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Proper development of long-
lived memory CD4 T cells
requires HLA-DO function

Nianbin Song, Robin A. Welsh
and Scheherazade Sadegh-Nasseri*

Department of Pathology, Johns Hopkins University, School of Medicine, Baltimore, MD, United States
Introduction: HLA-DO (DO) is an accessory protein that binds DM for trafficking

to MIIC and has peptide editing functions. DO is mainly expressed in thymic

medulla and B cells. Using biochemical experiments, our lab has discovered that

DO has differential effects on editing peptides of different sequences: DO

increases binding of DM-resistant peptides and reduces the binding of DM-

sensitive peptides to the HLA-DR1 molecules. In a separate line of work, we have

established that appropriate densities of antigen presentation by B cells during

the contraction phase of an infection, induces quiescence in antigen

experienced CD4 T cells, as they differentiate into memory T cells. This

quiescence phenotype helps memory CD4 T cell survival and promotes

effective memory responses to secondary Ag challenge.

Methods: Based on our mechanistic understanding of DO function, it would be

expected that if the immunodominant epitope of antigen is DM-resistant,

presentation of decreased densities of pMHCII by B cells would lead to faulty

development of memory CD4 T cells in the absence of DO. We explored the

effects of DO on development of memory CD4 T cells and B cells utilizing two

model antigens, H5N1-Flu Ag bearing DM-resistant, and OVA protein, which has

a DM-sensitive immunodominant epitope and four mouse strains including two

DO-deficient Tg mice. Using Tetramers and multiple antibodies against markers

of memory CD4 T cells and B cells, we tracked memory development.

Results:We found that immunized DR1+DO-KOmice had fewer CD4 memory T

cells and memory B cells as compared to the DR1+DO-WT counterpart and had

compromised recall responses. Conversely, OVA specific memory responses

elicited in HA immunized DR1+DO-KO mice were normal.

Conclusion: These results demonstrate that in the absence of DO, the

presentation of cognate foreign antigens in the DO-KO mice is altered and

can impact the proper development of memory cells. These findings provide

new insights on vaccination design leading to better immune memory

responses.

KEYWORDS

HLA-DO, CD4 memory cell, memory T cell development, memory T cell maintenance,
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1 Introduction

The proper development and homeostasis of memory CD4 T

cells have been known as key processes in determining good quality

immunological memory responses. Many studies have been devoted

to understanding factors contributing to this process from various

perspectives including regulation of germinal center reaction (GC

reaction), TCR signaling strength, and regulation of glucose/lipid

metabolism (1–5). However, little effort has been given to

investigating how the quantity of presented peptide/MHC

complexes impacts the development of memory T cells.

HLA-DO (DO or H2-O in mice) is a non-classical MHC Class

II accessory molecule that is expressed selectively in thymic

medulla, B cells (6–8) and some subsets of immature dendritic

cells (DC) (9–11). Despite this selective expression pattern, the

function of DO has remained elusive as the knockout mice do not

spontaneously develop any disease phenotype despite minor

indications of autoimmunity (12). One important clue pointing to

the function of DO comes from its physical association with HLA-

DM (DM, or H-2M in mice), the main MHCII peptide editor. This

association has been found to be necessary for DO to be exported

out of ER (13). DM is required for removing Class II Invariant

Chain peptide (CLIP) from the newly synthesized MHC II molecule

and generating a peptide-receptive conformation of MHC II, so that

an MHC II groove fitting epitopes can bind (14). Thus, many

studies have linked the function of DO with DM, proposing DO

could bind and inhibit DM by blocking the access of DM to MHC II

molecules (15–19). However, our more recent studies have found

that DO could play a fine-tuning role in this peptide selection

process by stabilizing MHC II peptide-receptive conformation

generated by removal of CLIP or other poorly fitting peptides by

DM. As a result, the binding of a good MHC groove fitting peptide

that is not prone to be removed by DM (or known as DM-resistant

peptide) to MHCII will be enhanced in the presence of DO (20, 21).

We and others have described altered self-antigen presentation in

I-Ab+H2-O KO and DR1+H2-O KO mice that leads to altered CD4

TCR repertoires and susceptibility to autoimmunity (12, 22).

Nevertheless, as the proposed impact of DO on antigen (Ag)

presentation is based on the DM sensitivity of each epitope rather

than the source of epitopes, it is reasonable to expect that DO deficiency

will not only alter presentation of self-peptides, but also impacts foreign

epitope presentation, which could result in altered immune responses

against foreign antigens. However, despite findings from several human

GWAS studies linking DO gene with HCV infection and cancer (23–

28), most studies up to date on DO have been focusing only on its

association with autoimmunity in mice and much less concern has

been given on the role of DO in infectious diseases except one study

that linked loss of DO beta gene to enhanced production of broadly

neutralizing antibodies against a viral infection (25).

Previously, our lab has found that CD4 memory T cells become

quiescent during the contraction phase of infections, a necessary

requirement for their long-term survival. B cell presentation of low

levels of cognate antigenic peptides bound to MHCII proved

essential for development of quiescence state (29–33). Based on

these findings, together with the proposed mechanism for DO

function, we hypothesized that presentation of reduced densities
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of cognate antigens in H2-O KO mice may disrupt the proper

development of resting CD4 memory T cells.

Here, we utilized the DM-resistant, DR1-restricted,

immunodominant epitope of H5N1-Flu vaccine (22, 34–38), and

tracked specific memory development in DR1+H2-O WT and DR1

+H2-O KO mice. We present data showing that fewer numbers of

CD4 memory T cells and memory B cells were developed and

responded poorly to a secondary challenge in H5N1-Flu vaccine

immunized DR1+H2-O KO. Conversely, tracking development of

memory CD4 T cells specific to OVA, which has a DM-sensitive

immunodominant epitope (39), was unchanged. These results

suggest that DO promotes development of long-lived memory

CD4 T cells when the immunodominant epitope is DM-resistant.
2 Materials and methods

2.1 Mice

C57BL/6 (B6) mice were purchased from the Jackson

Laboratory. I-Ab+H2-O KO mice used in the above experiments

were generated by backcrossing 129.H2-O KO mice (Lars Karlsson,

Johnson and Johnson Pharmaceutical Research and Development,

San Diego, CA) onto B6 for 10 generations by P. Jensen and X.

Chen (University of Utah) and kindly gifted to us. The original

HLA-DR1 (DRB1*0101) (DR1) transgenic mice (obtained from Dr.

Dennis Zaller, Merck) express a fusion MHC II molecule containing

the DR1 binding groove and the membrane proximal domain of

murine I–E molecule (40). The resulting DR1 mice were

backcrossed to MHC class II KO mice for 12–16 generations to

eliminate endogenous class II proteins (I-Af) and were then inbred

to homozygosity. DR1+ H2-O KO mice were generated by crossing

the I-Ab+ H2-O KO mice with transgenic DR1 mice for >10

generations to achieve H2-O KO homozygosity. The DR1+ H2-O

WT were generated by crossing the DR1 mice with B6 mice for >10

generations. All DR1+H2-O WT and DR1+H2-O KO mice still

express murine I-Ab molecules from the B6 background. All mice

were housed in the Johns Hopkins University animal facilities

under virus-free conditions. All experiments were performed in

accordance with protocols approved by the Animal Care and Use

Committee of the Johns Hopkins University School of Medicine.
2.2 Peptide, protein, H5N1 influenza
vaccine and antibodies

The H5N1 HA (259–274) (SNGNFIAPEYAYKIVK) and OVA

(326–339) (AVHAAHAEINEAGR) were synthesized by [Peptide

2.0] with >95% purity. The inactivated influenza vaccine, A/H5N1

Influenza Vaccine, was obtained from [beiresources.org]. The HA

protein was obtained from [eEnzyme]. Percp-Cy55-CD19(6D5),

Brilliant Violet 421-CD44(IM7), Brilliant Violet 421-CXCR5

(L138D7), Alexa Fluor 700-CD4(GK1.5), Alexa Fluor 700-IgD

(11-26c.2a), FITC-CD80(16-10A1), PE-PD-L2(TY25),PE-GL7

(GL7), PE-Cy7-IgM(RMM-1), PE-Cy7-CD86(GL-1), PE-Cy7-

CD69(H1.2F3), PE-Cy7-PD-1(29F.1A12), PE-Cy7-CD28(37.51),
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APC-CD95(SA367H8), APC-CD40(3/23), APC-B220(RA3-6B2),

APC-CD11c(N418) and APC-F4/80(BM8) were from [Biolegend].

Brilliant Ultra Violet 395-CD3 (17A2) and Brilliant Ultra Violet

496-CD4 (RM4-4) were from [BD Biosciences]. Fixable viability

dye eFluor 780 was from [eBioscience]. Celltrace CFSE proliferation

dye and Celltrace violet dye were from [Thermo Fisher Scientific].

PE-CD99 (polyclonal) was from [R&D systems].
2.3 DR1/HA (259–274) tetramer and I-Ab/
OVA (329–337) tetramer

PE-conjugated DR1/H5N1-HA (259–274) tetramers were

produced in our laboratory. Biotinylated DR1 monomers, PE-

conjugated CLIP tetramers, and the conjugation protocol were

provided by the NIAID Tetramer Core Facility. Steptavidin-PE

was from [Thermo Fisher Scientific]. PE-conjugated I-Ab/OVA

(329–337) tetramer was provided by the NIAID Tetramer

Core Facility.
2.4 Staining for MHC II tetramers

MHC class II tetramer staining was done as previously (40).

Briefly, spleens of flu vaccine or OVA protein immunized H2-O WT

or KO mice were harvested. Spleen cells were stained with PE-

conjugated H5N1 HA tetramers or PE-conjugated OVA tetramers

for 2 hours at 37°C in RPMI + 2% FBS + 0.1% azide in the presence of

50 nM Dasatinib [Cell Signaling Technology, Danvers, MA]. After

staining for 2 hours, cells were washed with PBS before staining with

antibodies for flow cytometry. For flow cytometry, the FACSymphony

flow cytometer [BD Bioscience] was used for experiments in this

study. FlowJo v10 software was used for data analysis.
2.5 Immunization of mice with H5N1 flu
vaccine/H5N1 HA protein and OVA protein

6-8 weeks old DR1+H2-O KO or DR1+H2-O WT mice were

immunized intraperitoneally with 9µg H5N1 vaccine + 50µg CpG

(for memory development) or 9µg of HA protein + 50µg CpG (for

primary response). Spleens were harvested either 7-10 days post

immunization with HA protein for ex vivo staining of primary

response or 3-4 months post immunization for ex vivo staining of

memory CD4 T cells or in vitro re-stimulation. Immunization of I-

Ab+H2-OWT and I-Ab+H2-O KO mice with OVA was done using

same immunization strategy with 200µg of OVA protein and 50µg

CpG for memory development or primary response.
2.6 In vitro re-stimulation of CD4 T cells
from H5N1-Flu vaccine or OVA protein
immunized mice

DR1+H2-O KO or DR1+H2-OWTmice were immunized with

flu vaccine as described above. The spleen cells from the immunized
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mice were harvested 3-4 months post immunization and were

labeled with CFSE proliferation dye before culturing with the

presence or absence of peptide and IL-2. The cells were then

harvested from culture for staining with antibodies for flow

cytometry on day 6 post culture. Re-stimulation of CD4 T cells

from OVA immunized I-Ab+H2-O WT and I-Ab+H2-O KO mice

was done in the same way.
2.7 In vivo challenge of H5N1 flu vaccine or
OVA immunized mice

DR1+H2-O KO or DR1+H2-OWTmice were immunized with

flu vaccine as described above. The immunized mice were

challenged with same dose of H5N1 vaccine and CpG at 4-6

months post immunization. The spleens and serum from the

immunized mice were harvested 10 days post the challenge. The

spleen cells were stained with antibodies for flow cytometry and the

serum was used for antibody ELISA. The in vivo challenge of OVA

immunized I-Ab+H2-O WT and I-Ab+H2-O KO mice and harvest

of spleen/serum was performed in the same way.
2.8 Serum antibody ELISA

Sera from blood of flu vaccine or OVA immunized mice were

isolated by clotting for 30 min and spinning down at 4°C. The 96-

well flat-bottom high binding ELISA plate was coated with HA

protein or OVA protein diluted in ELISA binding buffer [Bio-Rad]

overnight at room temperature. The plate was washed and blocked

with 5% Goat serum in TBS/tween-20. The 1:200 diluted serum

samples were then added and incubated for 2 hours at room

temperature. The 1:2000 diluted HRP conjugated goat anti-mouse

IgG1, IgG2b, IgG2c, IgG3 and IgM [Cell Signaling Technology]

were added to plate and incubated for 1 hour before adding TMB

substrate [Thermofisher Scientific] and stop solution. The ELISA

plate was then measured with a spectrophotometer at 450nm.
2.9 Statistical analyses

GraphPad Prism was used for all statistical analyses. A standard

Student T-test was used for estimation of statistical significance.

Data is shown as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001,

****p<0.0001. Each experiment including 4 mice per group was

independently repeated 3-4 times.
3 Results

3.1 Absence of H-2O impairs memory
development in H5N1-Flu vaccine
immunized mice

We have previously shown in autoimmune disease models that

absence of H2-O alters presentation of immunodominant epitopes
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by MHCII on antigen presenting cells (22). However, little has been

reported about possible impacts of DO on epitope presentation

during immune response against foreign antigens in infectious

diseases. To address the question, we used inactivated H5N1

influenza vaccine as an immunogen and examined immune

responses against HA protein by tracking the development of

specific memory CD4 T cells and B cells in HLA-DR1 transgenic

mice, with or without H2-O (methods and Figure 1A). We found

similar levels of activated tetramer positive CD44+CD69+ H5N1-

HA (259–274) CD4 T cells in both H5N1-Flu vaccine immunized

DR1+H2-OWT and DR1+H2-O KO mice (Figure S1, 2). However,

we did notice a slightly higher percentage of CD44+DR1/H5N1-HA

(259–274) tetramer positive CD4 T cells in DR1+H2-O WT mice

than DR1+H2-O KO mice 4 months post immunization, but the

differences were not statistically significant (Figures 1B, C).

However, upon utilizing two long-lived memory CD4 T cell

markers, CD99 and CD44 (41), we observed a significantly larger

numbers of CD44+CD99+ CD4 memory T cells in DR1+H2-OWT

mice than DR1+H2-O KO mice (Figures 1D, E & Figure S3). In

addition, we detected fewer cells in both CD80+PD-L2+ and CD80-

PD-L2+ memory B cell subsets (42) in the immunized DR1+H2-O

KO mice (Figures 1F, G & Figure S3).

To test if the observed differences at the level of memory CD4

T cells and memory B cells in H5N1-Flu vaccine immunized DR1

+H2-O WT and DR1+H2-O KO mice translated into differences

in memory responses, we challenged the H5N1-Flu vaccine

immunized DR1+H2-O WT and DR1+H2-O KO mice with the

same vaccine 4-6 months after the initial immunization, and

examined the activation of memory T cells as well as HA

specific antibody production (Methods and Figure 2). Over year

of studying longevity of CD4 memory T cells in vivo, we have

noted that quiescent memory T cells do not display significant

phenotypic changes 4 months through the longest time we have

studied i.e., 11 months (33, 41). We found larger memory

responses in DR1+H2-O WT in comparison to DR1+H2-O KO

as detected by larger percentages of activated CD69+ in total CD4

T cells and in H5N1-HA tetramer positive CD4 T cells

(Figures 2B-D). Also, higher HA specific IgG1 and IgG2

antibody titers (Figure 2E) supported more effective memory B

cell development in H5N1-Flu vaccine immunized DR1+H2-

O WT.
3.2 No differences were found in follicular
helper CD4 T cells or GC B cells in
immune response between immunized
H2-O WT and KO mice

Previous studies have indicated that absence of thymic H2-O

alters CD4 T cells development leading to altered peripheral

CD4 T cell repertoires between H2-O WT and H2-O KO mice

(22). To investigate if altered CD4 T cell repertoires contribute to

the faulty memory development observed in H2-O KO mice, we

examined CXCR5+PD-1+follicular helper T cells (Tfh) (43) in

H5N1-Flu vaccine challenged DR1+H2-O WT and DR1+H2-O

KO mice (Figures 1, 2). As shown in Figures 3A-D, no significant
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differences were found in the percentages of Tfh cells in total

CD4 T cells or H5N1 tetramer positive CD4 T cells in memory

response between H5N1-Flu vaccine immunized DR1+H2-O

WT and DR1+H2-O KO mice. Moreover, there were no

differences in the percentages of CD95+GL7hi GC B cells (44,

45) between DR1+H2-O WT and DR1+H2-O KO mice (Figure

S4, Figures 3E, F), indicating that the GC reaction is probably not

the source of faulty memory development observed in H5N1-Flu

vaccine immunized DR1+H2-O KO mice. Additionally, we

found no significant differences in the expression levels of

costimulatory ligands on the surfaces of B cells and CD4 T

cells in the H5N1-Flu vaccine immunized DR1+H2-O WT and

DR1+H2-O KO mice (Figure S5A), except for CD86, which

appeared to be significantly higher on B cells from both

immunized and naive DR1+H2-O KO mice (Figure S5B).
3.3 OVA immunization led to normal
memory development in H2-O KO mice

As described earlier, the H5N1-HA immunodominant epitope

(HA259-274) is DM-resistant (21, 38), the binding of which to DR1

molecule would increase in the presence of DO (21), and be reduced

in the absence of H2-O. Hence, a dampened immune response and

faulty memory development would be expected. To test this

hypothesis in vivo, we evaluated memory development against the

well-characterized chicken OVA antigen. Advantageously, the

immunodominant epitope of OVA (OVA326-339) peptide has

recently been reported to be DM-sensitive (39), therefore absence

of H2-O is not expected to impact OVA binding to I-Ab molecules

in the same way as HA binding to DR1 molecules. As shown in

Figure 4, interestingly, more memory CD4 T cells and B cells

developed from OVA immunized H2-O KO mice five months post

immunization. The higher numbers of memory CD4 T cells in the

KO mice were accompanied with higher numbers of activated CD4

T cells after challenging the immunized mice with OVA 6 months

post initial immunization (Figures 4A-D). Although the levels of

antibody in the serum of challenged mice between WT and KO

showed no significant differences, the KO mice did seem to have

slightly more IgG2c than WT mice (Figure 4F).
3.4 Flu vaccine specific memory CD4 T
cells do not become quiescent in H2-O KO
mice, whereas the OVA memory CD4 T
cells do

Differences in the density of MHCII/peptide complexes

presented on B cells has been well documented to be linked with

proper memory CD4 T cell development characterized by

quiescence, important for the longevity of memory CD4 T cells

(29, 31, 33, 41). To examine whether the loss of H2-O could affect

development of quiescent CD4 memory T cells, hence faulty

memory development observed after H5N1-Flu vaccine

immunization, we stimulated CD4 memory T cells from either

Flu or OVA immunized H2-O WT and H2-O KO mice with
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FIGURE 1

The absence of H2-O impairs memory development in flu vaccine immunized mice. (A) 6-8 weeks old DR1+H2-O WT mice and DR1+H2-O KO
mice were intraperitoneally immunized with 9µg of inactivated H5N1 Influenza Vaccine and 50µg of CpG and sacrificed for spleen cells 4-6 months
post immunization. The splenocytes were then divided for staining with either CD3, CD4, CD44 and CD99 antibodies (T cell panel) or B220, CD19,
IgD, IgM, CD80 and PD-L2 antibodies (B cell panel) for flow cytometry. Each experiment including 4 mice per group was independently repeated 3
times. (B) Representative pseudocolor plots of CD44+H5N1 tetramer+CD4 T cells gated from live CD4 T cells in immunized DR1+H2-O WT mice
(Left) and DR1+H2-O KO mice (Right). (C) Percentages of CD44+ H5N1 Tetramer+ CD4 T cells from spleens of immunized DR1+H2-O WT mice
(blue) and DR1+H2-O KO mice (red). Each dot represents one individual mouse. P-value= 0.1634(two-tailed unpaired T-test). The experiment has
been repeated 3 times. (D) Representative pseudocolor plots of CD44+CD99+ CD4 T cells in immunized DR1+H2-O WT mice (Left) and DR1+H2-O
KO mice (Right). (E) Percentages of CD44+CD99+ CD4 T cells from spleens of immunized DR1+H2-O WT mice (blue) and DR1+H2-O KO mice
(red). Each dot represents one individual mouse. P-value=0.0015 (two-tailed unpaired T-test). The experiment has been repeated 3 times.
(F) Representative pseudocolor plots of IgD-IgM-CD19+B220+ spleen cells in immunized DR1+H2-O WT mice (Top) and DR1+H2-O KO mice
(bottom). (G) Percentages of IgD-IgM-CD80+PD-L2+ (Left panel) and IgD-IgM-CD80-PD-L2+ (Right panel) memory B cell subsets in total CD19
+B220+ B cells from immunized DR1+H2-O WT mice (Blue) and DR1+H2-O KO mice (Red). Same subsets of memory B cells from age-matched
naïve DR1+H2-O WT mice (Green) and DR1+H2-O KO mice (Purple) were used as controls. The p-value for IgD-IgM-CD80+PD-L2+ cell subset
between immunized DR1+H2-O WT and DR1+H2-O KO mice is 0.0395 (two-tailed unpaired T-test), the p-value for IgD-IgM-CD80-PD-L2+cell
subset between immunized DR1+H2-O WT and DR1+H2-O KO mice is 0.0356 (two-tailed unpaired T-test). Each dot represents one individual
mouse. Each experiment including 4 mice per group was independently repeated 4 times. Data is shown as mean ± SEM. *p<0.05, **p<0.01,
ns, not significant.
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peptide only, or peptide and IL-2 in vitro and tracked their

proliferation. As shown in Figure 5A, stimulation with only the

HA (259–274) peptide induced 3-fold more proliferation in CD4

memory T cells from H5N1-Flu vaccine immunized KO mice as

compared to CD4 T cells from H5N1-Flu vaccine immunized WT

mice, indicating that H2-O KO CD4 memory T cells were not

quiescent. In contrast, both WT and KO CD4 memory T cells from

OVA immunized mice remained unresponsive to OVA peptide

stimulation alone, indicative of their quiescence. Interestingly, CD4
Frontiers in Immunology 06
memory T cells from H5N1-Flu vaccine immunized WT mice

exhibited significantly higher proliferation to an in vitro challenge

to HA peptide and IL-2 supporting the in vivo challenge data shown

in Figure 2 (Figure S6, Figures 5B, C). The opposite trend was found

for CD4 memory T cells from OVA immunized H2-O KO mice,

where OVA peptide and IL-2 stimulation drove significantly more

proliferation in H2-O KO memory CD4 T cells.

In summary, absence of H2-O in mice negatively affects proper

development of memory B cells and H5N1-HA (259–274) specific
A

B D

E

C

FIGURE 2

The function of memory cells was impaired in the flu vaccine immunized DR1+H2-O KO mice. (A) Schematic experimental design for testing
memory response against flu. 6-8 weeks old DR1+H2-O WT mice and DR1+H2-O KO mice were intraperitoneally immunized with 9µg of
inactivated H5N1 Influenza vaccine mixed with 50µg of CpG and challenged intraperitoneally with same dose of H5N1 Influenza vaccine in CpG 6
months post 1st immunization. The mice were then sacrificed on day 6 post 2nd immunization for spleens. The spleen cells were stained with CD3,
CD4, CD44, CD69 antibodies and DR1/H5N1-HA (259–274) Tetramer (T cell panel) for flow cytometry. Each experiment including 4 mice per group
was independently repeated 4 times. (B) Representative pseudocolor plots of CD69+ cells gated from CD44+ CD4 T cell population in spleen of
immunized DR1+H2-O WT (Top) and DR1+H2-O KO (bottom) mice after in vivo challenge. (C) Percentages of CD69+ CD4 T cells in CD44+ CD4 T
cell population from in vivo challenged immunized DR1+H2-O WT (Blue) and DR1+H2-O KO (Red) mice, P-value=0.0479 (two-tailed unpaired T-
test). (D) Percentages of CD44+CD69+ CD4 T cells in DR1/H5N1-HA(259-274) Tetramer positive CD4 T cell population from in vivo challenged
immunized DR1+H2-O WT (Blue) and DR1+H2-O KO (Red) mice, P-value=0.013 (two-tailed unpaired T-test). (E) Sera from DR1+H2-O WT (Blue)
and DR1+H2-O KO (Red) mouse 10 days post in vivo challenge were collected and diluted 1:200 for indirect ELISA against H5N1-HA protein. 1:2000
diluted HRP conjugated Goat anti-mouse IgG1, IgG2b, IgG2c, IgG3 and IgM was used to detect the antibody in the serum. P-value=0.0104 (two-
tailed unpaired T-test). Each dot represents one individual mouse. Data is shown as mean ± SEM. *p<0.05, **p<0.01, ns, not significant
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memory CD4 T cells, but not OVA (326–339) specific CD4memory

T cells (Table 1). This difference is likely due to differences in the

densities of presented DM-resistant H5N1-HA epitope/DR1

complexes (Figure 6).
4 Discussion

The proper development of memory T cells and B cells is crucial

to development of efficient adaptive immune responses. Many

groups have devoted efforts to understanding how immunological

memory is established and maintained (46–49). In the past few

years, much progress has been made towards understanding the

metabolic requirement of CD8 T cells during memory development

(3–5, 50, 51). Much less attention, however, has been given to the

development of CD4 memory T cells. Our laboratory has previously

made several important observations on how CD4 memory T cells

gradually become quiescent and long-lived (29, 31, 33, 41). Using

various quantities of agonist peptides, we have reported that in vivo

presentation of low densities of agonist peptides drive CD4 memory

T cells into a quiescent state characterized by lack of response to

stimulation with specific peptides, but responsiveness to peptides

plus IL-2 or other danger signals (33). Crucially, this quiescence

state of CD4 memory T cells is mediated by B cells during the

clearance of infection, when antigen reaches to lower than
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stimulatory levels (31). If the amount of antigen presented to

memory CD4 T cells at the resolution of infection is too high or

too low, this quiescence state would be disrupted and could lead to

defects in the memory development (33).

Our model of how DO functions led to a hypothesis that

presentation of lower densities of DM-resistant peptide-MHC II

complexes by B cells in the absence of DO in periphery could

disrupt the proper development of quiescent memory CD4 T cells.

We tested this hypothesis using two different strains of H2-O

knockout mice and two antigens carrying immunodominant

epitopes that were either DM-resistant HA (259–274), or DM-

sensitive, OVA (326–339). We hypothesized that absence of DO

would lead to development of a non-quiescent state of memory

CD4 T cells for HA epitope, but not for OVA epitope. In accord

with our hypothesis, memory CD4 T cells from H5N1-flu

immunized DR1+H2-O KO mice did not undergo quiescence,

and importantly they did not respond to an in vivo H5N1 Flu

vaccine challenge. Memory CD4 T cells from OVA immunized I-Ab

+H2-O KO mice, on the other hand behaved normally and

developed resting quiescent memory CD4 T cells and responded

well to in vivo recall. These findings further emphasize that DM-

sensitivity of the antigenic epitopes together with DO determines

differential development of memory CD4 T cell.

Quick secretion of high affinity, antigen specific antibodies by

memory B cells and plasma cells is a highly important aspect of
A

B D

E

F

C

FIGURE 3

No differences were found in the percentages of germinal center B cells and follicular T help cells in immune responses between flu immunized DR1
+H2-O WT and DR1+H2-O KO mice. 6-8 weeks old DR1+H2-O WT mice and DR1+H2-O KO mice were intraperitoneally immunized with 9µg of
inactivated H5N1 Influenza vaccine mixed with 50µg of CpG and challenged intraperitoneally with the same dose of H5N1 Influenza vaccine in CpG, 4
months post 1st immunization. The mice were then sacrificed on day 6 post 2nd immunization for spleens. The spleen cells were divided and stained
either with CD3, CD4, CD44, CD69, CXCR5, PD-1 antibodies and DR1/H5N1-HA(259-274) Tetramer (T cell panel) or B220, CD19, GL7, CD95 antibodies
(B cell panel) for flow cytometry. Each experiment including 4 mice per group was independently repeated 3 times. (A) Representative pseudocolor plots
of CXCR5+PD-1+ Tfh cells in total CD4 T cells from immunized DR1+H2-O WT (Left) and DR1+H2-O KO mice (Right). (B) Representative pseudocolor
plots of CXCR5+PD-1+ Tfh cells in CD44+ H5N1 tetramer positive CD4 T cells from immunized DR1+H2-O WT (Left) and DR1+H2-O KO mice (Right).
(C) Percentages of CXCR5+PD-1+ CD4 T cells gated from total CD4 T cell population in DR1+H2-O WT (Blue) and DR1+H2-O KO mice (Red). Each dot
represents one individual mouse. P-value=0.6525(two-tail unpaired T-test). (D) Percentages of CXCR5+PD-1+ CD4 T cells gated from CD44+ H5N1
tetramer positive CD4 T cell population in DR1+H2-O WT (Blue) and DR1+H2-O KO mice (Red). Each dot represents one individual mouse. P-
value=0.7536(two-tail unpaired T-test). (E) Representative pseudocolor plots of CD95+GL7hi B cells immunized DR1+H2-O WT (Left) and DR1+H2-O
KO mice (Right). (F) Percentages of CD95+ GL7hi B cells gated from total CD19+ B220+ B cell population in DR1+H2-O WT (Blue) and DR1+H2-O KO
mice (Red). Each dot represents one individual mouse. P-value=0.5718(two-tail unpaired T-test). Data is shown as mean ± SEM. ns, not significant.
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immunological memory (52–54). Interaction of CD4 T cells and B

cells is the foundation for GC reaction and memory B cell

development (55, 56). When we addressed contributions of H2-O
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to GC reaction, memory B cell development, and humoral response

to antigens, we observed a decrease in the percentages of memory B

cell subsets in the DR1+H2-O KO mice. Furthermore, in vivo
A B

D E F

C

FIGURE 4

OVA immunization led to normal memory cell development in H2-O KO mice. 6-8 weeks old I-Ab+H2-O WT and I-Ab+H2-O KO mice were
immunized intraperitoneally with 200µg of OVA protein and 50µg of CpG and sacrificed 5 months post immunization for spleen cells. The
splenocytes were then divided for staining with either CD3, CD4, CD44 and CD99 antibodies and OVA tetramer (T cell panel) or B220, CD19, IgD,
IgM, CD80 and PD-L2 antibodies (B cell panel) for flow cytometry. Each experiment including 4 mice per group was independently repeated 3
times. (A) Percentages of CD44+CD99+ CD4 T cells from spleens of immunized I-Ab+H2-O WT mice (blue) and I-Ab+H2-O KO mice (red). P-
value=0.0009 for CD44+CD99+ memory CD4 T cell subsets. (B) Percentages of CD44+ OVA tetramer+CD4 T cells from spleens of immunized I-
Ab+H2-O WT mice (blue) and I-Ab+H2-O KO mice (red). P-value=0.7031 (C) Percentages of IgD-IgM-CD80+PD-L2+ (Left panel) and IgD-IgM-
CD80-PD-L2+ (Right panel) memory B cell subsets in total CD19+B220+ B cells from immunized I-Ab+H2-O WT mice (Blue) and I-Ab+H2-O KO
mice (Red). The p-value for IgD-IgM-CD80+PD-L2+ cell subset between immunized I-Ab+H2-O WT and I-Ab+H2-O KO mice is 0.0215 (two-tailed
unpaired T-test), the p-value for IgD-IgM-CD80-PD-L2+ cell subset between immunized I-Ab+H2-O WT and I-Ab+H2-O KO mice is 0.0189. (D) 6-
8 week old I-Ab+H2-O WT and I-Ab+H2-O KO mice were intraperitoneally immunized with 200µg of OVA protein and 50µg of CpG and challenged
intraperitoneally with same dose of OVA protein in CpG 6 months post 1st immunization. The mice were then sacrificed on day 6 post 2nd

immunization for spleens. The spleen cells were stained with CD3, CD4, CD44, CD69 antibodies and I-Ab/OVA (323-339) Tetramer for flow
cytometry. Percentages of CD44+CD69+ CD4 T cells in CD44+ CD4 T cell population from in vivo challenged immunized I-Ab+H2-O WT mice
(Blue) and I-Ab+H2-O KO mice (Red), P-value=0.0055 (two-tailed unpaired T-test). (E) Percentages of CD44+CD69+ CD4 T cells in I-Ab/OVA(327-
339) Tetramer positive CD4 T cell population from in vivo challenged immunized I-Ab+H2-O WT mice (Blue) and I-Ab+H2-O KO mice (Red) in (D),
P-value=0.0045 (two-tailed unpaired T-test). (F) Sera from I-Ab+H2-O WT mice (Blue) and I-Ab+H2-O KO mice (Red) 10 days post in vivo challenge
in (D) was collected and 1:200 diluted for indirect ELISA against OVA protein. 1:2000 diluted HRP conjugated Goat anti-mouse IgG1, IgG2b, IgG2c,
IgG3 and IgM was used to detect the antibody in the serum. The statistics were performed with two-tailed unpaired T-test. Data is shown as mean ±
SEM. *p<0.05, **p<0.01, ***p<0.001, ns, not significant.
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challenge of H5N1 vaccine immunized mice led to lower titers of

HA-specific IgG antibodies in DR1+H2-O KO mice in comparison

to titers from DR1+H2-O WT mice. This reduction in the number

of both memory B cells and antibody levels after H5N1-Flu vaccine

immunization suggests that the absence of DO could have impaired
Frontiers in Immunology 09
the GC reaction. It is well established that expression of DM leads to

the selection of immunodominant epitopes at higher densities (38,

57, 58), a lower expression of DM and DO in GC as reported (11,

59, 60) would allow for the presentation of a wider variety of

peptides by B cells in GC. Based on our model, DO optimizes DM
A

B C

FIGURE 5

CD4 memory T cells from flu immunized DR1+H2-O KO mice were not quiescent. Flu vaccine immunized DR1+H2-O WT and DR1+H2-O KO mice
(top panel) or OVA protein immunized I-Ab+H2-O WT and I-Ab+H2-O KO mice (bottom panel) were sacrificed 4-6 months post immunization for
spleen cells. The splenocytes from each immunized mouse were labeled with either CFSE or Cell Trace Violet (CTV) proliferation dye and cultured in
vitro with complete RPMI medium supplemented with 10% FBS for 6 days with the presence or absence of 1µM of H5N1-HA(259-274) peptide or
OVA (326-339) peptide and 33cu of recombinant human IL-2. The cells were harvested on day 6 and stained with CD3, CD4, CD44 antibodies for
flow cytometry. Each experiment including 4 mice per group was independently repeated 4 times. (A) Representative pseudocolor plots of CD44
+proliferating DR1+H2-O WT (left) or DR1+H2-O KO (right) CD4 T cells with H5N1-HA(259-274) peptide only condition (top panel) and I-Ab+H2-O
WT (left) or I-Ab+H2-O KO (right) CD4 T cells with OVA (326-339) peptide only condition (bottom panel). (B) Representative pseudocolor plots of
CD44+proliferating DR1+H2-O WT (left) or DR1+H2-O KO (right) CD4 T cells with H5N1-HA (259-274) peptide/IL-2 condition (top panel) and I-Ab

+H2-O WT (left) or I-Ab+H2-O KO (right) CD4 T cells with OVA (326-339) peptide/IL-2 condition (bottom panel). (C) (Top) Percentages of
CD44+proliferation dye negative DR1+H2-O WT or DR1+H2-O KO CD4 T cells with either H5N1-HA(259-274) peptide only (Blue and Red) or H5N1-
HA(259-274) peptide and recombinant human IL-2 together (Green and Purple). P-value=0.0418 for peptide and IL-2 condition, P-value=0.0185 for
peptide only condition (two-tailed unpaired T-test). (Bottom) Percentages of CD44+proliferation dye negative I-Ab+H2-O WT or I-Ab+H2-O KO
CD4 T cells with either OVA (326-339) peptide only (Blue and Red) or OVA (326-339) peptide and recombinant human IL-2 together (Green and
Purple). P-value=0.0185 for peptide and IL-2 condition (two-tailed unpaired T-test). Each dot represents cells from one individual mouse. Data is
shown as mean ± SEM. *p<0.05, ns, not significant.
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function, hence, downregulation of DO in B cells would lead to the

presentation of lower densities of antigenic peptides for optimized

selection of CD4 T cells with highest TCR affinity for

those complexes.

While DO expression is downregulated in GC, one would

wonder why we see a difference in memory CD4 development

and longevity associated with the immune responses in H2-O KO

versus H2-O WT mice. Naturally, despite a decreased expression of

DM and DO in GC in the H2-O WT mice, in comparison to H2-O

KO there is still some DO expressed. The faulty memory

development in H2-O KO mice can also be affected by a

reduction in trafficking of B cells to the GC. Higher levels of p/

MHCII presentation by B cells is known to be a critical factor for

entry to GC (61, 62), therefore, it is expected that in the presence of

DO, recruitment of B cells to GC is more effective as compared to

the H2-O KO. In one study, Draghi et al. have reported that H2-O

KO B cells migrated to GC more effectively than H2-O WT B cells
Frontiers in Immunology 10
(60). Their observations are well in accord to our findings, as there

are more self-reactive activated B cells are present in H2-O KO (12,

22), hence, they are more likely to traffic to GC to interact with self-

reactive T cells.

Lack of H2-O lead to lower titers of IgG1 and IgG2 after HA

immunization and recall signifying a role for DO in Ag-specific Ab

production. These findings go against Denzin et al, who have

suggested that lack of H2-O promotes production of broadly

neutralizing antibodies against MMTV infection (25). One

poss ib le reason for th i s d i screpancy could be that

immunodominant epitopes of MMTV are DM-sensitive, whereas

our H5N1-Flu immunodominant epitope is well characterized and

is highly DM-resistant (21, 35, 38, 63). Differences between

inactivated flu vaccine and a live virus could possibly be a reason

(64). These observations encourage future investigations on how

DO could impact antibody production against different

viral antigens.
FIGURE 6

Model: In DR1+H2-O KO mice altered antigen presentation in GC B cells leads to failure in memory CD4 T cell development to H5N1-Flu vaccine
immunization. Upon immunization with H5N1-Flu vaccine, B cells from H2-O WT mice present sufficient densities of DM-resistant
immunodominant epitope/DR1 to Ag-experienced CD4 T cells in GC. On the contrary, B cells from H2-O KO are expected to present too low of
antigen densities of DM-resistant/DR1 epitopes, insufficient for the induction of long-lived memory T cells.
TABLE 1 Summary of memory cell development between flu vaccine and OVA immunized H2-O WT and H2-O KO mice.

H2-O WT with
Flu

H2-O KO with
Flu

H2-O WT with
OVA

H2-O KO with
OVA

Proliferation of CD4 Tmem with in vitro stimulation of
antigen + IL-2

++ + + ++

Number of CD4 Tmem cells in vivo ++ + + ++

Upregulation of CD69 expression in 2’ response ++ + + ++

Number of Bmem cells in vivo ++ + + ++

Antigen-specific IgG1 and IgG2 production in 2’response ++ + + +

Proliferation of CD4 Tmem with only peptide stimulation in
vitro

NO YES NO NO
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1277609
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Song et al. 10.3389/fimmu.2023.1277609
Overall speaking, our findings suggest that H2-O contributes to

the GC reaction by modulating the levels of antigen presentation by

B cells, which is important to ensure a proper immunological

memory development after viral infections. The observation of a

faulty memory response from CD4 T cells and B cells in the absence

of H2-O further indicates that the role of H2-O in immune response

against viral antigens has been underestimated. Critically, we

emphasized that DM-sensitivity of antigenic epitopes are vital to

effective vaccines.
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SUPPLEMENTARY FIGURE 1

Gating strategy for tetramer staining and CD69 staining in primary response.
6-8 weeks old DR1+H2-O WT mice and DR1+H2-O KO mice were

intraperitoneally immunized with 9µg of HA protein and 50µg of CpG and
sacrificed for spleen cells 7-10 days post immunization. The splenocytes were

then stained with CD3, CD4, CD44, CD69 antibodies and/or H5N1 HA(259-

274) tetramer for flow cytometry. (Top) Representative pseudocolor plots of
CD44+ H5N1 Tetramer+ CD4 T cells in immunized DR1+H2-OWTmice with

or without tetramer staining. (Bottom) Representative pseudocolor plots of
CD69+ CD4 T cells in immunized DR1+H2-OWTmice with or without CD69

antibody staining.

SUPPLEMENTARY FIGURE 2

No differences were observed in primary response between DR1+H2-O WT

and DR1+H2-O KO after flu immunization. 6-8 weeks old DR1+H2-O WT
mice and DR1+H2-O KOmice were intraperitoneally immunized with 9µg of

HA protein and 50µg of CpG and sacrificed for spleen cells 7-10 days post
immunization. The splenocytes were then stained with H5N1 HA(259-274)

tetramer and CD3, CD4, CD44, CD69 antibodies for flow cytometry. The

experiment has been repeated 3 times. (A) Representative pseudocolor plots
of CD44+ CD69+ CD4 T cells in immunized DR1+H2-O WT mice (Left) and

DR1+H2-O KO mice (Right). (B) Representative pseudocolor plots of CD44
+H5N1 Tetramer+ CD4 T cells in immunized DR1+H2-O WT mice (Left) and

DR1+H2-O KO mice (Right). (C) Percentages of CD69+ CD4 T cells in total
CD44+CD4 T cells in immunized DR1+H2-O WT mice and DR1+H2-O KO

mice (Left) and percentages of CD69+ cells in CD44+H5N1 Tetramer+ CD4 T

cells in immunized DR1+H2-O WT mice and DR1+H2-O KO mice (Right). An
unpaired t test has been performed for p values, p=0.5271(Left) and p=0.6942

(Right). Data is shown as mean ± SEM. ns, not significant.
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SUPPLEMENTARY FIGURE 3

Gating strategy for memory CD44+CD99+ CD4 T cell staining and CD80
+PD-L2+ memory B cell staining. 6-8 weeks old DR1+H2-O WT mice and

DR1+H2-O KO mice were intraperitoneally immunized with 9µg of

inactivated H5N1 Influenza Vaccine and 50µg of CpG and sacrificed for
spleen cells 4-6 months post immunization. The splenocytes were then

divided for staining with either CD3, CD4, CD44 and CD99 antibodies (T
cell panel) or B220, CD19, IgD, IgM, CD80 and PD-L2 antibodies (B cell panel)

for flow cytometry. The experiment has been repeated 4 times. (Top)
Representative pseudocolor plots of CD44+ CD99+ CD4 T cells in

immunized DR1+H2-O WT mice with or without CD99 staining. (Bottom)

Representative pseudocolor plots of CD80+PD-L2+ memory B cells in
immunized DR1+H2-O WT mice with or without CD80 and PD-L2

antibody staining. CD4 memory T cells and memory B cells from OVA
immunized H2-O WT and H2-O KO mice were gated using the same

gating strategy.

SUPPLEMENTARY FIGURE 4

Gating strategy for CXCR5+PD-1+ CD4 Tfh cell staining and CD95+GL7hi GC
B cell staining. 6-8 weeks old DR1+H2-O WT mice and DR1+H2-O KO mice

were intraperitoneally immunized with 9µg of inactivated H5N1 Influenza

vaccine mixed with 50µg of CpG and challenged intraperitoneally with same
dose of H5N1 Influenza vaccine in CpG 4-6 months post 1st immunization.

The mice were then sacrificed on day 6 post 2nd immunization for spleens.
The spleen cells were divided and stained either with CD3, CD4, CD44, CD69,

CXCR5, PD-1 antibodies and/or DR1/H5N1-HA(259-274) Tetramer (T cell
panel) or B220, CD19, GL7, CD95 antibodies (B cell panel) for flow cytometry.

(Top) Representative pseudocolor plots of CXCR5+PD-1+ CD4 Tfh cells or

CD44+ H5N1 tetramer positive CXCR5+PD-1+ CD4 Tfh cells in immunized
DR1+H2-O WT mice after in vivo challenge. No CXCR5 staining cells and no

PD-1 staining cells are used as controls. (Bottom) Representative pseudocolor
plots of CD95+GL7hi GC B cells in immunized DR1+H2-O WT mice after in

vivo challenge. No CD95 staining cells and no GL7 staining cells are used
as controls.

SUPPLEMENTARY FIGURE 5

No differences observed in surface costimulatory markers on CD4 T cells or

B cells between H2-O WT and H2-O KO. (A) 6-8 week old DR1+H2-O WT

mice and DR1+H2-O KO mice were intraperitoneally immunized with 9µg
of inactivated H5N1 Influenza vaccine mixed with 50µg of CpG and
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challenged intraperitoneally with same dose of H5N1 Influenza vaccine in
CpG 6 months post 1st immunization. The mice were then sacrificed on day

10 post 2nd immunization for spleens. The spleen cells were either stained

with CD3, CD4, CD44, CD69, CD25, CD28, CD40L antibodies and DR1/
H5N1-HA(259-274) Tetramer (T cell panel) or stained with B220, CD19,

CD3, CD80, CD86 and CD40 antibodies (B cell panel) for flow cytometry.
Normalized MFI levels of various cell surface costimulatory markers on CD4

T cells (CD28, CD40L) and B cells (CD80, CD86, CD40) in immunized DR1
+H2-O WT mice (Blue) and DR1+H2-O KO mice (Red). To account for

experimental variation, the average MFI level in H2-O WT samples was

calculated. MFI levels in both H2-O WT and H2-O KO samples were then
divided by the calculated H2-O WT average. An increased ratio indicates

increased MFI levels. The statistics were performed with two-tailed
unpaired T-test. P-value for CD86 between activated WT and KO B cells

is 0.037 (B) Normalized MFI levels of CD86 on B cells of naive DR1+H2-O
KO mice (Blue) and DR1+H2-O KO mice (Red). P-value for CD86 between

naïve WT and KO B cells is 0.0119. Data is shown as mean ± SEM. *p<0.05,

ns, not significant.

SUPPLEMENTARY FIGURE 6

Gating strategy for flu and OVA CD4 T cell proliferation after in vitro

stimulation. Flu vaccine immunized DR1+H2-O WT and DR1+H2-O KO

mice or OVA protein immunized I-Ab+H2-O WT and I-Ab+H2-O KO mice
were sacrificed 4-6 months post immunization for spleen cells. The

splenocytes from each immunized mouse were labeled with either CFSE or
Cell Trace Violet (CTV) proliferation dye and cultured in vitro with complete

RPMI medium supplemented with 10% FBS for 6 days with the presence or
absence of 1µM of H5N1-HA(259-274) peptide or OVA (326-339) peptide and

33cu of recombinant human IL-2. The cells were harvested on day 6 and
stained with CD3, CD4, CD44 antibodies for flow cytometry. (Top)

Representative pseudocolor plots of CD44+proliferating DR1+H2-O WT

CD4 T cells with H5N1-HA (259-274) peptide/IL-2 condition (upper panel)
or media only condition as control (lower panel). CD44+ proliferating CD4 T

cells from OVA immunized mice were gated using the same gating strategy.
(Bottom)Representative histograms of CD44+proliferating DR1+H2-O WT or

DR1+H2-O KO CD4 T cells with H5N1-HA(259-274) peptide only condition
or H5N1-HA (259-274) peptide/IL-2 condition (upper panel). Modeling of

CD4 T cell proliferation using FlowJo version 10 proliferation platform based

on the histograms (lower panel). Division peaks of cells were color coded
based on FlowJo prediction.
References
1. De Riva A, Bourgeois C, Kassiotis G, Stockinger B. Noncognate interaction with
MHC class II molecules is essential for maintenance of T cell metabolism to establish
optimal memory CD4 T cell function. J Immunol (2007) 178(9):5488–95. doi: 10.4049/
jimmunol.178.9.5488

2. Kassiotis G, Zamoyska R, Stockinger B. Involvement of avidity for major
histocompatibility complex in homeostasis of naive and memory T cells. J Exp Med
(2003) 197(8):1007–16. doi: 10.1084/jem.20021812

3. Araki K, Turner AP, Shaffer VO, Gangappa S, Keller SA, Bachmann MF, et al.
mTOR regulates memory CD8 T-cell differentiation. Nature (2009) 460(7251):108–12.
doi: 10.1038/nature08155

4. Pearce EL, Walsh MC, Cejas PJ, Harms GM, Shen H, Wang LS, et al. Enhancing
CD8 T-cell memory by modulating fatty acid metabolism. Nature (2009) 460
(7251):103–7. doi: 10.1038/nature08097

5. Verbist KC, Wang R, Green DR. T cell metabolism and the immune response.
Semin Immunol (2012) 24(6):399–404. doi: 10.1016/j.smim.2012.12.006

6. Karlsson L, Surh CD, Sprent J, Peterson PA. A novel class II MHC molecule with
unusual tissue distribution. Nature (1991) 351(6326):485–8. doi: 10.1038/351485a0

7. Douek DC, Altmann DM. HLA-DO is an intracellular class II molecule with
distinctive thymic expression. Int Immunol (1997) 9(3):355–64. doi: 10.1093/intimm/
9.3.355

8. Jiang W, Adler LN, Macmillan H, Mellins ED. Synergy between B cell receptor/
antigen uptake and MHCII peptide editing relies on HLA-DO tuning. Sci Rep (2019) 9
(1):13877. doi: 10.1038/s41598-019-50455-y

9. Hornell TM, Burster T, Jahnsen FL, Pashine A, Ochoa MT, Harding JJ, et al.
Human dendritic cell expression of HLA-DO is subset specific and regulated by
maturation. J Immunol (2006) 176(6):3536–47. doi: 10.4049/jimmunol.176.6.3536
10. Chen X, Reed-Loisel LM, Karlsson L, Jensen PE. H2-O expression in primary
dendritic cells. J Immunol (2006) 176(6):3548–56. doi: 10.4049/jimmunol.176.6.3548

11. Fallas JL, Yi W, Draghi NA, O'Rourke HM, Denzin LK. Expression patterns of
H2-O in mouse B cells and dendritic cells correlate with cell function. J Immunol (2007)
178(3):1488–97. doi: 10.4049/jimmunol.178.3.1488

12. Gu Y, Jensen PE, Chen X. Immunodeficiency and autoimmunity in H2-O-
deficient mice. J Immunol (2013) 190(1):126–37. doi: 10.4049/jimmunol.1200993

13. Liljedahl M, Kuwana T, Fung-Leung WP, Jackson MR, Peterson PA, Karlsson L.
HLA-DO is a lysosomal resident which requires association with HLA-DM for efficient
intracellular transport. EMBO J (1996) 15(18):4817–24. doi: 10.1002/j.1460-
2075.1996.tb00862.x

14. Sadegh-Nasseri S. A step-by-step overview of the dynamic process of epitope
selection by major histocompatibility complex class II for presentation to helper T cells.
F1000Res (2016) 5. doi: 10.12688/f1000research.7664.1

15. Fallas JL, Tobin HM, Lou O, Guo D, Sant'Angelo DB, Denzin LK. Ectopic
expression of HLA-DO in mouse dendritic cells diminishes MHC class II antigen
presentation. J Immunol (2004) 173(3):1549–60. doi: 10.4049/jimmunol.173.3.1549

16. van Ham SM, Tjin EP, Lillemeier BF, Gruneberg U, van Meijgaarden KE,
Pastoors L, et al. HLA-DO is a negative modulator of HLA-DM-mediated MHC class II
peptide loading. Curr Biol (1997) 7(12):950–7. doi: 10.1016/s0960-9822(06)00414-3

17. Mellins ED, Stern LJ. HLA-DM andHLA-DO, key regulators of MHC-II processing
and presentation. Curr Opin Immunol (2014) 26:115–22. doi: 10.1016/j.coi.2013.11.005

18. Guce AI, Mortimer SE, Yoon T, Painter CA, JiangW, Mellins ED, et al. HLA-DO
acts as a substrate mimic to inhibit HLA-DM by a competitive mechanism. Nat Struct
Mol Biol (2013) 20(1):90–8. doi: 10.1038/nsmb.2460
frontiersin.org

https://doi.org/10.4049/jimmunol.178.9.5488
https://doi.org/10.4049/jimmunol.178.9.5488
https://doi.org/10.1084/jem.20021812
https://doi.org/10.1038/nature08155
https://doi.org/10.1038/nature08097
https://doi.org/10.1016/j.smim.2012.12.006
https://doi.org/10.1038/351485a0
https://doi.org/10.1093/intimm/9.3.355
https://doi.org/10.1093/intimm/9.3.355
https://doi.org/10.1038/s41598-019-50455-y
https://doi.org/10.4049/jimmunol.176.6.3536
https://doi.org/10.4049/jimmunol.176.6.3548
https://doi.org/10.4049/jimmunol.178.3.1488
https://doi.org/10.4049/jimmunol.1200993
https://doi.org/10.1002/j.1460-2075.1996.tb00862.x
https://doi.org/10.1002/j.1460-2075.1996.tb00862.x
https://doi.org/10.12688/f1000research.7664.1
https://doi.org/10.4049/jimmunol.173.3.1549
https://doi.org/10.1016/s0960-9822(06)00414-3
https://doi.org/10.1016/j.coi.2013.11.005
https://doi.org/10.1038/nsmb.2460
https://doi.org/10.3389/fimmu.2023.1277609
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Song et al. 10.3389/fimmu.2023.1277609
19. Pos W, Sethi DK, Call MJ, Schulze MS, Anders AK, Pyrdol J, et al. Crystal
structure of the HLA-DM-HLA-DR1 complex defines mechanisms for rapid peptide
selection. Cell (2012) 151(7):1557–68. doi: 10.1016/j.cell.2012.11.025

20. Welsh R, Song N, Sadegh-Nasseri S. What to do with HLA-DO/H-2O two
decades later? Immunogenetics (2019) 71(3):189–96. doi: 10.1007/s00251-018-01097-3

21. Poluektov YO, Kim A, Hartman IZ, Sadegh-Nasseri S. HLA-DO as the optimizer
of epitope selection for MHC class II antigen presentation. PloS One (2013) 8(8):
e71228. doi: 10.1371/journal.pone.0071228

22. Welsh RA, Song N, Foss CA, Boronina T, Cole RN, Sadegh-Nasseri S. Lack of the
MHC class II chaperone H2-O causes susceptibility to autoimmune diseases. PloS Biol
(2020) 18(2):e3000590. doi: 10.1371/journal.pbio.3000590

23. Reynolds RJ, Kelley JM, Hughes LB, Yi N, Bridges SL Jr. Genetic association of
htSNPs across the major histocompatibility complex with rheumatoid arthritis in an
African-American population. Genes Immun (2010) 11(1):94–7. doi: 10.1038/
gene.2009.69

24. Okada Y, Suzuki A, Ikari K, Terao C, Kochi Y, Ohmura K, et al. Contribution of
a non-classical HLA gene, HLA-DOA, to the risk of rheumatoid arthritis. Am J Hum
Genet (2016) 99(2):366–74. doi: 10.1016/j.ajhg.2016.06.019

25. Denzin LK, Khan AA, Virdis F, Wilks J, Kane M, Beilinson HA, et al.
Neutralizing antibody responses to viral infections are linked to the non-classical
MHC class II gene H2-ob. Immunity (2017) 47(2):310–22 e7. doi: 10.1016/
j.immuni.2017.07.013

26. Yao Y, Liu M, Zang F, Yue M, Xia X, Feng Y, et al. Association between human
leucocyte antigen-DO polymorphisms and interferon/ribavirin treatment response in
hepatitis C virus type 1 infection in Chinese population: a prospective study. BMJ Open
(2018) 8(4):e019406. doi: 10.1136/bmjopen-2017-019406

27. Huang P, Zhang Y, Lu X, Xu Y, Wang J, Zhang Y, et al. Association of
polymorphisms in HLA antigen presentation-related genes with the outcomes of
HCV infection. PloS One (2015) 10(4):e0123513. doi: 10.1371/journal.pone.0123513

28. Kremer AN, van der Meijden ED, Honders MW, Pont MJ, Goeman JJ,
Falkenburg JH, et al. Human leukocyte antigen-DO regulates surface presentation of
human leukocyte antigen class II-restricted antigens on B cell Malignancies. Biol Blood
Marrow Transplant (2014) 20(5):742–7. doi: 10.1016/j.bbmt.2014.02.005

29. Mirshahidi S, Ferris LC, Sadegh-Nasseri S. The magnitude of TCR engagement is
a critical predictor of T cell anergy or activation. J Immunol (2004) 172(9):5346–55.
doi: 10.4049/jimmunol.172.9.5346

30. Mirshahidi S, Huang CT, Sadegh-Nasseri S. Anergy in peripheral memory CD4
(+) T cells induced by low avidity engagement of T cell receptor. J Exp Med (2001) 194
(6):719–31. doi: 10.1084/jem.194.6.719

31. Dalai SK, Mirshahidi S, Morrot A, Zavala F, Sadegh-Nasseri S. Anergy in
memory CD4+ T cells is induced by B cells. J Immunol (2008) 181(5):3221–31.
doi: 10.4049/jimmunol.181.5.3221

32. Sadegh-Nasseri S, Dalai SK, Korb Ferris LC, Mirshahidi S. Suboptimal
engagement of the T-cell receptor by a variety of peptide-MHC ligands triggers T-
cell anergy. Immunology (2010) 129(1):1–7. doi: 10.1111/j.1365-2567.2009.03206.x

33. Dalai SK, Khoruzhenko S, Drake CG, Jie CC, Sadegh-Nasseri S. Resolution of
infection promotes a state of dormancy and long survival of CD4 memory T cells.
Immunol Cell Biol (2011) 89:870–81. doi: 10.1038/icb.2011.2

34. Sengupta S, Zhang J, Reed MC, Yu J, Kim A, Boronina TN, et al. A cell-free
antigen processing system informs HIV-1 epitope selection and vaccine design. J Exp
Med (2023) 220(7). doi: 10.1084/jem.20221654

35. Kim A, Boronina TN, Cole RN, Darrah E, Sadegh-Nasseri S. Distorted
immunodominance by linker sequences or other epitopes from a second protein
antigen during antigen-processing. Sci Rep (2017) 7:46418. doi: 10.1038/srep46418

36. Darrah E, Kim A, Zhang X, Boronina T, Cole RN, Fava A, et al. Proteolysis by
granzyme B enhances presentation of autoantigenic peptidylarginine deiminase 4
epitopes in rheumatoid arthritis. J Proteome Res (2017) 16(1):355–65. doi: 10.1021/
acs.jproteome.6b00617

37. Kim A, Hartman IZ, Poore B, Boronina T, Cole RN, Song N, et al. Divergent
paths for the selection of immunodominant epitopes from distinct antigenic sources.
Nat Commun (2014) 5:5369. doi: 10.1038/ncomms6369

38. Hartman IZ, Kim A, Cotter RJ, Walter K, Dalai SK, Boronina T, et al. A
reductionist cell-free major histocompatibility complex class II antigen processing
system identifies immunodominant epitopes. Nat Med (2010) 16:1333 – 40.
doi: 10.1038/nm.2248

39. Bernhardt AL, Zeun J, Marecek M, Reimann H, Kretschmann S, Bausenwein J,
et al. Influence of DM-sensitivity on immunogenicity of MHC class II restricted
antigens. J Immunother Cancer (2021) 9(7). doi: 10.1136/jitc-2021-002401

40. Rosloniec EF, Brand DD, Myers LK, Whittington KB, Gumanovskaya M,
Zaller DM, et al. An HLA-DR1 transgene confers susceptibility to collagen-induced
Frontiers in Immunology 13
arthritis elicited with human type II collagen. J Exp Med (1997) 185(6):1113–22. doi:
10.1084/jem.185.6.1113

41. Song N, Sengupta S, Khoruzhenko S, Welsh RA, Kim A, Kumar MR, et al.
Multiple genetic programs contribute to CD4 T cell memory differentiation and
longevity by maintaining T cell quiescence. Cell Immunol (2020) 357:104210.
doi: 10.1016/j.cellimm.2020.104210

42. Zuccarino-Catania GV, Sadanand S, Weisel FJ, Tomayko MM, Meng H,
Kleinstein SH, et al. CD80 and PD-L2 define functionally distinct memory B cell
subsets that are independent of antibody isotype.Nat Immunol (2014) 15(7):631–7. doi:
10.1038/ni.2914

43. Haynes NM, Allen CD, Lesley R, Ansel KM, Killeen N, Cyster JG. Role of
CXCR5 and CCR7 in follicular Th cell positioning and appearance of a programmed
cell death gene-1high germinal center-associated subpopulation. J Immunol (2007) 179
(8):5099–108. doi: 10.4049/jimmunol.179.8.5099

44. Han S, Zheng B, Takahashi Y, Kelsoe G. Distinctive characteristics of germinal
center B cells. Semin Immunol (1997) 9(4):255–60. doi: 10.1006/smim.1997.0081

45. Hao Z, Duncan GS, Seagal J, Su YW, Hong C, Haight J, et al. Fas receptor
expression in germinal-center B cells is essential for T and B lymphocyte homeostasis.
Immunity (2008) 29(4):615–27. doi: 10.1016/j.immuni.2008.07.016

46. Kunzli M, Masopust D. CD4(+) T cell memory. Nat Immunol (2023) 24(6):903–
14. doi: 10.1038/s41590-023-01510-4

47. Raphael I, Joern RR, Forsthuber TG. Memory CD4(+) T cells in immunity and
autoimmune diseases. Cells (2020) 9(3). doi: 10.3390/cells9030531

48. Omilusik KD, Goldrath AW. Remembering to remember: T cell memory
maintenance and plasticity. Curr Opin Immunol (2019) 58:89–97. doi: 10.1016/
j.coi.2019.04.009

49. Nguyen QP, Deng TZ, Witherden DA, Goldrath AW. Origins of CD4(+)
circulating and tissue-resident memory T-cells. Immunology (2019) 157(1):3–12.
doi: 10.1111/imm.13059

50. O'Sullivan D, van der Windt GJ, Huang SC, Curtis JD, Chang CH, Buck MD,
et al. Memory CD8(+) T cells use cell-intrinsic lipolysis to support the metabolic
programming necessary for development. Immunity (2014) 41(1):75–88. doi: 10.1016/
j.immuni.2014.06.005

51. Patel CH, Powell JD. Targeting T cell metabolism to regulate T cell activation,
differentiation and function in disease. Curr Opin Immunol (2017) 46:82–8.
doi: 10.1016/j.coi.2017.04.006

52. Kurosaki T, Kometani K, Ise W. Memory B cells. Nat Rev Immunol (2015) 15
(3):149–59. doi: 10.1038/nri3802

53. 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

54. Inoue T. Memory B cell differentiation from germinal centers. Int Immunol
(2023) 26:dxad017. doi: 10.1093/intimm/dxad017

55. Victora GD, Nussenzweig MC. Germinal centers. Annu Rev Immunol (2022)
40:413–42. doi: 10.1146/annurev-immunol-120419-022408

56. Zhang Y, Garcia-Ibanez L, Toellner KM. Regulation of germinal center B-cell
differentiation. Immunol Rev (2016) 270(1):8–19. doi: 10.1111/imr.12396

57. Narayan K, Su KW, Chou CL, Khoruzhenko S, Sadegh-Nasseri S. HLA-DM
mediates peptide exchange by interacting transiently and repeatedly with HLA-DR1.
Mol Immunol (2009) 46(15):3157–62. doi: 10.1016/j.molimm.2009.07.001

58. Sadegh-Nasseri S, Chou CL, Hartman IZ, Kim A, Narayan K. How HLA-DM
works: recognition of MHC II conformational heterogeneity. Front bioscience (2012)
4:1325–32. doi: 10.2741/s334

59. Alfonso C, Williams GS, Han JO, Westberg JA, Winqvist O, Karlsson L. Analysis
of H2-O influence on antigen presentation by B cells. J Immunol (2003) 171(5):2331–7.
doi: 10.4049/jimmunol.171.5.2331

60. Draghi NA, Denzin LK. H2-O, a MHC class II-like protein, sets a threshold for
B-cell entry into germinal centers. Proc Natl Acad Sci U.S.A. (2010) 107(38):16607–12.
doi: 10.1073/pnas.1004664107

61. Yeh CH, Nojima T, Kuraoka M, Kelsoe G. Germinal center entry not selection of
B cells is controlled by peptide-MHCII complex density. Nat Commun (2018) 9(1):928.
doi: 10.1038/s41467-018-03382-x

62. IseW, Fujii K, Shiroguchi K, ItoA, Kometani K, Takeda K, et al. T follicular helper cell-
germinal center B cell interaction strength regulates entry into plasma cell or recycling
germinal center cell fate. Immunity (2018) 48(4):702–15.e4. doi: 10.1016/j.immuni.2018.03.027

63. Kim A, Sadegh-Nasseri S. Determinants of immunodominance for CD4 T cells.
Curr Opin Immunol (2015) 34(0):9–15. doi: 10.1016/j.coi.2014.12.005

64. Forsyth KS, DeHaven B, Mendonca M, Paul S, Sette A, Eisenlohr LC. Poor
antigen processing of poxvirus particles limits CD4(+) T cell recognition and impacts
immunogenicity of the inactivated vaccine. J Immunol (2019) 202(5):1340–9.
doi: 10.4049/jimmunol.1801099
frontiersin.org

https://doi.org/10.1016/j.cell.2012.11.025
https://doi.org/10.1007/s00251-018-01097-3
https://doi.org/10.1371/journal.pone.0071228
https://doi.org/10.1371/journal.pbio.3000590
https://doi.org/10.1038/gene.2009.69
https://doi.org/10.1038/gene.2009.69
https://doi.org/10.1016/j.ajhg.2016.06.019
https://doi.org/10.1016/j.immuni.2017.07.013
https://doi.org/10.1016/j.immuni.2017.07.013
https://doi.org/10.1136/bmjopen-2017-019406
https://doi.org/10.1371/journal.pone.0123513
https://doi.org/10.1016/j.bbmt.2014.02.005
https://doi.org/10.4049/jimmunol.172.9.5346
https://doi.org/10.1084/jem.194.6.719
https://doi.org/10.4049/jimmunol.181.5.3221
https://doi.org/10.1111/j.1365-2567.2009.03206.x
https://doi.org/10.1038/icb.2011.2
https://doi.org/10.1084/jem.20221654
https://doi.org/10.1038/srep46418
https://doi.org/10.1021/acs.jproteome.6b00617
https://doi.org/10.1021/acs.jproteome.6b00617
https://doi.org/10.1038/ncomms6369
https://doi.org/10.1038/nm.2248
https://doi.org/10.1136/jitc-2021-002401
https://doi.org/10.1084/jem.185.6.1113
https://doi.org/10.1016/j.cellimm.2020.104210
https://doi.org/10.1038/ni.2914
https://doi.org/10.4049/jimmunol.179.8.5099
https://doi.org/10.1006/smim.1997.0081
https://doi.org/10.1016/j.immuni.2008.07.016
https://doi.org/10.1038/s41590-023-01510-4
https://doi.org/10.3390/cells9030531
https://doi.org/10.1016/j.coi.2019.04.009
https://doi.org/10.1016/j.coi.2019.04.009
https://doi.org/10.1111/imm.13059
https://doi.org/10.1016/j.immuni.2014.06.005
https://doi.org/10.1016/j.immuni.2014.06.005
https://doi.org/10.1016/j.coi.2017.04.006
https://doi.org/10.1038/nri3802
https://doi.org/10.1146/annurev-immunol-041015-055531
https://doi.org/10.1093/intimm/dxad017
https://doi.org/10.1146/annurev-immunol-120419-022408
https://doi.org/10.1111/imr.12396
https://doi.org/10.1016/j.molimm.2009.07.001
https://doi.org/10.2741/s334
https://doi.org/10.4049/jimmunol.171.5.2331
https://doi.org/10.1073/pnas.1004664107
https://doi.org/10.1038/s41467-018-03382-x
https://doi.org/10.1016/j.immuni.2018.03.027
https://doi.org/10.1016/j.coi.2014.12.005
https://doi.org/10.4049/jimmunol.1801099
https://doi.org/10.3389/fimmu.2023.1277609
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Proper development of long-lived memory CD4 T cells requires HLA-DO function
	1 Introduction
	2 Materials and methods
	2.1 Mice
	2.2 Peptide, protein, H5N1 influenza vaccine and antibodies
	2.3 DR1/HA (259–274) tetramer and I-Ab/OVA (329–337) tetramer
	2.4 Staining for MHC II tetramers
	2.5 Immunization of mice with H5N1 flu vaccine/H5N1 HA protein and OVA protein
	2.6 In vitro re-stimulation of CD4 T cells from H5N1-Flu vaccine or OVA protein immunized mice
	2.7 In vivo challenge of H5N1 flu vaccine or OVA immunized mice
	2.8 Serum antibody ELISA
	2.9 Statistical analyses

	3 Results
	3.1 Absence of H-2O impairs memory development in H5N1-Flu vaccine immunized mice
	3.2 No differences were found in follicular helper CD4 T cells or GC B cells in immune response between immunized H2-O WT and KO mice
	3.3 OVA immunization led to normal memory development in H2-O KO mice
	3.4 Flu vaccine specific memory CD4 T cells do not become quiescent in H2-O KO mice, whereas the OVA memory CD4 T cells do

	4 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 /sRGB
  /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


