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Abstract

NK cells recognize MHC-I1 antigens via stochastically expressed MHC-I1-specific inhibitory
receptors that prevent NK cell activation via cytoplasmic immunoreceptor tyrosine based
inhibitory motifs. We have identified a pan-anti-MHC-1 mAb which blocks NK cell inhibitory
receptor binding at a site distinct from the TCR binding site. Treatment of unmanipulated mice
with this mAb disrupted immune homeostasis, markedly activated NK and memory phenotype T
cells, enhanced immune responses against transplanted tumors and augmented responses to acute
and chronic viral infection. mAbs of this type represent novel check point inhibitors in tumor
immunity, potent tools for the eradication of chronic infection, and may function as adjuvants for
the augmentation of the immune response to weak vaccines.

Introduction

NK cells are a component of the innate immune system and play critical roles in the control
of viral and tumor immunity as well as in the promation of T cell-mediated adaptive
immunity (1). NK cells recognize MHC-1 antigens via stochastically expressed MHC-I-
specific inhibitory receptors, members of the Ly49 family in mice and Killer
Immunoglobulin-like Receptor (KIR) family in humans, that prevent NK cell activation via
cytoplasmic immunoreceptor tyrosine based inhibitory motifs (2). Loss of MHC-I
expression on tumors, antigen presenting cells, or targets (“missing self”) abrogates
inhibitory signals resulting in NK activation (3, 4). Structural studies and competition
experiments have shown that the binding site on MHC-I for Ly49 inhibitory receptors is
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distinct from that for TCRs (5, 6). We have identified a pan-anti-MHC-I mAb which blocks
NK cell inhibitory receptor binding at a site distinct from the TCR binding site. Treatment of
unmanipulated mice with this mAb disrupted immune homeostasis characterized by marked
proliferation and activation of NK cells and CD8* and CD4* memory phenotype (MP) T
cells. Activated NK cells secreted high amounts of IFN-y that activated APC to produce
elevated levels of I1L-15 which further activated NK cells and drove MP T cell proliferation.
The global disruption of NK cell/MHC-I interactions significantly enhanced immune
responses against transplanted tumors and augmented responses to acute and chronic viral
infection.

Materials and Methods

Mice
Female C57BL/6 and BALB/c mice were purchased from Charles River Laboratories. OT-I
mice were purchased from the Jackson Laboratory. All mice were 8-12 weeks old and and

all animal protocols used in this study were approved by National Institutes of Allergy and
Infectious Diseases Animal Care and Use committee.

In vivo antibody treatment
Rat-1gG2a (250ug/dose, i.p., Clone 2A3, BioXcell) and Anti-MHC-1 (500ug/dose, Clone
M1/42, BioXcell), anti-H2-KP (500ug/dose, Clone AF6-88.5, BioXcell), and anti-H2-DP
(Clone 28-14-8, made in house (7) were administrated every other day for 6 d. Anti-CD122
(350ug/dose, Clone TMp1, BioXcell) or anti-IFN+y (500ug/dose, Clone XMG22.1,
BioXcell) were given every other day for 6 d.

Lymphocyte Isolation

Lymphocytes from spleen were washed and suspended in sterile complete RPMI medium.
Liver lymphocytes were isolated by Percoll mediated centrifugation.

NK cell and CD8 T cell depletion

For NK cell or CD8 T cell depletion, 400ug/dose anti-NK1.1 (clone: PK136, Bioxcell) or
anti-CD8 (Clone: 2.43, Bioxcell) were treated intra-peritoneally (i.p) on two day before
followed by anti-MHCI co-treatment every 3 days starting from day 0 and ending on day 15.

RNA purification and Quantitative Real time PCR

Total RNA was isolated from FACS sorted cells and transcribed into cDNA. Quantitative
PCR was performed using predesigned primer and probe sets.

Flowcytometry

Fluorochrome conjugated antibodies were purchased from BD Biosciences, Biolegend,
R&D Systems, and ThermoFisher Scientific. Staining with biotinylated recombinant Ly49A
or Ly49C was performed as described previously (8). LCMV tetramer staining was
performed as previously described (9). Melanoma-specific cells were detected with H2-DP
GP100 and H2-DP Trp1 tetramers (NIH Tetramer Core Facility). All flow cytometric
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experiments (data acquisition) were performed using BD Fortessa Il flow cytometer and
FACS-Diva software (BD Biosciences) and analyzed by Flowjo v.10.3 software (TreeStar).

Lymphocytic choriomeningitis virus (LCMV) infection

Acute and chronic LCMV infection were performed as previously described (9).

Tumor models

Female C57BL/6 mice were injected with MC38 cells (2 x 10°) or B16F10 (1.25 x 10°)
cells s.c. in the right flank region. Tumor volumes (Length x Breadth x Height) were
monitored by digital calipers.

Cell trace violet proliferation assay

Splenocytes from OT-1 mice were stained with cell trace violet (CTV), pre-incubated with
purified mAbs (50ug/well) for 1 hour, washed, and then cultured with OVA»57_264
(2.5pg/ml) for 48 h. CTV dilution was assayed by flow cytometry.

Statistical analysis

P values of mouse datasets were determined by paired or unpaired two-tailed Student’s t-test
with a 95% confidence interval. Where appropriate, Mann-Whitney U-test, Wilcoxon
matched-pairs test or two-way ANOVA followed by Bonferroni post-tests were performed.
All statistical tests were performed with Graph Pad Prism v.6 software. P values of less than
0.05 were considered to be significant.

Results and Discussion

As NK inhibitory murine Ly49 receptors bind to MHC-I by via contacts beneath the floor of
the peptide binding groove as well residues of the p,-microglobulin (Bom) light chain (6, 10,
11), we reasoned that an antibody to this site would disrupt Ly49/MHC-I interactions
resulting in a loss of immune homeostasis. Additionally, such an antibody would fail to
inhibit the binding of alloantibodies primarily directed to polymorphic regions of the MHC-I
molecule, but would be blocked by antibodies to fom. In competitive binding studies, one
rat anti-mouse pan-anti-MHC-1 antibody (M1/42) (12) met these criteria with respect to
some, but not all alloantibodies. The binding of M1/42 to H-2° MHC-1 was completely
blocked by an anti-po,m mAb and vice versa, while neither of these mAbs had any effect on
the binding of a mixture of allospecific-anti-MHC-I1 mAb (Fig. 1A). The binding of
recombinant Ly49A to the MHC-I molecule, H2-DY, was blocked by M1/42, and an anti-
H2-K9/DY mAb (34-1-2S), but not by the anti-a3 domain specific 34-2-12 mAb (Fig. 1B).
Similarly, Ly49C binding to either BALB/c (H-29) (Fig. 1B) or C57BL/6 (H-2b) (Fig. 1C)
splenocytes was blocked by M1/42. The anti-B,m mAb also blocked Ly49C/H-2P interaction
(Fig. 1C). M1/42 had no effect on the antigen-specific proliferative response of CD8* T cells
from OT-I transgenic mice which express a TCR specific for the SIINFEKL peptide derived
from ovalbumin in association with H2-KP (Fig. 1D), indicating that M1/42 recognizes a
region distinct from the peptide/MHC TCR combining site.
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To determine whether blocking of the binding of NK cell inhibitory receptors (NKIR) to
MHC-I would have any functional effects on NK cells, we administered M1/42 or mAbs to
polymorphic MHC-I determinants or anti-B,m to unmanipulated mice for six d.
Surprisingly, M1/42 dramatically altered immune homeostasis, as treatment with this mAb
enhanced the proliferation of splenic NK cells, but did not lead to an increase in their
absolute numbers, indicating that increased proliferation was balanced by cell death (Fig
1E). CD4* effector memory (EM, CD4*Foxp3~CD44*CD62L") T cells proliferated and
expanded following M1/42 treatment (Fig. 1F). Additionally, CD8" central memory (CM,
CD8*CD44*CD62L™) and CD8" effector memory (EM, CD8*CD44*CD62L") T cells
proliferated and expanded (Fig. 1G, H) with dramatic enhancement of the frequency and
absolute number of the CD8* EM population. Anti-B,m had minimal effect on NK cell
proliferation and no effect on CD4* and CD8* T cells (data not shown).

The /in vivo proliferation of NK cells was dependent on the presence of IFN-y (Fig. 2A),
while the proliferation of MP T cells was dependent on both NK cells and IFN-y (Fig. 2B-
D). The enhancement of proliferation following M1/42 treatment was accompanied by a
marked increase of cytokine (IFN-y, TNF-a) and perforin/granzyme production by NK
cells, as well as MP CD4* and CD8* populations (Fig. 2E-G). Treatment with mouse mAbs
recognizing alloantigenic MHC-1 determinants modestly enhanced NK cell, MP CD4* and
CD8™ T cell proliferation, and slightly enhanced their absolute numbers (Supplemental Fig.
1A-F), but had no effect on cytokine or cytotoxic granule production (Supplemental Fig.1G,
H). Neither M1/42 nor the alloantibodies had any effects on number or frequency of T
regulatory cells (Data not shown).

While a high percentage of NK cells (~80%) were induced to proliferate by M1/42
treatment, it remained possible that the proliferating population on day 8 represented a
selected subpopulation of NK cells expressing a unique pattern of NKIR and/or NK cell
activating receptors. M1/42 enhanced the proliferation of all Ly49-expressing (both
activating and inhibitory) NK cell subpopulations equally as measured by Ki-67 staining
(Supplemental Fig. 2). When analyzed on d 8, the percentage of cells expressing Ly49
activation receptors (Ly49D and Ly49H) was downregulated, whereas the subpopulation
expressing inhibitory receptors (Ly49A, Ly49C, Ly49G2, and Ly49l) remained unchanged
except for Ly49F which increased (Supplemental Fig. 2B). NK cell activation receptors that
recognize non-MHC-I ligands (NKG2D and NKp46) were significantly downregulated, but
the inhibitory NKG2A receptor remained unaltered (Supplemental Fig. 2C). These results
are more compatible with a pan-NK cell enhanced proliferation rather than any specific
subpopulation. The expression of the KLRG1 antigen on NK cells is postulated to prevent
NK cell activation by inhibiting IFNy production (13), and expression of this receptor was
completely eliminated after anti-MHC-I treatment (Supplemental Fig. 2D). We also
examined the innate NK cell subset, hepatic ILC1 cells (14), which demonstrated enhanced
proliferation and IFN-y production after M1/42 treatment (Supplemental Fig. 2E, F).

The proliferation and activation seen post M1/42 treatment was not restricted to NK cells

and MP T cells. Marked enhancement of Ki-67 expression was observed in CD3"CD11c*
dendritic cells (DC) and CD3~CD11b* monocyte populations, but not by CD3"CD19* B

lymphocytes (Fig. 3A). One likely explanation for the induced proliferation of DC and
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monocytes was the enhanced production of GM-CSF by activated NK cells and MP T cells
following M1/42 treatment (Supplemental Fig. 3A) accompanied by enhanced expression of
the macrophage colony stimulating factor 1 receptor (CSF1R) (Supplemental Fig. 3B). The
enhanced proliferation of DC and monocytes, was accompanied by elevated expression of
MHC-I and MHC-II which was also seen on B lymphocytes (Supplemental Fig. 3C-E). The
enhanced expression of MHC antigens is likely due to the increased production of IFN-y by
activated NK cells (15). IL-15 transcription by DC and monocytes (Fig. 3B) was elevated as
was IL-15Ra expression by all APC subsets (Fig. 3C). Enhanced expression of IL-15Ra on
APC by M1/42 treatment required the presence of NK cells as well as IFN-y (Fig. 3C). The
in vivo expansion of MP CD4" and CD8™ T cells following M1/42 administration was
driven by the trans-presentation of IL-15, as it was completely abolished by treatment with
anti-CD122 (16-18) (Fig. 3D). It is likely that the IFN-y/IL-15 axis is responsible for the
proliferation and expansion of both NK cells and MP T cells, respectively (19-21).

M1/42 was administered to mice that were concurrently infected with acute LCMV,
Armstrong strain (22). On d 15 post-infection (post viral clearance), mice treated with
M1/42 contained expanded numbers of viral antigen-specific CD4* and CD8* T cells which
produced higher levels of IFN-y (Supplemental Fig. 4 A, B). Simultaneous treatment with
M1/42 and infection with chronic LCMV, clone 13, resulted in death of the majority of
animals within a week post infection secondary to a cytokine storm. A similar outcome was
observed when PD-L1 deficient mice were infected with clone 13 (22). To avoid the
cytokine storm, we treated chronically infected mice every 3 d for 14 d beginning on d 20
after infection and analyzed the mice on d 37. This regimen resulted in an enhanced number
of MP CD4" and CD8" viral antigen-specific T cells with marked enhancement of IFN-y
production (Fig. 4A, B). Most notably, M1/42-treated animals demonstrated almost
complete clearance of virus from multiple infected non-lymphoid sites (Fig. 4C).

The augmentation of immune responses by M1/42 treatment was not restricted to anti-viral
immunity but could also be extended to tumor immunity. M1/42 treatment markedly
inhibited the growth of the MC38 colon adenocarcinoma and depletion of either NK cells or
CD8™ T cells completely reversed the anti-tumor effects of M1/42 (Fig. 4D), indicating the
requirement of both innate and adaptive responses to generate tumor immunity. M1/42
treatment also markedly reduced the growth of the PD1-resistant melanoma (B16F10) (Fig.
4E, F and Supplemental Fig. 4C), and also enhanced the number of tumor-specific CD8* T
cells and their capacity to produce IFN-y and Granzyme B (Supplemental Fig. 4D). M1/42
was effective in suppression of the growth of B16F10 when given as late as 7 d after tumor
implantation (Fig. 4G).

NK cells represent a rapidly responding population of cells that can manifest effector
functions including cytolysis, the secretion of cytokines/chemokines, and augmentation of
antibody dependent cellular cytotoxicity in an antigen-independent manner (1). This pro-
inflammatory NK cell program is regulated by the interaction of inhibitory receptors with
MHC-I (either murine Ly49 or human KIR). Recent studies have suggested that blockade of
NKIR with mAbs by mimicking the effects of MHC-I downregulation represents a
promising approach to the augmentation of the anti-tumor effects of NK cells (23). However,
a single NKIR is only present on a subpopulation of NK cells and this may account for some
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of the failures of anti-inhibitory receptor immunotherapy (24). Our studies demonstrate that
profound activation of NK cell function can be induced by globally blocking Ly49/MHC-I
interactions. IFN-y production by unleashed NK cells functions in a forward feedback loop
to enhance NK cell activation. The NK cell production of IFN-y and other cytokines then
activates APC with the subsequent production of IL-15 which in turn activates NK cells and
drives MP CD4* and CD8* activation and expansion thereby augmenting the adaptive
immune response.

All functions of M1/42 in wild type mice were also observed in mice that lack FcR (data not
shown), so it is unlikely that the Fc domain of the antibody plays a major role. Furthermore,
in vitro, mAb M1/42 directly inhibited the binding of soluble Ly49 antigens to their cognate
MHC-I targets. These results differ from the recent observations of Bern et al (25) who
demonstrated that disruption of MHC-I/NK inhibitory interactions by down regulation of
MHC-I expression in adult mice by administration of tamoxifen to B2m""R26-Cre-ER™?
mice resulted in NK cell tolerance. Variation between these studies may be explained by
differences in the kinetics and persistence of the effects of mAb administration and Cre-
mediated deletion of MHC-1 expression. The functional effects of KIR/MHC-1 and Ly49/
MHC-1 interactions in the human and mouse are similar, but the structural bases differ.
Human KIR bind MHC-I in a region at least partially competitive with the TCR site, while
murine Ly49 do not compete (6, 26). Nevertheless, it may be possible to generate an anti-
human MHC-I mAb that mimics the properties of M1/42. Taken together, our findings
demonstrate that targeted blocking of KIR/MHC-I interactions represents a promising target
for the potentiation of immune responses to tumors and pathogens, and may offer a new
approach for improved vaccination strategies (27-30).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points
Blockade of Ly49/MHC-I interactions by anti-MHC-I results in activation of NK cells.
IFN-y produced by activated NK cells stimulates APC to produce IL-15.

Activated NK and T cells markedly augment anti-viral and anti-tumor immunity.
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Figure 1.

M1/42 blocks the binding of anti-B,m, blocks NK cell inhibitory receptor binding, and
induces marked proliferation of NK and memory T cells. (A) Splenocytes from C57BL/6
(H2P) mice were incubated with purified Rat-1gG2a, a mixture of anti-H2-KP (AF6-88.5)
and H2-DP (28-14-8), pan-anti-MHC-I (M1/42) and B,m (S19) antibody and then stained
with different flourochrome tagged antibodies. (B, C) Splenocytes from BALB/c (H-2) and
C57BL/6 (H-2P), mice were incubated with biotinylated Ly49A or Ly49C recombinant
proteins, blocked with the indicated mAb (unlabeled), anti-H2-KP (SF1.1.10), anti-H2-
K9/DY (34-1-2S), anti-H2-DY (34-2-12), or anti-MHC-I (M1/42), and then stained with PE-
Strepavidin. Panels A-C represent a representative experiment of four using 3 mice per
group. (D) CTV-labeled splenocytes from OT-1 mice were incubated with different anti-
MHC-I antibodies (H2-KP SIINFEKL (25-D1.16), H2-D (28-14-8), M1/42 and then
cultured with OVA,57_064 for 48 h. CD8* T cell proliferation was measured by CTV
dilution. This result is a representative experiment of two. (E) Rat-1gG2a or anti-M1/42 were
injected (i.p.) every two d for six d. Ki-67 expression by and absolute number of
CD3™NK1.1* cells in spleen were determined on d 8. (F) Relative frequency, and absolute
number of CD4*Foxp3~ EM T cells. (G & H) Relative frequency & absolute number of CM
and EM CD8* T cells after isotype control or M1/42 treatment.
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Figure 2.

M1/42 mediated enhancement of NK cell proliferation depends on IFN-y, whereas MP T
cell proliferation depends on both NK cells and IFNy. (A) C57BL/6 mice were injected with
M1/42 or control Rat-1gG2a, either alone or with a neutralizing anti-IFN-y mAb every other

d for 6 d. Ki-67 expression was analyzed after 8 d. (B, C, D) C57BL/6 mice were treated

with M1/42 or the isotype control alone, or together with a depleting anti-NK1.1 or anti-
IFNy mADb for six d. Splenocytes were harvested on d 8 and Ki-67 expression of CD4* EM,
CD8* CM and CD8" EM were determined. Panels A-D represent the result of one
independent experiment of 3 using 5 mice per group. (E, F, G) Splenocytes from M1/42 or
isotype control treated mice were harvested on d 8, incubated with PMA and ionomycin plus
protein transport inhibitor cocktail for 4 h to measure production of IFN-y and Granzyme B

by NK cells and MP CD4* and CD8™ cells.
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Figure 3.
M1/42 expands APC and activates IL-15 trans-presentation. (A) Ki67 expression of DC

(CD37CD11c*), monocytes (CD3~CD11b*), and B cells (CD3"CD19*) on d 8 after M1/42
treatment. (B) 1L-15 transcription was measured by TagMan™ real-time PCR from FACS
sorted immune cells on d 8. The data are from one representative experiment of two. (C)
IL-15Ra expression on splenic derived APC populations on d 8 after treatment with M1/42
or isotype control or M1/42 together with anti-NK1.1, or M1/42 together with anti-1IFN-+y.
The data are from one representative experiment of 3 performed using 3 mice per group. (D)
Total numbers of CD8" CM or EM and CD4* EM T cells were determind after staining with
M1/42, anti-CD122, or M1/42 together with anti-CD122.
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Figure 4.

M1/42 augments anti-viral and anti-tumor immunity. Chronic LCMV (clone 13) infected
C57BL/6 mice were treated with M1/42 every 3 d from d 20 to d 33 and spleen cells were
harvested on d 37 post-infection. Results are from one representative experiment of 3 using
10 mice per group. (A) Total number of tetramer positive CD4* and CD8* T cells in the
spleen. (B) Percentage of IFN-y-producing tetramer-positive CD4* and CD8" T cells. (C)
Viral titers in the indicated tissues. (D) MC38 (0.2 x 10°) colon adenocarcinoma cells were
injected subcutaneously and mice were treated with M1/42 alone or together with anti-CD8
or anti-NK1.1 at 3 d intervals. Results are from one representative experiment of 2 using10
mice per group. Graphic representation of tumor volume, measured every 2-3 d (left panel).
Tumor sizes from each group after 18 d of antibody treatment (right panel). (E) B16F10
tumor cells (1.25 x 10°) were injected s.c, and mice were treated with M1/42 or isotype
control alone, anti-PD-1 alone or the combination of M1/42 and anti-PD-1 every three d
from d 3 to d 18. Results are from one representative experiment of two times using 10 mice
per group. Tumor volumes were measured and plotted. (F) Total number of tumor-specific
CD8*CD44*GP100* and CD8*CD44* Trp1* cells from tumor draining lymph nodes were
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determined after 18 d. (G) B16F10 tumor cells were implanted s.c and mice were treated
with anti-MHC-1 every 3 d from d 7-18. Results are from one representative experiment of
two using 10 mice per group. Tumor volumes were plotted (left panel) and relative tumor
sizes were compared on d 18.
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