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Abstract

Background: Staphylococcus aureus can cause serious infections by secreting many su-
perantigen exotoxins in “carrier” or “pathogenic” states. HLA DQ and HLA DR human-
ized mice have been used as a small animal model to study the role of two molecules
during S. aureus infection. However, the contribution of HLA DP to S. aureus infection
is unknown yet.

Methods: In this study, we have produced HLA DP401 and HLA DRA0101 humanized
mice by microinjection of C57BL/6J zygotes. Neo-floxed IA/i*/’ mice were crossbred
with Ella-Cre and further crossbred with HLA DP401 or HLA-DRAO101 humanized
mice. After several rounds of traditional crossbreeding, we finally obtained HLA
DP401-IAf’~ and HLA DRA-IAF’~ humanized mice, in which human DP401 or DRA0101
molecule was introduced into IA/T/’ mice deficient in endogenous murine MHC class
Il molecules. A transnasal infection murine model of S. aureus pneumonia was induced
in the humanized mice by administering 2x 108 CFU of S. aureus Newman dropwise
into the nasal cavity. The immune responses and histopathology changes were further
assessed in lungs in these infected mice.

Results: We evaluated the local and systemic effects of S. aureus delivered intrana-
sally in HLA DP401-IAf’~ and HLA DRA-IAB”" transgenic mice. S. aureus Newman
infection significantly increased the mRNA level of IL 12p40 in lungs in humanized
mice. An increase in IFN-y and IL-6 protein was observed in HLA DRA—lAﬂ/’ mice. We
observed a declining trend in the percentage of F4/80" macrophages in lungs in HLA
DP401-IAf’~ mice and a decreasing ratio of CD4* to CD8" T cells in lungs in IAR™~
mice and HLA DP401-IAF”~ mice. A decreasing ratio of VB3* to VB8™ T cells was also
found in the lymph node of 1A~ mice and HLA DP401-IAf"~ mice. S. aureus Newman
infection resulted in a weaker pathological injury in lungs in IAB/' genetic background

mice.
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1 | INTRODUCTION

Staphylococcus aureus is animportant bacterial pathogenin hu mans'?
and can cause severe tissue infection, including endocarditis, osteo-
myelitis, pneumonia, and sepsis.1 Due to less protective immune re-
sponses, recurrent infections, and appearance of multidrug-resistant
strains, S aureus has become the main reason for both hospital- and
community-associated infections.®

As yet, one of the major challenges in studying the infectious
mechanism of S. aureus is the lack of suitable animal models. Mouse
is still the preferred animal model for the study of infectious dis-
eases.*”’ For the past 40years, humanized mice have been used as
a model to identify the function of SAgs during S. aureus infection.
Compared to murine MHC class Il molecules, human HLA mole-
cules generally have stronger affinity to SAgs.8 Intranasal exposure
to S. aureus SAgs, such as staphylococcal enterotoxin B (SEB) and
streptococcal pyrogenic exotoxin A (SPEA), can cause airway in-
flammation and systemic immune activation in HLA DR2 and DQ8
transgenic mice.’ In a bacteremia model of S. aureus Newman with
HLA DR4 transgenic mice, researchers found that S. aureus can im-
prove its survival in the liver by subverting the neutrophil response
and accelerating abscess formation in a staphylococcal enterotoxin
A (SEA)-dependent manner.’® With HLA DR4 transgenic mice, Szabo
et al. found that invariant natural killer T cells play a pathogenic role
in toxic shock syndrome and may be regarded as a potential thera-
peutic target in superantigen-mediated diseases.'* However, those
transgenic HLA DQ and HLA DR humanized mice were produced
from HLA genes alone without the human regulatory elements for
those genes. Therefore, they cannot mimic the transcriptional regu-
latory process in humans and might result in the artificial expression
level of transgenes in mice.

Unlike the situation with HLA DR and HLA DQ,*? knowledge
of HLA DP alleles' role in SAgs during S. aureus infection is rela-
tively limited. It is generally agreed that there is less importance
for HLA-DP molecules in the immune response than for HLA-DR
or HLA-DQ molecules, because previous studies have found that
HLA-DP expression is ~10-fold lower than HLA DQ or HLA DR
expression in the cell surface.r®**> However, a majority of stud-
ies show that HLA DP genes can play a certain immunological role
in cancer, allergy, and infectious disease, probably similar to DR
or DQ gene.**2% |n a previous study, we produced a HLA DP401
transgenic mice carrying the whole DP gene locus.?! Here, we also
produced a HLA DRAO0101 transgenic mice containing the whole
DRA genomic region. We further backcross those two mice in the

Conclusion: These humanized mice will be an invaluable mouse model to resolve the
pathological mechanism of S. aureus pneumonia and study what role DP molecule

plays in S. aureus infection.
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genetic background of IApT/’ mice, which lack the endogenous
murine MHC class Il genes. With those humanized mice in the
IAF’~ genetic background, that is, HLA DP401-IAg’~ and HLA DRA-
IAﬂ/' mice, we developed a pneumonia mouse model by intranasal
exposure to S. aureus Newman. The phenotypic characterization
of these humanized mice in IA/)"/_ genetic background was further

investigated.

2 | MATERIALS AND METHODS

2.1 | Production of HLA DRA transgenic mice

We obtained BAC CH501-213L12 with the HLA DRA*0101 gene
locus from the BACPAC resources. The preparation and purification
of BAC DNA were as previously reported.?! Pulsed field gel electro-
phoresis was used to check the integrity of BAC DNA after diges-
tion with restriction endonucleases Sacll or Xhol. Then, 1-3ng/pL of
circular BAC DNA diluted in microinjection buffer was microinjected
into the pronuclei of C57BL/6 mouse zygotes. Positive FO genera-
tions and hybridization progenies were genotyped in the following
specific primers.

HLA DRA ex3-5, 5-GGGGTATGGACCAACACTCA-3’ (forward)
and 5-AAGGCAATAGACAGGGAAGC-3’ (reverse) 1505 bp; 213L12-
up-1, 5-AACAACTACTGTGGGACTGC-3’ (forward) and 5-AAGCC
AAAGACAAGAAAGAT-3’ (reverse) 850bp; 213L12-up-2, 5-TACTG
GGTTGAAAGGGAGAC-3’ (forward) and 5-AGATAGAGGGAGGC
TGGTGT-3' (reverse) 962bp; 213L12-down-1, 5-AGGCAATGGGA
TAAGACAAA-3' (forward) and 5-GGAAACCTGATGGAGGAAGA-3’
(reverse) 930bp; 213L12-down-2, 5-GTTAGACTGAACATAGG
AGGAT-3" (forward) and 5-ACATAGCACTGTATTGGGAC-3' (re-
verse) 750bp.

2.2 | Mouse strains

HLA DP401 or HLA DRA humanized mice without MCH class Il mol-
ecules (IAB'/') were produced using backcross strategy, as previ-
ously reported.?! Ella-Cre mice,?? IAB?® neo floxed mutant mice,
and HLA DP401-IAF"~ and HLA DRA-IAS’™ mice were bred within the
animal facility of Shanghai Public Health Clinical Center (SHPHC).
C57BL/6J (wild-type [WT]) mice were purchased from Shanghai
SLAC Laboratory Animal Co., Ltd. All experiments were approved by
the Animal Ethics Committee of SHPHC (2020-A024-01).
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2.3 | RNA isolation, cDNA synthesis, and reverse
transcription-polymerase chain reaction (RT-PCR)

RNA was isolated from the peripheral blood mononuclear cell
(PBMC), spleen, kidney, gut, and lung using TRleasy Total RNA
Extraction Reagent (Yeasen, Shanghai). Reverse transcription RNA
and cDNA synthesis was performed using a Hifair Il First Strand
cDNA synthesis kit (gDNA digester plus) (Yeasen), RT-PCR was am-
plified with TransTag DNA Polymerase High Fidelity (Yeasen), and all
the steps were followed according to the manufacturer's protocol.
Primer sequences used and the predicted amplification sizes are as
follows: HLA-DRA, 5-TCCGCAAGTTCCACTATCTCC-3’ (forward)
and 5-CCATCACCTCCATGTGCCTTA-3' (reverse) 275bp.

2.4 | Bacterial strains, growth conditions, and S.
aureus pneumonia model

S. aureus stain Newman was obtained from Prof. Minggui Wang at
Huashan Hospital affiliated to Fudan University, Shanghai, China.
Bacteria were grown aerobically at 37°C in tryptic soy broth (Difco)
with shaking (250rpm). Bacterial growth curves were measured
using a microspectrophotometer system (K5600). Then the bacte-
ria at exponential growth phase were harvested by centrifugation,
washed and resuspended in phosphate-buffered saline (PBS), and
then adjusted to a final concentration.

The infection murine model of S. aureus was produced as pre-
viously described by Bubeck Wardenburg.?* Briefly, 8-week-old
C57BL/6, HLA DP401-IAf”~ mice, HLA DRA-IAZ’™ mice, and IAF"~
mice were intranasally infected with 2x 108 CFU of S. aureus (50 pl).
After 1, 3, and 7days postinfection, mice were killed, and PBMC,
lymph nodes, and lungs were aseptically harvested for further

analysis.

2.5 | Expression analysis of transgenic mice using
real-time PCR

Quantitative real-time PCR (QPCR) was performed to detect the
mRNA level of cytokines and SEA, as described previously.21 qPCR
SYBR Green Master Mix (Yeasen) was used in these experiments.
The primer sequences and product sizes are as follows: IFN-y,
5-AGCAACAGCAAGGCGAAAA-3’ (forward) and 5-CTGGACCT
GTGGGTTGTTGA-3' (reverse) 71bp; TNFa, 5-CTTCTCATTCC
TGCTTGTGG-3' (forward) and 5-ATCTGAGTGTGAGGGTCTGG-3’
(reverse) 140bp; IL-6, 5-CCGCTATGAAGTTCCTCTC-3' (forward)
and 5-GGTATCCTCTGTGAAGTCTC-3’ (reverse) 122bp; MCP-
1, 5-CTCTTCCTCCACCACCAT-3' (forward) and 5-CTCTCCAG
CCTACTCATTG-3’ (reverse) 165bp; IP-10, 5-TTGAGATCATTGCC
ACGAT-3’ (forward) and 5-CTCTGCTGTCCATCCATC-3’ (reverse)
171bp; IL-12p40, 5-CAGAAAGGTGCGTTCCTCGTA-3’ (forward)
and 5-AAGCCAACCAAGCAGAAGACAG-3’ (reverse) 245bp; MIP-
2, 5-GCAAGGCTAACTGACCTGGAA-3’ (forward) and 5-CAACA

TCTGGGCAATGGAAT-3’ (reverse) 184 bp; 16s, 5-GTAGGTGGCAA
GCGTTAT-3’ (forward) and 5-CATCAGCGTCAGTTACAGA-3' (re-
verse) 228bp; RANII, 5-TGATGGAAAATAGTTGATGAGTTGT-3’
(forward) and 5-GTAGGTGGCAAGCGTTAT-3' (reverse) 349 bp; sea,
5-TTGGAAACGGTTAAAACGAA-3' (forward) and 5-GAACCTTC
CCATCAAAAACA-3' (reverse) 101 bp. The mRNA fold change of the
purpose gene was computed using the conventional 2724t method
relative to the values in mock-treated samples after normalized to

the expression value of housekeeping gene GAPDH.»

2.6 | Western blotting

Western blotting was performed as described previously.? Briefly,
spleen homogenates were resuspended in cell lysis buffer (9803S,
Cell Signaling). Protein lysates were purified before gel electro-
phoresis and further analyzed by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. Proteins were electrotransferred
to polyvinylidene fluoride membranes, which were incubated with a
monoclonal anti-DRA Ab and anti-B-actin Ab. Antibody-incubated
membranes were further analyzed with a horseradish peroxidase-
conjugated anti-rabbit IgG secondary Ab (ZSGB-BIO, Beijing, China)
and ECL development (Pierce) according to the manufacturer's
instructions.

2.7 | Enzyme-linked immunosorbent assay
analysis of cytokine

Mice were killed at the indicated times, and pulmonary homogen-
ates were lysed in RIPA lysis buffer (Beyontime, China). Lysates
were stored at -80°C. Cytokine levels were detected using a mouse
enzyme-linked immunosorbent assay (ELISA) kit (Solarbio, Beijing)
and read on a Luminex 100 (Bio-Rad), as described in the manufac-
turer's instructions.

2.8 | Antibodies and flow cytometry analysis

The mice were euthanized by CO, 3days after infection. The lungs
and inguinal lymph gland were isolated and then washed in PBS
thrice. The lungs were cut into 1-mm? fragments, digested with col-
lagenase IV for 45min at 37°C, and terminated with an equal volume
of RPMI-1640 complete medium. The digested lung fragments were
filtered with a cell strainer and centrifuged at 500g; then the super-
natant was discarded, and the single cells were washed with PBS
twice and finally resuspended with RPMI-1640 complete medium
on ice. To acquire inguinal lymph node single cells, the nodes were
ground slightly using the tail of the syringe without digestion and
processed using the protocol as mentioned earlier; 1x 10° cells were
incubated with FcR-specific blocking mAb (eBioscience) for 15min
at 4°C and then stained with antibodies for 30min at 4°C. The fol-
lowing antibodies were used: APC/Cyanine7-anti-mouse-CD45,
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Alexa Fluor-anti-mouse CD3, Pacific Blue-anti-mouse CD4, Brilliant
Violet 605-anti-mouse CD8, PE-anti-mouse V3, FITC-anti-mouse
VB8, APC-anti-mouse F4/80, PE/Cyanine7-anti-mouse-CD11B,
FITC-LY6G, and Zombie Aqua fixable viability kit for distinguishing
live and dead cells; all the antibodies and kit were purchased from
Biolegend. The stained cells were washed with PBS twice and re-
suspended with 200 L of staining buffer; then they were examined
using flow cytometry (LSRFortessa, BD Bioscience) and analyzed

using FlowJo software.

2.9 | Histopathology and
immunostaining procedure

For histological analysis, lung tissues were fixed, dehydrated, and
finally embedded in paraffin and then cut into 5-pm-thick sections,
as previously described.? Hematoxylin and eosin (H&E) stain-
ing was used for subsequent histopathological examination. Entire
lung sections stained with H&E were automatically digitized and
analyzed using the TissueFAXS200 tissue slide analysis system
(TissueGnostics, Austria). These images were further evaluated
based on a histopathologic inflammatory scoring system as de-
scribed previously,?” which has been widely employed to analyze
many mouse models of respiratory infections.?%2?

Routine protocol for immunohistochemical analysis was used in
this study, as previously described.?* Frozen lung tissues were im-
mediately placed in 10% neutral formaldehyde fixative for 12h and
cryoprotected in 30% sucrose in PBS at 4°C overnight; 10- to 12-pm
frozen sections were prepared using a cryostat. The polyclonal pri-
mary antibody used was specific for CD68 (GB113109, Servicebio,
Wuhan, China) and Lyég (GB11229, Servicebio). Staining against
CD68 and Lyég was performed using the standard immunohisto-
chemical procedure with an avidin-biotin-peroxidase complex and
3,38-diaminobenzidine according to the manufacturer's instruc-
tions (Boster Biological Technology, Wuhan, China). After the pri-
mary antibody and the biotin-conjugated secondary antibody were
added and incubated 45 min with strepavidin-biotin-complex (SABC)
and then 5-10min with 0.5mg/mL super sensitive polymer-HRP
ISH detection system (DAB solution), browning reaction products
were derived in sections. Standard hematoxylin staining was further
performed, and bright field images of the sections were obtained
digitally.

2.10 | Statistical analysis

SPSS 21.0 software was used to analyze significant differences.
Homogeneity of variance test and normality test was performed for
the experimental data. If multiple sets of variables were consistent
with homogeneity of variance, analysis of variance was used to com-
pare multigroup variables, and least—significant difference (LSD)
test was used to compare intergroup variables. If homogeneity of
variance was not assumed, Dunnett's T3 test was used to compare

intergroup variables. Values were represented as the mean + stand-

ard deviation. Values of p <0.05 were considered significant.

3 | RESULTS

3.1 | Generation of HLA DP401-IAf”" and
HLA DRA-IAf”~ humanized mice

In a previous study, we have produced HLA DP401 humanized mice.?*
Here, HLA DRA0101 humanized mice were further produced by mi-
croinjection of C57BL/6J zygotes with BAC clone CH501-213L12,
which contained an entire DRA0101 gene locus (Figure 1A). We ob-
tained eight founder mice by thermal asymmetric interlaced-PCR
analysis with specific oligonucleotides, which carried the entire ex-
ogenous transgene (Figure 1B). After founder mice were crossbred
with WT mice (C57BL/6J), we finally obtained six F2 strains with the
entire DRA gene. Total RNA of kidney and spleen was prepared from
six F2 strains, and the DRA gene transcripts were found using RT-
PCRin these tissues (Figure 1C). Western blot was further employed
to investigate the expression of HLA DRA protein in the spleen. An
intensive band was observed in the spleen from 134-4#, and a weaker
band was also found in several other strains (Figure 1D). Then, total
RNA was prepared from the gut, lungs, kidneys, thymus, and spleen
of 134-4# offsprings, and DRA gene transcripts were verified using
RT-PCR with specific oligo in these tissues (Figure 1E). This line was
used in subsequent crossbreeding. In short, we produced the HLA
DRA transgenic mice, and the transcription of HLA DRA gene was
observed in the detected tissues from transgenic mice.

neo/neo mice?® were crossbred with Ella-

Then, homozygous IAp
Cre mice.?? Ella-Cre mice were used to induce Cre-recombinase-
mediated deletion. Murine MHC-II § chain (IAB) gene was inactivated
by traditional crossbreeding, and cell-surface expression of murine
MHC-II IAp was deleted. IAB*~ mice with Ella-Cre were further
crossbred with HLA DP401 or HLA DRA0101 humanized mice. After
several rounds of traditional crossbreeding, we finally obtained HLA
DP401-IAF"~ and HLA DRA-IAS’~ humanized mice, in which DP401 or

DRA0101 molecule was introduced into IAB™™ mice.

3.2 | Response of intranasal exposure to S. aureus
Newman in IA[}'/‘ genetic background mice

To study the functionality of the HLA DP401 and DRA molecules
in mediating immune responses to S. aureus Newman infection,
we established a transnasal infection murine model of S. aureus
pneumonia in these humanized mice. After appropriate anesthesia,
2x 108 CFU of S. aureus Newman was slowly administered dropwise
into the nasal cavity.?* All infected mice became sick, with symp-
toms of faster breathing, hunchbacked posture, drowsiness, and
decreased activity at 24h. S. aureus Newman infection resulted in
a different number of deaths in each experimental group, that is, 1
of 11 in WT (C57BL/6J) mice, no death in IAB*'~ mice, three of 11 in
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FIGURE 1 Production of HLA DRA transgenic mice. (A) BAC CH502-213L12 containing HLA DRA gene locus and location of
oligonucleotides used to genotype on BAC CH502-213L12. (B) Genotyping of several F2 transgenic mice with several pairs of primers
designed specifically across the whole DRA gene locus. (C) The expression of HLA DRA was observed in spleen and kidney from six F2
strains using RT-PCR analysis. (D) Western blot analysis of the expression of HLA DRA in spleen from six F2 strains. (E) The transcripts of
HLA DRA mRNA were observed in several tissues from one F2 strain using RT-PCR analysis.

HLA DP401-IA’~ mice, and one of 11 in HLA DRA-IAF’™ mice. The
body weight of WT mice was significantly lower than that of IAﬁ'/'
mice at 24 h postinfection. The body weight of humanized mice ap-
peared to be greater than that of WT mice (Figure S1A). The ratio of
lung to weight did not significantly change among the four groups
(Figure S1B). It is well known that S. aureus Newman can manufac-
ture SEA in the process of the exponential phase of growth in vitro.X°
QPCR analysis showed that SEA expression was significantly higher
in IA[}'/' genetic background groups than in WT mice at 72h postin-
fection (Figure S1C-E).

3.3 | S.aureus Newman infection induced
production of IFN-y and other cytokines in lungs

It is well known that SAgs are able to activate T cells by combining
the T-cell receptor with MHC class Il outside of the peptide binding
grove and induce cytokine production.30 Thus, we further detected
cytokine expression to assess both local and systemic inflammation
of infected mice 1 and 3days postinfection (dpi). Lung homogen-
ate and peripheral blood cells from Newman-infected mice were
analyzed for several cytokines (Figure 2A-H). IFN-y mRNA signifi-
cantly increased 1 dpi in infected WT mice as well as 3 dpi in HLA
DRA-IA[B’/’ mice (p <0.05) mice (Figure 2A), whereas in HLA DP401-
IAﬂ/' mice, IFN-y mRNA showed an increase at 3 dpi but without

a significant statistical difference (p=0.066) (Figure 2A). Those
observations confirmed previous reports that intranasal exposure
to bacterial superantigen SEB induced an elevated level of IFN-y
in the BAL fluid of HLA DR3 humanized mice.” TNFa mRNA signifi-
cantly increased in WT mice and IAﬁ’/’ mice at 1 dpi (Figure 2B).
We also observed the significant increase in IL-6 mRNA (Figure 2C),
MCP-1 mRNA (Figure 2D), and MIP-2 mRNA (Figure 2E) in WT mice,
whereas MCP-1 mRNA (Figure 2D) and MIP-2 mRNA (Figure 2E) in
DRA-IAR™~
statistic significances. Previous results have revealed the upregu-
lation of the chemokines MIP-2 and MCP-1 in Newman-infected

mice at 1 dpi showed an increasing trend but without

livers from a bacteremia model of HLA DR4 humanized transgenic
mice.® IL-4 expression significantly increased just in HLA-DP401-
IAﬁ'/' mice at 3 dpi, and the same as the expression of IL-10 at 1 dpi
(Figure 2G,H). IL-12p40 expression was significantly upregulated in
two humanized mice at the time point checked (Figure 2F). In addi-
tion, we checked the expression level of IFN-y (Figure 2l), IL-12p40
(Figure 2J), and chemokine interferon-induced protein 10 (IP-10)
(Figure 2K) in the sera of these infected mice and observed two- to
threefold increase in IL-12p40 (Figure 2J) in IAﬁ'/' mice.

To investigate whether |IAp knockout and introduction of
human MHCII molecule affect the expression level of cytokine
protein in lungs, we further detected the expression level of IFN-y,
IL-6, and TNFa proteins using ELISA in lungs at 3 dpi. Highest
expression of IFN-y protein was found in HLA DRA-IA/T/' mice
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(DRA-IAB™™ 296.41+30.03 vs. WT 172.56+9.55, p<0.0001;
DP401-IAB™~ 141.28+11.10, p<0.0001, IAB”~ 238.98+18.31,
p<0.05) (Figure 3A). Although the expression level of TNFa protein

was high in HLA DRA—IAB'/' mice, it was not statistically significant
(DRA-IAP™™ 190.17 +17.97 vs. DP401-IAp™™ 154.17 +26.83, IAp™~
153.50+28.01) (Figure 3B). The highest expression of IL-6 protein
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FIGURE 2 QPCR (quantitative PCR) checked the mRNA expression of cytokines induced by Staphylococcus aureus Newman infection.
Peripheral blood cells and lung homogenates were collected from mice 24 and 72 h postinfection from S. aureus Newman-infected mice.
Total RNA was extracted, and reverse transcription was performed using hot-resistance reverse transcriptase and random primers. Real-
time PCR was used to analyze the expression level of cytokine mRNA with specifically designed oligonucleotides. Cytokines are labeled
in the histogram. (A) INF-y in lung, (B) TNF« in lung, (C) IL-6 in lung, (D) MCP-1 in lung, (E) MIP-2 in lung, (F) IL-12p40 in lung, (G) IL-4 in
lung, (H) IL-10 in lung, (1) INF-y in peripheral blood mononuclear cell (PBMC), (J) IL-12p40 in PBMC, and (K) IP-10 in PBMC. Data are shown

as mean +SEM (standard error of the mean). Dunnett's t-test or LSD test was used to analyze significant differences (p <0.05), which are
denoted by asterisks.
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FIGURE 3 ELISA (enzyme-linked immunosorbent assay) analysis of the expression of cytokine protein induced by S. aureus Newman
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was still observed in HLA DRA-IAF” mice (DRA-IAB™~263.60+32.14
vs. WT 194.71+12.91, p<0.05; DP401-IAp™~ 158.04+15.20,
p<0.01; IAB™~ 194.27 + 18.36, p <0.05) (Figure 3C).

3.4 | Immune characterization of DP401-IA,B'/‘ and
HLA DRA-IAﬂ'/' humanized mice before and after
S. aureus Newman infection

In a previous study, we observed the lower ratio of CD4* to CD8*
T cells in thymus from HLA DP401-IAf”~ mice.?* We further exam-
ined the composition of immune cell in lungs and lymph nodes of
IAB™™ mice and HLA DRA-IAF’~ and HLA DP401-IAf’~ mice. The
ratio of CD4" to CD8" T cells in the lungs significantly decreased in

IA[}'/' genetic background mice than in WT mice (Figure 4A); as pre-
viously reported the ratio of CD4* to CD8" T cells in thymus from
HLA DR2-MHCII™~ mice was lower than that in WT mice.3! Moreover,
we observed the lower ratio of CD4" to CD8" T cells in the lungs
from HLA DP401-IAf’~ mice compared to that from HLA DRA-IA'
mice. In addition, the difference was not statistically significant for
the percentage of CD11b*Ly6G* neutrophils (Figure 4B) and F4/80*
macrophages (Figure 4C) among IA/T/’ genetic background mice and
WT mice.

To investigate the potential effect of DPa/DPB, DRa/EB, or
Ea/EB molecules on maintaining T-cell homeostasis in the peripheral
immune system, we continued to analyze the percentage of Vp3™*
and Vp8* T cells using flow cytometry in lymph nodes from IAﬁ'/' ge-
netic background mice and WT mice. The percentage of Vp3*CD3"*
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FIGURE 4 Flow cytometry of immune cells in naive humanized mice. (A) The ratio of CD4* to CD8* T cells in the lungs significantly
decreased in IAB’/’ genetic background mice than in WT mice: The lower ratio of CD4* to CD8™ T cells in the lungs from HLA DP401-IA[3’/’
mice compared to that from HLA DRA—IA[}’/_ mice. No statistically significant change in the percentage of (B) CD11B*Ly6G™" neutrophils
and (C) F4/80* macrophages among IAB™~ genetic background mice and WT mice. (D) The ratio of VB3* to Vp8* T cells in the lymph nodes
significantly decreased in IAB™~ mice and HLA DP401-I1AB™™ mice than in WT mice: a significant increase in the ratio of VB3* to Vp8* T cells
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test was used to analyze significant differences (p <0.05), which are denoted by asterisks.
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T cells significantly decreased in IAB™™ mice and HLA DP401-IAg""
mice compared to that in WT mice. We also observed the higher
percentage of VB3*CD3* T cells in HLA DRA-IA’™ mice compared
to that in IAB”~ mice and HLA DP401-IAf”~ mice. Meanwhile, the
higher percentage of VB8TCD3" T cells was also detected in HLA
DRA-IAB”™ mice compared that in HLA DP401-IAp™~ mice and WT
mice. Thus, the ratio of V3™ to Vp8™ T cells significantly decreased
in IAB™" mice and HLA DP401-IAg™~ mice than in WT mice and HLA
DRA-IAF"™ mice (Figure 4D).

Because S. aureus Newman infection can rapidly induce the pro-
duction of chemokines in the lungs of humanized mice, we specu-
lated that the number of immunocytes recruited to the lungs would
differ between humanized mice and WT mice. Macrophages and
neutrophils are the body's first line of systemic defense against in-

32,33

vasion by S. aureus, and these populations were checked to eval-

uate whether S. aureus infection can result in a defect in phagocyte

recruitment. In addition, it is well known that lungs contain large
numbers of resident macrophages,* so it was hypothesized that
S. aureus Newman infection would affect the macrophage popula-
tion. We isolated leukocytes from mouse lung at 3 dpi and employed
various surface markers to perform flow analysis. We observed the
lower ratio of CD4" to CD8" T cells in lungs from HLA DP401-IAf"~
mice compared to that from WT mice (Figure 5A). The percentage
of CD11b* Ly6G™ neutrophils was not significantly altered among
these mice infected with S. aureus Newman (Figure 5B). However,
analysis of F4/80" macrophages revealed a declining trend in HLA
DP401-IAﬁ’/' mice compared to IAﬁ'/' mice (8.13%+1.60% vs.
16.89% +4.51%, p=0.083) (Figure 5C).

In addition, the percentage of VB3* and VB8™ T cells was an-
alyzed using flow cytometry in lymph nodes at 3 dpi. Newman-
produced SEA is known to target VB3* T cells but not VB8™* T cells.>®
Here, VP8*CD3™ T cells were regarded as an internal control.
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FIGURE 5 Flow cytometry of immune cells in humanized mice at 72 h after Staphylococcus aureus Newman infection. (A) The lower
ratio of CD4* to CD8" T cells in the lungs from HLA DP401—IA[3'/’ mice compared to that from WT mice. (B) No significant changes in

the percentage of CD11b* Ly6G™ neutrophils. (C) A declining trend in the percentage of F4/80" macrophages in HLA DP401—IAﬁ’/’ mice
compared to that in IAB™~ mice. (D) The significant decrease in the ratio of V3™ to VB8™ T cells in the lymph nodes of IAB™" mice and HLA
DP401-IA[3'/' mice than in that of WT mice. Data are shown as mean+SEM (standard error of the mean). LSD test was used to analyze

significant differences (p <0.05), which are denoted by asterisks.
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The percentage of VB3TCD3* T cells significantly decreased in HLA increased in HLA DRA-IA/;’/' mice compared to that in HLA DP401-
DP401-IAF"~ mice compared to that in HLA DRA-IA’™ mice and WT IAF”~ mice, IAB”" mice, and WT mice (Figure 5D). Furthermore,
mice. Moreover, the percentage of VB8*CD3* T cells significantly we observed the significant decrease in the ratio of VB3* to Vp8*

(A) control ldpi 3dpi 7dpi

wT
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251 1 WT-PBS

BEa WT-in
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FIGURE 6 Histopathological changes in lungs after intranasal exposure to Staphylococcus aureus Newman. After intranasal exposure

to S. aureus Newman, lung tissues were harvested at the time points labeled in the figure. Then, they were prepared and stained using
hematoxylin and eosin solution. Representative histology for an uninfected control and an infected mice at the time point indicated is
shown. The whole lung section was scanned, and six regions from each sample were selected and scored based on the distribution and
character of pathologic alterations. Weak pathology was observed in IA[}‘/' mice compared to WT mice. (A) Representative histopathological
image; (B) histopathological score. Red arrow, blood vessel; black triangle, bronchioles. Scale bar: 100 pm. Data are shown as mean +SEM
(standard error of the mean). LSD test was used to analyze significant differences (p <0.05).



T cells in IAB™™ mice and HLA DP401-IAF’~ mice than in WT mice
(Figure 5D).

3.5 | Pathological changes in lungs after S. aureus
Newman infection

The lungs of infected humanized mice with IA/;’/' genetic background
were examined for gross pathology and histopathologic changes.
The infected lungs were red, and the texture was firm (Figure S2).
Histopathologic analysis was further employed to investigate the
consequences of pulmonary infection with S. aureus in these mice.
As previously reported,?*3¢ transnasal infection with S. aureus
Newman caused nonexpansive bronchopneumonia with multiple le-
sions and uneven lobular distribution. Severe damage was observed
in the bronchi, alveoli, and interstitium. We also observed the large
areas of necrosis and hemorrhage and the perivascular areas infil-
trated by lymphocytes and neutrophils (Figure 6A; Figure S3A-D).
Furthermore, H&E staining did not reveal the existence of staphylo-
cocci in the slide, which may be attributed to the low bacterial con-
centration in the lungs. The histology score is shown in Figure 6B
and Table 1, revealing significant difference between IAﬂ/’ genetic
background mice and WT mice at 3 and 7 dpi postinfection, indicat-
ing that S. aureus Newman infection resulted in a weaker pathologi-
cal injury in IA/T/' genetic background mice. Immunohistochemical
analysis confirmed that S. aureus Newman infection caused a sig-
nificant increase in Ly6G* neutrophils (Figure 7B,D) and CD68"
macrophages (Figure 7A,C) in the time point checked compared to
WT mice uninfected. In addition, immunohistochemical analysis
showed that there was no significant change in Ly6G™ neutrophils
(Figure S4A,B) and CD68% macrophages (Figure S4A,C) in naive
IA/f/' genetic background mice.

4 | DISCUSSION

It is well known that MHCII molecule plays pivotal roles in positive
and negative selection of CD4" T cells in thymus. As previously
reported, genetic deletion of murine MHCIlI A molecule caused a
significant decrease in the ratio of CD4* to CD8™" T cells in the thy-
mus from IAp”~ mice.?* HLA DRA introduction into IAp™~ genetic
background mice can partially increase the ratio of CD4" to CD8"
T cells in the thymus.31 However, we still observed that the ratio of
CD4* to CD8™ T cells in the lungs from DRA-IAB™~ mice could not be
achieved for WT mice. As for HLA DP401—IA/)’/_ mice, the introduc-
tion of the HLA DP molecule into IA[B’/’ genetic background mice did
not improve the ratio of CD4" to CD8™ T cells in the thymus?! or in
the lungs (Table 1). In addition, the ratio of VB3* to VB8™ T cells did
not improve in the lymph nodes from HLA DP401—IA,6’/' mice. But
the ratio of Vp3* to Vp8™ T cells recovered to normal level in the
lymph nodes from HLA DRA—IA/J’/_ mice. This indicates that only one
functional murine MHCII E molecule present in the thymus would
produce less-efficient CD4*-positive selection, and less-efficient
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FIGURE 7 Staphylococcus aureus Newman infection induced an increasing number of CD68%- and Ly6G*-positive cells in lungs. After
intranasal exposure to S. aureus Newman, lung tissues were harvested at 72 h postinfection, and then 10-um frozen sections were prepared.
Immunohistochemistry was performed with (A) anti-CD68* and (B) anti-Ly6G™*, and the number of (C) CD68"- and (D) Ly6G*-positive cells
in each slide was counted. Data are shown as mean+ SEM (standard error of the mean). Newman infection induced an increasing number of
CD68™- and Ly6G*-positive cells in lungs. Red arrow, positive cells. Scale bar: 100 pm. Significant differences (p <0.05) were determined by

unpaired Student's t-test.

interaction would occur between murine CD4* molecule and human
MHCII DP molecule. HLA DRA-IA[)’/' humanized mice may express
DRa/Ep or Ea/Ep, and HLA DP401-IA™~ humanized mice may ex-
press DPa/DPp and Ea/Ef. DRa/Ep molecule can be partially func-
tional of murine MHCII A molecule, but DPa/DP molecule cannot.
Humans have three classical class || molecules (HLA DP, HLA DQ,
and HLA DR), and only two orthologous proteins (A and E molecules)
are found in mice.?” Given that there are different evolutionary pat-
terns for three classical class Il molecules,®® the current results col-
lectively indicate that HLA-DP molecule should have a different
function from HLA DQ and HLA DR molecules.

Staphylococcal SAgs have been shown to be strongly related
with pneumonia. In S. aureus-infected pneumonia, SAgs can par-
ticipate in the formation of an unconventional T-cell activation
complex by tightly coupling MHC class Il to the TCR p-chain and
stimulate a massive T-cell response independent of conventional
antigen processing and presentation. In general, SAgs have a weak
affinity for murine MHC Il molecules compared to human HLA 1l
molecules.3® A previous study has shown that intranasal exposure
to SEB can induce severe airway inflammation in HLA-DR3 trans-
genic mice than in BALB/c mice,” and airway inflammation and
systemic immune activation are also observed in HLA-DQ8 trans-
genic mice after intranasal administration of SPEA.” An inverse
SEB concentration effect was also observed for lymphocyte and
macrophage recruitment in a HLA DR3-SEB inoculated model.%!
S. aureus Newman can enhance bacterial concentration in the liver

of HLA DR4 transgenic mice by SEA-dependent V@ skewing of
T cells, and SEA can increase the infiltration of CD11b*Ly6G™ into
the liver by elevating IFN-y and IL-12 expression.!® On the con-
trary, a previous study has also found that SAgs have a binding
preference for different MHC I molecules®’; for instance, DQ
molecules are less efficient in presenting SEB compared to DR
molecules,®* and human DRA molecules have a strong affinity for
SEA from Newman.’ S. aureus CP8 activates CD4* T cells to pro-
duce IFN-y in an MHClI-dependent mechanism.*° In this study, a
decreasing trend was observed for the ratio of CD4" to CD8% in
the lungs of HLA DRA mice before and after intranasal exposure
to S. aureus Newman. No significant change was observed for the
ratio of CD4* to CD8" in the lungs of HLA DP401 mice. For some
unknown reason, we also observed a decreasing trend in the per-
centage of F4/80* macrophage. In addition, a significant increase
in 1L-12p40 expression was observed in two humanized mice
(Table 1). The current results may indicate that there are different
roles for human DP and DRA molecules during S. aureus Newman
infection. The whole DP gene locus, including the human DOA-
DPA1-DPB1-DPB2 genomic region, was integrated into the mouse
genome in HLA DP-IAﬂ/' mice. There is no homologous region in
mouse genome for human DP gene locus.®” A previous study has
revealed that two of five recombination hot spots in the human
MHC Il region are located at DP gene locus, namely DOA-DPA1
region and DPB1-DPB2 region.*! We presumed that DP gene locus
may also have unknown regulatory sequences, giving mice some
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new human immunological characteristics. Of course, one murine
E molecule was still expressed on the cell surface, and this may af-
fect the experimental results in these humanized transgenic mice.

Here, the ratio of VP3* to V8™ T cells in HLA DRA-IAF”~ mice was
higher than thatin HLA DP40l-IA/7/' and IAﬂ/' mice before infection.
But the ratio of VB3* to VB8* T cells became similar among the IAB™”
genetic background mice after infection. Newman infection induced
weak expansion of VB8* T cells, which caused a slight decrease in the
ratio of VB3* to VB8* T cells in HLA DRA-IAB™™ mice. We compared
the ratio of VB3™ to Vp8™ T cells before and after infection in these
mice and did not find that SEA was specifically targeting the Vp3™*
T-cell population in this study, distinguishing from a previous study©
that SEA interacted specifically with the VB3TCD3* T cells in the
S. aureus bacteremia of HLA DR4-IE humanized mice. We speculate
that differences in those factors, including mouse strain/substrain,
animal model, bacterial strain, and doses and routes of inoculation,
could affect the outcome of experimental results.

5 | CONCULSION

S. aureus is the main pathogen of human suppurative infection.
Humanized mice have been used to establish the model of SAgs-
induced airway inflammation,” which can efficiently investigate viru-
lence contributions and vaccine efficacy of a specific antigen(s).42
Both the size of the inoculum and the mouse strain used can con-
tribute to the differences in pathological changes in pneumonia in
the animal model.#?**3 Both a-toxin and protein A have also been
described to have the ability to induce pulmonary inflammation,
contributing to disease development.?4*44% Undoubtedly, many
factors contribute to complicated pathological changes in this study.
Previous studies have shown that the pathogenesis of S. aureus
pneumonia is enhanced by CD4" T cells, which affect the outcome
of S. aureus infection by participating in IFN-y-controlled chemokine
production.***” A defect in T-cell signaling in IAB™" genetic back-
ground mice may attribute to a weaker pathological change. In sum-
mary, the humanized mouse model described here should provide a
valuable tool to assess the role of staphylococcal virulence factors
in the pathogenesis of pulmonary infection and study the role of DP

molecules in S. aureus infection.
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