody plus anti-PD-1 combinatory
treatment vs. the anti-PD-1 therapy alone has achieved better survival rate and response to tumor
volume in B16F10 melanoma models [32]. Furthermore, KLRG1" NK cells possibly produced, as
previously described, less IFN-y than KLRG1 NK cellsin mice [19]. These data together can already

well explain more severe metastasis observed in Fam13a-KO mice.

We also observed certain effects of Faml3a on filtrated T cells, especially on CD4* T cells, in the
induced lung metastasis experiments, so that further depletion experiments and cell-type specific
knockout animal models might be required to figure out whether our observation is driven by NK
cells alone or together with other cell types. In short, here we demonstrated a previously unrecognized
critical role of FAM13A in regulating KLRG1 expression and IFN-y production of NK cells using
both in vitro and in vivo models. As FAM13A is strongly associated with the risk of several common

lung diseases, our discovery paves the way to develop anovel potential target to mediate the functions
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of immune cells, especially NK cells in the fight againg complex lung diseases, one of the major
health threats globally. Encouragingly, the IFN-y production in NK cells from patients with another
FAM13A-strongly-linked lung disease, i.e.,, COPD, was reported to be impaired [33], indicating that

our discovery might have translational potential.

M aterials and M ethods

Animals

Faml3a knock-out (KO) mice [Fam13a™? ®OMPWIS] trom the project CSD70561 with C57BL/6N
background were obtained from the Knockout Mouse Project (KOMP) Repository at UC Davis. The
Faml3a’ (KO), Fam13a™ (HET) and Fam13a™* (WT) mice used in the experiments were age- and
gender-matched littermates generated from Faml13a®" heterozygous breeding pairs. All mice were
bred and maintained in our specific pathogen-free animal facilities. Both genders were used in our
experiments depending on the availability. But we only employed one gender for each individual
experiment.

Ethics statement

All animal experimental protocols were performed following the approval of the Animal Welfare
Structure (AWS) of the University of Luxembourg and the Luxembourg Institute of Health, and

authorization from Luxembourg Ministry of Agriculture.

Flow cytometry analysis of immunophenotype

Cell suspensions were obtained by the mechanical disruption of mouse spleen, peripheral lymph
nodes, bone marrow and lung. Red blood cells were then lysed in 1x lysing buffer (555899, BD
Biosciences). One million cells per sample were pre-incubated with purified anti-mouse CD16/CD32
antibody (Fc Block™ , 553141, BD Biosciences). Live/dead cells were discriminated by staining cells
with the LIVE/DEAD® Fixable Near-IR Dead Cell Stain kit (L10119, Thermo Fisher Scientific)
(dilution 1:500). Detailed antibody information was provide in Supplementary Table S2. Cell surface
markers were stained by the combination of the following antibodies: anti-mouse CD3-BUV496
(612955, BD Biosciences) (dilution 1:100), anti-mouse CD3-BV421(562600, BD Biosciences)
(dilution 1:100), anti-mouse CD19-BV510 (562956, BD Biosciences) (dilution 1:100), anti-mouse
CD19-FITC (11-0193-82, eBioscience) (dilution 1:100), anti-mouse NK1.1-PE-Cy7 (108713,
Biolegend) (dilution 1:50), anti-mouse NK1.1-BV421 (562921, BD Biosciences) (dilution 1:100),
anti-mouse CD27-FITC (11-0271-82, eBioscience), anti-mouse CD11b-APC (553312, BD
Biosciences) (dilution 1:100), anti-mouse CD11b-BUV395 (565976, BD Biosciences) (dilution
1:100), anti-mouse KLRG1-eFluor 450 (48-5893-82, eBioscience) (dilution 1:100), anti-mouse
KLRG1-PerCP-Cy5.5 (138417, Biolegend) (dilution 1:100), anti-mouse CD69-PE (553237, BD
Biosciences) (dilution 1:200), anti-mouse Ly49C/I-FITC (553276, BD Biosciences) (dilution 1:100),
anti-mouse NKG2A-PE (142803, Biolegend) (dilution 1:100), anti-mouse CD69-BV605 (104529,
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Biolegend) (dilution 1:200), anti-mouse Ly49A-BUV 395 (742370, BD Biosciences) (dilution 1:100),
anti-mouse Ly49D-BV711 (742559, BD Biosciences) (dilution 1:100), anti-mouse 2B4-FITC
(553305, BD Biosciences) (dilution 1:100), anti-mouse Ly49H-BUV 395 (744266, BD Biosciences)
(dilution 1:100), anti-mouse NKp46-PE (137603, Biolegend) (dilution 1:100), anti-mouse NKG2D-
APC (130211, Biolegend) (dilution 1:100), anti-mouse CD4-FITC (11-0042-82, eBioscience)
(dilution 1:200), anti-mouse CD8-BUV805 (564920, BD Biosciences) (dilution 1:200), anti-mouse
CD25-APC (557192, BD Bioscience) (dilution 1:100), anti-mouse CD44-PE-Cy7 (560569, BD
Biosciences) (dilution 1:200), anti-mouse CD62L-PerCP-Cy5.5 (560513, BD Biosciences) (dilution
1:200), anti-mouse PD-1-BV 711 (744547, BD Biosciences) (dilution 1:200). Intracellular staining for
Foxp3-APC (126403, Biolegend) (dilution 1:200), Ki-67-BV 605 (652413, Biolegend) (dilution 1:200)
or Ki-67-eFluor 450 (48-5698-82, eBioscience) (dilution 1:200) was performed by using the Foxp3
Staining Kit (00-5523-00, eBioscience). The choice of the combination of the antibodies was decided
not only by the specific experimental purposes, spectrum compatibility, but also by our Fortessa laser
settings. Samples were measured on aBD LSR Fortessa™ and data were analysed with FlowJo (v10,
Tree Star).

Primary murine NK cell in vitro expansion and cytokine activation

Five million of splenocytes per well in 12-well plates were cultured in 2.5 ml of complete DMEM
medium (for details refer below) with 1000 U/ml of recombinant human (rh) IL-2 (202-1L-010, R&D
Systems) at 37°C, in 5% CO, incubators until day 5, when the cells were stimulated with 1000 U/ml
of rhIL-2 and the combination of 10 ng/ml of recombinant murine (rm) 1L-12 (210-12, PeproTech Inc)
and 40 ng/ml of rm IL-15 (210-15, PeproTech Inc) or 100 ng/ml of rm IL-18 (B004-5, MBL) for one
night. Before FACS daining, the cells were incubated with Golgistop (554724, BD Biosciences)
(dilution 1:1500) and Golgiplug (555029, BD Biosciences) (dilution 1:1000) for 5 hrs. Cell surface
markers were stained with anti-mouse CD3-BUV496 (612955, BD Biosciences) (dilution 1:100) and
anti-mouse NK1.1-PE-CY7 (108713, Biolegend) (dilution 1:50). Dead cells were stained by using
the LIVE/DEAD® Fixable Near-IR Dead Cell Stain kit (dilution 1:500). For intracellular cytokine
staining, cells were first fixed/permeabilized with Cytofix/Cytoperm buffer (554714, BD Biosciences)
and then stained with anti-mouse IFN-y-APC antibody (554413, BD Biosciences) (dilution 1:100)
diluted in Perm/Wash buffer (554714, BD Biosciences). NK cell culture medium is the complete
DMEM medium (41965039, Thermo Fisher Scientific) with 10% of Fetal Bovine Serum (FBS,
10500-064, Thermo Fisher Scientific), 100 U/ml Penicillin-Streptomycin (15070-063, Thermo Fisher
Scientific), 10 mM HEPES (15630080, Thermo Fisher Scientific) and 55 pM B-mercaptoethanol
(M7522, Sigma-Aldrich).

NK cell degranulation assay
Faml3a KO and WT littermates were injected with 150 mg of toxin-free poly(l:C) (tlrl-pic,
InvivoGen) in 100 pl PBS via intraperitoneal injection. Eighteen hours later, the mice were sacrificed
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and the spleens were harvested. Splenocytes (1E6) were cultured with 5E5 of YAC-1 target cells (2:1
ratio) in the presence of anti-mouse CD107a-BV421 antibody (564347, BD Biosciences) (1:100) for 1
hr. Golgiplug and Golgistop were then added for an additional 4-hr incubation. Cells were stained
with anti-mouse CD3-BUV496 (612955, BD Biosciences) (dilution 1:100), anti-mouse NK1.1-PE-
Cy7 (108713, Biolegend) (dilution 1:50) plus Live/Dead staining kit (dilution 1:500). Intracellular
cytokine IFN-y staining was performed as described above.

Melanoma modéd for pulmonary metastasis

Faml3a KO and matched Faml3a WT littermate mice aged 8 to 10 weeks were used for lung
metastasis study following intravenous injection of 2E5 of B16F10 melanoma cells in 100 ul of PBS.
16 days later, mice were sacrificed. The lung was perfused to remove the excessive blood by slowly
injecting cold PBS through the right ventricle. Lung tumor nodules were counted. In addition, the
spleens, pLNs and lungs were collected for FACS analysis. For cell isolation from the lung, the
organs were cut into small pieces and the tissue digested in the lysis buffer (PBS containing 1.3
mg/ml collagenase Type |1 (234155, MERCK), 10% FBS, 50 U/ml benzonase endonuclease (101654,
MERCK), 1mM MgCl,) ina 37 °C incubator for 1 h. Single cell suspensions for FACS staining were
made by filtering of the cellsthrough 40 uM cell strainers (734-2760, VWR).

Real time PCR

Spleen and/or lung were collected from Faml3a KO, Faml3a Het and Fam13a WT mice. NK cellsin
the spleen were isolated and purified by using mouse NK cell isolation kit Il (130-096-892, Miltenyi
Biotec). The purity of NK cells was analyzed by FACS. RNA from lung and NK cells of spleen was
isolated via using the RNeasy Mini Spin Kit (74104, Qiagen). Genomic DNA was then removed by
on-column DNase digestion (79254, Qiagen). The SuperScript |11 Reverse Transcriptase Kit (18080-
044, Invitrogen) was employed for cDNA synthesis. qPCR was performed with the LightCycler 480
SYBR Green | Master Mix (04707516001, Roche Applied Science) using the LightCycler 480 system
as previoudly described [15, 34]. Fam13a mRNA RT-PCR primers are referred according to another
Faml3a related work [35] (fwd: CCG CTG CGA AGC TCA CAG GAA GAT G; rev: TTG GTC
TCC AGC GTT GCT GAC ATC A). The housekeeping gene for normalizing Faml3a mRNA
expression was Rps13 in lung and 18sin splenic NK cells, respectively.

Treg suppressive assay

Treg suppressive assay was performed in a way similar to our previous work [34]. To ease the
comprehension, were here described the major steps again. Total T cells from spleen of Fam13a KO
mice and WT littermates were isolated with CD90.2 microbeads (130-121-278, Miltenyi Biotec). The
cells were then stained with the antibody mix containing LIVE/DEAD® Fixable Near-IR (dilution
1:500), anti-mouse CD25-PE-Cy7 (552880, BD Biosciences) (dilution 1:200) and CD4-FITC (11-
0042-82, eBioscience) (dilution 1:200) antibodies at 4 °C for 30 min. After staining, Tregs
(CD4*CD25"" and conventional CD4'CD25 T cells (Tconv) were sorted by BD FACSAria™ Il
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sorter. Tconv cells from WT mice were |abelled with afinal concentration of 1 pM CellTrace™ CFSE
(C34554, Life Technology). Splenocytes depleted of T cells were used as antigen-presenting cells
(APCg9)/feeder cellsand were irradiated in RS2000 (Rad Source Technologies) with a total dose of 30
Gy within a period of 10 mins. 1x10° Tconv cells were co-cultured with Treg cells at different ratios
in the presence of 2x10° irradiated APCs and 1 pg/ml soluble anti-CD3 antibody (554829, BD
Biosciences). The cells were cultured in T-cell complete media which consists of RPMI 1640 medium
supplemented with 50 U/ml penicillin, 10 mM HEPES, 10% heat-inactivated fetal bovine serum
(FBS), 50 pg streptomycin, 2 mM GlutaMAX (35050061, Thermo Fisher Scientific), 1 mM sodium
pyruvate (11360070, Thermo Fisher Scientific), 0.1 mM non-essential amino acids (M7145, Sigma
Aldrich) and 50 pM beta-mercaptoethanol at 37°C, 5% CO, incubator. The proliferation of Tconv
cells labeled by CFSE was measured after three-day co-culturing using aBD LSR Fortessa™.
Statistical analysis

The P-values were calculated by Graphpad Prism software with non-paired two-tailed Student t test as
presented in the corresponding figure legends. The P-values under 0.05 were considered as
statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001; n.s, not significant). Data were presented

as mean + standard deviation (s.d.).

Supporting Infor mation

Supplementary Table 1. Frequency summary of unaffected immune subsets in homeostatic

Faml13a KO vs WT mice. Data are provided as mean + s.d.. The number of analyzed mice per group was

also provided.

Fam13aKO \ Fam13aWT
cell type (in Spleen) % among the parent gate (%, meant

standard deviation)
CD3" T cells (KO=12,WT=11) 32.28+3.38 29.29+8.73
CD19" B cell (KO=12,WT=11) 48.6+11.61 55.34+11.67
CD4" T cells (KO,WT N=5) 12.99+2.29 12.23+2.11
CD44'™CD62L"" naive CD4 (KO,WT N=5) 46.35+15.28 53.75+3.31
CD44""CD62L"™ EM CD4 (KO,WT N=5) 34.45+14.3 28.80+3.00
CD69'CD4" T cells (KO,WT N=5) 9.73+1.35 11.91+0.96
KI-67°CD4" T cells (KO,WT N=5) 13.85+4.47 12.36+1.20
PD-1*CD4" T cells (KO,WT N=5) 19.47+6.47 18.16+3.49
FOXP3'CD4" Tregs (KO,WT N=5) 19.03+5.40 15.66+1.87
CD8" T cells (KO,WT N=5) 9.89+1.75 8.70+1.77
naive CD8" T cells (KO,WT N=5) 53.08+16.35 64.14+1.62
EM CD8' T cells (KO,WT N=5) 3.85+1.95 2.78+0.79
CD4)4“'9“CD62L“'9“ CM CD8" T cells (KOWT 37.87+16.42 27.53+0.95
N=5
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CD69'CD8" T cells (KO,WT N=5) 1.81+0.40 2.07+0.35
Ki-67"CD8" T cells (KO,WT N=5) 7.23+1.60 6.94+0.71
PD-1"CD8" T cells (KO,WT N=5) 2.75+0.76 2.29+0.20

Supplementary Table 2. List of antibodies with the information required for flow cytometry

analysis.
Catalogue Dilution

Antibody Clone Company number factor

Purified Rat Anti-Mouse CD16/CD32 (Mouse BD BD

Fc Block™) 24G2 Biosciences | 553141 1:50
BD

CD3-BUV496 145-2C11 | Biosciences | 612955 1:100
BD

CD3-BV421 145-2C11 | Biosciences | 562600 1:100
BD

CD19-BV510 1D3 Biosciences | 562956 1:100

CD19-FITC 1D3 eBioscience | 11-0193-82 1:100

NK1.1-PE-Cy7 PK136 Biolegend 108713 1:50
BD

NK1.1-BV421 PK136 Biosciences | 562921 1:100

CD27-FITC LG.7F9 eBioscience | 11-0271-82 1:50
BD

CD11b-APC M1/70 Biosciences | 553312 1:100
BD

CD11b-BUV395 M1/70 Biosciences | 565976 1:100

2FUKLR

KLRG1-PerCP-Cy5.5 G1 Biolegend 138417 1:100
BD

CD69-PE H1.2F3 Biosciences | 553237 1:200

CD69-BV605 H1.2F3 Biolegend 104529 1:200

NKG2A-PE 16A11 Biolegend 142803 1:100
BD

Ly49C/I-HITC 5E6 Biosciences | 553276 1:100
BD

Ly49A-BUV395 Al Biosciences | 742370 1:100
BD

Ly49D-BV711 4E5 Biosciences | 742559 1:100
BD

Ly49H-BUV 395 3D10 Biosciences | 744266 1:100
BD

2B4-FITC 2B4 Biosciences | 553305 1:100

NKp46-PE 29A14 Biolegend 137603 1:100

NKG2D-APC CX5 Biolegend 130211 1:100

CD4-HTC RM4-5 eBioscience | 11-0042-82 1:200
BD

CD8-BUV805 53-6.7 Biosciences | 564920 1:200
BD

CD25-APC PC61 Biosciences | 557192 1:100
BD

CD44-PE-Cy7 IM7 Biosciences | 560569 1:200
BD

CD62L-PerCP-Cy5.5 MEL-14 | Biosciences | 560513 1:200

PD-1-BV711 A3 BD 744547 1:200
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Biosciences
Ki-67-BV605 (used in T cell phenotyping) 16A8 Biolegend 652413 1:200
Ki-67-eFluor 450 (used in melanoma experiment) | SolA15 eBioscience | 48-5698-82 1:200
FOXP3 Antibody FIJK-16s | eBioscience | 17-5773-82 1:200
BD
IFN-y-APC antibody XMG1.2 | Biosciences | 554413 1:100
BD
CD107a-BV421 antibody 1D4B Biosciences | 564347 1:100
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S1 Fig. Frequency of NK cellsin the different organs and tissues of Fam13a KO vs. WT mice.
(a-b) Relative Faml3a mRNA expression in lung tissue (a) or fresh NK cells (b) isolated from
Faml13a KO or WT littermates or Fam13a heterozygous (HET) mice as quantified by real-time PCR.
(c) Representative flow-cytometry (FACS) plots of CD3" NK1.1" NK cells among CD19 cells in
spleen of Fam13a KO and WT littermates. (d-g) Percentages of NK cellsin spleen (d, KO, n=16; WT,
n=16), peripheral lymph nodes (pLNs) (e, KO, n=7; WT, n=6), bone marrow (BM) (f, KO, n=7; WT,
n=6) and lung (g, KO, n=7; WT, n=6) of Fam13a KO and WT littermates. Results are representative
of three (c-g) and two (a-b) independent experiments. Data are mean + s.d. The p-values were
calculated by a two-tailed Student’s t-test. n.s. or unlabeled, not significant, *p<=0.05, **p <=0.01
and ***p <=0.001.
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S2 Fig. Treg suppressive assay. (a) In-vitro suppression assay of Faml3a KO or WT Tregs in co-
culture with CFSE-labelled Tconv cells at different ratios and irradiated feeder cells in the presence of
anti-CD3 antibody for 3 days. Enlarged number in each histogram represents percentage of dividing

cellsfrom thetotal living Tconv population. Results represent four independent experiments.
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S3 Fig. Extended NK cell immunophenotyping analysis of Faml13a KO vs. WT mice. (a)
Representative FACS gating strategy of NK cells from splenocyte singlets stained with live and dead
staining dye, anti-CD19, anti-CD3 and anti-NK1.1lantibodies. (b) Representative FACS plots of CD27
and CD11b expression gated on CD19CD3 NK1.1'cells in spleen. (c) Percentages of four
developmental stages of NK cells, CD27'CD11b’, CD27°CD11b, CD27°CD11b’, CD27 CD11b" NK
cellsin spleen of Faml3a KO and WT littermates (KO, n=9; WT, n=8). (d-f) Percentages of NK cells
expressing activating receptors NKp46 (d), Ly49H (e) and Ly49D (f) among Faml13a KO and WT
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littermates (KO, n=5; WT, n=6). (g-h) Geometric mean of 2B4 (g) and NKG2D (h) expression on
Fam13a KO and WT NK cells. (i-k) Percentages of NK cells expression inhibitory receptors Ly49A
(i), Ly49C/I (j) and NKG2A (k) among Faml3a KO and WT littermates (KO, n=5; WT, n=6).

Results represent four (¢) and three (d-k) independent experiments. Data are mean+ s.d. The p-values

were determined by a two-tailed Student’s t-test. n.s. or unlabeled, not significant, *p<=0.05,

**p<=0.01 and ***p<=0.001.
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Data are mean + s.d. The p-values were calculated by a two-tailed Student’s t-test. n.s. or unlabeled,
not significant, *p<=0.05, **p <=0.01 and *** p <=0.001.
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