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Humoral immunity to factor VIII (FVIII) represents a significant challenge for the treatment of
patients with hemophilia A. Current paradigms indicate that neutralizing antibodies against
FVIII (inhibitors) occur through a classical CD4 T cell, germinal center (GC) dependent
process. However, clinical observations suggest that the nature of the immune response
to FVIII may differ between patients. While some patients produce persistent low or high
inhibitor titers, others generate a transient response. Moreover, FVIII reactive memory B
cells are only detectable in some patients with sustained inhibitor titers. The determinants
regulating the type of immune response a patient develops, let alone how the immune
response differs in these patients remains incompletely understood. One hypothesis is
that polymorphisms within immunoregulatory genes alter the underlying immune
response to FVIII, and thereby the inhibitor response. Consistent with this, studies
report that inhibitor titers to FVIII differ in animals with the same F8 pathogenic variant
but completely distinct backgrounds; though, how these genetic disparities affect the
immune response to FVIII remains to be investigated. Given this, we sought to
mechanistically dissect how genetics impact the underlying immune response to FVIII.
In particular, as the risk of producing inhibitors is weakly associated with differences in
HLA, we hypothesized that genetic factors other than HLA influence the immune response
to FVIII and downstream inhibitor formation. Our data demonstrate that FVIII deficient mice
encoding the same MHC and F8 variant produce disparate inhibitor titers, and that the
type of inhibitor response formed associates with the ability to generate GCs. Interestingly,
the formation of antibodies through a GC or non-GC pathway does not appear to be due
to differences in CD4 T cell immunity, as the CD4 T cell response to an immunodominant
epitope in FVIII was similar in these mice. These results indicate that genetics can impact
the process by which inhibitors develop and may in part explain the apparent propensity of
patients to form distinct inhibitor responses. Moreover, these data highlight an
org May 2022 | Volume 13 | Article 8808291
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underappreciated immunological pathway of humoral immunity to FVIII and lay the
groundwork for identification of biomarkers for the development of approaches to
tolerize against FVIII.
Keywords: hemophilia A, germinal center, B cells, neutralizing antibodies (inhibitors), extrafollicular pathway
INTRODUCTION

Hemophilia A is an X-linked bleeding disorder resulting from a
deficiency in the blood coagulation protein factor VIII (FVIII).
As prophylaxis, most patients with severe hemophilia A receive
either regular infusions of FVIII or emicizumab, a FVIII mimetic.
Moreover, to treat bleeding episodes or provide protection for
surgeries, patients are administered additional doses of FVIII in
combination with either prophylaxis regimen. However,
recurrent exposure to FVIII can lead to the development of
inhibitors (neutralizing antibodies to FVIII), with 20-30% of
patients with severe and 5% of patients with mild to moderate
hemophilia A producing inhibitors within the first 50 exposure
days to FVIII (1, 2). Inhibitors mitigate the therapeutic benefits
of FVIII by impeding its procoagulant activity and are a crippling
barrier for gene therapy. As a result, inhibitors increase
morbidity and mortality, increase cost of care, and decrease
quality of life for this patient population (3–6). Unfortunately, no
strategies currently exist to prevent the formation of inhibitors or
mediate tolerance to FVIII prior to the development of immunity
in previously untreated patients with hemophilia A. This in part
stems from a fundamental lack of understanding regarding key
factors that regulate the B cell response to FVIII. In addition, it is
not completely understood why a large population of patients
never form inhibitors and demonstrate tolerance to FVIII.
Understanding the mechanisms by which inhibitors develop
may aid in the identification of critical targets that can be
exploited to prevent inhibitors or induce tolerance to FVIII in
patients with hemophilia A.

Several clinical and preclinical studies suggest that inhibitors
develop through a classical CD4 T cell dependent process (7–11),
wherein T follicular helper cells (TFH) work in concert with
cognate follicular B cells to drive a germinal center (GC) reaction
that is ultimately responsible for the propagation and selection of
affinity matured, class-switched (CSW) memory B cells and
long-lived plasma cells. However, clinical observations like
those reported in the recent HIPS (Hemophilia Inhibitor
Previously Untreated Patient) study (12) suggest that the
nature of the immune response to FVIII differs between
patients. While some patients form sustained low (<5 Bethesda
Units) or high (>5 Bethesda Units) inhibitor titers, others
produce transient low titers that resolve within 6 months and
without any therapeutic interventions (12–14). Moreover, there
are a group of individuals that primarily develop non-
neutralizing IgG1 with low-affinity for FVIII (12, 13); these
patients never develop antibodies with inhibitory activity. In
addition, clinical studies evaluating the immune response to
FVIII demonstrate that FVIII specific memory B cells are not
detectable in all patients with a history of persistent inhibitors
org 2
(15–17), though how this compares to patients with transient
inhibitors has yet to be explored. Furthermore, patients with
existing inhibitors respond differently to immune tolerance
induction (ITI) therapy, a treatment that entails higher and
often more frequent doses of FVIII: (1) “tolerance” -
undetectable inhibitor titers following return to “normal” FVIII
pharmacokinetic doses, (2) “partial tolerance” - absence of
anamnesis when exposed to “normal” FVIII doses or (3)
“failure” - persistent inhibitor titers that prevent use of FVIII
therapy (18–20). Interestingly, some patients indefinitely remain
“tolerant” or “partially tolerant”, while others relapse following
withdrawal of ITI therapy or when exposed to “normal” FVIII
pharmacokinetic doses in the presence of inflammation or
during puberty (3, 21).

The primary determinants regulating the type of immune
response a patient will develop to FVIII, let alone how the
immune response mechanistically differs in these patients remains
incompletely understood. One hypothesis is that genetic factors
associated with an increased risk of forming inhibitors may likewise
contribute to the development of distinct immune responses to
FVIII (22–30). For instance, the type of F8 variant a patient encodes
has been found to correlate with an increased propensity to develop
inhibitors (22, 23); there are over 2,000 F8 pathogenic variants that
can cause severe, mild or moderate hemophilia A depending on the
degree to which the variant impacts formation of active FVIII.
While 60-70% of hemophilia A patients with large deletions/
insertions (>50 base pairs and +1 exons) in F8 generate
inhibitors, roughly 15% of individuals with small deletions/
insertions (<50 base pairs) produce inhibitors (23). The relative
risk of a patient forming inhibitors according to the type of F8
variant the individual encodes is proposed to be determined by
whether the pathogenic variant allows for production of partial or
inactive FVIII, also referred to as cross-reactive material (CRM).
This CRM may generate some degree of central tolerance that can
not only protect against the initiation of a humoral immune
response to FVIII but also regulate immunity once onset (22, 23).
Moreover, immune polymorphisms within genes encoding
immunoregulatory molecules (e.g. IL10, TNFA and Ctla4) and
Human Leukocyte Antigen (HLA) variants possess the ability to
modulate the immune response to FVIII by altering immune
activation thresholds and/or differentiation of regulatory cells (24–
30). Consistent with this, preclinical studies report that inhibitor
titers to recombinant and transgene FVIII differ in FVIII deficient
mice or canines on completely disparate genetic backgrounds (31–
33). However, how these genetic disparities affect the immune
response to FVIII and downstream inhibitor outcome remains to
be evaluated. Given this, we sought to determine how genetics
influence themechanistic underpinnings of the immune response to
FVIII. As siblings with the same F8 pathogenic variant can have
May 2022 | Volume 13 | Article 880829
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discrepant inhibitor responses and the risk of forming inhibitors is
weakly associated with HLA variants (28, 29, 34), we hypothesized
that genetic factors other than HLA and F8 affect the underlying
immune response to FVIII, and thereby contribute to the distinct
inhibitor signatures observed in patients with hemophilia A.

As mechanistic studies testing the role of genes in immunity
to FVIII in patients with hemophilia A are not feasible,
preclinical models of hemophilia A that encode the same F8
pathogenic variant and Major Histocompatibility Complex
(MHC) haplotype but are on disparate genetic backgrounds
[C57BL/6J (B6) versus mixed S129/B6 (129S4/SvJae + B6)] (35,
36) were employed. Our data demonstrate that B6 and S129/B6
FVIII deficient mice form different IgG and inhibitor titers to
FVIII, and that the B cell response to FVIII in these mice may
occur through two distinct immune pathways. These results thus
suggest that genetic factors apart fromMHC and F8may regulate
the process by which humoral immunity to FVIII occurs.
Moreover, these data for the first time provide mechanistic
insight into how genetics influence the immune response to
FVIII as well as highlight a novel pathway by which inhibitors
can form to FVIII. In addition, these findings establish a
foundation for identification of biomarkers for the generation
of therapeutic approaches to promote immune tolerance to FVIII
in all patients with hemophilia A.
METHODS

Mice
FVIII deficient mice with a disruption in the exon 16 of the F8 gene
were obtained as F1 hybrids [S129 + B6] from L. W. Hoyer
(Holland Laboratory) (35). Mice were either backcrossed 5 (S129/
B6; mixed 70% B6 and 30% S129 background) or >10 generations
onto a B6 background (>97% B6 background) (36). Eight to 12-
week old male and female mice were used. Mice were housed and
bred in the Emory University Division of Animal Resources
facilities. All procedures were performed according to approved
Institutional Animal Care and Use Committee protocols.

Antibodies
Alkaline Phosphatase (AP) anti-mouse IgM, IgG1, IgG2a, IgG2b,
IgG2c and IgG3 were acquired from Southern Biotech, while AP
anti-mouse IgG was purchased from Bio-rad. BV421 anti-mouse
I-Ab, PE anti-mouse I-Ad, BV421 anti-mouse H-2Kb, BV421
anti-mouse GL7, BV480 anti-mouse IgM, BV510 anti-mouse
CD38, BB515 anti-mouse CD19, BV650 anti-mouse RORgt, PE
CF594 anti-mouse GATA3, BB515 anti-mouse CD8a, and Alexa
Fluor 647 (AF647) anti-mouse Bcl6 were obtained from BD
Biosciences. FITC anti-mouse I-Ak, AF700 anti-mouse CD45,
BV510 anti-mouse H-2Kd, PE anti-mouse H-2Kk, BV605 anti-
mouse CD19, AF700 anti-mouse T cell receptor (TCR), AF700
anti-mouse CD11b, AF700 anti-mouse CD11c, BV650 anti-
mouse IgD, BV421 anti-mouse CD3, BV510 anti-mouse CD4,
BV605 anti-mouse Tbet, BV785 anti-mouse CD25, PerCP Cy5.5
anti-mouse CD19, PerCP Cy5.5 anti-mouse CD11c, PerCP
Frontiers in Immunology | www.frontiersin.org 3
Cy5.5 anti-mouse CD11b, and AF700 anti-mouse CD44 were
purchased from Biolegend.

Recombinant B Domain Deleted FVIII
B domain deleted human FVIII was prepared as previously
described (37). Briefly, the B domain of FVIII was replaced
with an “SQ” linker (SFFQNPPVLKRHQR) using site specific
mutagenesis. The “RHQR” amino acid sequence of the SQ linker
is a recognition site for PACE/furin, and thereby facilitates
intracellular processing of FVIII from a single chain to a
heterodimer (37, 38). The modified FVIII cDNA was then
cloned into a mammalian expression vector (pIRES/Puro) and
transfected into baby hamster kidney cells. Clones expressing the
highest level of FVIII were selected and expanded, followed by
purification of FVIII from cell culture supernatant. FVIII
concentration was calculated using an extinction coefficient at
A280 of 1.53 mg/mL-1 cm-1 (39).

Analysis of Antibody and Inhibitor
Response to FVIII
S129/B6 and B6 FVIII deficient mice were administered 4 weekly
retro-orbital infusions of 1 mg FVIII. Two weeks after the last
infusion, mice were challenged with 2 mg FVIII. Plasma was
collected 7 days post each injection for measurement of total
anti-FVIII IgM, IgG or IgG subclasses (IgG1, IgG2a, IgG2b,
IgG2c, IgG3) by an enzyme-linked immunosorbent assay
(ELISA) (36, 40). The ELISA was performed using microtiter
plates coated with FVIII and plasma was serially diluted 3.5-fold
starting at a 1:20 dilution. AP anti-mouse IgM, IgG, or IgG
subclasses diluted 1:1000 were then used to detect bound
antibodies. ELISA titration curves were fitted to the 4-paramter
logistic equation and a positive titer was defined as a dilution that
produced an A405 of 0.3. Inhibitor titers were measured by a
modified Nijmegen Bethesda assay (40–43). The Bethesda assays
were performed by reconstituting human FVIII deficient plasma
with the same FVIII that was infused into mice. One Bethesda
Unit (BU) per mL was defined as the dilution of plasma that
results in 50% inhibition of FVIII activity. An inhibition curve
was fitted using the 4-paramter logistic equation to estimate the
concentration of IgG producing 50% inhibition.

FVIII and Hen Egg Lysozyme (HEL) B Cell
Tetramer Production
To create a FVIII B cell tetramer, B domain deleted human FVIII
was modified using site-directed mutagenesis to include a
cysteine substitution (K1804C) in the A3 domain (44); the
amino acid numbering of the cysteine is based on the sequence
of full-length FVIII. The FVIII variant was reduced with TCEP
(Thermofisher Scientific) for 30 minutes on ice to uncap the
cysteine residue, and then allowed to recover overnight at 4°C.
An EZ-link Maleimide-PEG2-Biotin kit (Thermofisher
Scientific) was used to biotinylate the uncapped cysteine
residue. Free biotin was removed by centrifugation in a Zeba
spin desalting column (Thermofisher Scientific) and the molar
ratio of biotin to FVIII was quantified using a Biotin
May 2022 | Volume 13 | Article 880829
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Quantitation kit (Thermofisher Scientific). Streptavidin
conjugated to phycoerythrin (SA-PE; Biolegend) was then
added to the biotinylated FVIII at a 1 to 6 molar ratio for
tetramerization. A HEL B cell tetramer was developed as
previously described (45). Briefly, purified HEL (Worthington
Biochemical) was biotinylated using an EZ-link Sulfo-NHS-LC-
Biotinylation kit (Thermofisher Scientific). Biotinylated HEL
with ≤1 biotin per molecule was then tetramerized using SA-
PE. A “non-specific tetramer” was also created by labeling SA-PE
with Alexa Flour 647 (AF647; Invitrogen) for 60 minutes at room
temperature. Free AF647 was removed by centrifugation in a
100-kD cut off Amicon Ultra Filter (Millipore Sigma). Prior to
use, the SA-PE*AF647 was incubated with 6-fold molar excess of
1 mM D-biotin. As the ratio of SA to PE is roughly 1:1, the
concentration of each tetramer was calculated using an
extinction coefficient at A565 of 1.96 mM-1 cm-1.

Precursor Frequency of FVIII Reactive
B Cells
The spleen and peripheral lymph nodes (inguinal, axillary,
brachial, submandibular, and mesenteric) were harvested in
IMDM media from naïve B6 and S129/B6 FVIII deficient
mice. Cells were centrifuged at 1500 rpm for 5 minutes, and
subsequently resuspended in IMDM media containing 2.4G2 Fc
block (BD Bioscience) + 5 nM SA-PE*AF647 (1 mM D-biotin +
SA-PE*AF647). Samples were incubated for 10 minutes at room
temperature, followed by addition of 4 nM FVIII B cell tetramer
and incubation on ice for 30 minutes. Cells were then washed
with cold IMDM media and resuspended in IMDM media
containing 50 ml anti-PE microbeads (Miltenyi Biotech).
Samples were incubated on ice for 30 minutes and
subsequently washed with cold IMDM media. Tetramer+ cells
were then enriched by resuspending samples in 3 mL cold FACS
buffer (1x DPBS + 2% bovine serum albumin) and passing the
cells over a magnetized LS column (Miltenyi Biotech). Columns
were washed two times with 3 mL cold FACS buffer and then
removed from the magnet. A plunger was used to push 5 mL
FACS buffer through the column for elution of bound tetramer+

cells. Following centrifugation, bound and unbound fractions
were resuspended to 100 ml and 2 mL cold FACS buffer,
respectively. To determine absolute counts, 5 ml from each
sample were added to 200 ml AccuCheck counting beads
(Invitrogen). The remaining cell suspensions were incubated
for 30 minutes on ice with BV605 anti-mouse CD19 + AF700
anti-mouse TCR + AF700 anti-mouse CD11b + AF700 anti-
mouse CD11c + Live/Dead Fixable Near-IR (Thermofisher
Scientific). All samples were run on a 4 laser Cytek Aurora and
analyzed using FlowJo software.

Transfusion of HEL Sheep Red Blood Cells
(HEL SRBCs)
To chemically link HEL to SRBCs, HEL was first activated with
Sulfo-NHS (Thermofisher Scientific) and 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC) in
MES buffer for 15 minutes at room temperature. Activated
Frontiers in Immunology | www.frontiersin.org 4
HEL was passed over a Zeba spin desalting column
equilibrated with PBS at pH 7.4, lyophilized and stored at
-20°C until use. SRBCs (Rockland Laboratories) were washed
in 1x DPBS and resuspended in 1x DPBS at a 2 to 1 ratio.
Activated HEL was quickly thawed at room temperature and
reconstituted in deionized water. Reconstituted activated HEL
was immediately added at an equal volume to the packed SRBCs
and incubated for 25 minutes at room temperature. The cells
were washed in 1x DPBS. To confirm HEL linkage to SRBCs,
HEL SRBCs and unlabeled SRBCs were stained with or without
anti-HEL antibodies (clone: 2F4 and 4B7; Bioxcell) for 15
minutes at room temperature. Cells were washed and then
resuspended in APC anti-mouse IgG for 15 minutes at room
temperature. Samples were run on a 4 laser Cytek Aurora and
analyzed using FlowJo software. B6 and S129/B6 FVIII deficient
mice were transfused via the retro-orbital plexus with 50 ml
packed HEL SRBCs diluted to a 150 ml total volume in 1x DPBS.

Immunophenotyping the Immune
Response to FVIII and HEL
As the spleen appears to be the primary site of inhibitor
formation (46), splenocytes were harvested from B6 and S129/
B6 FVIII deficient mice 7 days post transfusion of HEL SRBCs or
challenge with 2 mg FVIII. To evaluate the B cell response,
pelleted cells were stained with 2.4G2 Fc block + 5 nM SA-
PE*AF647, followed by 4 nM FVIII B cell tetramer or 5 nM HEL
B cell tetramer. To examine the CD4 T cell response, pelleted
cells were resuspended in 2.4G2 Fc block + 18 mg/mL FVIII
MHC Class II tetramer (I-Ab : FVIII2210-2229) and incubated for 1
hour at room temperature; the FVIII MHC Class II tetramer was
provided by the National Institute of Allergy and Infectious
Diseases Tetramer Core Facility at Emory University and using
the TASSYFTNMFATWSPSKARL (47) FVIII peptide presented
on the MHC Class II haplotype H-2b. All samples were then
washed and anti-PE microbeads were added. Tetramer+ cells
were enriched using the magnetized LS columns as described
above. Bound fractions were resuspended to 100 ml cold FACS
buffer and 5 ml was added to AccuCheck counting beads. For B
cell immunophenotyping, remaining cell suspensions were
incubated for 30 minutes on ice with BV421 anti-mouse GL7
+ BV480 anti-mouse IgM + BV510 anti-mouse CD38 + BV650
anti-mouse IgD + BB515 anti-mouse CD19 + AF700 anti-mouse
TCR+ AF700 anti-mouse CD11b+ AF700 anti-mouse
CD11c+ Live/Dead Fixable Near-IR. For CD4 T cell
immunophenotyping, remaining cells were stained for 30
minutes on ice with BV421 anti-mouse CD3+ BV510 anti-
mouse CD4+ BV785 anti-mouse CD25+ BB515 anti-mouse
CD8a+ PerCP Cy5.5 anti-mouse CD19+ PerCP Cy5.5 anti-
mouse CD11c+ PerCP Cy5.5 anti-mouse CD11b+ AF700 anti-
mouse CD44+ Live/Dead Fixable Near-IR. Polarization of the
CD4 T cell response was investigated by fixing and
permeabilizing cells post surface stain for 30 minutes on ice
using eBioscience Foxp3/Transcription Factor Fixation/
Permeabilization buffer (Thermofisher Scientific). Fixed and
permeabilized cells were washed in 1x Permeabilization Wash
May 2022 | Volume 13 | Article 880829
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Buffer (Thermofisher Scientific), and subsequently stained for 45
minutes at room temperature with AF647 anti-mouse Bcl6 + PE
CF594 anti-mouse GATA3 + BV605 anti-mouse Tbet + BV650
anti-mouse RORgt. All samples were run on a 4 laser
Cytek Aurora and analyzed using FlowJo software; mean
fluorescent intensity (MFI) was used to assess expression of
transcription factors.

Statistics
Statistical analysis was performed using a non-parametric Mann-
Whitney test or Kruskal-Wallis with a Dunn’s multiple comparison
post-test. Significance was determined by a P value < 0.05.
RESULTS

FVIII Deficient Mice With an Identical F8
Pathogenic Variant and MHC Haplotype
but Different Genetic Backgrounds
Develop a Distinct Antibody and Inhibitor
Response to FVIII
To formally test the hypothesis that genetic factors other than
HLA and F8 impact the inhibitor response to FVIII, the relative
immunogenicity of FVIII was examined in B6 and S129/B6 FVIII
deficient mice that encode the same F8 pathogenic variant and
MHC haplotype (H-2b; Supplementary Figure 1) but are on
distinct genetic backgrounds. This was accomplished by
administering B6 and S129/B6 FVIII deficient mice 1 mg FVIII
weekly for 4 weeks, followed by a 2 mg challenge (Figure 1A)
(48). Mice were treated with 5 doses of FVIII, as the formation of
antibodies and inhibitors to FVIII in both patients and
preclinical models of hemophilia A are known to occur
following multiple exposures to FVIII (12, 49, 50). Plasma was
then collected one week post each infusion and measured for IgG
reactive to FVIII by ELISA and inhibitors by a modified Bethesda
Nijmegen assay.

Although 100% of B6 and S129/B6 FVIII deficient mice
produced IgG specific to FVIII one week following challenge,
B6 and S129/B6 FVIII deficient mice demonstrated disparate
total anti-FVIII IgG titers pre and post challenge. S129/B6 FVIII
deficient mice developed higher total IgG titers to FVIII
compared to B6 FVIII deficient mice (Figure 1B). As studies
indicate that the antibody response to FVIII consist of both
inhibitors and non-neutralizing anti-FVIII IgG (12, 51), the total
IgG response to FVIII may not reflect the titers of FVIII reactive
antibodies with inhibitory activity. To determine whether B6 and
S129/B6 FVIII deficient mice generate a differential inhibitor
response to FVIII, plasma from treated mice was also tested for
inhibitors. Consistent with the total IgG response to FVIII, 100%
of both strains of FVIII deficient mice formed inhibitors one-
week post challenge. Moreover, B6 FVIII deficient mice
generated lower Bethesda titers pre and post challenge
compared to S129/B6 FVIII deficient mice (Figure 1C).
Combined, these data indicate that genetic differences
stemming from non-MHC and -F8 genes may play a role in
regulating the humoral immune response to FVIII.
Frontiers in Immunology | www.frontiersin.org 5
Precursor Frequency of FVIII Reactive B
Cells Is Slightly Lower in S129/B6 FVIII
Deficient Mice
As pre-clinical studies demonstrate that the pre-immune B cell
repertoire of wild type mice on disparate genetic backgrounds
can be comprised of a different number of B cells reactive to the
same immunogen (52) and the precursor frequency of B cells can
impact the B cell response to an antigen (53), it is conceivable
that the tendency of S129/B6 FVIII deficient mice to form an
enhanced IgG and inhibitor response to FVIII is simply due to
these mice having an initially higher number of FVIII specific B
cells. As no immunological tools currently exist to detect naïve
FVIII specific B cells, a FVIII B cell tetramer that permits flow
cytometric identification of FVIII reactive B cells was engineered.
This was accomplished by generating a FVIII variant with a
A

B

C

FIGURE 1 | FVIII deficient mice on a B6 background generate lower anti-FVIII
IgG and inhibitor titers than those on an S129/B6 background. (A)
Experimental schematic of FVIII immunization. B6 and S129/B6 FVIII deficient
mice were administered 4 weekly infusions of 1 mg FVIII, followed by a 2 mg
challenge. Plasma was collected pre (day 28; D28) and post (day 42; D42)
challenge, and evaluated for production of anti-FVIII IgG (B) as well as
inhibitors (C) by ELISA and Bethesda assay, respectively. Error bars
represent ± SEM. Statistics were generated using an unpaired Mann-Whitney
test. There were 8-13 mice per group. Data shown are the combined results
from 2 experiments. *p < 0.05, **p < 0.01, and ***p < 0.001.
May 2022 | Volume 13 | Article 880829
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single site mutation in the A3 domain (K1804C) of FVIII that
permits mono-biotinylation of the FVIII variant (44); mono-
biotinylation of the FVIII variant did not mask all currently
identified epitopes within FVIII, thereby allowing for
identification of the FVIII reactive B cell repertoire. The mono-
biotinylated FVIII was then conjugated to a SA-PE to increase
the avidity of the tetramer for FVIII specific B cell receptors
(BCRs). As the FVIII B cell tetramer did not bind to Cell Trace
Violet (CTV) labeled myeloma cells expressing an invariant BCR
(54) and incubation with a large molar excess of monomeric
FVIII prior to addition of the tetramer resulted in the loss of
detection of tetramer+ hybridomas expressing a BCR specific to
FVIII (Figure 2A), these results demonstrate that binding of the
Frontiers in Immunology | www.frontiersin.org 6
FVIII B cell tetramer is BCR specific. Moreover, these data
indicate that the FVIII B cell tetramer serves as a novel tool to
detect FVIII reactive B cells in a polyclonal repertoire.

Considering the precursor frequency of B cells of any given
specificity is relatively rare and too low to be detected through
conventional staining of a small sample of lymphocytes from the
spleen and peripheral lymph nodes, antigen specific B cells from
the entire spleen and peripheral lymph nodes are typically
assessed by enriching for tetramer+ B cells using magnetic
microbeads (52, 55–57). Accordingly, the precursor frequency
of FVIII specific B cells in the pre-immune repertoire of B6 and
S129/B6 FVIII deficient mice was quantified using this
methodology. As the FVIII B cell tetramer contains PE, FVIII
A

C

B

FIGURE 2 | Precursor frequency of FVIII reactive B cells is slightly lower in S129/B6 FVIII deficient mice. (A) Representative contour plots illustrating the specificity of the
FVIII B cell tetramer. 20,000 Cell Trace Violet (CTV) labeled hybridomas expressing a BCR reactive to FVIII were mixed with 2 x 106 myeloma cells (fusion partner) that
express an invariant BCR. Samples were then incubated with IMDM media or 1.5 mM full-length FVIII 10 minutes prior to the FVIII B cell tetramer. Flow cytometry was
utilized to detect CTV+ hybridomas expressing a BCR specific to FVIII. (B) Representative flow cytometric analysis of B cells in a fraction enriched using anti-PE magnetic
microbeads after staining with the FVIII B cell tetramer, SA-PE and/or the SA-PE*AF647 non-specific tetramer. (C) Gating strategy and graphical demonstration of the
precursor frequency of FVIII specific B cells. Splenocytes and peripheral lymph nodes were harvested from naïve B6 and S129/B6 FVIII deficient mice, and subsequently
enriched and quantified using the FVIII B cell tetramer. Error bars represent ± SEM. Statistics were generated using an unpaired Mann-Whitney test. There were 20 mice
per group in panel (C). Results illustrated are representative of 2-3 experiments (A, B) or combined data from 20 experiments (C). *p < 0.05.
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reactive B cells from the whole spleen and peripheral lymph
nodes were enriched using anti-PE magnetic microbeads.
Samples were then passed over a magnetized column and
washed multiple times. The columns were removed and a
plunger was used to flush out bound cells. B cells in the bound
and unbound fractions were identified as cells lacking non-B cell
lineage markers (CD11b, CD11c and TCR) but expressing the B
cell marker CD19 (Figure 2B).

Enrichment of FVIII specific B cells demonstrated a sizeable
population of FVIII tetramer+ B cells in the spleen of naïve
FVIII deficient mice (Figure 2B). However, as mice also
produce PE reactive B cells and the tetramer possesses the
ability to bind B cells specific to SA or biotin within the FVIII B
cell tetramer (55), it was unclear whether these FVIII tetramer+

cells were B cells specific to FVIII, PE, SA and/or biotin.
Consistent with this, bound fractions from the spleen of naïve
FVIII deficient mice stained with only SA-PE resulted in a
percent frequency of B cells that were indistinguishable from
those enriched using the FVIII B cell tetramer (Figure 2B).
Thus, to identify FVIII specific B cells, samples were first
incubated with a “non-specific tetramer” that was generated
by labeling SA-PE with an irrelevant fluorophore (AF647) (56,
58), followed by addition of the FVIII B cell tetramer. As
labeling SA-PE with AF647 generates a unique spectral
footprint compared to PE alone, this approach allows for
separation of FVIII reactive B cells from B cells that are
specific to other components of the FVIII B cell tetramer
(Figure 2B). Surprisingly, S129/B6 FVIII deficient mice that
developed enhanced total anti-FVIII IgG and inhibitor titers
demonstrated a slightly lower precursor frequency (median:
4637) of FVIII reactive B cells compared to B6 FVIII deficient
mice (median: 7633) that had formed lower titers of total IgG
and inhibitors to FVIII (Figure 2C). These results suggest that
the precursor frequency of FVIII specific B cells may not
contribute to the discordant inhibitor response observed in
B6 and S129/B6 FVIII deficient mice.

S129/B6 FVIII Deficient Mice Develop a
More Robust GC B Cell Response to
FVIII Than FVIII Deficient Mice on a
B6 Background
Current paradigms indicate that humoral immunity to proteins
or glycoproteins like FVIII occurs through a GC reaction, a
specialized microanatomical structure within secondary
lymphoid organs that are ultimately responsible for
production of high affinity antibodies and immunological
memory (59, 60). Within GCs, B cells undergo class-
switching and evolve towards a higher affinity for antigen
through a process termed affinity maturation. B cells with the
highest relative affinity for the target immunogen are then
provided survival and maturation signals from cognate TFH
cells to differentiate into memory B cells or plasma cells.
Accordingly, we investigated whether the differential antibody
and inhibitor response to FVIII in B6 and S129/B6 FVIII
deficient mice was due to disparities in the ability to produce
a GC B cell response to FVIII. To do this, FVIII specific B cells
Frontiers in Immunology | www.frontiersin.org 7
from B6 and S129/B6 FVIII deficient mice were enriched one-
week post treatment with saline or challenge with FVIII using
the FVIII B cell tetramer. Bound fractions were stained with
GL7 and CD38 for detection of GL7+ CD38lo/- GC B cells as
well as IgM and IgD for identification of IgM- IgD- CSW B cells
(Figures 3A, B).

S129/B6 FVIII deficient mice generated an enhanced GC B
cell response to FVIII compared to B6 FVIII deficient mice
(Figure 3A). Unexpectedly, 50% of B6 FVIII deficient mice
either failed to develop a detectable GC B cell response to
FVIII above that of background control saline treated mice or
the number of FVIII reactive GC B cells were miniscule (median:
21). Consistent with the GC response, S129/B6 FVIII deficient
mice produced a considerable number of FVIII reactive CSW B
cells (Figure 3B). However, B6 FVIII deficient mice did not form
a FVIII reactive CSW B cell response above that of background
control saline treated mice. The failure of B6 FVIII deficient mice
to generate an adequate GC B cell response to FVIII was not due
to an inherent inability of these mice to produce GC reactions, as
B6 FVIII deficient mice developed a detectable GC and CSW B
cell response to HEL one week following transfusion of HEL
SRBCs (Figures 3C, D). Rather, B6 FVIII deficient mice formed
a greater number of GC and CSW B cells reactive to HEL
compared to S129/B6 FVIII deficient mice, further highlighting
the impact of non-MHC genetic differences on the humoral
immune response to a blood borne antigen. In addition, the
inadequate GC B cell response to FVIII in B6 FVIII deficient
mice was likely not due to differences in the capacity of FVIII
specific B cells in these mice to respond to FVIII, as the IgM
response to FVIII was similar between B6 and S129/B6 FVIII
deficient mice (Supplementary Figure 2). Taken together, these
data suggest that the disparate anti-FVIII IgG and inhibitor
response observed in B6 and S129/B6 FVIII deficient mice was
due to differences in the ability of these mice to generate a GC
response to FVIII.

CD4 T Cell Response to an
Immunodominant Epitope in FVIII Does
Not Differ in FVIII Deficient Mice on
Distinct Genetic Backgrounds
Given that TFH cells are essential for the generation and
maintenance of GCs (61) and the absence of CD4 T cells
abrogates the development of inhibitors (7, 8, 11), we
hypothesized that the inability of B6 FVIII deficient mice to
form an adequate GC B cell response to FVIII is due to
insufficient activation of a TFH cell response to FVIII. To test
this, the FVIII specific CD4 T cell response in immunized B6 and
S129/B6 FVIII deficient mice was evaluated using a FVIII MHC
Class II tetramer (I-Ab : FVIII2210-2229) that consist of SA-PE
linked to 4 identical MHC Class II molecules (I-Ab) loaded
with the pept ide TASSYFTNMFATWSPSKARL, an
immunodominant epitope within the C2 domain of FVIII (47).
As the I-Ab : FVIII2210-2229 molecules were linked to SA-PE, anti-
PE magnetic microbeads were similarly used to enrich for FVIII
specific CD4 T cells from B6 and S129/B6 FVIII deficient mice
one week following treatment with saline or challenge with FVIII
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(Supplementary Figure 3). Enriched CD4 T cells were identified
as cells lacking non-T cell lineage markers (CD11b, CD11c and
CD19) and CD8 but expressing the T cell markers CD3 and CD4.
Bound fractions were also stained with CD44 to detect FVIII
experienced CD4 T cells as well as Bcl6, a critical transcription
factor for programming of TFH cells (62–64).

Unexpectedly, B6 and S129/B6 FVIII deficient mice
developed a comparable number of activated CD4 T cells
specific to an epitope in the C2 domain of FVIII (Figure 4A).
Moreover, FVIII MHC Class II tetramer positive CD4 T cells in
both strains of FVIII deficient mice demonstrated upregulated
expression of Bcl6 compared to FVIII MHC Class II tetramer
negative CD4 T cells (Figure 4B). These data suggest that the
inadequate formation of a GC B cell response to FVIII in B6
FVIII deficient mice was not due to insufficient activation of a
TFH cell response to an epitope in the C2 domain of FVIII.
However, as mice on disparate genetic backgrounds can produce
polarizing types of effector CD4 T cell responses to the exact
Frontiers in Immunology | www.frontiersin.org 8
same immunogen (65–68), we next evaluated whether B6 and
S129/B6 FVIII deficient mice differ in the type of CD4 T cell
response induced to FVIII. To evaluate this, samples were
intracellular stained with transcription factors Tbet, GATA3
and RORgt for identification of a type 1 (TH1), type 2 (TH2)
and type 17 (TH17) response, respectively. Consistent with
previous studies (50, 69), B6 and S129/B6 FVIII deficient mice
generated a dominant TH2 response to FVIII, as indicated by the
absence of Tbet and RORgt expression but upregulation of
GATA3 in FVIII MHC Class II tetramer positive CD4 T cells
compared to FVIII MHC Class II tetramer negative CD4 T cells
(Figure 4B). In support of this, examination of the IgG subclass
response to FVIII demonstrated that B6 and S129/B6 FVIII
deficient mice predominantly produced an IgG1 response to
FVIII that is known to associate with TH2 responses (Figure 4C).
Combined, these data indicate that the differential B cell response
observed in B6 and S129/B6 FVIII deficient mice was likely not
due to differences in the CD4 T cell response to FVIII.
A

B

C

D

FIGURE 3 | FVIII deficient mice on an S129/B6 background generate a robust GC and CSW B cell response to FVIII compared to B6 FVIII deficient mice.
(A, B) Gating strategy and graphical illustration of the absolute counts of FVIII specific GC (A) and CSW (B) B cells in B6 and S129/B6 FVIII deficient mice
administered saline or 4 weekly infusions of 1 mg FVIII, followed by a 2 mg challenge. Splenocytes were harvested and FVIII specific B cells were enriched and
quantified using the FVIII B cell tetramer. (C, D) Number of HEL reactive GC (C) and CSW (D) B cells 7 days post transfusion of HEL SRBCs in B6 and S129/B6
FVIII deficient mice. HEL reactive B cells were enriched and enumerated using the HEL B cell tetramer. Error bars represent ± SEM. Statistics were generated using
a Kruskal-Wallis with a Dunn’s multiple comparison post-test. There were 7-10 mice per group. The data demonstrated are the combined results from 2
experiments. *p < 0.05, **p < 0.01, ***p < 0.001, and n.s. indicates not significant.
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DISCUSSION

The disparate ability to form a GC B cell response in B6 and
S129/B6 FVIII deficient mice to FVIII (Figures 1 and 3) may in
part explain the apparent propensity of patients to form distinct
inhibitor signatures (12–14) as well as indicate a role of genetic
factors in this process (70). For instance, the recent SIPPET
(Survey of Inhibitors in Plasma-Product Exposed Toddlers)
study demonstrates that the inhibitor response to plasma-
derived FVIII differs between patients with low and high risk
F8 variants (2). While these results certainly implicate a role of F8
variants in the immunogenicity of FVIII, the genetic diversity of
these patients makes it difficult to determine the contributing
genetic modifiers. However, as the preclinical models of
hemophilia A used in the present study encode the same MHC
haplotype and F8 pathogenic variant, it is unlikely these genes
contributed to the observed discordant immune response. These
findings do not exclude the possibility that when present MHC
or F8 variants may also contribute to the immunogenicity of
FVIII. Rather, the current data demonstrate that apart from
Frontiers in Immunology | www.frontiersin.org 9
MHC and F8 there are yet to be identified genetic determinants
capable of modulating the process by which inhibitors develop,
and thereby the inhibitor signature. In particular, the ability of
FVIII to induce GCs in S129/B6 FVIII deficient mice but not in
those on a B6 background (Figure 3) suggest that these genetic
factors may influence the capacity to develop a GC B cell
response to FVIII. As B6 FVIII deficient mice generated a
substantial population of GC B cells reactive to HEL following
HEL SRBC transfusion (Figure 3), the failure to produce a GC
response to FVIII in B6 FVIII deficient mice is not due to an
inherent genetic defect in the ability to form GCs. The present
results thereby demonstrate that the B cell response to FVIII in
B6 FVIII deficient mice may have occurred through a non-GC
dependent process, and that genetic factors outside of MHC and
F8may play an immunological role in regulating the pathway by
which humoral immunity to FVIII occurs.

Classically, the B cell response to a T cell dependent antigen
like FVIII is thought to occur through a GC reaction that is often,
but not always, preceded by a short phased extrafollicular
response (71–75). Following antigenic encounter, B cells
A

B

C

FIGURE 4 | B6 and S129/B6 FVIII deficient mice develop a comparable CD4 T cell response to FVIII. (A) Gating strategy and graphical demonstration of the
absolute counts of FVIII reactive CD4 T cells in B6 and S129/B6 FVIII deficient mice administered saline or 4 weekly infusions of 1 mg FVIII, followed by a 2 mg
challenge. Splenocytes were collected 7 days post challenge, and antigen experienced FVIII specific CD4 T cells were enriched as well as quantified using the FVIII
MHC Class II tetramer (I-Ab : FVIII2210-2229). (B) FVIII specific CD4 T cells enriched using the FVIII MHC Class II tetramer were intracellular stained for transcription
factors Bcl6, Tbet, GATA3 and RORgt to assess the differentiation of the CD4 T cell response to FVIII. Mean fluorescent intensity (MFI) values of the indicated
transcription factors in FVIII MHC Class II tetramer positive (brown) versus FVIII MHC Class II tetramer negative (black) CD4 T cells were used to evaluate the
polarization of the CD4 T cell response. (C) Percentage of IgG subclasses (IgG1, IgG2a, IgG2b, IgG2c, and IgG3) in the total IgG response of B6 and S129/B6 FVIII
deficient mice administered 4 weekly infusions of 1 mg FVIII, followed by a 2 mg challenge. Plasma was collected one-week post challenge and IgG subclasses were
measured by ELISA. Error bars represent ± SEM. Statistics were generated using a Kruskal-Wallis with a Dunn’s multiple comparison post-test. There were 18-20
mice per group in panels (A, C), and 10-11 mice per group in panel (B). The results shown are the combined results from 2-4 experiments. *p < 0.05, **p < 0.01,
****p < 0.0001, and n.s. indicates not significant.
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migrate to the interface between the T and B cell zone where B
cells present antigen peptides on MHC Class II molecules to
cognate CD4 T cells that have been primed by antigen presenting
cells. Productive interactions lead to class-switch recombination
of the BCR and clonal expansion as well as CD4 T cell
differentiation into GC TFH cells. A subset of these B cells
traffic to the marginal sinus bridging channels at the border of
the T cell zone and red pulp to differentiate into memory B cells
or plasma cells producing the 1st wave of antibodies with low to
modest affinity (57, 74, 76, 77). Concurrently, another fraction of
B cells from the initial expansion return to the B cell follicle to
work in collaboration with GC TFH cells and follicular dendritic
cells to support a GC reaction, where committed GC B cells
undergo somatic hypermutation and selection as well as
differentiation into affinity matured, CSW memory B cells or
long-lived plasma cells (71, 78, 79). Consistent with this,
humoral immunity to FVIII in S129/B6 FVIII deficient mice
associated with the formation of FVIII reactive GC and CSW B
cells (Figure 3), suggesting that the B cell response in these mice
may have occurred through a canonical GC pathway. However,
in contrast to this classical paradigm, B6 FVIII deficient mice
developed antibodies and inhibitors to FVIII in the absence of a
sizeable GC response, with 50% of immunized B6 FVIII deficient
mice generating a minor number of GC B cells and the other
lacking a detectable GC response altogether (Figure 3). These
results suggest that the B cell response to FVIII in B6 FVIII
deficient mice may primarily occur through a pathway distinct
from the GC pathway and is hypothesized to be an extrafollicular
response. Corroborating these results, there is growing evidence
that humoral immunity to certain immunogens can occur
through an extrafollicular response and in the absence of GCs.
In particular, the extrafollicular response has been reported to
play a significant role in production of pathogenic antibodies in
autoimmunities (80–83), formation of alloantibodies to a model
red blood cell antigen HOD (45) and neutralizing antibodies to
pathogens like SARS-CoV-2 (84, 85). In some of these settings, a
small population of B cells expressing markers consistent with a
GC phenotype have similarly been detected by flow cytometry,
though these cells were reported to lack anatomical features of a
GC. Taken together, these results demonstrate that inhibitors can
occur through either a conventional GC or non-canonical
extrafollicular response, though future studies directly testing
the role of each pathway in these FVIII deficient mice is
warranted. Moreover, the ability of FVIII to induce inhibitors
in B6 FVIII deficient mice in the absence of an adequate GC
response suggest that genetic factors may possess the ability to
regulate whether the same antigen mediates a humoral immune
response through a GC or extrafollicular dependent pathway.

The mechanisms responsible for directing B cells down the
GC or extrafollicular pathway remain currently unknown.
However, recent studies indicate that the precursor frequency
of antigen specific B cells in conjunction with BCR signaling
strength may regulate GC fitness (52, 53). For instance, BALB/c
mice that have a lower precursor frequency of PE reactive B cells
than B6 mice have been reported to generate a more robust GC B
cell response due to lower avidity for PE (52). Similarly, the lower
Frontiers in Immunology | www.frontiersin.org 10
number of FVIII specific B cells in the pre-immune repertoire of
S129/B6 FVIII deficient mice associated with the formation of
GC B cells reactive to FVIII compared to B6 FVIII deficient mice
that had a higher precursor frequency of FVIII reactive B cells
but did not form a GC response (Figures 2, 3). As these FVIII
deficient mice encode the same F8 pathogenic variant, it is
unlikely differences in presentation of CRM during B cell
selection in the bone marrow led to the decreased number of
FVIII specific B cells in the pre-immune repertoire of S129/B6
FVIII deficient mice. Thus, one inference of these results is that
BCR signaling strength in combination with the precursor
frequency of FVIII specific B cells drives the type of B cell
response induced to FVIII. However, as the number of FVIII
specific B cells in the pre-immune repertoire of these mice only
marginally differ, we posit that the precursor frequency of FVIII
specific B cells may not be biologically relevant at least in the
context of driving B cell participation in the GC response. This
does not rule out the possibility that affinity or BCR signaling
strength on its own may contribute to this process (86, 87).
While B cells with a relatively higher initial affinity for cognate
antigen are steered toward the extrafollicular pathway, those with
a lower affinity for the same antigen are primarily directed to
GCs. Conversely, decreasing the initial BCR affinity or antigen
density reduces the extrafollicular response while having
minimal impact on the ability to generate GCs. However, the
theory of affinity directing the B cell response has long been
controversial, with studies using NP-CGG (4-hydroxy-3-
nitrophenylacetyl-chicken gamma globulin) as a model antigen
suggesting that the fate of a B cell is a stochastic process that
operates independent of differences in antigen recognition; B
cells with a range of initial BCR affinities for NP were reported to
localize in both the GC and extrafollicular foci (88–90).

Even though CD4 T cells are indispensable for B cell
commitment and integration into the GC, B6 and S129/B6 FVIII
deficient mice produced a comparable CD4 T cell response to FVIII.
As these mice generated a similar number of activated FVIII specific
CD4 T cells (Figure 4), the inability of B6 FVIII deficient mice to
form an adequate GC B cell response to FVIII was likely not due to
differences in the quantitative availability of CD4 T cells to help
cognate B cells during early T-B cell interactions. Moreover, the
differential B cell response does not appear to be due to differences
in the effector phenotype of CD4 T cells, as FVIII specific CD4 T
cells from immunized B6 and S129/B6 FVIII deficient mice
expressed transcription factors Bcl6 for TFH cell differentiation
and GATA3 for TH2 polarization (Figure 4). However, it is worth
noting that TFH cell differentiation is a multistage process that
begins with CD4 T cells upregulating Bcl6 (pre-GC TFH) following
productive signals from dendritic cells (91). Bcl6 expression at this
time upregulates CXCR5 and downregulates CCR7, allowing for
migration of these primed pre-GC TFH cells toward the T-B cell
border. Here, antigen experienced B cells can provide pre-GC TFH
cells with the necessary signals to fully differentiate into TFH cells.
Thus, whether Bcl6 expression in FVIII specific CD4 T cells in
immunized B6 and S129/B6 FVIII deficient mice represent GC
derived TFH cells or pre-GC TFH cells remains to be determined.
As recent studies report a role of pre-GC TFH cells in extrafollicular
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responses (92, 93) andGC derived TFH cells are required to support
GCs, we predict that Bcl6+ CD4 T cells detected in B6 FVIII
deficient mice represent pre-GC TFH cells while those in S129/B6
FVIII deficient mice reflect GC derived TFH cells. Moreover, as the
nature of CD4 T cell help required to promote extrafollicular
responses may differ from that necessary to drive GCs, these data
do not rule out the possibility that functional differences in FVIII
specific pre-GC TFH cells exist and that this disparity may
contribute to the ability of B cells to enter the extrafollicular or
GC pathway in B6 and S129/B6 FVIII deficient mice. Nevertheless,
these findings suggest that the failure to develop a GC B cell
response to FVIII in B6 FVIII deficient mice is not due to
insufficient activation of FVIII specific CD4 T cells or the type of
effector response induced to FVIII.

As no immunological tools currently exist to examine the in
vivo CD4 T cell response to FVIII, an MHC Class II tetramer that
recognizes CD4 T cells reactive to an immunodominant epitope
within FVIII (47) was used. Indeed, the use of a FVIII MHC
Class II tetramer only provides insight into how a single clone
reacts to FVIII exposure, and thereby may not reflect the
otherwise polyclonal response (47). However, the FVIII MHC
Class II tetramer allows for an in vivo snapshot of the ongoing
immune response to FVIII. Moreover, analysis of the IgG
subclass response to FVIII demonstrates that both B6 and
S129/B6 FVIII deficient mice produce an IgG1 dominant
response to FVIII that is indicative of a TH2 response and
parallels the MHC Class II tetramer data demonstrating
expression of the transcription factor GATA3 in FVIII MHC
Class II tetramer positive CD4 T cells (Figure 4). Furthermore,
the ability of these mice to form a TH2 response, inferred from
both subclass and tetramer data, is consistent with clinical and
preclinical studies demonstrating a similar anti-FVIII IgG
subclass phenotype and the presence of TH2 supporting
cytokines like IL4 (50, 69). Thus, while inherent limitations of
the FVIII MHC Class II tetramer certainly exist and these
findings do not rule out the possibility that differences in the
overall polyclonal CD4 T cell response to FVIII may exist, the
present data suggest that the FVIII MHC Class II tetramer can
serve as a unique tool to directly track and characterize the in
vivo CD4 T cell response to FVIII.

The clinical relevance of the current study is that the ability of
FVIII to induce humoral immunity through a GC or
extrafollicular pathway depending on the genetic environment
not only offers unprecedented mechanistic insight into how
patients may develop distinct inhibitor signatures (12–14) but
also the role of genetics in this process. Moreover, these data may
provide an explanation for why certain therapeutic approaches
to eradicate inhibitors and/or induce immune tolerance fail in
some patients with hemophilia A (15–17). Furthermore, the
ability of B6 FVIII deficient mice to generate low inhibitor
titers in the absence of an adequate GC B cell response may
also shed light on why antibodies in patients without inhibitors
have a relatively low to medium affinity for FVIII compared to
those in patients with inhibitors that exhibit higher affinity (13).
Indeed, the lower affinity of antibodies in patients without
inhibitors may simply reflect antibodies that recognize epitopes
Frontiers in Immunology | www.frontiersin.org 11
that do not impact the procoagulant activity of FVIII. However,
it is equally conceivable that these lower affinity antibodies are
the sequela of a non-canonical extrafollicular B cell response.
Nonetheless, while the ability to directly extrapolate our findings
to the clinical setting remains to be determined, the results of the
present study afford potential insight into key genetic and
immune factors regulating whether humoral immunity to
FVIII occurs through a GC or non-canonical extrafollicular
pathway. The ability of genetic background to impact the type
of immune response induced to an immunogen has certainly
been well established for decades (65–68). However, the extent to
which genetics influence the mechanism by which humoral
immunity occurs to a therapeutic protein like FVIII in the
absence of an adjuvant has remained unknown. Thus, while
the identification of genetic factors regulating the pathway by
which inhibitors form is outside the scope of the current study,
we posit that studies using the models described herein will assist
in resolving the specific determinants and mechanisms involved
in shaping the in vivo B cell response to FVIII and other
therapeutic proteins; elucidation of such factors is not ethically
feasible or logistically possible to evaluate in a detailed fashion
in patients.

In summary, the findings of the present study demonstrate
that genetic factors outside of MHC and F8 may be important
determinants that dictate whether FVIII mediates humoral
immunity through a GC or extrafollicular response. Moreover,
these results suggest that in addition to a GC dependent process,
inhibitors may develop through a non-canonical extrafollicular
pathway. As these findings were in a murine model, testing the
hypothesis in a human setting would be required before any
clinical conclusions can be drawn. Nonetheless, the current data
are relevant to the treatment of patients with hemophilia A and
disorders requiring treatment with therapeutic proteins in that
these results suggest an underappreciated immunological
pathway by which humoral immunity may form. Moreover,
the preclinical models utilized in the study herein hold great
promise for identification of biomarkers and development of
novel approaches to not only prevent humoral immunity to
FVIII and other therapeutic proteins but also for autoimmune
diseases as well as optimization of vaccine strategies.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.
ETHICS STATEMENT

This study was carried out in accordance with the
recommendations of the Emory Division of Animal Resources
and the Institutional Animal Care and Use Committee (IACUC).
The protocol was approved by the IACUC at Emory University.
May 2022 | Volume 13 | Article 880829

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Patel et al. Non-Germinal Center Response to FVIII
AUTHOR CONTRIBUTIONS

SP, SS, and SM designed the research study. SP, TL, WB, and CC
carried out and analyzed experiments together with EP, JH, RJ,
PZ, CJ, CD, and SM. SP and SM wrote the manuscript, which
was additionally edited and commented on by the others. All
authors contributed to the article and approved the
submitted version.
FUNDING

Research reported in this study was supported in part by the
Pediatrics/Winship Flow Cytometry Core of Winship Cancer
Institute of Emory University, Children’s Healthcare of Atlanta
and NIH/NCI under the award P30CA138292. This study was
Frontiers in Immunology | www.frontiersin.org 12
supported by funding from the R01 (HL141335) and U54
(HL141981), as well as Hemophilia of Georgia awarded to
SLM and the Judith Graham Pool Postdoctoral Award to SP.
ACKNOWLEDGMENTS

The authors would like to thank the NIH Tetramer Core for
providing the FVIII MHC Class II tetramer (I-Ab : FVIII2210-2229).
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2022.880829/
full#supplementary-material
REFERENCES
1. Dimichele D. Inhibitors: Resolving Diagnostic and Therapeutic Dilemmas.

Haemophilia (2002) 8(3):280–7. doi: 10.1046/j.1365-2516.2002.00626.x
2. Peyvandi F, Mannucci PM, Garagiola I, El-Beshlawy A, Elalfy M, Ramanan V,

et al. A Randomized Trial of Factor Viii and Neutralizing Antibodies in
Hemophilia A. N Engl J Med (2016) 374(21):2054–64. doi: 10.1056/
NEJMoa1516437

3. Kempton CL, Meeks SL. Toward Optimal Therapy for Inhibitors in
Hemophilia. Blood (2014) 124(23):3365–72. doi: 10.1182/blood-2014-05-
577643

4. Walsh CE, Soucie JM, Miller CH. United States Hemophilia Treatment
Center N. Impact of Inhibitors on Hemophilia a Mortality in the United
States. Am J Hematol (2015) 90(5):400–5. doi: 10.1002/ajh.23957

5. Franchini M, Mannucci PM. Hemophilia a in the Third Millennium. Blood
Rev (2013) 27(4):179–84. doi: 10.1016/j.blre.2013.06.002

6. Gringeri A, Mantovani LG, Scalone L, Mannucci PM, Group CS. Cost of Care
and Quality of Life for Patients With Hemophilia Complicated by Inhibitors:
The Cocis Study Group. Blood (2003) 102(7):2358–63. doi: 10.1182/blood-
2003-03-0941

7. Bray GL, Kroner BL, Arkin S, Aledort LW, Hilgartner MW, Eyster ME, et al.
Loss of High-Responder Inhibitors in Patients With Severe Hemophilia a and
Human Immunodeficiency Virus Type 1 Infection: A Report From the Multi-
Center Hemophilia Cohort Study. Am J Hematol (1993) 42(4):375–9. doi:
10.1002/ajh.2830420408

8. Jing W, Chen J, Cai Y, Chen Y, Schroeder JA, Johnson BD, et al. Induction of
Activated T Follicular Helper Cells Is Critical for Anti-FvIII Inhibitor
Development in Hemophilia a Mice. Blood Adv (2019) 3(20):3099–110.
doi: 10.1182/bloodadvances.2019000650

9. Qian J, Burkly LC, Smith EP, Ferrant JL, Hoyer LW, Scott DW, et al. Role of
Cd154 in the Secondary Immune Response: The Reduction of Pre-Existing
Splenic Germinal Centers and Anti-Factor VIII Inhibitor Titer. Eur J
Immunol (2000) 30(9):2548–54. doi: 10.1002/1521-4141(200009)30:9<2548::
AID-IMMU2548>3.0.CO;2-H

10. Reipert BM, Sasgary M, Ahmad RU, Auer W, Turecek PL, Schwarz HP.
Blockade of Cd40/Cd40 Ligand Interactions Prevents Induction of Factor VIII
Inhibitors in Hemophilic Mice But Does Not Induce Lasting Immune
Tolerance. Thromb Haemost (2001) 86(6):1345–52. doi: 10.1055/s-0037-
1616733

11. Ragni MV, Bontempo FA, Lewis JH. Disappearance of Inhibitor to Factor Viii
in Hiv-Infected Hemophiliacs With Progression to Aids or Severe Arc.
Transfusion (1989) 29(5):447–9. doi: 10.1046/j.1537-2995.1989.29589284147.x

12. Reipert BM, Gangadharan B, Hofbauer CJ, Berg V, Schweiger H, Bowen J,
et al. The Prospective Hemophilia Inhibitor Pup Study Reveals Distinct
Antibody Signatures Prior to FVIII Inhibitor Development. Blood Adv
(2020) 4(22):5785–96. doi: 10.1182/bloodadvances.2020002731
13. Hofbauer CJ, Whelan SF, Hirschler M, Allacher P, Horling FM, Lawo JP, et al.
Affinity of Fviii-Specific Antibodies Reveals Major Differences Between
Neutralizing and Nonneutralizing Antibodies in Humans. Blood (2015) 125
(7):1180–8. doi: 10.1182/blood-2014-09-598268

14. Whelan SF, Hofbauer CJ, Horling FM, Allacher P, Wolfsegger MJ, Oldenburg
J, et al. Distinct Characteristics of Antibody Responses Against Factor VIII in
Healthy Individuals and in Different Cohorts of Hemophilia a Patients. Blood
(2013) 121(6):1039–48. doi: 10.1182/blood-2012-07-444877

15. Reipert BM, Allacher P, Hausl C, Pordes AG, Ahmad RU, Lang I, et al.
Modulation of Factor VIII-Specific Memory B Cells. Haemophilia (2010) 16
(102):25–34. doi: 10.1111/j.1365-2516.2008.01962.x

16. van Helden PM, Kaijen PH, Fijnvandraat K, van den Berg HM, Voorberg J.
Factor VIII-Specific Memory B Cells in Patients With Hemophilia a. J Thromb
Haemost (2007) 5(11):2306–8. doi: 10.1111/j.1538-7836.2007.02736.x

17. van Helden PM, Van Haren SD, Fijnvandraat K, van den Berg HM, Voorberg
J. Factor Viii-Specific B Cell Responses in Haemophilia a Patients With
Inhibitors. Haemophilia (2010) 16(102):35–43. doi: 10.1111/j.1365-
2516.2010.02215.x

18. Meeks SL, Batsuli G. Hemophilia and Inhibitors: Current Treatment Options
and Potential New Therapeutic Approaches. Hematol Am Soc Hematol Educ
Program (2016) 2016(1):657–62. doi: 10.1182/asheducation-2016.1.657

19. Mariani G, Ghirardini A, Bellocco R. Immune Tolerance in Hemophilia-
Principal Results From the International Registry. Report of the Factor VIII
and Ix Subcommittee. Thromb Haemost (1994) 72(1):155–8. doi: 10.1055/s-
0038-1648828

20. Hay CR, DiMichele DMInternational Immune Tolerance S. The Principal
Results of the International Immune Tolerance Study: A Randomized Dose
Comparison. Blood (2012) 119(6):1335–44. doi: 10.1182/blood-2011-08-369132

21. Antun A, Monahan PE, Manco-Johnson MJ, Callaghan MU, Kanin M, Knoll
C, et al. Inhibitor Recurrence After Immune Tolerance Induction: A
Multicenter Retrospective Cohort Study. J Thromb Haemost (2015) 13
(11):1980–8. doi: 10.1111/jth.13143

22. Eckhardt CL, van Velzen AS, Peters M, Astermark J, Brons PP, Castaman G,
et al. Factor VIII Gene (F8) Mutation and Risk of Inhibitor Development in
Nonsevere Hemophilia a. Blood (2013) 122(11):1954–62. doi: 10.1182/blood-
2013-02-483263

23. Gouw SC, van den Berg HM, Oldenburg J, Astermark J, de Groot PG,
Margaglione M, et al. F8 Gene Mutation Type and Inhibitor Development
in Patients With Severe Hemophilia A: Systematic Review and Meta-Analysis.
Blood (2012) 119(12):2922–34. doi: 10.1182/blood-2011-09-379453

24. Astermark J, Donfield SM, Gomperts ED, Schwarz J, Menius ED, Pavlova A,
et al. The Polygenic Nature of Inhibitors in Hemophilia A: Results From the
Hemophilia Inhibitor Genetics Study (Higs) Combined Cohort. Blood (2013)
121(8):1446–54. doi: 10.1182/blood-2012-06-434803

25. Astermark J, Oldenburg J, Pavlova A, Berntorp E, Lefvert AK, Group MS.
Polymorphisms in the Il10 But Not in the Il1beta and Il4 Genes Are
May 2022 | Volume 13 | Article 880829

https://www.frontiersin.org/articles/10.3389/fimmu.2022.880829/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.880829/full#supplementary-material
https://doi.org/10.1046/j.1365-2516.2002.00626.x
https://doi.org/10.1056/NEJMoa1516437
https://doi.org/10.1056/NEJMoa1516437
https://doi.org/10.1182/blood-2014-05-577643
https://doi.org/10.1182/blood-2014-05-577643
https://doi.org/10.1002/ajh.23957
https://doi.org/10.1016/j.blre.2013.06.002
https://doi.org/10.1182/blood-2003-03-0941
https://doi.org/10.1182/blood-2003-03-0941
https://doi.org/10.1002/ajh.2830420408
https://doi.org/10.1182/bloodadvances.2019000650
https://doi.org/10.1002/1521-4141(200009)30:9%3C2548::AID-IMMU2548%3E3.0.CO;2-H
https://doi.org/10.1002/1521-4141(200009)30:9%3C2548::AID-IMMU2548%3E3.0.CO;2-H
https://doi.org/10.1055/s-0037-1616733
https://doi.org/10.1055/s-0037-1616733
https://doi.org/10.1046/j.1537-2995.1989.29589284147.x
https://doi.org/10.1182/bloodadvances.2020002731
https://doi.org/10.1182/blood-2014-09-598268
https://doi.org/10.1182/blood-2012-07-444877
https://doi.org/10.1111/j.1365-2516.2008.01962.x
https://doi.org/10.1111/j.1538-7836.2007.02736.x
https://doi.org/10.1111/j.1365-2516.2010.02215.x
https://doi.org/10.1111/j.1365-2516.2010.02215.x
https://doi.org/10.1182/asheducation-2016.1.657
https://doi.org/10.1055/s-0038-1648828
https://doi.org/10.1055/s-0038-1648828
https://doi.org/10.1182/blood-2011-08-369132
https://doi.org/10.1111/jth.13143
https://doi.org/10.1182/blood-2013-02-483263
https://doi.org/10.1182/blood-2013-02-483263
https://doi.org/10.1182/blood-2011-09-379453
https://doi.org/10.1182/blood-2012-06-434803
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Patel et al. Non-Germinal Center Response to FVIII
Associated With Inhibitor Development in Patients With Hemophilia A.
Blood (2006) 107(8):3167–72. doi: 10.1182/blood-2005-09-3918

26. Astermark J, Wang X, Oldenburg J, Berntorp E, Lefvert AK, Group MS.
Polymorphisms in the Ctla-4 Gene and Inhibitor Development in Patients
With Severe Hemophilia A. J Thromb Haemost (2007) 5(2):263–5.
doi: 10.1111/j.1538-7836.2007.02290.x

27. Astermark J, Oldenburg J, Carlson J, Pavlova A, Kavakli K, Berntorp E, et al.
Polymorphisms in the Tnfa Gene and the Risk of Inhibitor Development in
Patients With Hemophilia A. Blood (2006) 108(12):3739–45. doi: 10.1182/
blood-2006-05-024711

28. Hay CR, Ollier W, Pepper L, Cumming A, Keeney S, Goodeve AC, et al. Hla
Class Ii Profile: A Weak Determinant of Factor VIII Inhibitor Development in
Severe Haemophilia A. Ukhcdo Inhibitor Working Party. Thromb Haemost
(1997) 77(2):234–7. doi: 10.1055/s-0038-1655944

29. Oldenburg J, Picard JK, Schwaab R, Brackmann HH, Tuddenham EG,
Simpson E. Hla Genotype of Patients With Severe Haemophilia a Due to
Intron 22 Inversion With and Without Inhibitors of Factor Viii. Thromb
Haemost (1997) 77(2):238–42. doi: 10.1055/s-0038-1655945

30. Pavlova A, Delev D, Lacroix-Desmazes S, Schwaab R, Mende M, Fimmers R,
et al. Impact of Polymorphisms of the Major Histocompatibility Complex Class
II, Interleukin-10, Tumor Necrosis Factor-Alpha and Cytotoxic T-Lymphocyte
Antigen-4 Genes on Inhibitor Development in Severe Hemophilia A. J Thromb
Haemost (2009) 7(12):2006–15. doi: 10.1111/j.1538-7836.2009.03636.x

31. Qadura M, Waters B, Burnett E, Chegeni R, Hough C, Othman M, et al.
Immunoglobulin Isotypes and Functional Anti-FVIII Antibodies in Response
to Fviii Treatment in Balb/C and C57bl/6 Haemophilia a Mice. Haemophilia
(2011) 17(2):288–95. doi: 10.1111/j.1365-2516.2010.02397.x

32. Sack BK, Merchant S, Markusic DM, Nathwani AC, Davidoff AM, Byrne BJ,
et al. Transient B Cell Depletion or Improved Transgene Expression by Codon
Optimization Promote Tolerance to Factor VIII in Gene Therapy. PloS One
(2012) 7(5):e37671. doi: 10.1371/journal.pone.0037671

33. Nichols TC, Hough C, Agerso H, Ezban M, Lillicrap D. Canine Models of
Inherited Bleeding Disorders in the Development of Coagulation Assays,
Novel Protein Replacement and Gene Therapies. J Thromb Haemost (2016) 14
(5):894–905. doi: 10.1111/jth.13301

34. Astermark J, Oldenburg J, Escobar M, White GC2nd, Berntorp EMalmo
International Brother Study study g. The Malmo International Brother Study
(Mibs). Genetic Defects and Inhibitor Development in Siblings With Severe
Hemophilia A. Haemato (2005) 90(7):924–31.

35. Bi L, Lawler AM, Antonarakis SE, High KA, Gearhart JD, Kazazian HHJr.
Targeted Disruption of the Mouse Factor VIII Gene Produces a Model of
Haemophilia A. Nat Genet (1995) 10(1):119–21. doi: 10.1038/ng0595-119

36. Chao BN, Baldwin WH, Healey JF, Parker ET, Shafer-Weaver K, Cox C, et al.
Characterization of a Genetically Engineered Mouse Model of Hemophilia a
With Complete Deletion of the F8 Gene. J Thromb Haemost (2016) 14(2):346–
55. doi: 10.1111/jth.13202

37. Lind P, Larsson K, Spira J, Sydow-Backman M, Almstedt A, Gray E, et al.
Novel Forms of B-Domain-Deleted Recombinant Factor Viii Molecules.
Construction and Biochemical Characterization. Eur J Biochem (1995) 232
(1):19–27. doi: 10.1111/j.1432-1033.1995.tb20776.x

38. Seidah NG, Chretien M. Eukaryotic Protein Processing: Endoproteolysis of
Precursor Proteins. Curr Opin Biotechnol (1997) 8(5):602–7. doi: 10.1016/
s0958-1669(97)80036-5

39. Lollar P, Parker CG, Tracy RP. Molecular Characterization of Commercial
Porcine Factor Viii Concentrate. Blood (1988) 71(1):137–43. doi: 10.1182/
blood.V71.1.137.137

40. Meeks SL, Cox CL, Healey JF, Parker ET, Doshi BS, Gangadharan B, et al. A
Major Determinant of the Immunogenicity of Factor VIII in a Murine Model
Is Independent of Its Procoagulant Function. Blood (2012) 120(12):2512–20.
doi: 10.1182/blood-2012-02-412361

41. Kasper CK, Aledort L, Aronson D, Counts R, Edson JR, van Eys J, et al.
Proceedings: A More Uniform Measurement of Factor VIII Inhibitors.
Thromb Diath Haemorrh (1975) 34(2):612. doi: 10.1055/s-0039-1689482

42. Barrow RT, Lollar P. Neutralization of Antifactor Viii Inhibitors by
Recombinant Porcine Factor Viii. J Thromb Haemost (2006) 4(10):2223–9.
doi: 10.1111/j.1538-7836.2006.02135.x

43. Verbruggen B, Novakova I, Wessels H, Boezeman J, van den Berg M, Mauser-
Bunschoten E. The Nijmegen Modification of the Bethesda Assay for Factor
Frontiers in Immunology | www.frontiersin.org 13
VIII:C Inhibitors: Improved Specificity and Reliability. Thromb Haemost
(1995) 73(2):247–51. doi: 10.1055/s-0038-1653759

44. Mei B, Pan C, Jiang H, Tjandra H, Strauss J, Chen Y, et al. Rational Design of a
Fully Active, Long-Acting Pegylated Factor V for Hemophilia a Treatment.
Blood (2010) 116(2):270–9. doi: 10.1182/blood-2009-11-254755

45. Zerra PE, Patel SR, Jajosky RP, Arthur CM, McCoy JW, Allen JWL, et al.
Marginal Zone B Cells Mediate a Cd4 T-Cell-Dependent Extrafollicular
Antibody Response Following Rbc Transfusion in Mice. Blood (2021) 138
(8):706–21. doi: 10.1182/blood.2020009376

46. Navarrete A, Dasgupta S, Delignat S, Caligiuri G, Christophe OD, Bayry J, et al.
Splenic Marginal Zone Antigen-Presenting Cells Are Critical for the Primary
Allo-Immune Response to Therapeutic Factor VIII in Hemophilia A. J Thromb
Haemost (2009) 7(11):1816–23. doi: 10.1111/j.1538-7836.2009.03571.x

47. Steinitz KN, van Helden PM, Binder B, Wraith DC, Unterthurner S, Hermann
C, et al. Cd4+ T-Cell Epitopes Associated With Antibody Responses After
Intravenously and Subcutaneously Applied Human FVIII in Humanized
Hemophilic E17 Hla-Drb1*1501 Mice. Blood (2012) 119(17):4073–82.
doi: 10.1182/blood-2011-08-374645

48. Zerra PE, Cox C, Baldwin WH, Patel SR, Arthur CM, Lollar P, et al. Marginal
Zone B Cells Are Critical to Factor VIII Inhibitor Formation in Mice With
Hemophilia A. Blood (2017) 130(23):2559–68. doi: 10.1182/blood-2017-782912

49. Qian J, Borovok M, Bi L, Kazazian HH Jr, Hoyer LW. Inhibitor Antibody
Development and T Cell Response to Human Factor Viii in Murine
Hemophilia A. Thromb Haemost (1999) 81(2):240–4. doi: 10.1055/s-0037-
1614450

50. WuH, RedingM, Qian J, Okita DK, Parker E, Lollar P, et al. Mechanism of the
Immune Response to Human Factor VIII in Murine Hemophilia A. Thromb
Haemost (2001) 85(1):125–33. doi: 10.1055/s-0037-1612915

51. Batsuli G, Deng W, Healey JF, Parker ET, Baldwin WH, Cox C, et al. High-
Affinity, Noninhibitory Pathogenic C1 Domain Antibodies Are Present in
Patients With Hemophilia A and Inhibitors. Blood (2016) 128(16):2055–67.
doi: 10.1182/blood-2016-02-701805

52. Pape KA, Maul RW, Dileepan T, Paustian AS, Gearhart PJ, Jenkins MK. Naive
B Cells With High-Avidity Germline-Encoded Antigen Receptors Produce
Persistent Igm(+) and Transient Igg(+) Memory B Cells. Immunity (2018) 48
(6):1135–43.e4. doi: 10.1016/j.immuni.2018.04.019

53. Abbott RK, Lee JH, Menis S, Skog P, Rossi M, Ota T, et al. Precursor
Frequency and Affinity Determine B Cell Competitive Fitness in Germinal
Centers, Tested With Germline-Targeting Hiv Vaccine Immunogens.
Immunity (2018) 48(1):133–46.e6. doi: 10.1016/j.immuni.2017.11.023

54. Price PW, McKinney EC, Wang Y, Sasser LE, Kandasamy MK, Matsuuchi L,
et al. Engineered Cell Surface Expression of Membrane Immunoglobulin as a
Means to Identify Monoclonal Antibody-Secreting Hybridomas. J Immunol
Methods (2009) 343(1):28–41. doi: 10.1016/j.jim.2009.01.005

55. Pape KA, Taylor JJ, Maul RW, Gearhart PJ, Jenkins MK. Different B Cell
Populations Mediate Early and Late Memory During an Endogenous Immune
Response. Science (2011) 331(6021):1203–7. doi: 10.1126/science.1201730

56. Taylor JJ, Martinez RJ, Titcombe PJ, Barsness LO, Thomas SR, Zhang N, et al.
Deletion and Anergy of Polyclonal B Cells Specific for Ubiquitous Membrane-
Bound Self-Antigen. J Exp Med (2012) 209(11):2065–77. doi: 10.1084/
jem.20112272

57. Taylor JJ, Pape KA, Jenkins MK. A Germinal Center-Independent Pathway
Generates Unswitched Memory B Cells Early in the Primary Response. J Exp
Med (2012) 209(3):597–606. doi: 10.1084/jem.20111696

58. Hamilton JA, Li J, Wu Q, Yang P, Luo B, Li H, et al. General Approach for
Tetramer-Based Identification of Autoantigen-Reactive B Cells:
Characterization of La- and Snrnp-Reactive B Cells in Autoimmune Bxd2
Mice. J Immunol (2015) 194(10):5022–34. doi: 10.4049/jimmunol.1402335

59. Berek C, Berger A, Apel M. Maturation of the Immune Response in Germinal
Centers. Cell (1991) 67(6):1121–9. doi: 10.1016/0092-8674(91)90289-b

60. Mesin L, Ersching J, Victora GD. Germinal Center B Cell Dynamics.
Immunity (2016) 45(3):471–82. doi: 10.1016/j.immuni.2016.09.001

61. Crotty S. T Follicular Helper Cell Differentiation, Function, and Roles
in Disease. Immunity (2014) 41(4):529–42. doi: 10.1016/j.immuni.2014.
10.004

62. Nurieva RI, Chung Y, Martinez GJ, Yang XO, Tanaka S, Matskevitch TD, et al.
Bcl6 Mediates the Development of T Follicular Helper Cells. Science (2009)
325(5943):1001–5. doi: 10.1126/science.1176676
May 2022 | Volume 13 | Article 880829

https://doi.org/10.1182/blood-2005-09-3918
https://doi.org/10.1111/j.1538-7836.2007.02290.x
https://doi.org/10.1182/blood-2006-05-024711
https://doi.org/10.1182/blood-2006-05-024711
https://doi.org/10.1055/s-0038-1655944
https://doi.org/10.1055/s-0038-1655945
https://doi.org/10.1111/j.1538-7836.2009.03636.x
https://doi.org/10.1111/j.1365-2516.2010.02397.x
https://doi.org/10.1371/journal.pone.0037671
https://doi.org/10.1111/jth.13301
https://doi.org/10.1038/ng0595-119
https://doi.org/10.1111/jth.13202
https://doi.org/10.1111/j.1432-1033.1995.tb20776.x
https://doi.org/10.1016/s0958-1669(97)80036-5
https://doi.org/10.1016/s0958-1669(97)80036-5
https://doi.org/10.1182/blood.V71.1.137.137
https://doi.org/10.1182/blood.V71.1.137.137
https://doi.org/10.1182/blood-2012-02-412361
https://doi.org/10.1055/s-0039-1689482
https://doi.org/10.1111/j.1538-7836.2006.02135.x
https://doi.org/10.1055/s-0038-1653759
https://doi.org/10.1182/blood-2009-11-254755
https://doi.org/10.1182/blood.2020009376
https://doi.org/10.1111/j.1538-7836.2009.03571.x
https://doi.org/10.1182/blood-2011-08-374645
https://doi.org/10.1182/blood-2017-782912
https://doi.org/10.1055/s-0037-1614450
https://doi.org/10.1055/s-0037-1614450
https://doi.org/10.1055/s-0037-1612915
https://doi.org/10.1182/blood-2016-02-701805
https://doi.org/10.1016/j.immuni.2018.04.019
https://doi.org/10.1016/j.immuni.2017.11.023
https://doi.org/10.1016/j.jim.2009.01.005
https://doi.org/10.1126/science.1201730
https://doi.org/10.1084/jem.20112272
https://doi.org/10.1084/jem.20112272
https://doi.org/10.1084/jem.20111696
https://doi.org/10.4049/jimmunol.1402335
https://doi.org/10.1016/0092-8674(91)90289-b
https://doi.org/10.1016/j.immuni.2016.09.001
https://doi.org/10.1016/j.immuni.2014.10.004
https://doi.org/10.1016/j.immuni.2014.10.004
https://doi.org/10.1126/science.1176676
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Patel et al. Non-Germinal Center Response to FVIII
63. Johnston RJ, Poholek AC, DiToro D, Yusuf I, Eto D, Barnett B, et al. Bcl6 and
Blimp-1 Are Reciprocal and Antagonistic Regulators of T Follicular Helper
Cell Differentiation. Science (2009) 325(5943):1006–10. doi: 10.1126/
science.1175870

64. Yu D, Rao S, Tsai LM, Lee SK, He Y, Sutcliffe EL, et al. The Transcriptional
Repressor Bcl-6 Directs T Follicular Helper Cell Lineage Commitment.
Immunity (2009) 31(3):457–68. doi: 10.1016/j.immuni.2009.07.002

65. Sellers RS, Clifford CB, Treuting PM, Brayton C. Immunological Variation
Between Inbred Laboratory Mouse Strains: Points to Consider in Phenotyping
Genetically Immunomodified Mice. Vet Pathol (2012) 49(1):32–43.
doi: 10.1177/0300985811429314

66. Guler ML, Jacobson NG, Gubler U, Murphy KM. T Cell Genetic Background
Determines Maintenance of Il-12 Signaling: Effects on Balb/C and B10.D2 T
Helper Cell Type 1 Phenotype Development. J Immunol (1997) 159(4):1767–74.

67. Kuroda E, Sugiura T, Zeki K, Yoshida Y, Yamashita U. Sensitivity Difference
to the Suppressive Effect of Prostaglandin E2 Among Mouse Strains: A
Possible Mechanism to Polarize Th2 Type Response in Balb/C Mice. J
Immunol (2000) 164(5):2386–95. doi: 10.4049/jimmunol.164.5.2386

68. Hartmann W, Blankenhaus B, Brunn ML, Meiners J, Breloer M. Elucidating
Different Pattern of Immunoregulation in Balb/C and C57bl/6 Mice and Their
F1 Progeny. Sci Rep (2021) 11(1):1536. doi: 10.1038/s41598-020-79477-7

69. Healey JF, Parker ET, Barrow RT, Langley TJ, Church WR, Lollar P. The
Humoral Response to Human Factor Viii in Hemophilia A Mice. J Thromb
Haemost (2007) 5(3):512–9. doi: 10.1111/j.1538-7836.2007.02373.x

70. Malkiel S, Barlev AN, Atisha-Fregoso Y, Suurmond J, Diamond B. Plasma Cell
Differentiation Pathways in Systemic Lupus Erythematosus. Front Immunol
(2018) 9:427. doi: 10.3389/fimmu.2018.00427

71. Cyster JG, Allen CDC. B Cell Responses: Cell Interaction Dynamics and
Decisions. Cell (2019) 177(3):524–40. doi: 10.1016/j.cell.2019.03.016

72. Nutt SL, Hodgkin PD, Tarlinton DM, Corcoran LM. The Generation of
Antibody-Secreting Plasma Cells. Nat Rev Immunol (2015) 15(3):160–71.
doi: 10.1038/nri3795

73. Weisel F, Shlomchik M. Memory B Cells of Mice and Humans. Annu Rev
Immunol (2017) 35:255–84. doi: 10.1146/annurev-immunol-041015-055531

74. MacLennan IC, Toellner KM, Cunningham AF, Serre K, Sze DM, Zuniga E,
et al. Extrafollicular Antibody Responses. Immunol Rev (2003) 194:8–18.
doi: 10.1034/j.1600-065x.2003.00058.x

75. Elsner RA, Shlomchik MJ. Germinal Center and Extrafollicular B Cell
Responses in Vaccination, Immunity, and Autoimmunity. Immunity (2020)
53(6):1136–50. doi: 10.1016/j.immuni.2020.11.006

76. Phan TG, Gardam S, Basten A, Brink R. Altered Migration, Recruitment, and
Somatic Hypermutation in the Early Response of Marginal Zone B Cells to T
Cell-Dependent Antigen. J Immunol (2005) 174(8):4567–78. doi: 10.4049/
jimmunol.174.8.4567

77. Krishnamurty AT, Thouvenel CD, Portugal S, Keitany GJ, Kim KS, Holder A,
et al. Somatically Hypermutated Plasmodium-Specific Igm(+) Memory B
Cells Are Rapid, Plastic, Early Responders Upon Malaria Rechallenge.
Immunity (2016) 45(2):402–14. doi: 10.1016/j.immuni.2016.06.014

78. Stebegg M, Kumar SD, Silva-Cayetano A, Fonseca VR, Linterman MA, Graca
L. Regulation of the Germinal Center Response. Front Immunol (2018)
9:2469. doi: 10.3389/fimmu.2018.02469

79. Chappell CP, Draves KE, Giltiay NV, Clark EA. Extrafollicular B Cell
Activation by Marginal Zone Dendritic Cells Drives T Cell-Dependent
Antibody Responses. J Exp Med (2012) 209(10):1825–40. doi: 10.1084/
jem.20120774

80. William J, Euler C, Shlomchik MJ. Short-Lived Plasmablasts Dominate the Early
Spontaneous Rheumatoid Factor Response: Differentiation Pathways,
Hypermutating Cell Types, and Affinity Maturation Outside the Germinal
Center. J Immunol (2005) 174(11):6879–87. doi: 10.4049/jimmunol.174.11.6879

81. Shlomchik MJ. Sites and Stages of Autoreactive B Cell Activation and
Regulation. Immunity (2008) 28(1):18–28. doi: 10.1016/j.immuni.2007.12.004

82. Hoyer BF, Moser K, Hauser AE, Peddinghaus A, Voigt C, Eilat D, et al. Short-
Lived Plasmablasts and Long-Lived Plasma Cells Contribute to Chronic
Frontiers in Immunology | www.frontiersin.org 14
Humoral Autoimmunity in Nzb/W Mice. J Exp Med (2004) 199(11):1577–
84. doi: 10.1084/jem.20040168

83. Jenks SA, Cashman KS, Woodruff MC, Lee FE, Sanz I. Extrafollicular
Responses in Humans and Sle. Immunol Rev (2019) 288(1):136–48.
doi: 10.1111/imr.12741

84. Woodruff MC, Ramonell RP, Nguyen DC, Cashman KS, Saini AS, Haddad
NS, et al. Extrafollicular B Cell Responses Correlate With Neutralizing
Antibodies and Morbidity in Covid-19. Nat Immunol (2020) 21(12):1506–
16. doi: 10.1038/s41590-020-00814-z

85. Di Niro R, Lee SJ, Vander Heiden JA, Elsner RA, Trivedi N, Bannock JM, et al.
Salmonella Infection Drives Promiscuous B Cell Activation Followed by
Extrafollicular Affinity Maturation. Immunity (2015) 43(1):120–31.
doi: 10.1016/j.immuni.2015.06.013

86. Paus D, Phan TG, Chan TD, Gardam S, Basten A, Brink R. Antigen
Recognition Strength Regulates the Choice Between Extrafollicular Plasma
Cell and Germinal Center B Cell Differentiation. J Exp Med (2006) 203
(4):1081–91. doi: 10.1084/jem.20060087

87. Krautler NJ, Suan D, Butt D, Bourne K, Hermes JR, Chan TD, et al.
Differentiation of Germinal Center B Cells Into Plasma Cells Is Initiated by
High-Affinity Antigen and Completed by Tfh Cells. J Exp Med (2017) 214
(5):1259–67. doi: 10.1084/jem.20161533

88. Dal Porto JM, Haberman AM, Shlomchik MJ, Kelsoe G. Antigen Drives Very
Low Affinity B Cells to Become Plasmacytes and Enter Germinal Centers.
J Immunol (1998) 161(10):5373–81. doi: 10.1084/jem.20011550

89. Dal Porto JM, Haberman AM, Kelsoe G, Shlomchik MJ. Very Low Affinity B
Cells Form Germinal Centers, Become Memory B Cells, and Participate in
Secondary Immune Responses When Higher Affinity Competition is
Reduced. J Exp Med (2002) 195(9):1215–21. doi: 10.1084/jem.20011550

90. Shih TA, Meffre E, Roederer M, Nussenzweig MC. Role of Bcr Affinity in T
Cell Dependent Antibody Responses in Vivo.Nat Immunol (2002) 3(6):570–5.
doi: 10.1038/ni803

91. Webb LMC, Linterman MA. Signals That Drive T Follicular Helper Cell
Formation. Immunology (2017) 152(2):185–94. doi: 10.1111/imm.12778

92. Lee SK, Rigby RJ, Zotos D, Tsai LM, Kawamoto S, Marshall JL, et al. B Cell
Priming for Extrafollicular Antibody Responses Requires Bcl-6 Expression by
T Cells. J Exp Med (2011) 208(7):1377–88. doi: 10.1084/jem.20102065

93. Odegard JM, Marks BR, DiPlacido LD, Poholek AC, Kono DH, Dong C, et al.
Icos-Dependent Extrafollicular Helper T Cells Elicit Igg Production Via Il-21
in Systemic Autoimmunity. J Exp Med (2008) 205(12):2873–86. doi: 10.1084/
jem.20080840

Conflict of Interest: SM serves on the advisory board for Genentech, Sanofi
Genzyme, Takeda, Biomarin, and CSL Behring. SM consults for Pfizer and Spark, as
well as receives research funding from Octapharma, Genentech. RJ is the CEO and
part-owner of Biconcavity Inc, as well as owns stock in BioMarin Pharmaceutical Inc.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Patel, Lundgren, Baldwin, Cox, Parker, Healey, Jajosky, Zerra,
Josephson, Doering, Stowell and Meeks. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.
May 2022 | Volume 13 | Article 880829

https://doi.org/10.1126/science.1175870
https://doi.org/10.1126/science.1175870
https://doi.org/10.1016/j.immuni.2009.07.002
https://doi.org/10.1177/0300985811429314
https://doi.org/10.4049/jimmunol.164.5.2386
https://doi.org/10.1038/s41598-020-79477-7
https://doi.org/10.1111/j.1538-7836.2007.02373.x
https://doi.org/10.3389/fimmu.2018.00427
https://doi.org/10.1016/j.cell.2019.03.016
https://doi.org/10.1038/nri3795
https://doi.org/10.1146/annurev-immunol-041015-055531
https://doi.org/10.1034/j.1600-065x.2003.00058.x
https://doi.org/10.1016/j.immuni.2020.11.006
https://doi.org/10.4049/jimmunol.174.8.4567
https://doi.org/10.4049/jimmunol.174.8.4567
https://doi.org/10.1016/j.immuni.2016.06.014
https://doi.org/10.3389/fimmu.2018.02469
https://doi.org/10.1084/jem.20120774
https://doi.org/10.1084/jem.20120774
https://doi.org/10.4049/jimmunol.174.11.6879
https://doi.org/10.1016/j.immuni.2007.12.004
https://doi.org/10.1084/jem.20040168
https://doi.org/10.1111/imr.12741
https://doi.org/10.1038/s41590-020-00814-z
https://doi.org/10.1016/j.immuni.2015.06.013
https://doi.org/10.1084/jem.20060087
https://doi.org/10.1084/jem.20161533
https://doi.org/10.1084/jem.20011550
https://doi.org/10.1084/jem.20011550
https://doi.org/10.1038/ni803
https://doi.org/10.1111/imm.12778
https://doi.org/10.1084/jem.20102065
https://doi.org/10.1084/jem.20080840
https://doi.org/10.1084/jem.20080840
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Neutralizing Antibodies Against Factor VIII Can Occur Through a Non-Germinal Center Pathway
	Introduction
	Methods
	Mice
	Antibodies
	Recombinant B Domain Deleted FVIII
	Analysis of Antibody and Inhibitor Response to FVIII
	FVIII and Hen Egg Lysozyme (HEL) B Cell Tetramer Production
	Precursor Frequency of FVIII Reactive B Cells
	Transfusion of HEL Sheep Red Blood Cells (HEL SRBCs)
	Immunophenotyping the Immune Response to FVIII and HEL
	Statistics

	Results
	FVIII Deficient Mice With an Identical F8 Pathogenic Variant and MHC Haplotype but Different Genetic Backgrounds Develop a Distinct Antibody and Inhibitor Response to FVIII
	Precursor Frequency of FVIII Reactive B Cells Is Slightly Lower in S129/B6 FVIII Deficient Mice
	S129/B6 FVIII Deficient Mice Develop a More Robust GC B Cell Response to FVIII Than FVIII Deficient Mice on a B6 Background
	CD4 T Cell Response to an Immunodominant Epitope in FVIII Does Not Differ in FVIII Deficient Mice on Distinct Genetic Backgrounds

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


