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Abstract

Pathogen-derived peptides are loaded on Major Histocompatibility Class II (MHCII) and 

presented to CD4+ T cells for their activation. Peptide loading of MHCII occurs in specialized 

endosomal compartments and is controlled by the non-classical MHCII molecules H2-M and 

H2-O, which are both constitutive αβ heterodimers. H2-M catalyzes MHCII peptide loading, 

whereas H2-O modulates H2-M activity by acting as an MHCII mimic. Recently, we discovered 

that the H2-Ob allele inherited by retrovirus-resistant I/LnJ mice results in nonfunctional H2-O. 

I/LnJ H2-O binds to but does not inhibit H2-M. Compared to H2-Oβ from virus-susceptible mice, 

H2-Oβ from I/LnJ mice has 4 unique amino acid (AA) substitutions: three in the immunoglobulin 

(Ig) domain and one in the cytoplasmic tail. Here we show that the three AAs in the Ig domain 

of I/LnJ Oβ are critical for the H2-O inhibitory activity of H2-M. Unexpectedly, we found that 

MHCII presentation was significantly different in antigen presenting cells from two closely related 

mouse strains, B6J and B6N, which carry identical alleles of MHCII, H2-O, and H2-M. Using a 

positional cloning approach, we have identified two loci, polymorphic between B6J and B6N, that 

mediate the difference in MHCII presentation. Collectively these studies reveal extra complexity 
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in MHCII/H2-M/H-2O interactions that likely involve yet to be identified modulators of the 

pathway.

Introduction

The individual outcomes that follow exposure to viral pathogens vary significantly among 

individuals in both humans and animals. In part, such variations are determined by 

genetic diversity of the immune response. Similar to mice from other strains, I/LnJ mice 

become infected with retroviruses from distinct genera, such as Mouse Mammary Tumor 

Virus (MMTV) and Murine Leukemia Virus (MuLV), but unlike mice from other strains 

I/LnJ mice produce virus-neutralizing antibodies (Abs) and shed uninfectious virions (1, 

2). We found that this unique mechanism of retroviral resistance was controlled by a 

single recessive locus, virus infectivity controller 1 (vic1), mapped to the MHC locus on 

Chromosome 17 (3), which functioned in bone marrow (BM)-derived cells to drive the Ab 

response (4).

The gene encoding Vic1 was subsequently identified as Ob based on polymorphism found 

in this gene in virus-susceptible and virus-resistant mice (5). Ob encodes the β chain of 

the highly conserved MHCII-like αβ obligate heterodimer H2-O (6), which is a negative 

regulator of MHCII-peptide presentation (7). Peptide loading of MHCII molecules is 

catalyzed in specialized endosomes by H2-M, another MHCII-like αβ heterodimer. H2-M 

binds to MHCII and replaces MHCII-associated invariant chain peptides (CLIP) with high 

affinity, pathogen-derived peptides generated by lysosomal proteases, such as cathepsin L 

and S. H2-O binds to H2-M and acts as an MHCII mimic, blocking the ability of H2-M 

to bind to MHCII and catalyze MHCII peptide loading. This concept is based on the 

crystal structure of the DM/DO (human homologues of H2-M and H2-O) complex (8) and a 

plethora of other supporting biochemical data from numerous groups (9–15).

Based on the recessive nature of the Ab responses in I/LnJ mice, the I/LnJ Ob allele 

was presumed to be a loss-of-function allele. In support of this, mice from other genetic 

backgrounds with targeted Ob deletion were capable of producing retrovirus-neutralizing 

Abs similar to I/LnJ mice and antigen presenting cells (APCs) expressing I/LnJ Oβ 
exhibited increased antigen presentation (5). In the absence of H2-O, H2-M is uninhibited 

and results in small changes in the MHCII-bound peptidome favoring presentation of high 

affinity peptides (14, 16). Thus, these small changes appear to be sufficient to direct potent 

virus-neutralizing Ab responses (5) most likely due to enhanced presentation of high affinity 

viral peptides.

Although the I/LnJ Ob was shown to be null, biochemical analyses revealed that I/LnJ mice 

had Oβ protein levels that were similar to Oβ levels in susceptible mice and produced H2-O 

that associated with H2-M (5). Thus, the I/LnJ Ob allele resulted in H2-O that was capable 

of binding to H2-M but yet did not modulate H2-M-mediated peptide loading.

We have also identified human DOA and DOB alleles with altered DO function, a few 

of which phenocopied I/LnJ H2-O as they inefficiently inhibited DM, despite binding 

to DM (5, 17). Therefore, these unexpected results challenged the current paradigm that 
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H2-O functions alone to inhibit H2-M activity and suggested existence of unknown factors 

contributing to H2-O function. Using a genetic approach, we have identified three AA 

mutations within the Ig of Ob which control H2-O function. We have also discovered two 

new non-MHC-linked loci which modify MHCII antigen presentation.

Materials and Methods

Mice

I/LnJ, C57BL/6J (B6J), C57BL/6NJ (B6N), and CAST/Ei were purchased from The Jackson 

Laboratory (TJL) and bred at The University of Chicago. B6J.H2-Ob−/− mice (line 134) 

and B6vic1I/LnJ congenic mice carrying the non-recombinant virus infectivity controller 1 

(vic1) locus from I/LnJ mice were generated by us and have been described previously (5). 

C3H/HeN MMTV-free mice were originally purchased from the National Cancer Institute 

Frederick Cancer Research Facility, Frederick, MD, and maintained at The University of 

Chicago. In addition, colonies of B6J, B6J.H2-Oa−/− (15), B6J.H2-Ob−/− (5), B6J.H2-Ma−/− 

(18) were maintained at the animal facility of Rutgers University. For bone marrow chimera 

(BMC) experiments, B6N, B6J and B6.129S2-Ighmtm1Cgn/J (B6J.μMT) were purchased 

from TJL and maintained in the Rutgers University Animal Facility.

All mice were raised in a specific pathogen-free environment. Mice of both sexes were used 

at 1:1 ratio in all experiments. The studies described here have been reviewed and approved 

by the Animal Care and Use Committees at The University of Chicago and Rutgers 

University which are both accredited by the Association for Assessment and Accreditation 

of Laboratory Animal Care (AAALAC).

Production of B6 Ob knockin mice

B6J mice with single and combination amino acid (AA) substitutions found in 

I/LnJ Oβ were generated using a CRISPR/Cas9 approach. Two guides (sgRNA: 

CTGTAGATGTCACCAAGCTC and sgRNA: CACTTGACACTTATGTCCCC) were used 

to target the immunoglobulin domain to replace S, V, L with N, I, H AAs and two guides 

(sgRNA: AGAATGAGACTCTCTCTTG and sgRNA: GATCTTACTAGGGTTGAGAA) 

were used to target the cytoplasmic domain to replace ES with KL. Guide sites were 

identified using Integrated DNA Technologies’ selection tool (https://www.idtdna.com/site/

order/designtool/index/CRISPR_CUSTOM). Individual guide sites were selected based on 

their on-target scores and off-target scores. The 500bp ssDNA oligos containing sequences 

corresponding to the knockin (KI) AAs were co-injected with the RNA guides and Cas9 

into fertilized B6J embryos at Transgenic/ES Cell Technology Mouse Core Facility at The 

University of Chicago and at TJL. The founder mice were identified by PCR. The carriers 

of the KI Ob alleles were bred to B6J mice for two generations and heterozygous mice from 

each line were intercrossed to produce Ob KI homozygous mice. Genomic DNA and splenic 

cDNA produced from the Ob KI alleles were sequenced to confirm mutations. Wild type 

(WT/WT and WT/KI) control B6J mice were generated from either breeding the colony of 

B6J mice or from breeding Ob.KI/WT × Ob.KI/WT mice.
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Viral strains and infection

MMTV(LA), a naturally occurring exogenous virus (19), was propagated in C3H/HeN mice. 

Virus was isolated from the skim milk of lactating females via a series of centrifugation 

including a 30% sucrose cushion centrifugation. Virions were resuspended in PBS and 

injected intraperitoneally (i. p.). Each mouse received an equivalent of 20 ul of milk. 

MMTV(LA) consists of three different exogenous MMTVs, BALB2, BALBLA, and 

BALB14, with Vβ2-, Vβ6-, and Vβ14-specific superantigens (SAgs), respectively (19, 

20). The Vβ6-specific SAg encoded by BALBLA can be presented by both the I-E and 

I-A molecules of MHC-II and thus, is capable of efficiently infecting I-E-negative mice, 

like B6 mice (21). All MMTV-infected mice demonstrate deletion of SAg-cognate T cells 

after 8 weeks post infection (5, 22) and thus, deletion of CD4+Vβ6+ SAg-cognate T cells 

was used to confirm MMTV infection. Fluorescence-activated cell sorter (FACS) analysis 

of peripheral blood lymphocytes was used to measure T cell deletion rates. MMTV(LA)-

injected mice were considered to be infected if the percentages of their CD4+Vβ6+ T 

cells among peripheral CD4+ T cells were decreased by more than 50% compared to the 

percentages in uninfected mice.

ELISA

To detect MMTV-specific Abs in mouse sera, an enzyme-linked immunosorbent assay 

(ELISA) was performed as previously described (1, 2, 23). All sera were used at 1 × 10−2 

dilution. A mixture of mouse IgGs-specific and IgG2c-specific secondary antibodies coupled 

to horseradish peroxidase (Jackson ImmunoResearch) were used to detect anti-virus Abs. 

Backgrounds obtained from incubation with secondary Abs alone were subtracted from the 

values obtained from sera of infected mice.

Purification of B cells

B cells were purified from the spleens of the indicated strains of mice using biotin-

conjugated Ab specific for CD19 (eBiosciences) followed by MACS (Miltenyi Biotec) using 

streptavidin-conjugated or α-biotin microbeads according to the manufacturer’s protocol. 

Purified B cells were >95% pure as determined by FACS analysis.

FACS analysis

The following monoclonal Abs for FACs analysis were purchased from eBiosciences or 

BD Biosciences: CD19-PE (clone 1D3), CD11c-PE-Cy7 (clone HL3), MHCII-biotin (clone 

M5/114) and CD3-PerCP-Cy5.5 (clone 145–2C11). Strepavidin-Alexa 647 was purchased 

from Molecular Probes. The α-Oβ cytoplasmic tail specific mAb Mags.Ob3 (24), the α-H2-

M specific mAb 2C3A (24) and the I-Ab-CLIP-specific monoclonal Ab 15G4 (15) (provided 

by A. Rudensky, Memorial Sloan Kettering Cancer Center) were purified from bioreactor 

supernatants using standard Protein G chromatography and then conjugated with Alexa 647, 

Alexa 488, or biotin, respectively (ThermoFisher Scientific).

Single cell suspensions of splenic cells were blocked with mouse Fc Block (BD 

Biosciences) plus normal mouse sera and incubated at 4°C with Abs specific for surface 

proteins for 30 min followed by washing. After washing, cells were incubated with 

streptavidin-Alexa 647 for 20 min at room temperature, washed and analyzed by flow 
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cytometry. For intracellular measurement of H2-M and H2-O, cells were surface stained 

and fixed and permeabilized (BD Cytofix/Cytoperm™ Fixation/Permeabilization Kit) prior 

to the addition of Abs, washing, and analysis. For FACS analysis where both splenic B 

cells and dendritic cells were analyzed, spleens were digested in 400 U/ml collagenase 

D and 100 mg/ml DNase I for 30 min at 37°C prior to blocking and staining. Data 

was acquired using a BD LSRII cytometer and analyzed using FlowJo software (BD 

Biosciences). Dead cells (DAPI or Zombie dye; BioLegend) and doublets were excluded 

from analyses. For experiments analyzing only splenic B cells, B cells were identified as 

CD19+. For experiments analyzing both B cells and DCs, B cells were identified as CD3− 

CD11c− and CD19+ and DCs identified as CD3− CD19− and CD11c+. Staining to measure 

MHCII and MHCII-CLIP (I-Ab-CLIP) were always performed as two separate stains since 

the individual Abs to each of these species interfered when stained simultaneously. To 

correct for small differences in total MHCII levels among different samples, the ratio of 

MHCII-CLIP:(total) MHCII was calculated by dividing the gMFI obtained for MHCII-CLIP 

by that obtained for MHCII for each independent sample. In order to compare multiple 

independent experiments, the MHCII-CLIP:MHCII ratio for control mice was set to 100%, 

and the MHCII-CLIP:MHCII ratios for all other samples were normalized to this control. 

Three-five control mice were included in each independent experiment.

Bone Marrow chimeras

Lineage negative bone marrow (BM) cells from 8–12week old B6J, B6N or B6J.μMT mice 

were purified using Lineage Cell Depletion Kit (Miltenyi Biotec). The resulting B6J, B6N 

or a 50:50 mix of B6N + B6J.muMT lineage negative cells were transplanted by intravenous 

injection (4–7 × 105 cells/recipient) into lethally irradiated B6J or B6N recipient mice as 

indicated. Each mouse received 1200 rads administered as a split dose of 600 rads each 

with 4 hours between doses. Post-transplant, bone marrow chimeric (BMC) recipient mice 

were maintained on antibiotic supplemented water for the first two weeks. MHCII-CLIP and 

MHCII levels were measured on the surface of splenic or peripheral blood B cells from the 

BMC mice 9–12 weeks post-transplant.

Biochemical Analyses

Purified B cells (5×106) from the indicated strains of mice were lysed in 20 mM Tris-HCl, 

130 mM NaCl pH 7.4 containing 1.2% CHAPS (ThermoFisher Scientific) and protease 

inhibitors (Roche Life Science) for 30 min on ice. Following the removal of nuclei and 

cellular debris by centrifugation, the lysates were transferred to new, pre-chilled tubes and 

precleared for 30–60 min at 4°C by incubation with 5μg rat or hamster IgG (α-H2-M or α-

H2-O immunoprecipitations, respectively) and 25μl of Protein G-Sepharose (GE Healthcare 

Life Sciences). After centrifugation, 5μg of mAbs specific for the H2-M heterodimer 

[mAb 2C3A; (24)] or the Oβ cytoplasmic tail [Mags.Ob1; (24)] and 25μl of Protein G 

Sepharose were added to the precleared lysates. The immunoprecipitations were rotated 

for 2 hours 4°C and washed three times with 20 mM Tris-HCl, 130 mM NaCl pH 7.4 

containing 0.6% CHAPS. The resulting Protein G pellets were stored at −20°C until 

analysis. Immunoprecipitations from B cells purified from Ma- and Ob-deficient mice were 

used as negative controls for the H2-O and H2-M immunoprecipitation.
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The precipitated H2-O and H2-M was released from the immunoprecipitation pellets 

by the addition of Laemmli sample buffer and incubated at 95°C for 5 min prior to 

separation by 10%–20% gradient SDS-PAGE gels (Criterion, Bio-Rad) and transferred to 

polyvinylidene fluoride membrane (Millipore). Aliquots of the B cell lysates generated for 

the immunoprecipitations were also blotted as lysate blotting controls. The lysates were 

mixed with Laemmli sample buffer containing 20 mM DTT and incubated at 95°C for 5 min 

prior to analysis by SDS-PAGE.

Membranes were blocked with 1% BSA or 5% skim milk powder and incubated with a 

rabbit serum to the cytoplasmic tails of Mβ (R.Mb/c; see below) or Oβ [R.Ob/c (24)], 

the luminal domain of Oβ [R.Obeta1; (5)], a mAb specific for Mα [YoDMA.1; (Fallas 

et al., 2004)], or β-actin (clone AC-74; Sigma). The blots were washed and bound Abs 

were detected by incubation with HRP-conjugated goat α-rabbit, -mouse, or -hamster Abs 

(Jackson ImmunoResearch). After extensive washing blots were developed with SuperSignal 

West Pico chemiluminescent peroxidase substrate (Pierce Biotechnology) and exposure to 

film.

To determine the relative levels of Oβ, Mα and Mβ in B cells from the different strains 

of mice, films were scanned and bands were quantitated using ImageJ (NIH) or Image 

Studio Lite (LI-COR) software. For the lysate blots, the band density was normalized 

to that obtained for β-actin to control for differences in loading. To allow data to be 

combined across multiple independent experiments, the resulting β−actin corrected values 

were subsequently normalized to the values obtained for H2-O and H2-M from B cells from 

mice of the indicated control strains. To determine the relative ratio of H2-M and H2-O 

after immunoprecipitation of H2-O or H2-M, the band density for H2-M was divided by that 

obtained for H2-O which was then normalized to the value obtained for B cells from mice of 

the indicated control groups to allow data from independent experiments to be combined.

Polyclonal Abs to the Mβ cytoplasmic tail, were produced in rabbits after 

multiple immunizations with the Mβ cytoplasmic tail (Mβ/c)-specific peptide 

(YTPLSGSTYPEGRH) conjugated to keyhole limpet hemocyanin. Mβ/c-specific Abs were 

purified from the serum by affinity chromatography using Mβ/c peptide-agarose beads.

Virus neutralization

Sera from MMTV-infected mice were tested for their ability to neutralize virus. Each 

serum diluted at 10−1 with PBS was incubated with purified MMTV(LA) for 2 h at room 

temperature and injected into 2 footpads of BALB/cJ mice. Four days after injection, cells 

isolated from the draining popliteal lymph node were analyzed by FACS for the percentage 

of CD4+Vβ6+ T cells among CD4+ T cells. MMTV-encoded superantigen (SAg) stimulates 

cognate T cells to proliferate during initial stages of infection (25) which are subsequently 

deleted. The proliferation of SAg cognate T cells was used as indicator of virus infectivity 

(26). The amount of MMTV(LA) used was titrated to give an increase from 10% to 25% 

of SAg-reactive T cells four days after virus injection. Neutralization (%) was calculated as 

follows: (a-b):(a-c)X100 where a= mean of CD4+Vß6+ (%) in mice injected with virus plus 

sera from uninfected mice, b= mean of CD4+Vß6+ (%) in experimental mice and c = mean 

of CD4+Vß6+(%) in uninfected mice.
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Quantification and Statistical Analysis

Significance was determined by performing student’s unpaired t-tests using GraphPad Prism 

software.

Results

Generation and characterization of B6J.Oβ knockin mice.

Specific amino acid (AA) polymorphisms found in I/LnJ Oβ do not perturb H2-O protein 

levels or alter the ability of I/LnJ H2-O to associate with H2-M (5). However, despite 

these seemingly normal biochemical features, I/LnJ H2-O fails to inhibit H2-M function 

(5). Compared to Oβ from virus-susceptible mice, Oβ from virus-resistant I/LnJ mice has 

4 unique missense mutations: three in the Ig domain (S128N, V148I and L167H) and one 

in the cytoplasmic tail (Ct) (E239K) [(5) and Figure 1A]. We reasoned that determining 

the polymorphic AA(s) that hinder H2-O function should lead to the elucidation of the 

mechanism behind the protein’s loss-of-function. Thus, using a CRISPR/Cas9 approach 

we generated Mouse Mammary Tumor Virus (MMTV) susceptible C57BL/6J (B6J) mice 

encoding nucleotide substitutions in the Ob gene that resulted in the Oβ proteins with 

single (S128N, V148I and L167H) or double (S128N/V148I and E239K/S240L; B6J mice 

have unique substitution S240L not found in mice from other backgrounds, Figure 1A) AA 

changes. Two to three independent founders per each line were bred to B6J mice for two 

generations. Heterozygous mice from each line were intercrossed to establish homozygous 

KI lines.

We first confirmed that KI mutations did not result in large alterations in H2-O and H2-

M protein levels. Western blotting of B cell lysates from all the KI mice showed only 

small variations in H2-O and H2-M protein levels compared to the levels in B6J B cells. 

However, these variations did not change ratios of H2-M:H2-O (Figure 1B; bottom panels 

and Supplemental Figure 1A). Our previous studies showed that the mutations found in 

I/LnJ Ob did not alter H2-M/H2-O interactions (5). However, it was important to confirm 

that B6J.ObKI mice produced Oβ that did not impact H2-M/H2-O interactions in isolation 

from the other I/LnJ genes. Therefore, H2-M and any co-associated H2-O was captured 

from B6J and B6J.ObKI B cell lysates by immunoprecipitation with a heterodimer-specific 

anti-H2-M monoclonal Ab followed by western blotting with Abs specific for the Cts of 

Oβ and Mβ (Figure 1B; left, top panel). In the case of the E239K/S240L double mutant, a 

polyclonal serum specific for the Oβ luminal domain was used since the KI mutations in the 

Ct impaired the binding of the Ab specific for the Oβ cytoplasmic tail (Figure 1B; right, top 

panel). We also performed the converse experiment in which H2-O was immunoprecipitated 

followed by western blotting for Oβ and Mβ (Figure 1B; middle panels). These experiments 

revealed similar levels of H2-M co-associated with H2-O as well as similar ratios of 

H2-M:H2-O in B cells from all B6J.ObKI mice compared to B6J mice (Figure 1B and 

Supplemental Figure 1B). Thus, these single or double KI AA mutations within Oβ did not 

alter H2-O or H2-M protein levels or perturb H2-O/H-2M interactions.

Cells that lack H2-O or express I/LnJ H2-O have lower than normal levels of MHCII-CLIP 

complexes as H2-M function is enhanced in the absence of inhibition by H2-O (5, 27). 
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Thus, cell surface MHCII-CLIP levels can be used as a read-out to measure the impact of 

the Oβ AA substitutions on H2-O protein function. Therefore, we used the 15G4 mAb that 

specifically recognizes I-Ab-CLIP complexes [(15) and Supplemental Figure 1C] to measure 

MHCII-CLIP levels on splenic B cells from B6J.Ob KI mice and B6J control mice (see 

Supplemental Figure 2 for details). B cells from none of the KI lines exhibited the decrease 

in MHCII-CLIP levels characteristic of Ob−/− cells (Figure 1C) and cells expressing I/LnJ 

Oβ (5).

As expected, when challenged with MMTV, none of the B6J.Ob KI mice produced virus-

neutralizing Ab titers that were comparable to the titers in infected Ob−/− mice (Figure 1D). 

The V 148I Ob allele appears to be a gain of function allele (Figure 1C). However, this was 

not the mutation driving the virus-neutralizing Ab responses (Figure 1D). Collectively these 

data show these individual or double mutations in Oβ were insufficient to confer loss of 

function H2-O.

Identification of three AAs in the Oβ Ig domain as mediating H2-O loss-of-function.

Using a publicly available data base with sequenced genomes of various inbred mouse lines 

(Sanger Institute Mouse Genomes Project), we found that the Ob allele of the wild-derived 

CAST/EiJ (CAST) mice had the three Ig domain mutations found in I/LnJ mice: S128N, 

V148I and L167H (Figure 1A). To test whether CAST mice produced virus-neutralizing 

Abs similar to I/LnJ mice, we injected them with MMTV and screened their sera for the 

ability to neutralize the virus. Similar to I/LnJ mice, CAST mice produced anti-MMTV Abs 

(Figure 2A, top) that efficiently neutralized virus (Figure 2A, bottom). These data suggest 

that the combination of the three mutations found in the CAST Ob allele could be sufficient 

to mediate H2-O loss-of-function. To directly test this possibility, we compared the ability of 

CAST H2-O to inhibit H2-M function in B cells from (B6J.Ob−/− × CAST)F1 (F1.ObCAST/-) 

and (B6J × CAST)F1 (F1.ObCAST/B6) (Figure 2B, top) by measuring MHCII-CLIP levels. 

Importantly, all other genes in F1.ObCAST/- and F1.ObCAST/B6 mice are heterozygous (one 

B6 allele and one CAST allele) and thus, could not be considered as contributing to the 

phenotype. B cells from F1.ObCAST/- expressed significantly lower levels of MHCII-CLIP 

compared to F1.ObCAST/B6 B cells (Figure 2B, bottom). These data indicate that the CAST 

Ob allele is a loss-of-function allele. I/LnJ mice have similar levels of H2-O and H2-M 

protein and H2-M/H2-O interactions appeared to be similar to those in B6J mice, despite 

I/LnJ Ob being a loss-of-function allele (5). Therefore, we next asked if CAST H2-O 

and H2-M protein levels were normal and H2-O/H2-M interactions were similar to those 

observed in virus-susceptible BALB/cJ mice (Figure 2C). BALB/cJ mice were used for 

these studies since the Cts of BALB/cJ and CAST mice are identical, allowing for the 

use of a polyclonal serum specific for the Oβ Ct tail. CAST mice had, on average, 17% 

less H2-O than BALB/cJ mice. As a result, the total ratio of H2-M:H2-O was slightly 

higher as less H2-O co-precipitated with H2-M when H2-M was captured from CAST B 

cell lysates (Figure 2C and 2D). It is unlikely, however, that this small decrease in H2-O 

resulted in altered MHCII-CLIP levels because H2-O+/+ and H2-O+/− mice (which have a 

2-fold difference in H2-O) have similar levels of MHCII-CLIP (28). Nevertheless, to provide 

more conclusive evidence that CAST mice possess a null allele of Ob and, importantly to 

directly link this the CAST Ob allele with the production of virus-neutralizing Abs, we 
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undertook a genetic approach. Our published studies have demonstrated that two genes in 

I/LnJ mice are necessary and sufficient to allow for antibody responses to MMTV following 

neonatal infection (28). The first gene, vic1, which encodes the loss-of-function Ob allele, 

is sufficient to confer Ab responses to mice infected as adults. An additional locus, which 

acts as a modifier of vic1, termed vic2, confers the ability to produce Abs following 

natural infection of neonates with MMTV via breastmilk. Vic2 is dominant and modifies the 

function of recessive vic1, meaning that the presence of two alleles of vic1 and one allele 

of vic2 of the I/LnJ origin are necessary and sufficient to produce Ab responses against 

MMTV in mice infected as neonates (28). Therefore, to test whether CAST mice have a 

loss of function Ob similar to I/LnJ mice, we generated (I × CAST)F1 and control (I × 

B6J)F1 and (B6Jvic1i/i × CAST)F1 mice and fostered them by viremic mothers as neonates. 

Both B6J and CAST mice have a susceptible allele of vic2 [(28) and data not shown]. 

Thus, only (I × CAST)F1 mice would produce MMTV-neutralizing Abs if I/LnJ and CAST 

mice have loss-of-function alleles of Ob. As expected, only (IxCAST)F1 mice produced 

virus-neutralizing Abs (Figure 2E, top and bottom), whereas the control F1 hybrids failed to 

do so. Collectively, these studies identified the three polymorphic AAs in the Ig domain of 

CAST and I/LnJ Oβ proteins as responsible for the loss of H2-O function.

Novel modifiers of the MHCII pathway.

Our published data (5) and the data presented here suggest that H2-O requires an unknown 

factor(s) to inhibit H2-M since I/LnJ and CAST H2-O efficiently bind H2-M but yet fail 

to inhibit H2-M function. If so, then animals with the WT allele of H2-O but without the 

functional allele of this provisional factor(s) should exhibit the phenotype of H2-O-deficient 

mice. The inbred mouse strain B6J was established at The Jackson Laboratory in 1948. In 

1951, at the F32 generation of inbreeding, it was passed on to the National Institutes of 

Health, leading to development of the C57BL/6N (B6N) mouse strain. The C57BL/6NTac 

(B6NTac) sub-strain was established at F151, following the transfer of the B6N line to 

Taconic Farms in 1991. Unexpectedly, we found that when compared to B6J, both B6N and 

B6NTac mice have significantly lower MHCII-CLIP levels on the surface of their B cells 

and DCs, similar to the levels in B6J.Ob−/− cells (Figures 3A and 3B, respectively).

Low MHCII-CLIP (MHCII-CLIPLow) levels in B6J.Ob−/− mice correlate with production 

of virus-neutralizing Abs [(5) and Figures 1C and D]. To determine whether the MHCII-

CLIPLow levels in B6N mice also correlated with an efficient anti-viral Ab response, we 

infected B6N and B6J mice with MMTV and three months later screened their sera for 

virus-neutralizing Abs. B6N (but not B6J) mice produced high titers of anti-MMTV Abs 

(Figure 3C) that efficiently neutralized the virus (Figure 3D).

To determine whether the mechanism underlying the MHCII-CLIPHigh phenotype in B6J 

mice was dominant, we crossed B6J by B6N mice to produce F1 mice. B cells from these 

F1 mice had MHCII-CLIP levels similar to that of B6J mice (Figure 3A), indicating that the 

MHC-CLIPHigh level is a dominant trait. To determine the number of genes controlling the 

MHCII-CLIPHigh phenotype in B6J mice, we backcrossed F1 mice to B6N mice to generate 

N2 mice and measured MHCII-CLIP levels on their splenic B cells. Whereas 89/121 (74%) 

of N2 mice had levels of MHCII-CLIP comparable to the levels in B6N mice, 32/121 (26%) 
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had levels similar that of B6J mice (Figure 3A). This distribution of phenotypes indicates 

that two dominant genes control the MHCII-CLIPHigh phenotype in B6J mice as only ~25% 

of N2 mice are expected to have MHCII-CLIPHigh level and the rest (~75%) are expected to 

be MHCII-CLIPLow (Figure 3E). In contrast, B6N mice inherit 2 recessive alleles of these 

genes which we provisionally called class II presentation modifier A and B (c2pmA and 
c2pmB). Our data suggest that H2-O exerts its negative function on H2-M only in mice 

inheriting dominant alleles of both c2pmA and c2pmB.

The genomes of B6J and B6N mice have been sequenced (29). Between the two genomes, 

51 coding variants that include coding SNPs, insertions and deletions were identified (30) 

but no polymorphisms were found within the coding regions of H2-M, MHCII, H2-O, 

invariant chain, or cathepsins S and L (29) indicating that c2pmA and c2pmB are not these 

genes. Moreover, overall levels of H2-O, H2-M, and MHCII in B cells and DCs from B6J, 

B6N, and B6NTac mice were similar as were H2-O/H2-M interactions (Figure 4A, Figure 

4B and Supplemental Figure 3). Thus, B6N and B6J mice inherit identical alleles of known 

genes that mediate the main functions within the MHCII presentation pathway and yet B6N 

mice exhibit the MHCII-CLIPLow phenotype characteristic of H2-O-deficient B6J mice.

To test whether c2pmA and c2pmB are expressed in cells of bone marrow (BM) origin 

we used a BM chimera (BMC) approach. Lineage marker negative (lin−) B6J BM cells 

were transferred intravenously (i.v.) into lethally irradiated B6N mice (B6J→B6N). The 

converse chimeras were also established (B6N→B6J) as well as the requisite control 

chimeras (B6J→B6J and B6N→B6N). The chimeric mice were sacrificed nine weeks post-

transplant and MHCII-CLIP levels on splenic B cells were measured by flow cytometry. The 

results showed that MHCII-CLIPHigh levels on B6J B cells remained high on the cells that 

developed in B6N mice and MHCII-CLIPLow remained low on B6N B cells that developed 

in B6J mice (Figure 4C). Thus, c2pmA and c2pmB are expressed in cells of the BM origin.

To determine whether c2pmA and c2pmB function in B cells, an additional set of BMCs 

were established in which lethally irradiated B6N mice were reconstituted either with a 

50:50 mix of lin− BM cells derived from B6J.μMT (B-less mice) and B6N (the source of 

B cells) mice or with control B6N BM. At 12 weeks post-transplant, the levels of MHCII-

CLIP and MHCII on peripheral blood B cells were measured by flow cytometry (Figure 

4D and Supplemental Figure 4). B6N-derived B cells in both groups of BMCs maintained 

the donor-derived MHCII CLIPLow phenotype. Two possibilities could explain these results. 

First, c2pmA and c2pmB could be B-cell intrinsic intracellular factors. Alternatively, c2pmA 
and c2pmB could be autocrine factors secreted by B cells and acting upon B cells. However, 

in either case c2pmA and c2pmB function in B cells.

Discussion

Since its discovery over two decades ago, considerable work has been done to describe the 

function and structure of H2-O/DO. Multiple groups have reported H2-O as an inhibitor 

H2-M and therefore a negative regulator of peptide loading on MHCII-CLIP using in vitro 
cell line and biochemistry-based approaches (10, 31, 32). It has also been demonstrated in 
vivo in mice that successful inhibition of H2-M by H2-O results in a higher proportion 
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of CLIP-bound MHCII complexes on APCs (5). The inhibitory nature and similarity of 

H2-O to MHCII in structure suggests H2-O acts as a competitive inhibitor of MHCII:H2-M 

binding (8). However, previous work from our laboratories demonstrated that H2-O found in 

mice of the I/LnJ strain was nonfunctional yet maintained interaction with H2-M (5). This 

indicates that, contrary to the current paradigm, H2-O/H2-M binding alone is not sufficient 

to block H2-M function in vivo.

H2-O is a constitutive heterodimer, composed of Oβ and Oα chain. Compared to the Ob 
allele of retrovirus-susceptible mice, the Ob allele of retrovirus-resistant I/LnJ mice encodes 

for three distinct AA mutations in Ig domain and a single AA mutation in the Ct domain 

(Figure 1A). We present data demonstrating that Ob alleles that encode for single or double 

AA mutations found in the Ig domain or Ct domain of I/LnJ Oβ do not alter the function 

of H2-O (Figure 1B and 1C). In contrast, the CAST Ob allele that encodes for three Ig 

AA mutations found in I/LnJ Oβ results in H2-O with loss-of-function (Figure 2A and 2B). 

Although CAST mice have slightly lower H2-O levels, CAST H2-O retains the ability to 

interact with H2-M. The fact that this loss-of-function H2-O is still capable of binding to 

H2-M (Figure 2C) is not surprising as the DM/DO crystal structures shows that DM/DO 

interactions are mainly driven by contacts between DOα and DM and that the 3 Ig domain 

mutations likely point away from the DM/DO interface (8). Based on these data we propose 

that H2-O requires yet to be identified factors to inhibit H2-M and that these factors may 

interact with the Ig domain of Oβ.

Serendipitously, we also discovered that two closely related strains of B6 mice, B6J and 

B6N, exhibit different MHCII-CLIP levels in B and DC cells: high in B6J and low in 

B6N mice (Figures 3A and 3B). The low MHCII-CLIP levels, indicative of uninhibited 

H2-M in B6N cells, correlated with the production of a potent neutralizing Ab response 

against a retrovirus (Figure 3C and 3D) as seen in B6J.Ob−/− mice [Figure 1D and (5)]. 

Genetic crosses between the B6J and B6N mice identified two dominant loci (which we 

provisionally call c2pmA and c2pmB) that are inherited by B6J mice and control the 

MHCII-CLIPHigh phenotype (Figure 3A and 3E). BMC experiments showed that c2pmA 
and c2pmB are expressed in the BM cells and function in B cells (Figures 4C and 4D). 

Whether these genes function in other cells expressing H2-O remains to be investigated.

c2pmA and c2pmB do not encode for H2-M, MHCII, H2-O, invariant chain, or cathepsins 

L and S as there are no polymorphisms identified between the B6N and B6J alleles of these 

genes. In addition, as the levels of MHCII, H2-M and H2-O proteins are similar in B6J and 

B6N B cells as are H2-M/H2-O interactions (Figures 4A, 4B and Supplemental Figure 3), it 

is unlikely that c2pmA and c2pmB affect the expression of these MHCII pathway proteins. 

c2pmA and c2pmB might potentially encode for genes participating in processes such 

as trafficking, uptake, and antigen processing or represent negative regulators, enhancers, 

microRNAs and other control elements. But until these genes are identified it is too 

premature to discuss their functions.

To our knowledge, this is the first report showing that there are additional factors other than 

H2-M and H2-O that control peptide loading of MHCII molecules. These data highlight that 

modulation of antigen presentation by H2-M and H2-O is more complex than previously 
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appreciated. Our data indicate that binding of H2-M by H2-O is not sufficient for H2-M 

inhibition as previously suggested (5) and that regions of H2-O distinct from the site of 

H2-M/H2-O interaction are likely critical for H2-O function. The mechanism underlying 

H2-O function is still unclear, but H2-O may exert its function by binding to and altering 

the conformation of H2-M in a manner dependent on the AA composition of the Ig domain 

of Oβ. The unknown factors encoded by the c2pmA and c2pmB loci can alter MHCII 

presentation directly by altering the activity of H2-M, indirectly by modifying the activity 

of H2-O via targeting the Ig domain, or by altering another yet to be defined pathway. 

The precise nature of these interactions will be revealed via the positional cloning of genes 

encoded by c2pmA and c2pmB.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points

1. Three key H2-Oβ Ig-domain residues control H2-O function

2. MHCII presentation and anti-viral Ab responses are diverse in B6J and B6N 

mice

3. Two non-MHC loci mediate the difference in MHCII presentation in B6J and 

B6N mice
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Figure 1. Oβ proteins with single or double mutations in the Ig domain or cytoplasmic tail do not 
affect H2-O function.
(A) The domain structure of Oβ: SS, signal sequence; MHCII β-like, MHCII β like domain; 

Ig, immunoglobulin domain; Tm, transmembrane domain; Ct, cytoplasmic tail. Also shown: 

AA substitutions (and their positions) found in Oβ from various mice compared to Oβ of 

B6 mice. (B) Oβ and Mβ protein levels and H2-M/H2-O interactions in Ob.KI mice. H2-M 

or H-2O captured by immunoprecipitation from lysates of purified B6J, B6J.Ob S to N, 

B6J.Ob V to I, B6J.Ob SV to NI, B6J.Ob L to H, and B6J.Ob ES to KL splenic B cells 

were analyzed by western blotting with Abs specific for the Ct of Mβ and Oβ (left panel) 

or the Ct of Mβ and Oβ luminal domain (right panel) and also for β-actin (loading control). 

Purified B6J.Ma−/− and B6J.Ob−/− B cells were used as controls. Data are representative 

of 4 (left panel) and 4 (right panel) independent experiments. See Supplemental Figure 2 

for quantification of results across all experiments. (C) Comparison of MHCII-CLIP levels 
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on B cells of Ob.KI mice. Quantification of the geometric mean fluorescence intensity 

(gMFI) of I-Ab-CLIP on B cells, defined as CD19+ from homozygous Ob KI mice relative 

to that obtained for control WT (WT/WT and WT/KI) B6J B cells. To correct for small 

differences in total MHCII levels among different samples, the ratio of MHCII-CLIP:(total) 

MHCII was calculated by dividing the gMFI obtained for MHCII-CLIP by that obtained for 

MHCII for each sample. Graphs show quantification of the gMFI of MHCII-CLIP/MHCII 

for mice from the indicated strains relative to that obtained for B6J mice. Dots represent 

individual mice. The data are combined from multiple independent experiments. Horizontal 

lines indicate the mean of values obtained for each group of mice. (D) Mice with indicated 

genotypes were infected with MMTV at 8 weeks of age (via i.p. injection) and their sera 

were screened for capacity to neutralize virus at 3 months post-infection. Neutralization 

(%) was calculated as described in (5). Dots represent individual mice. Horizontal lines 

indicate the mean of values obtained for different mice from the same group. Significance 

was calculated using an unpaired t test. ****=p ≤0.0001; *=p≤ 0.05.
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Figure 2. Identification of the combination of mutations within the immunoglobulin domain of 
Oβ that result in the loss-of-function H2-O.
(A) Similar to I/LnJ mice, MMTV-infected CAST mice produce virus-neutralizing Abs. 

CAST mice were infected with MMTV at 8 weeks of age (via i.p. injection), and their 

sera were screened for anti-virus IgGs (top panel) and for virus neutralization 3 months 

post-infection (bottom panel). OD 450, absorbance at 450 nm. Each symbol represents an 

individual mouse. Horizontal lines indicate the mean of values obtained for mice from the 

same group. (B) Like I/LnJ mice, CAST mice inherit loss-of-function H2-O. (B, top panel) 
Genetic cross to produce H-2?/b ObCAST/- and H-2?/bObCAST/B6 F1 mice, the CAST MHC 

haplotype is unknown. (B, bottom panel) Quantification of the gMFI of MHCII-CLIP on B 

cells, identified as CD19+ from F1.ObCAST/- mice relative to that obtained for F1.ObCAST/B6 

B cells. To correct for small differences in total MHCII levels among different samples, 

the ratio of MHCII-CLIP:(total) MHCII was calculated by dividing the gMFI obtained for 

MHCII-CLIP by that obtained for MHCII for each sample. Graphs show quantification 
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of the gMFI of MHCII-CLIP/MHCII for mice from both groups relative to that obtained 

for F1.ObCAST/B6 mice. Each symbol represents an individual mouse. Data are combined 

from two independent experiments. Horizontal lines indicate the mean of values obtained 

for each group of mice. (C) H2-O and H2-M protein levels and H2-M/H2-O interactions 

in CAST mice. H2-M or H2-O captured by immunoprecipitation from lysates of purified 

BALB/cJ and CAST splenic B cells were analyzed by western blotting with Abs specific 

for the Ct of Mβ and Oβ. Purified B6J.Ma−/− and B6J.Ob−/− B cells were used as controls. 

Total lysates were also probed by western blotting with Abs specific for Mα, the Ct of 

Oβ and β-actin (loading control). BALB/cJ and CAST Oβ proteins have identical Cts 

allowing for the use of Oβ Ab reagents specific for the Ct to perform these analyses. 

Data are representative of three independent experiments comprised of 2 BALB/cJ and 2 

CAST mice each. (D) Quantification of total H2-O (top left) and H2-M (middle left) protein 

levels, the ratio of H2-M to H2-O (bottom left) in B cell lysates and H2-M:H2-O ratios 

measured after immunoprecipitation with H2-M (top right), or H2-O (bottom right) across 

the three independent experiments. Data are normalized to the levels obtained for BALB/cJ 

mice (see Materials and Methods for details). Each symbol represents an individual mouse 

and horizontal bars represent the mean of values obtained for different mice of the same 

group. (E) Newborn mice from the indicated crosses were fostered by MMTV(LA)-infected 

mothers. Four months post infection, mice were confirmed to be infected by measuring 

deletion of SAg-cognate T cells and were screened for anti-virus Abs by ELISA (top panel) 

and neutralization of MMTV (bottom panel). OD 450, absorbance at 450 nm. Neutralization 

(%) was calculated as described in (5). Results are expressed as mean of OD (top panel) 

or as mean of percent of neutralization (bottom panel) produced by sera from uninfected 

mice of the same cross. Significance was calculated using unpaired t tests. ****=p ≤0.0001, 

***=P ≤ 0.001, **=P ≤ 0.01.
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Figure 3. Low MHCII-CLIP levels on B cells and dendritic cells of B6N mice correlates with 
their ability to produce virus-neutralizing antibodies.
(A) Comparison of MHCII-CLIP levels on splenic B cells of B6N, B6J, F1, and N2 mice 

(left) and on B cells among peripheral blood lymphocytes (PBLs) (right). F1, mice obtained 

from crossing B6J to B6N mice. N2, mice obtained from backcrossing F1 mice to B6N 

mice. N2 mice were analyzed in groups (~10–20 mice per group) at 8 weeks of age along 

with age-matched B6J mice (3–5 mice per group) and their splenic B cells, identified 

as CD19+ were stained with 15G4 (MHCII-CLIP) or M5/114 (total MHCII). To correct 

for small differences in total MHCII levels among different samples, the ratio of MHCII-

CLIP:(total) MHCII was calculated by diving the gMFI obtained for MHCII-CLIP by that 

obtained for MHCII for each sample. The averaged MHCII-CLIP/MHCII gMFI obtained for 

B6J mice was defined as 100%. Data for all mice are expressed as % of B6J gMFI. The 

values for B6J mice ranged from 91.4% to 107% (mean ± SD= 98.8 ± 5.3). The values 

for B6N ranged from 58% – 95% (mean ± SD= 79.3 ± 7.8). The values for (B6JxB6N)F1 
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mice ranged from 90%–110% (mean ± SD= 95.6 ± 4.5). With an arbitrary cut off at 90% 

(dotted line) all N2 MHCII-CLIPHIGH were at ≥ 90% and all N2 MHCII-CLIPLow are at 

≤89.5% relative to B6J mice. The range of N2 MHCII-CLIPHigh was 90% – 105% (mean 

± SD= 94.6 ± 4.4), whereas the range of N2 MHCII-CLIPLow was 59% – 89.5% (mean ± 

SD= 79.9±7.2). Dots represent individual mice. Horizontal lines indicate the mean of values 

obtained for different mice from the same group.

(B) Quantification of the gMFI of Ab-CLIP on the cell surface of splenic DCs from mice of 

indicated strains and crosses. To correct for small differences in total MHCII levels among 

different samples, the ratio of MHCII-CLIP:(total) MHCII was calculated by dividing the 

gMFI obtained for MHCII-CLIP by that obtained for MHCII for each sample. Graphs show 

quantification of the gMFI of MHCII-CLIP/MHCII for mice from indicated strains/crosses 

relative to that obtained for B6J mice. B cells were defined as CD19+ and DCs as CD3− 

CD19− CD11c+. Dots represent individual mice. Horizontal lines indicate the mean of 

values obtained for each group of mice. (C) Unlike B6J mice, MMTV-infected B6N mice 

produce potent virus-neutralizing Abs. B6N and B6J mice were infected with MMTV at 8 

weeks of age and screened for anti-virus IgGs 3 months later. OD 450, absorbance at 450 

nm. Dots represent individual mice. Horizontal lines indicate the mean of values obtained 

for different mice from the same group (D) Sera from mice (shown in C) were tested for 

virus neutralization. Dots represent individual mice. Horizontal lines indicate the mean of 

values obtained for different mice form the same group. (E) Genetic cross used to produce 

N2 mice for c2pmA and c2pmB mapping.
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Figure 4. c2pmA and c2pmB are expressed in the bone marrow compartment and function in B 
cells.
(A) MHCII, H2-M, and H2-O levels are similar in B6J, B6N, and B6Tac B cells and DCs. 

Splenic B cells were surface stained with fluorochrome labeled mAbs to identify B cells 

(CD3- CD11c- CD19+) or DCs (CD3- CD19- CD11c+) and for MHCII followed by fixation 

and permeabilization and intracellular staining with fluorochrome labeled mAbs specific 

for H2-O (mAb Mags.Ob3) and H2-M (mAb 2C3A) (see Supplemental Figure 3). Graphs 

show quantification of the geometric mean fluorescence intensity (gMFI) of MHCII, H2-O, 

or H2-M in indicated strains of mice relative to that obtained for B6J. Horizontal lines 

indicate the mean of values obtained for different mice from the same group. Dots represent 

individual mice. Data were combined from two (MHCII) or 3 (H2-O and H2-M) similar 

experiments. (B) c2pmA and c2pmB do not alter levels of H2-M, H2-O or MHCII. H2-M 

or H2-O captured by immunoprecipitation from lysates of purified B6J, B6N and B6NTac, 

B6J.Ob−/− or B6JMa−/− splenic B cells were analyzed by blotting with Abs specific for the 
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cytoplasmic tails of Mβ or Oβ or β-actin. Blotting of lysates used for the IPs are included 

as controls. Data are representative of 2 similar experiments. See Supplemental Figure 3C 

for quantification of cumulative data. (C) c2pmA and c2pmB are expressed in cells of 

the bone marrow origin. Six-week-old B6J or B6N recipient mice were lethally irradiated 

and reconstituted with lin− donor B6J or B6N BM. Nine weeks post-transplantation the 

levels of MHCII and MHCII-CLIP were measured on the surface of CD19+ splenic B 

cells from the chimeric mice. To correct for small differences in total MHCII levels among 

different samples, the ratio of MHCII-CLIP:(total) MHCII was calculated by dividing the 

gMFI obtained for MHCII-CLIP by that obtained for MHCII for each sample. Graphs show 

quantification of the gMFI of MHCII-CLIP/MHCII for mice from different groups relative 

to that obtained for B6J mice. Dots represent individual mice. Horizontal lines indicate the 

mean of values obtained for different mice from the same group. Data were pooled from 

two independent experiments. (D) c2pmA and c2pmB function in B cells. Six-week-old 

B6N recipient mice were lethally irradiated and reconstituted with lin− donor B6N (control) 

BM or a 50:50 mix of lin− BM from B6J.μMT (B-less mice) and B6N BM. Twelve weeks 

post-transplantation the levels of MHCII and MHCII-CLIP were measured on the surface 

of CD19+ peripheral blood B cells or splenic B cells (Supplemental Figure 4) from the 

chimeric mice. To normalize each sample’s MHCII-CLIP level to this sample’s level of 

MHCII, the gMFI obtained for 15G4 (MHCII-CLIP) was divided by the gMFI obtained 

for M5/114 (MHCII). Graphs show quantification of the gMFI of MHCII-CLIP/MHCII for 

mice from different groups relative to that obtained for B6J mice. Data were pooled from 

two independent transplantation experiments. Dots represent individual mice. Horizontal 

lines indicate the mean of values obtained for different mice of the same group. Significance 

was calculated using an unpaired t test. ***=p ≤0.001; ****=p ≤0.0001.
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