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Abstract
NK cells are critical in immune responses against pathogens. However, their role in autoimmunity
is still controversial. Here, we demonstrate that neonatal NK cells render newborns more
susceptible to neonatal autoimmunity induced by maternal autoantibodies (nAOD); thus, neonatal
but not adult NK cells are pathogenic after transfer into NK cell-deficient pups. The inhibitory
receptors Ly49C/I are expressed in ~5% of neonatal and ~50% of adult NK cells. Here, we show
that the presence of Ly49C/I+ adult NK cells inhibits nAOD induction. Thus, the ontogenetic
regulation of Ly49C/I expression determines the propensity to autoantibody induced
autoimmunity. In summary, our study provide definitive evidences of a pathogenic role of NK
cells in neonatal autoimmunity and also elucidate a novel mechanism by which neonatal NK cells
render newborns more susceptible to autoantibody induced autoimmunity.

INTRODUCTION
Approximately 4 million children under the age of 6 months die each year worldwide
because of infections (1), revealing that infections early in life are still an important cause of
morbidity and mortality. Paradoxically, whereas newborns are more susceptible to
infections, they are also more prone to the development of autoimmune diseases. Maternal
autoantibodies (autoAb) can cause severe pathology in the fetuses or newborns yet spare the
mother. AutoAb to Ro52 or Ro60 in women with lupus or Sjogren’s syndrome are
associated with congenital heart block in the progeny (2). Female lupus patients also
produce DNA autoAb that can be lethal in neonatal mice when they cross-react with neuron
receptors (3). Neonatal myasthenia gravis is associated with maternal AutoAb to fetal
acethylcholine receptor (4). Diabetes only occurs after exposure to hen egg lysozyme (HEL)
maternal autoAb in mice expressing HEL in pancreatic islets and HEL specific T cell
receptor (5). Despite the substantial evidence of a preferential pathogenicity of autoAb in
neonates, the mechanisms involved in newborn predisposition to autoimmunity remain
unknown.

Neonatal tolerance (6) is insufficient to explain newborn susceptibility to infections since
neonatal and adult lymphocytes mount similar responses under the appropriate conditions
(7). Importantly, we showed that depending on the host expression of the target Ag (zona
pellucida 3, ZP3), the neonatal immune response diverged from tolerance to autoimmunity
(8). Thus, the ZP3 peptide (335-342) induced a Th2-deviated tolerance to the “foreign”
pZP3 in male mice, while triggered autoimmune ovarian disease (AOD) in female mice.
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We have investigated a model of neonatal autoimmunity that resembles human congenital
heart block since it also is mediated by maternal autoAb that are harmless to the mother but
induce pathology in the newborns. Neonatal AOD (nAOD) is induced in neonates by
maternal autoAb to pZP3 (9). Although ZP3 autoAb form immune complexes on the zona
pellucida of both adult and neonatal oocytes, ovarian inflammation occurs only when ZP3
autoAb exposure is initiated within the first 5 days of life (9). The requirement of NK cells,
FcgRIII and IFNg in nAOD (9, 10) suggests NK cells mediated Ab-dependent cell-mediated
cytotoxicity. Importantly, we found that NK cells promote the inductive and effector T cell
response, highlighting a crucial interaction between the innate and the adaptive immune
responses (9). To further study the T cell requirement in nAOD, we turned to mice deficient
in T and B cells. Surprisingly, these mice also developed severe nAOD independently of the
adaptive immune response. Using the latter model we made three novel and striking
observations: 1) neonatal susceptibility to autoimmunity is restricted to unique properties of
the neonatal innate response, 2) we identified neonatal NK cells as a critical determinant for
newborn propensity to autoimmunity, and 3) the acquisition of the inhibitory Ly49C/I
receptors on adult NK cells renders adult mice resistant to the development of
autoimmunity.

MATERIAL AND METHODS
Mice and Abs

C57BL/6 (B6, H-2b), A/J (H-2a), BALB/c (H-2d), and (C57BL/6×A/J) F1 (B6AF1, H-2a×b)
mice were obtained from the National Cancer Institute (Frederick, MD). B6 mice deficient
in Rag1, b2m, Foxn1 (Nude), Prkdc (Scid), BALB/c Scid and B6.AKR (H-2k) mice were
obtained from the Jackson Laboratory (Bar Harbor, ME). B6 Rag2/IL-2rg−/− mice came
from Taconic Farms (Germantown, NY). (B6×B6.AKR) F1 (B6.kb, H-2k×b) and B6AF1
Nude mice were generated in our laboratory (11). CD1d−/− B6 mice were a gift from Dr.
Bendelac (University of Chicago). Mice were bred and housed in specific pathogen-free
facilities following the Animal Care and Use Committee Guidelines of the University of
Virginia. The following investigators provided the following mAbs: Dr. Yokoyama
(Washington University) NKG2D Ab (C7); Dr. Ortaldo (National Cancer Institute) Ly49C/I
depleting Ab (5E6); and Dr. Ravetch (Rockefeller University) FcgRIV Ab (9E9). Asialo
GM1 Ab came from Cedarlane laboratories (Canada).

Peptides and mAb production
A ZP3 mAb (1G2 clone, IgG2b) was generated in B6AF1 mice immunized with the
chimeric peptide 2 (12) in CFA. Ab binding to ZP3 (330-342) peptide and native ZP3 was
screened by ELISA and immunofluorescence, respectively. IgG was produced at the
Lymphocyte Culture Core (University of Virginia).

nAOD induction, histopathology and nAOD severity grading
nAOD was induced by feeding with milk from mothers immunized with CP2 in CFA (9), or
by i.p. injection of 100 ug of ZP3 mAb (1G2 clone) on days 3 and 5 (day 0 being the day of
birth). Mice were euthanized at 2 wks of age, ovaries were fixed in Bouin’s and pathology
was graded as unknown samples as described (10).

NK cell isolation and transfer
NK cells were isolated from the spleen of neonatal (1-6 days old), juvenile (4-5 wks old) and
adult (≥ 8 wks old) B6 mice using D×5 Microbeads (Miltenyi Biotec, Auburn, CA). The
purity of neonatal and adult NK cell ranged from 80-95%. In NK cell reconstitution

Rival et al. Page 2

J Immunol. Author manuscript; available in PMC 2014 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



experiments, 1-5 day-old Rag2/IL-2rg−/− recipients were injected i.p. with 2-5×105 neonatal
NK cells or 5×105 NK cells isolated from juvenile or adult mice.

Flow cytometry analysis
Spleen cells were stained with Abs to: CD49b (D×5), NK1.1 (PK136), Ly49C/I (5E6),
Ly49I (YLI-90), CD122 (TM-b1), NKp46 (29A1.4) and CD3 (145-2C11). Cells were
analyzed on a 5-color FACScan or a 6 color FACSCanto I flow cytometer (BD
Biosciences), and data were analyzed with FlowJo software (Tree Star).

Statistical analysis
Statistical differences between 2 samples were determined by the non-parametric Mann-
Whitney U test. Fisher’s exact test was used to assess differences in disease incidence.
Significance was considered at p<0.05.

RESULTS AND DISCUSSION
NK cells are obligatory in T cell-independent (TI) nAOD

Maternal ZP3 autoAb induced a high frequency of T cell dependent nAOD (TD-nAOD) in
wild-type (wt) (B6×A/J)F1 (B6AF1) and (B6×B6.AKR)F1 (B6.kb) mice (Fig. 1A, C) but
minimal disease in B6 and BALB/c mice (Fig. 1B, D). In contrast, Nude, Scid, Rag1−/− and
Tcra−/− mice developed high frequency of nAOD regardless of the mouse strain (Fig. 1A-
D). Maternal ZP3 Ab and ZP3 mAb recognize the same ZP3 B cell epitope and induced
comparable nAOD (Fig. 1E). Here, we took advantage of this new TI-nAOD model to
investigate the properties of the neonatal innate system that predisposes newborns to
autoimmunity. We studied primarily B6 Rag−/− mice injected with ZP3 mAb.

Similar to TD-nAOD (9, 10), TI-nAOD occurred when ZP3 mAb was injected on days 3 or
6 after birth, but not on day 9 (Fig. 1F). Therefore, neonatal innate response alone can confer
propensity to nAOD. As previously shown in TD-nAOD (9, 10), Rag1−/− mice with TI-
nAOD showed different degrees of ovarian inflammation, oocyte loss and atrophy
(Supplemental Fig. 1). NK cell depletion (Fig. 1G, H) or NK cell activation blockade (Fig.
1I) significantly reduced the incidence and severity of TI-nAOD, indicating that NK cells
are critical in TI-nAOD. In addition, NKG2D+ NK cells were detected nearby and inside the
ovarian follicles of mice with TI-nAOD (Supplemental Fig. 1), suggesting oocyte-specific
NK cell-dependent cytolysis. As in TD-nAOD (9, 10), IFNg and FcgRIII were also critical
in TI-nAOD; thus TI-nAOD was inhibited by mAb to IFNg and mAb to FcgRIIB/III (Fig. 1J
and K). Strikingly, TI-nAOD induction was also dependent on FcgRIV (Fig. 1L), an
activating IgG Fc receptor expressed on dendritic cells, macrophages and neutrophils but not
on NK cells (13). Therefore, TI-nAOD induction must also depend on other innate cells.
Finally, NKT cells are redundant in nAOD because ovarian inflammation occurred in Nude,
Rag1−/− and Tcra−/− mice (Fig. 1A, B, C), and also in CD1d−/− B6.kb mice, deficient in
iNKT cells (Fig. 1M).

Therefore, both TD-nAOD and TI-nAOD models depend on NK cells, IFNg and FcgRIII
and share the same neonatal time window for disease induction. Moreover, our findings
indicate that neonatal mice can mount a robust innate immune response to tissue-associated
immune complexes, sufficient to cause severe organ-specific injury. Our data demonstrate
that a T cell response is critical in TD-nAOD but dispensable in TI-nAOD. This differential
T cell requirement is likely due to the superior innate cell function in T and B cell deficient
mice over wt mice (14), and the capacity of T cells to dampen the innate response (15).
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Ontogenetic differences in NK cell function determines neonatal susceptibility to TI-nAOD
To investigate whether NK cell function explains neonatal propensity to TI-nAOD, we next
compared the capacity of neonatal and adult NK cells to induce nAOD by adoptive transfer
into Rag2/IL2rg−/− mice that lack T, B and NK cells. As expected, Rag2/IL-2rg−/− mice
were resistant to TI-nAOD induction (Fig. 2A), supporting the critical role of NK cells in
nAOD. However, the reconstitution of Rag2/IL-2rg−/− pups with NK cells isolated from 1-6
day-old wt mice restored ovarian inflammation (Fig. 2A). Remarkably, minimal disease was
detected when we transferred NK cells from 7-9 or 11-12 day-old donors (Fig. 2A), and NK
cells from >4 wk-old donors failed to induce nAOD. Thus, the ontogenetic properties of NK
cells to restore nAOD mirror the neonatal time window for nAOD induction (Fig. 1F). The
failure of adult NK cells to induce nAOD is not due their poor survival since we recovered
similar numbers of donor neonatal and adult NK cells from the recipients (Fig. 2B).
Importantly, NK cell-depleted splenic cells no longer reconstituted nAOD in Rag2/IL-2rg−/
− pups (Fig. 2C) indicating that IL2rg+ non-NK cells residing in the neonatal spleen cannot
induce nAOD. Both TD-nAOD (10) and TI-nAOD (Fig. 1J) pathogenesis is IFNg
dependent. The failure of IFNg−/− neonatal NK cells to induce nAOD in Rag2/IL-2rg−/−
pups (Fig. 2A) indicates that the neonatal NK cell is a critical source of IFNg. Therefore, we
demonstrated that the unique properties of neonatal NK cells render newborns susceptible to
TI-nAOD, that IFNg produced by the neonatal NK cells is required for TI-nAOD.

The challenging adoptive transfer strategy used here required age synchronization of cell
donors and recipients, and >20 neonatal donors were required to transfer 2-5×105 NK cells
per recipient. This limited the number of Rag2/IL-2rg−/− pups that could be reconstituted
with wt or IFNg−/− neonatal NK cells to 1 or 2 per experiment. Thus, these data were
obtained from multiple experiments (3-7) in order to achieve a total of 5-10 mice per group,
and they were also used in Fig. 2C and Fig. 3.

The late ontogeny of Ly49C/I expression on NK cell explains the adult resistance to nAOD
We next studied the influence of the inhibitory Ly49 receptors on TI-nAOD induction since
they control NK cell function (16) and their expression is ontogenetically regulated (17-18).
We focused on Ly49C/I that recognize Kb (MHC I of B6 mice). As previously reported,
~5% of neonatal NK cells expressed Ly49C/I, whereas ~30% of juvenile and ~50% of adult
NK cells were Ly49C/I+ (Fig. 3A and B). This differential expression of Ly49C/I on NK
cells during ontogeny, and the observation that only neonatal NK cells induce nAOD (Fig.
2A), lead us to propose that Ly49C/I negative NK cells isolated from older mice might also
induce nAOD. To test this, we injected Rag2/IL-2rg−/− neonates reconstituted with NK
cells from juvenile or adult donors along with Ly49C/I depleting mAb (Fig. 3C). This led to
in vivo depletion of the Ly49C/I+ NK cells in the recipients (Fig. 3D). Strikingly, the
residual Ly49C/I negative NK cells from the 4-5 wk-old juvenile donors (Fig. 3C) induced
severe nAOD similar to neonatal NK cells (Fig. 3C). These results suggest that Ly49C/I
negative NK cells from juvenile mice retain the pathogenic properties of the neonatal NK
cells. Because the pathogenicity of the juvenile Ly49C/I negative NK cell subset was
revealed only after depleting Ly49C/I+ NK cells, our data also suggest that Ly49C/I+ NK
cells regulate the Ly49C/I negative NK cell subset, at least in the context of nAOD
induction. In addition, Ly49C/I negative NK cells from >8 wk-old adult mice also induced
ovarian inflammation, but it was milder and infrequent (Fig. 3C). This indicates that the
pathogenic potential of the Ly49C/I negative NK cells decline as the mice age; nonetheless,
it is still controlled by the Ly49C/I+ NK cells.

We next examined the capacity of MHC I deficient NK cells to induce nAOD. In wt mice,
the MHC I – Ly49 interactions occur both amongst the NK cells (in cis and trans) and
between NK cells and host cells. Instead, when b2m−/− NK cells are infused into Rag2/
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IL-2rg−/− pups, MHC I – Ly49 binding only occur between NK cells and host cells. Figure
3E shows that NK cells from b2m−/− juvenile mice induced nAOD; however, disease rescue
was partial since 9/14 (64%) mice showed mild ovarian inflammation. Because b2m−/− NK
cells can overcome their hyporesponsiveness in an MHC I sufficient environment, we
believe that the partial disease rescue is due to the NK cell inhibition by the interaction of
Ly49 with host MHC I+ cells. In both Fig. 3C and 3E we observed a reduction in the
pathogenicity of NK cells from 8 wk-old to 4 wk-old donors. This might be due to the
differential expression of activating receptors and/or inhibitory receptors between adult and
juvenile Ly49C/I negative NK cells

In summary, we have developed a new model of TI-nAOD, which allowed us to clearly
demonstrate that neonatal NK cells are functional, and, in fact, they are superior to adult NK
cells in nAOD induction. Using multiples approaches, we showed that neonatal NK cells,
and their production of IFNg, are required for nAOD pathogenesis. More importantly, we
showed that the low expression of Ly49C/I on neonatal NK cells renders newborns more
susceptible to nAOD. Thus, the properties of the neonatal innate response are the basis for
neonatal propensity to autoimmunity.

We previously showed that regulatory T cells also control neonatal susceptibility to nAOD
since their elimination allows nAOD induction even when pups were exposed to ZP3
autoAb on day 9 of life (10). This indicates multiple levels of regulation in preventing
autoimmunity, which are present in the adult, but not in neonatal mice. We envision that
adult resistance to autoimmunity relies first, at the innate level, on the acquisition of Ly49
receptors by NK cells, and second, at the adaptive level, on the regulatory T cells. Thus,
both TD-nAOD and TI-AOD models have provided valuable information to dissect the
mechanisms of neonatal propensity to autoimmunity. In this context, it is important that both
models share the neonatal time window for disease induction, and that NK cells, FcgRIII
and IFNg are equally critical.

In the steady state, Ly49 negative NK cells are hypo-responsive; however, they can acquire
full effector functions under inflammatory conditions (29-31). Accordingly, Ly49C/I
negative adult NK cells can respond to the ovarian immune complexes and induce nAOD.
Because this only occurs after the elimination of Ly49C/I+ NK cells, we speculate that the
Ly49C/I+ NK cell subset can inhibit the activation of Ly49C/I negative NK cells. Previous
reports showed that Ly49 receptors in mice (22) and killer cell Ig-like receptors (KIR) in
humans (23) intrinsically restrain NK cell activation. However, our data suggest a novel
extrinsic inhibitory effect. The cellular and molecular mechanisms of this regulation will
require further investigation, and it might involve competition between the two NK cell
subsets and dendritic cell interaction and priming (24).

Both promoting and protecting roles have been attributed to NK cells in autoimmunity in
animal models (25). In human autoimmune diseases, a lower expression of KIR correlates
with a higher predisposition to autoimmunity (26). Moreover, in a model of myasthenia
gravis in adult mice, NK cells and FcgRIII are critical for disease pathogenesis (27). Thus,
nAOD appears to recapitulate the mechanisms of other clinically relevant diseases.

To our knowledge, we have shown for the first time, how the differential expression of the
Ly49 inhibitory receptors during ontogeny can impact NK cell function, thus explaining
neonatal propensity to immune complex-mediated autoimmune disease. Importantly, we
established that the acquisition of the Ly49 receptors restrains adult NK cell function and
renders older mice resistant to autoimmunity.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Analysis of the cellular and molecular requirements in TI-nAOD pathogenesis
mice deficient in T and B cells develop high incidence of ovarian inflammation when
exposed to maternal ZP3 autoAb, and requires NK cells, IFNg and FcgRIII. A-D, T cell
deficient (Nude and TCRα−/−; A and C) and T/B cell deficient (Scid and Rag1−/−; B and
D) mice develop frequent TI-nAOD; whereas wt B6 and BALB/c mice are low or non-
responders to ZP3 maternal Ab (B, D). E, Comparable incidences of TD-nAOD in B6AF1
pups after ZP3 Ab+ milk feeding or ZP3 mAb injection. F, B6 Rag1−/− mice develop TI-
nAOD when exposed to ZP3 mAb on day 3 or day 6 but not on day 9 after birth. G-L,
Analysis of TI-nAOD induction after treatment with control IgG (cIgG) or Ab to: (G) Asialo
GM1 [AGM1] (NK cell depletion), (H) NK1.1 (NK cell depletion), (I) NKG2D (NK cell
activating receptor blockade), (J) IFNg, (K) FcgRIIB/III mAb, or (L) FcgRIV. (M) CD1d−/−
and wt B6.kb mice develop comparable TD-nAOD. nAOD was induced by maternal ZP3
Ab (A-D, M) or ZP3 mAb injection (F-L). G-M, n= 6-21 animals pooled from 3-4
independent experiments.
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Figure 2. Neonatal but not adult NK cells induce TI-nAOD
A, TI-nAOD is restored in 1-5 day-old Rag2/IL2rg−/− recipients after reconstitution with
2-5×105 wt but not with IFNg−/− splenic NK cells isolated from neonatal (1-6 days [d])
donors or 5×105 NK cells from >4 wk old wt donors. B, Similar number of NK cells were
recovered from the spleen of Rag2/IL2rg−/− mice at 2 wks of age. Gated on live, CD122+

D×5+ NK1.1+ cells. C, NK cell-depleted neonatal spleen cells do not restore TI-nAOD in
Rag2/IL-2rg−/− mice. Spleen cells from 1-6 day-old wt mice were depleted ex-vivo with
D×5 and NK1.1 Abs using magnetic microbeads. The frequency of residual D×5+ NK1.1+

NK cells was 0.05-0.06%. TI-nAOD was induced by ZP3 mAb; n= 3-12 mice pooled from
2-7 independent experiments. **p<0.01; ***p<0.0001.
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Figure 3. The late ontogeny of Ly49C/I expression on NK cells explains adult resistance to TI-
nAOD
A, 4 day (d)-old wt B6 mice show reduced frequency of splenic Ly49I+ NK cells compared
to adult (8 wk-old) wt B6 mice. Gated on live, NKp46+, NK1.1+, CD3− cells. B, Summary
of the frequency of Ly49I+ NK cells in wt B6 as described in (A). C, Ovarian pathology in
Rag2/IL-2rg−/− mice reconstituted with 1×106 NK cells from wt donors of different ages,
with or without co-injection of 50 ug of Ly49C/I depleting mAb. D, Representative contour
plots showing the percentage of Ly49I+ NK cells in the spleen from 2 wk-old Rag2/IL-2rg−/
− recipients reconstituted with 4 wk-old NK cells without (upper panel) or with Ly49C/I
mAb (lower panel). Gated on live, CD122+ NK1.1+ D×5+ cells. E, Ovarian pathology in
Rag2/IL-2rg−/− mice reconstituted with 0.5×106 NK cells from b2m−/− donors of different
ages. C and E, TI-nAOD was induced by ZP3 mAb. n= 4-14 mice pooled from 2-7
independent experiments. *p<0.05; **p<0.01; ***p<0.0001.
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