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Loss of humoral tolerance to red blood cells (RBCs) can lead to autoimmune hemolytic
anemia (AIHA), a severe, and sometimes fatal disease. Patients with AIHA present with
pallor, fatigue, decreased hematocrit, and splenomegaly. While secondary AIHA is
associated with lymphoproliferative disorders, infections, and more recently, as an
adverse event secondary to cancer immunotherapy, the etiology of primary AIHA is
unknown. Several therapeutic strategies are available; however, there are currently no
licensed treatments for AIHA and few therapeutics offer treatment-free durable remission.
Moreover, supportive care with RBC transfusions can be challenging as most
autoantibodies are directed against ubiquitous RBC antigens; thus, virtually all RBC
donor units are incompatible. Given the severity of AIHA and the lack of treatment options,
understanding the cellular and molecular mechanisms that facilitate the breakdown in
tolerance would provide insight into new therapeutics. Herein, we report a new murine
model of primary AIHA that reflects the biology observed in patients with primary AIHA.
Production of anti-erythrocyte autoantibodies correlated with sex and age, and led to RBC
antigen modulation, complement fixation, and anemia, as determined by decreased
hematocrit and hemoglobin values and increased reticulocytes in peripheral blood.
Moreover, autoantibody-producing animals developed splenomegaly, with altered
splenic architecture characterized by expanded white pulp areas and nearly diminished
red pulp areas. Additional analysis suggested that compensatory extramedullary
erythropoiesis occurred as there were increased frequencies of RBC progenitors
detectable in the spleen. No significant correlations between AIHA onset and
inflammatory status or microbiome were observed. To our knowledge, this is the first
report of a murine model that replicates observations made in humans with idiopathic
AIHA. Thus, this is a tractable murine model of AIHA that can serve as a platform to identify
key cellular and molecular pathways that are compromised, thereby leading to
autoantibody formation, as well as testing new therapeutics and management strategies.
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INTRODUCTION

Autoimmune hemolytic anemia (AIHA) is a disorder
characterized by destruction of red blood cells (RBCs) by
pathogenic anti-erythrocyte autoantibodies. Hemolysis leads to
significant reductions in RBC numbers, leading to inadequate
tissue oxygenation and patients present with pallor, fatigue,
hemoglobinuria, anemia and splenomegaly (1, 2). Similar
to other autoimmune diseases, AIHA is more prevalent in
women (3). Treatment strategies (e.g., immunosuppressants,
splenectomy, etc.) have variable success and relapse rates can
be as high as 50%, with mortality in 10% of cases (4–6).
Moreover, supportive care through RBC transfusions is
challenging as most autoantibodies recognize ubiquitous RBC
antigens, thereby making virtually all donor RBC units
crossmatch incompatible and risking further exacerbation of
the immune responses to RBCs (7, 8).

The etiology of AIHA is unknown. And, although some cases
are secondary and are associated with lymphoproliferative
disorders, infections, and cancer immunotherapy, >50% of
AIHA cases are idiopathic (9, 10). As RBCs carry out essential
functions required for life, it would be predicted that tolerance to
RBC autoantigens would be stringent. Unexpectedly, loss of
tolerance to RBCs occurs frequently; 0.1% of healthy blood
donors have detectable non-hemolytic autoantibodies bound to
their RBCs and this increases up to 8% in hospitalized patients
(11, 12). Elucidation of the initiating events that lead to
development of AIHA have relied on both observations in
human AIHA patients and murine models. With these studies,
breakdown of tolerance to RBC autoantigens has been shown to
be multifactorial (e.g., genetics as observed in NZB mice,
immune dysregulation as demonstrated in the Playfair and
Marshall-Clarke model, etc.) (13, 14). However, despite several
AIHA murine models, one barrier to elucidating the initiating
events leading to the failure of RBC tolerance is the lack of a
model that accurately reflects primary AIHA.

Our group and others have used an RBC transgenic mouse to
study immune responses to erythrocyte antigens: the HOD
mouse model. HOD mice express an RBC-specific triple fusion
protein consisting of hen egg lysozyme (HEL), ovalbumin
(OVA) and human blood group molecule Duffy (HEL-OVA-
Duffy; HOD) (15); HEL and OVA are well-characterized B and T
cell antigens. The HOD antigen is expressed under an RBC-
specific promoter and is detectable only on RBCs, not on
leukocytes or platelets, and at a similar level to naturally
occurring RBC antigens (15). Tolerance to the HOD RBC
autoantigen is robust despite the presence of detectable HOD-
reactive B and T cells. HOD mice do not make HOD-specific
autoantibodies upon immunization with either HEL or OVA
self-proteins in complete Freund’s adjuvant (CFA), a regimen
that readily elicits high titer antibodies in wild-type B6 animals
and can induce autoimmunity in some settings on its own (16–
18). Additional studies revealed that while HOD autoreactive
CD4+ T cells are detectable in HOD mice, they are non-
functional (16). Importantly, traditional CD4+FoxP3+CD25+
regulatory T cells are not required for maintenance of T cell
tolerance to RBCs in HODmice (19). In contrast to the observed
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stringent T cell tolerance in HOD animals, B cell tolerance is
incomplete. The HOD antigen, specifically the N-terminal
portion of OVA, contains OVA323-339, an epitope recognized
by CD4+ T cells from T cell receptor (TCR) transgenic OTII
mice (20); and, adoptive transfer of CD4+ OTII T cells, thereby
circumventing T cell tolerance, into HOD animals stimulates
autoreactive B cells to secrete autoantibodies against HOD RBCs
(16). Thus, in HOD mice, B cell tolerance is incomplete and T
cell tolerance is the stopgap to RBC autoimmunity. The
described studies characterized endogenous autoreactive
lymphocytes, which were limited due to low precursor
frequencies. As such, to gain additional mechanistic insight
into the establishment and breakdown of tolerance to RBC
autoantigens, HOD mice were bred with OTII TCR transgenic
animals (HODxOTII F1 mice consisting of autoreactive
genotype HOD+OTII+ mice and HOD-OTII+ littermate
controls). Initial analysis of HOD+OTII+ animals revealed that
autoreactive CD4+ T cells are non-functional and are subject to
peripheral tolerance (e.g., deletion, anergy, and induced
regulatory T cells), and upregulate markers associated with
anergy and exhaustion (21). However, unexpectedly, a subset
of HOD+OTII+ animals spontaneously generated HOD
autoantibodies upon aging. Herein, we describe a new murine
model of AIHA, which have similar presentation as human
patients with primary AIHA, including decreased hematocrit,
splenomegaly, extramedullary hematopoiesis, and female
predominance. This model will be fruitful in identifying which
T cell tolerance pathways are required to prevent autoimmunity
and will also serve as a platform to test new therapeutics.
MATERIALS AND METHODS

Mice
C57BL/6 (B6) (C57/BL6NCr; stock #556) mice were purchased
from NCI Charles River. OTII (B6.Cg-Tg (TcraTcrb)425CBn/J;
stock #004194) mice were purchased from the Jackson Laboratory.
HOD mice were developed and described previously (15). HOD
and OTII mice were bred to generate F1 animals, consisting of
HOD+OTII+ and HOD-OTII+ littermate controls. Mice were
phenotyped by flow cytometry. OTII.Rag2−/− mice (B6.129S6-
Rag2tm1FwaTg (TcraTcrb) 425Cbn, stock #1896) were purchased
from Taconic Biosciences. TCR75 mice were a gift from Dr. Bucy
(University of Alabama Birmingham) (22). Mice were maintained
on standard rodent chow and water in a light- and temperature-
controlled, pathogen-free environment. Protocols were approved
by the BloodworksNW and Columbia University Institutional
Animal Care and Use Committees (IACUC).

Flow Crossmatch
Blood was drawn by retro-orbital puncture from experimental
mice. Collected sera were diluted 1:100 and incubated with HOD or
B6 RBCs (1:100) in fluorescence activated cell sorter (FACS) buffer
(phosphate-buffered saline + 0.2 mg/mL bovine serum albumin
[Sigma-Aldrich] + 0.9 mg/mL ethylenediaminetetraacetic acid
[Sigma-Aldrich]) for 30 minutes at 4°C. Samples were washed
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with FACS buffer 3 times followed by incubation with a secondary
antibody (diluted 1:100 in FACS buffer) for 30 minutes at 4°C.
Secondary reagents included goat anti-mouse Ig APC-conjugated
(Southern Biotech), goat anti-mouse IgMAPC-conjugated, IgG Fcg
subclass 1 R-Phycoerythrin-conjugated, IgG Fcg subclass 2b FITC-
conjugated, IgG Fcg subclass 2c APC-conjugated and IgG Fcg
subclass 3 Bril l iant Violet 421-conjugated (Jackson
ImmunoResearch). Samples were washed with FACS buffer 3
times and then acquired using an Attune NxT flow cytometer
and analyzed with FlowJo software.

Peripheral RBC Analysis
Whole blood was collected by retro-orbital puncture into
heparinized glass capillary tubes. To detect HOD antigen
expression, RBCs were incubated with purified MIMA-29
followed by anti-mouse Igs APC, as previously described (19).
To assess C3 complement deposition, RBCs were incubated with
anti-C3 biotin antibody followed by streptavidin-APC secondary
reagent. Detection of antibodies bound to RBCs (DAT) was
determined by staining with goat anti-mouse Ig APC. To
determine hematocrit, whole blood samples were centrifugated
in a microhematocrit centrifuge. Then, the ratio of the volume
occupied by packed RBCs to the volume of whole blood was
measured and expressed as a percentage. To determine
hemoglobin concentration, whole blood samples were
incubated with Drabkin’s reagent (Sigma-Alridch) for 10
minutes, centrifuged and absorbance at 540nm was recorded.
The total hemoglobin concentration (gr/dL) was determined
using a calibration curve. To count reticulocytes, peripheral
blood was resuspended in FACS buffer and stained with
antibodies against Ter119 and CD71. The percentage of
Ter119+CD71high reticulocytes was calculated from total
Ter119+ RBCs.

Cytokines
Sera samples from experimental mice were diluted 20-fold. The
cytokines IFN-g, CXCL1, TNF-a, CCL2, IL-12, CCL5, IL-1b,
CXCL10, IL-10, IL-6, IFN-b, IFN-a and GM-CSF were
quantified utilizing fluorescence-encoded beads based
multiplex assay (Legendplex™ Multi-analyte flow assay kit;
BioLegend). Samples were acquired using Attune flow
cytometer and analyzed with FlowJo software.

Spleen Pathology
Spleens were collected and weighed. In some experiments,
spleens were fixed in formalin, sectioned, and stained with
hematoxylin and eosin (H&E). Slides were imaged with an
Olympus microscope and images were processed with
Bioquant Osteo 2012 software. All captured images are shown
with their respective magnification.

RBC Development and Hematopoietic
Precursor Detection in Spleen,
Bone Marrow
Tissue was collected, processed into a single cell suspension in
sterile FACS buffer, and stained with antibodies against Ter119,
Frontiers in Immunology | www.frontiersin.org 3
CD71, c-KIT, CD45, DNA-binding dye Draq5, and RNA-
binding dye thiozole orange to delineate the stages of RBC
development. Images were collected with an Amnis
Imagestream Mk II and analyzed with IDEAS software.

Bone Marrow (BM) Chimeras
Four to 6-week-old B6.Thy1.1/1.2 and HOD.Thy1.1/Thy1.2
mice were given 2 doses of 600 cGY irradiation (RS 2000
Biological Irradiator, Rad Source Technologies) spaced 2-4
hours apart. Recipients were given 20 million bone marrow
consisting of 10% of OTII.Rag2-/-.Thy1.2 + 10% of
TCR75.Thy1.1 + 80% of bone marrow recipient genotype
(either B6.Thy1.1/1.2 or HOD.Thy1.1/1.2) 24 hours post-
irradiation, as described previously (21). HOD antibody
production was analyzed by flow crossmatch.

Statistical Analysis
Statistical significance was determined by one-way ANOVA with
multiple comparisons post-test and p-value of ≤ 0.05 was
considered significant; > 0.05 n.s., < 0.05 *, < 0.01 **, < 0.001 ***.
Statistics were performed with GraphPad Prism.
RESULTS

Murine Model of Primary Autoimmune
Hemolytic Anemia (AIHA)
To study how red blood cell (RBC)-specific T cell tolerance is
established and to identify which pathways are compromised
when autoimmune disease develops, we generated a murine
model of primary autoimmune hemolytic anemia (AIHA) by
breeding HOD and OTII mice (HODxOTII F1 animals which
included HOD+OTII+ autoimmune genotype and HOD-OTII+
non-autoimmune genotype littermate control animals)
(Figure 1A). Sera was collected monthly from HODxOTII F1
animals and evaluated for production of detectable HOD RBC
antibodies by flow crossmatch (Figure 1B). Analysis of serum
from young HOD+OTII+ autoimmune genotype mice showed no
RBC autoantibody production, which correlates with our previous
data demonstrating that stringent tolerance is established to the
HOD autoantigen (16). Unexpectedly, a subset of animals within
the HOD+OTII+ autoimmune genotype cohort (red lines)
developed age-related RBC autoantibodies (black lines), with an
approximate onset of 4-5 months of age. Sera from many
HODxOTII F1 animals were longitudinally analyzed out to 11
months of age. Detectable autoantibodies were both IgM and IgG,
along with subclasses IgG1, IgG2b, IgG2c, and IgG3 (Figure 1C).
Moreover, we observed 2 distinct groups of autoantibody-
producing mice—relapse/remitting and sustained (Figures 1B, C).
While none of the HOD-OTII+ littermate control animals
(blue lines) made detectable anti-HOD antibodies, an average
of 20% of male and 40% of female HOD+OTII+ mice made RBC
autoantibodies (Figure 1D).

Binding of anti-erythrocyte autoantibodies can have a myriad of
effects on RBCs, including antigen modulation, complement
November 2021 | Volume 12 | Article 752330
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recruitment and hemolysis (13, 23–25). To test for autoantibody
binding, we performed a direct anti-globulin test (DAT) with
peripheral RBCs. RBCs from autoantibody-producing HOD+
OTII+ animals had significantly higher levels of bound antibodies
compared to controls (Figure 2A). In many instances, RBC-binding
antibodies are non-hemolytic but can mediate antigen modulation.
To test whether HOD antigen expression was reduced in
autoantibody-producing HOD+OTII+ animals, peripheral RBCs
were stained with MIMA-29, an antibody that recognizes Duffy
within the HOD antigen (19). Detectable HOD antigen was
significantly reduced on RBCs from HOD+OTII+ mice with
autoantibodies, compared to HOD+OTII+ without autoantibodies
(Figure 2B). No HOD expression was detected in HOD-OTII+
animals. In some instances, antibody recognition of erythrocyte
antigens facilitates RBC destruction (i.e., hemolysis). To evaluate
whether HOD-specific autoantibodies in HOD+OTII+ animals
were pathogenic, C3 complement deposition, hematocrit, and
hemoglobin was determined. RBCs from HOD+OTII+ mice with
autoantibodies had elevated frequencies of RBCs with detectable C3
complement deposition (Figure 2C). Additionally, HOD+OTII+
mice with RBC autoantibodies had significantly lower hematocrit
and hemoglobin values, compared to HOD-OTII+ littermate
controls (Figures 2D, E). Autoantibody-producing HOD+OTII+
animals also had increased Ter119+CD71high reticulocytes in
peripheral blood (Figure 2F). The reduction in hematocrit and
hemoglobin were likely in response to autoantibodies, and thereby
autoantibody-mediated hemolysis, as HOD+OTII+ mice without
autoantibodies had similar values as control animals. Together,
Frontiers in Immunology | www.frontiersin.org 4
these data indicate that RBC autoantibodies are affecting HOD
RBCs by modulating antigen expression and facilitating hemolysis
through complement binding, thereby resulting in reduced
hematocrit and hemoglobin concentration. Further, these data
suggest that RBC autoantibodies are leading to anemia and
compensatory reticulocytosis.

Patients with AIHA often have splenomegaly and
compensatory extramedullary erythropoiesis. To test whether
RBC autoantibodies in HOD+OTII+ mice elicited splenic
erythropoiesis, age-matched animals were euthanized and
spleens were collected for analysis. Spleens from HOD+OTII+
mice with RBC autoantibodies weighed significantly more and
were larger than their non-autoantibody counterparts and
littermate control animals (Figure 3A). Splenomegaly can be
due to splenic accumulation/sequestration of RBCs and
extramedullary hematopoiesis. As such, histologic analysis was
performed. In H&E stained sections, both HOD-OTII+ littermate
control mice and HOD+OTII+ animals without autoantibodies
have a well-defined splenic arrangement, with clearly demarcated
red and white pulp areas (Figure 3B). In contrast, HOD+OTII+
mice with autoantibodies had a severe distortion of normal
splenic architecture, with enlarged white pulp areas and a
correlating reduction in red pulp (Figure 3C). Additionally,
large, megakaryocyte-like cells were observed, suggesting
possible extramedullary erythropoiesis (Figure 3D, boxed
areas). There were also notably more hemosiderin-containing
macrophages present (Figure 3D, arrows). As H&E stain cannot
readily delineate stages of RBC development, we utilized an
A

D

C

B

FIGURE 1 | A subset of HOD+OTII+ mice develop RBC autoantibodies. (A) Graphical illustrations of the HOD RBC (left) and OTII T cells (right). Whole blood and
sera were collected from HODxOTII F1 animals and analyzed monthly. HOD-specific autoantibodies were detected in sera by flow crossmatch and mean fluorescence
intensity (MFI) of (B) total immunoglobulins (Igs) and (C) IgM and IgG subclasses were calculated. Two standard deviations from mean values of IgM and each IgG subtype
of HOD-OTII+ mice were included in the graphs (dotted lines). (D) The frequency of HOD+OTII+ animals that made detectable RBC autoantibodies was determined and
broken down by sex. Results are representative of 4 independent cohorts of HODxOTII F1 animals (n = 10 HOD-OTII+ and 10-20 HOD+OTII+ mice per cohort). Each line
represents an individual mouse of a particular genotype and autoantibody status: HOD-OTII+ (blue circles), HOD+OTII+ without autoantibodies (red filled circles,
dashed lines), and HOD+OTII+ with autoantibodies (black circles).
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antibody panel to discern RBC precursors to visualize with an
Amnis Imagestream Mk II. As RBCs mature, the overall size
reduces in conjunction with nuclear condensation (and
correlating loss of residual DNA and RNA). Using size, nuclear
content, and surface markers for RBCs, we developed an
antibody panel and gating strategy to identify the stages of
erythropoiesis: proerythroblasts (Pro-E), basophilic (Baso-E),
polychromatophilic (Poly-E), orthochromatophilic (Ortho-E),
r e t i cu locy te s , and mature RBCs (Figure 4A and
Supplementary Figure 1) (26). Increased frequencies of all
RBC progenitors (Ter119+Draq5+CD71+), but decreased
frequencies of mature RBCs (Ter119+Draq5-CD71-), were
evident in spleens collected from HOD+OTII+ mice with
detectable RBC autoantibodies (Figure 4B). These data
demonstrate that, upon RBC autoantibody production,
extramedullary erythropoiesis occurred in the spleen. As
extramedullary erythropoiesis is a compensatory mechanism for
insufficient bone marrow-derived RBC production (27),
evaluation of RBC precursors in the bone marrow revealed that
production of autoantibodies correlated with reduced frequencies
of progenitors (Figure 4C). Thus, in HOD+OTII+ animals with
autoantibodies, erythropoiesis is dysregulated.

Although the underlying cause(s) of primary AIHA is
unknown, failure in tolerance to RBC autoantigens has been
associated with many factors, including infections and
inflammation. To test whether altered cytokine production
preceded autoantibody generation, plasma collected from
animals prior to and after detection of RBC autoantibodies was
Frontiers in Immunology | www.frontiersin.org 5
assessed for proinflammatory cytokine levels (e.g., IL-6, IFN
gamma, etc.). No significant differences were noted between
HOD+OTII+ and autoantibody-producing HOD+OTII+ mice
(Supplementary Figure 2). Moreover, there were no significant
differences in cytokine levels between plasma collected before or
after autoantibody production.

One limitation of HODxOTII F1 mice is the high frequency of
CD4+ OTII T cells. To test if the observed phenotype was a
consequence of the precursor frequency, we generated bone
marrow chimeras in which B6 or HOD mice were irradiated and
reconstituted with bone marrow consisting of 80% recipient
genotype (B6.Thy1.1/1.2 or HOD.Thy1.1/1.2) + 10%
OTII.Rag2-/-.Thy1.2 + 10% TCR75.Thy1.1 (a CD4+ TCR
transgenic T cell with a specificity to an antigen not in this
system) as previously described (21). Using this approach, a
subset HOD.Thy1.1/1.2 autoreactive mice developed age-related
onset autoimmunity (Supplementary Figure 3). Thus, decreased
frequencies of autoreactive T cells did not prevent autoimmune
disease. And, while we cannot rule out that autoreactive T cell
frequency may facilitate tolerance failure, these data suggest that
age-related changes may play a more prominent role.
DISCUSSION

Tolerance to autoantigens is required to prevent autoimmune
disease. Failure of tolerance to RBCs can lead to AIHA, a severe
and sometimes fatal disease. To gain insight into how tolerance to
A B

D E F

C

FIGURE 2 | Effects of autoantibodies production on RBCs. Peripheral RBCs were collected and (A) evaluated for DAT, (B) HOD antigen expression and (C) C3
complement deposition. (D) Hematocrit, (E) hemoglobin and (F) reticulocytes were calculated from whole blood samples. Results are representative of 4
independent cohorts of HODxOTII F1 animals (n = 10 HOD-OTII+ and 10-20 HOD+OTII+ mice per cohort). HOD-OTII+ (blue circles), HOD+OTII+ without
autoantibodies (red circles), and HOD+OTII+ with autoantibodies (black circles). Statistical significance was determined by one-way ANOVA with multiple
comparisons post-test and p-value > 0.05 n.s., < 0.05 *, < 0.01 **, < 0.001 ***, < 0.0001 ****.
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A B C

FIGURE 4 | Autoantibody-producing HOD+OTII+ mice have extramedullary hematopoiesis. Spleens and bone marrow were collected from HODxOTII F1 animals,
processed into a single cell suspension, and stained with antibodies to delineate RBC progenitors and development. (A) Representative images of each RBC
developmental stage are shown. Flow plots and gating strategy used to identify each RBC progenitor in the (B) spleen and (C) bone marrow. Images are
representative of 3 individual mice of each genotype and condition.
A B

DC

FIGURE 3 | HOD+OTII+ mice have splenomegaly and disrupted splenic architecture. Spleens from aged HODxOTII F1 animals were collected and (A) weights were
determined. To visualize splenic architecture, spleens were fixed, sectioned, and stained with H&E. (B) Spleens from HOD-OTII+ and HOD+OTII+ without autoantibodies and
(C) HOD+OTII+ mice with autoantibodies are shown at 2x and 4x magnification. (D) In select splenic sections from HOD+OTII+ mice with autoantibodies, megakaryocyte-like
cells were identified (boxes on 10x and 20x images) and arrows shown in the 20x image point to hemosiderin macrophages. Images are representative of 4 individual
mice of each genotype and condition. Scale bars are indicated on each image. Statistical significance was determined by one-way ANOVA with multiple comparisons
post-test and p-value > 0.05 n.s. and < 0.01 **.
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erythrocytes is established and broken, we utilized a well-
described HOD RBC transgenic mouse (15). With this model,
stringent T cell tolerance, but not B cell tolerance, was observed
(16). By breeding HOD RBC-reactive OTII T cell transgenic mice
with HOD animals, we developed a model of RBC autoreactivity
whereby young HOD+OTII+ mice displayed stringent T cell
tolerance without detectable autoantibodies (21); however, upon
aging, a subset of mice developed age-related erythrocyte-specific
autoantibodies. Similar to observations in humans with AIHA,
our mouse model reflects primary AIHA including increased
incidence with age, female predominance, hemolysis and anemia,
and extramedullary erythropoiesis.

In both observations in humans and murine models, RBC-
binding antibodies have been shown to mediate a wide-range of
effects on RBCs, including antigen modulation and hemolysis (9,
13, 28–32). Autoantibodies detected in HOD+OTII+ mice were
pathogenic, leading to both RBC antigen loss and evidence of
hemolysis, as determined by significant reductions in hematocrit
and hemoglobin. Additionally, there were 2 subsets of animals
within the autoantibody-producing cohort—those that had
relapse/remitting autoantibodies and those that had sustained
levels. This is also a common feature of pathology observed in
humans with AIHA (33). Importantly, antibody isotype and
subtype may dictate the severity of AIHA disease; human IgG1
is the most frequently detected subclass in humans with AIHA and
this autoantibody subtype may be found together with C3
complement deposition on the patient’s RBCs (9, 33). Likewise,
multiple murine IgG subclasses can fix complement (e.g., IgG3,
IgG2b, and IgG2a/c) (34), and both autoantibodies (of multiple
subclasses) and C3 were detected in HOD+OTII+ animals.
Importantly, our group has previously shown that HOD-specific
IgG2c mediates rapid clearance of HOD RBCs, leads to robust
alloantibodies upon transfusion, and promotes memory
lymphocyte formation (35). Thus, the presence of this potent
pro-inflammatory autoantibody subclass could perpetuate RBC
hemolysis, thereby exacerbating AIHA symptoms. However,
autoantibody persistence could not be associated with the
presence/absence of a particular antibody isotype or subclass.
Moreover, although HOD+OTII+ animals with autoantibodies
had significantly higher DAT MFIs compared to controls, these
values were very low, despite measurement at multiple timepoints
throughout aging. Whilst DAT negative AIHA cases occur in 5-
10% of humans with AIHA, these cases are considered atypical. It
is plausible, however, that the kinetics of autoantibody binding to
the HOD antigen followed by the removal of autoantigen would
prevent it from being detected with our assays. Alternatively, of the
RBCs that retain HOD expression, antigen may be rapidly
removed due to autoantibody binding and recruitment of C3.
Finally, given the low levels of remaining HOD antigen detectable
on RBC in mice with autoantibodies, it is plausible that there are
no appreciable amounts of autoantigen to bind; thus, high levels of
autoantibodies remain in the sera.

Similar to human patients with AIHA, mice developed
anemia (shown as a decreased hematocrit percentage, reduced
hemoglobin concentration and increased reticulocytes)
(Figures 2, 4). However, how and if the development of
Frontiers in Immunology | www.frontiersin.org 7
anemia is a consequence of the influence of autoantibody
kinetics still remain open questions. Anemia and cytopenia can
cause splenomegaly and splenic extramedullary hematopoiesis,
both of which are common clinical presentations in patients with
AIHA (36–38). Splenomegaly and extramedullary erythropoiesis
are both observed in HOD+OTII+ mice with autoantibodies,
compared to controls (Figure 3, 4). The spleen is the site of
clearance of senescent RBCs and is also a secondary lymphoid
organ capable of promoting adaptive immune responses. In the
presence of RBC-specific antibodies, the spleen can become
congested due to accumulation of RBCs. Indeed, Chadebech
et al. (39) published splenic histopathology in an IgA-mediated
AIHA case and showed marked RBC sequestration with atrophic
white pulp but low levels of erythrophagocytosis. Similar findings
have been observed in the NZB murine model of AIHA (40).
Notably, the splenic architecture was severely distorted in HOD
+OTII+ mice with autoantibodies. Whilst normal-sized germinal
centers were observed in control animals, mice with
autoantibodies had lymphocytosis, with nearly diminished red
pulp areas. This observation could be due to the age of the mice
(spleens are reflective of 8-10 months of age) in combination
with the persistence of autoantibody levels, or simply an
aggressive B cell response correlating with high autoantibody
titers. Other noteworthy observations were the presence of RBC
progenitors and megakaryocyte-like cells, which are both
indicative of extramedullary erythropoiesis. Extramedullary
erythropoiesis may be in the response to the ongoing
hemolysis and/or the insufficient production of RBCs in the
bone marrow (Figure 4C).

Whilst several factors have been hypothesized to initiate
idiopathic AIHA (e.g., genetics, environment, etc.), the
underlying cause(s) is unknown. There was not an observable
association between tolerance failure and infection/pathogen
exposure or microbiome. In particular, this model was initially
established at BloodworksNW (Seattle, WA) and then re-
established at Columbia University (New York City, NY), with
similar trends in frequencies of autoantibody production and
female predominance. While both vivarium are specific
pathogen free, there were marked differences in the pathogen
composition and potential exposure. Additionally, no significant
changes in inflammatory status was observed as cytokine analysis
showed no differences between HOD+OTII+ autoimmune
genotype mice regard le s s o f au toant ibody s ta tus
(Supplementary Figure 2). Moreover, not all animals from the
same litter or those co-housed together developed autoantibodies.
Given the importance of the mother’s microbiome in offspring gut
flora and that mice are coprophagic, these observations suggests
that a microbiome-independent pathway may be responsible for
the failure of T cell tolerance. As a consistent thread in
observations in humans with autoimmune disease and murine
models of autoimmunity, there is an age-related component to
development of AIHA in HOD+OTII+ animals. Both
immunosenescence and inflammaging are postulated to
contribute to immune dysregulation and autoimmunity upon
aging (41–43). As such, because our model allows for easy
identification of autoreactive T cells, it will be useful in
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interrogating T cell development and function as mice age and
some develop autoantibodies.

As T cell tolerance is the stopgap to RBC autoimmunity in this
model, one limitation of the studies presented is the
supraphysiological frequency of autoreactive T cells. To address
this, we generated bone marrow chimeras whereby the precursor
frequency of autoreactive CD4+ T cells was significantly reduced.
Similar to observations with the HODxOTII F1 animals, young
bone marrow chimera mice displayed robust T cell tolerance, with
multiple peripheral tolerance mechanisms employed (21).
However, also similar to HODxOTII F1 animals, as bone
marrow chimera animals aged, a subset of animals produced
anti-erythrocyte autoantibodies (Supplementary Figure 3).
Thus, even at significantly reduced frequencies of autoreactive T
cells, T cell tolerance fails in a subset of animals. As irradiation
itself can promote autoimmunity (44), all additional studies have
utilized the HODxOTII F1 animals as the preferable murine
model of idiopathic AIHA.

In summary, herein we describe a new murine model of
AIHA which shares many characteristics with primary AIHA in
humans, including female predominance, age-related onset,
hemolysis and anemia, splenomegaly, and extramedullary
erythropoiesis (Figure 5). Because of the antigens used in the
development of this model, there are numerous immunological
tools available to dissect which T cell tolerance pathways are
required to prevent autoimmunity. As such, this model can be
used to provide new insights into the underlying mechanisms in
the initiation of idiopathic AIHA.
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Supplementary Figure 1 | Amnis ImageStreamMk II gating strategy. Gating strategy
for identification of RBCprogenitors inmurine splenocytes using the Amnis Imagestreatm.

Supplementary Figure 2 | Cytokine quantification in HODxOTII F1 animals. Sera
was collected longitudinally from HODxOTII F1 animals. Pro- and anti-inflammatory
cytokines were assessed before and after autoantibody production. HOD+OTII+
mice with (black = 7) and without (red, n = 6) autoantibodies are shown. Data are
presented as mean +/- SEM.
Frontiers in Immunology | www.frontiersin.org 9
Supplementary Figure 3 | HODmice with reduced autoreactive T cell frequencies
make autoantibodies. B6.Thy1.1/1.2 and HOD.Thy1.1/1.2 recipients were irradiated
and reconstituted with a mix of bone marrow: 10% OTII.Rag2-/-.Thy1.2, 10%
TCR75.Thy1.1, and either 80% B6.Thy1.1/1.2 or 80%HOD.Thy1.1/1.2, as described
in (21). Upon reconstitution, bone marrow chimeric mice weremonitored longitudinally
for autoantibody production by flow crossmatch. Flow crossmatch data presented are
shown as the fold change in experimental serum recognizing and staining HOD targets
compared to control B6 targets.
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