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Abstract
Background: There are remarkable genetic differences between animal major histo-
compatibility complex (MHC) systems and the human leukocyte antigen (HLA) sys-
tem. HLA transgenic humanized mouse model systems offer a much better method to 
study the HLA- A- related principal mechanisms for vaccine development and HLA- A- 
restricted responses against infection in human.
Methods: A recombinant gene encoding the chimeric HLA- A30 monochain was con-
structed. This HHD molecule contains the following: α1- α2 domains of HLA- A30, 
α3 and cytoplasmic domains of H- 2Db, linked at its N- terminus to the C- terminus of 
human β2m by a 15- amino- acid peptide linker. The recombinant gene encoding the 
chimeric HLA- A30 monochain cassette was introduced into bacterial artificial chro-
mosome (BAC) CH502- 67J3 containing the HLA- A01 gene locus by Red- mediated 
homologous recombination. Modified BAC CH502- 67J3 was microinjected into the 
pronuclei of wild- type mouse oocytes. This humanized mouse model was further used 
to assess the immune responses against influenza A virus (H1N1) pdm09 clinically 
isolated from human patients. Immune cell population, cytokine production, and his-
topathology in the lung were analyzed.
Results: We describe a novel human β2m- HLA- A30 (α1α2)- H- 2Db (α3 transmembrane 
cytoplasmic) (HHD) monochain transgenic mouse strain, which contains the intact 
HLA- A01 gene locus including 49 kb 5′- UTR and 74 kb 3′- UTR of HLA- A01*01. Five 
transgenic lines integrated into the large genomic region of HLA- A gene locus were 
obtained, and the robust expression of exogenous transgene was detected in various 
tissues from A30- 18# and A30- 19# lines encompassing the intact flanking sequences. 
Flow cytometry revealed that the introduction of a large genomic region in HLA- A 
gene locus can influence the immune cell constitution in humanized mice. Pdm09 in-
fection caused a similar immune response among HLA- A30 Tg humanized mice and 
wild- type mice, and induced the rapid increase of cytokines, including IFN- γ, TNF- α, 
and IL- 6, in both HLA- A30 humanized Tg mice and wild- type mice. The expression of 
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1  |  INTRODUCTION

Major histocompatibility complex (MHC) has a major role in ac-
tivating the adaptive immune system. MHC presents antigens to 
immune cells in a specific context and is involved in the develop-
ment of T lymphocytes in the thymus. An effective host immune 
response depends on synergistic effect between MHC class I and 
II molecules.1- 3 As it is difficult to perform studies on major histo-
compatibility complex (MHC) molecules in humans owing to the 
complexity of genetic variants and largely different environmental 
influences, many studies have pursued MHC- related study in mouse 
models.4- 9 Considering the remarkable genetic differences between 
animal MHC systems and the human leukocyte antigen (HLA) sys-
tem, HLA transgenic humanized mouse model systems offer a much 
better method to study the HLA- A- related principal mechanisms for 
vaccine development and HLA- A- restricted responses against infec-
tion in human. HLA class I participates in both innate (natural killer 
[NK]+ cells) and cell- mediated (CD8+ cells) immune response, signifi-
cantly facilitating viral clearance and reducing the severity of influ-
enza infection.10- 12 Establishing a new preclinical animal model that 
can reliably duplicate human immune responses is becoming critical 
because of the rapid occurrence of emerging infectious diseases.

Humanized transgenic mice expressing several modified HLA 
class I molecules, a human β2m- HLA- A2/A11 (α1α2)- H- 2Db (α3 
transmembrane cytoplasmic) (HHD) monochain construct,13 were 
generated to provide an appropriate mouse model for studying 
HLA class I- restricted CTL responses.5,6,14,15 This humanized mouse 
model is capable of mimicking human antigen processing and pre-
sentation machinery, and is helpful for evaluating T- cell- based 
vaccines and for investigating differences in antigen processing be-
tween mice and humans.4- 6 However, most MHC I transgenic mice, 
including HLA- A2, HLA- A24, and HLA- A11 humanized mice, are 
under the control of murine minimal MHC I promoters (~500 bases). 
Loss of HLA- A2 expression in a subpopulation of splenocytes in 
HLA- A2Kb humanized mice further showed that conventional trans-
genic vectors lacking some key regulatory sequences might demon-
strate position effects when integrated into the mouse genome at 
random.15,16 Furthermore, the role of pseudogenes, noncoding RNA, 
and noncoding DNA sequences within HLA- A locus, which might be 
involved in gene transcriptional regulation, cannot be assessed in 
these transgenic mice.4,15,17,18,19,20,21

Next to HLA- A2, HLA- A11, and HLA- A24, HLA- A30 is among 
the most common HLA class I genotypes in China, with a phenotypic 
frequency of about 10% in the Chinese population.22- 24 To increase 
the diversity of humanized mouse models, a transgenic mouse model 
expressing HLA- A30 molecules is needed. In this study, we describe 
a novel human β2m- HLA- A30 (α1α2)- H- 2Db (α3 transmembrane 
cytoplasmic) (HHD) monochain transgenic mouse strain, which con-
tains the intact 5′ and 3′ UTR of HLA- A01 gene. We further verified 
the phenotypes and immunological characteristic of this humanized 
mouse model. To better understand the role of MHC molecule during 
influenza A virus (H1N1) pdm09 infection, we expanded upon this hu-
manized mouse model for assessing the immune responses against in-
fluenza A virus (H1N1) pdm09 clinically isolated from human patients.

2  | MATERIALS­AND­METHODS

2.1  |  Construction­of­the­HHD­chimeric­HLA-­A30­
transgenic plasmid

Bacterial artificial chromosome (BAC) CH502- 67 J3 containing 
the HLA- A01 gene locus was obtained from BACPAC Resources, 
Oakland, USA. The construction of the recombinant gene encoding 
the chimeric HLA- A30 monochain is shown in Figure 1A. A 4- partner 
ligation was performed between homologous arm A (Hom A) and 
homologous arm B (Hom B) to obtain the HHD molecule: α1- α2 do-
mains of HLA- A30, α3 and cytoplasmic domains of H- 2Db, linked at 
its N- terminus to the C- terminus of human β2m by a 15- amino- acid 
peptide linker. The KanR selectable marker was also added into the 
final constructs. MluI and SalI were placed on both sides of HLA- 
A30 DNA fragment to facilitate checking the accuracy of the inser-
tion by pulse- field gel electrophoresis (PFGE). The inserted fragment 
was verified by sequencing. The recombinant gene encoding the 
chimeric HLA- A30 monochain cassette was introduced into the 
HLA- A01 gene by a recombineering- based method described previ-
ously,25,26 followed by Cre- mediated removal of the neomycin (neo) 
selection marker by l- arabinose induction from the modified BAC 
CH502- 67 J3- HLA- A30 constructs (Figure 1A). After digestion with 
restriction endonucleases MluI and XhoI, the integrity of BAC DNA 
was verified by PFGE. The correct insertion of the HHD molecule into 
the BAC clone CH502- 67 J3 was further confirmed by sequencing. 

HLA- A30 transgene was dramatically promoted in tissues from A30- 9# line at 3 days 
post- infection (dpi).
Conclusions: We established a promising preclinical research animal model of 
HLA- A30 Tg humanized mouse, which could accelerate the identification of novel 
HLA- A30- restricted epitopes and vaccine development, and support the study of 
HLA- A- restricted responses against infection in humans.
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The primers are listed in Supporting Information Table S1, and all 
were purchased from Sangon Biotech, Inc., Shanghai, China.

2.2  | Generation­of­HHD­chimeric­HLA-­A30­Tg­mice

The entire BAC fragment was produced by routine method as previ-
ously described.26,27 Briefly, modified BAC fragment was obtained and 
purified using NucleoBond BAC 100 Kit. Purified circular BAC DNA 
was diluted to 1– 3 ng/μl in microinjection buffer and microinjected into 
the pronuclei of wild- type mouse oocytes. F0 generations were geno-
typed with the specific primers. Positive F0 mice were further crossed 
with wild- type mice, and hybridization progenies were genotyped with 
the specific primers listed in Supporting Information Table S1.

2.3  | Genotype­identification­and­copy­
number estimation

Tail DNA was generated from mice tail biopsies conventionally 
with tissue DNA extraction kit (Trans, Beijing), as previously 

reported.28 Before performing real- time PCR, DNA samples 
were quantified and diluted to 10 ng/μl. A standard curve of 
quantitative PCR data was produced as previously reported.28,29 
No- template controls were included in each experiment, and 
all PCR reactions were carried out in triplicate. Copy number 
was calculated using the following equation: estimated copy 
number = 2e([ΔCt − y intercept]/slope). The primer pairs are listed in 
Supporting Information Table S1.

2.4  |  Total­RNA­isolation,­cDNA­synthesis,­and­
reverse- transcription PCR

Total RNA was isolated from PBMC, lung, kidney, gut, thymus, 
and spleen using Tri- Reagent, as described in the manufacturer's 
instructions. Then, 2 μg of isolated RNA was reverse transcribed 
into complementary DNA (cDNA) with Hifair II 1st Strand cDNA 
Synthesis Kit (Yeasen). Then, PCR was performed with TransTaq 
DNA Polymerase High Fidelity (Yeasen). Sequences of primer pairs 
used in this study and the product sizes are listed in Supporting 
Information Table S1.

F IGURE ­1 Derivation of HLA- A30 humanized transgenic mice. (A) Map of HLA- A30 transgene constructs and strategy for manipulating 
BAC clone CH502- 67 J3 through Lambda Red- mediated recombineering. The code sequence of HLA- A01*01 gene is replaced with the 
recombinant gene encoding a human β2m- HLA- A30 (α1α2)- H- 2Db (α3 transmembrane cytoplasmic) (HHD) monochains. Several transgenic 
lines integrated with HLA- A gene locus are shown on the dotted line. (B) BAC copy number estimated by quantitative PCR in 5 F0 transgenic 
mice. (C) BAC copy number in several F1 transgenic lines estimated by quantitative PCR. (D) Expression of chimeric gene analyzed in PBMC, 
kidney, gut, thymus, and spleen by RT- PCR with the specifically designed primer. WT, wild type. Marker is 5 Kb DNA marker
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2.5  | Quantitative­PCR

Quantitative PCR (qPCR) was performed to measure mRNA level 
of targeted gene, as described previously.28 Briefly, qPCR was per-
formed with a 20 μl volume including cDNA template, Hieff UNICON 
Universal Blue qPCR SYBR Green Master Mix, and oligonucleotides 
listed in Supporting Information Table S1 (Applied Biosystems, ABI 
7300). The qPCR was started by incubation at 95°C for 10 min, fol-
lowed by 40 cycles of 95°C for 10 s, 60°C for 30 s, and 72°C for 10 s. 
The mRNA fold change of the target gene was computed using the 
conventional 2−ΔΔCt method relative to the values in mock- treated 
samples after normalizing to the expression value of housekeeping 
gene GAPDH.30

2.6  | Antibodies­and­flow­cytometry­analysis

The mice were killed by CO2 inhalation. To acquire single cells, lung 
was fragmented and digested with collagenase IV, and spleen was 
fragmented and filtered. Single- cell suspensions of spleen and lung 
were incubated with FcR- specific blocking mAb (eBioscience) and 
stained with FITC- anti- mouse CD3, Pacific blue- anti- mouse CD4, 
Brilliant Violet 605- anti- mouse CD8, APC- anti- mouse CD19, and 
Percp- Cy5.5- anti- mouse CD335 (BioLegend, San Diego, CA, USA) 
and then examined by flow cytometry (LSRFortessa, BD Bioscience). 
The adhesion cells were excluded by FSC- H/A and SSC- H/A, and the 
lymphocytes were gated by FSC- A and SSC- A. The CD3+ cells were 
gated to determine the percentage of CD4+ and CD8+ cells, the 
CD3− cells were gated to determine the percentage of CD19+ and 
CD335+ cells.

2.7  | Virus,­mice,­and­infections

Female 4- week- old wild- type mice were obtained from Shanghai 
Public Health Clinical Center and Shanghai SLAC Laboratory 
Animal Co., Ltd. (Shanghai, China). The influenza A virus strain A/
Shanghai/37 T/2009(H1N1) (pdm09) used in this study was isolated 
and obtained from our institution.31 Mice were anesthetized and 
inoculated intranasally with virus (9.85 × 106 TCID50 in 50 μl) as de-
scribed in previous report. Live- mouse experiments and live- virus 
experiments were performed in Biosafety Level 2 facilities following 
governmental and institutional guidelines. At the defined timepoints, 
the thymus, spleen, and lung were analyzed as described below. All 
animal experimental protocols were evaluated and approved by the 
Institute of Animal Use and Care Committee of Shanghai Public 
Health Clinical Center (GW2020- A024- 01).

2.8  |  Cytokine­analysis

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 
ELISA kit (Solarbio, Beijing) and read on a Luminex 100 (Bio- Rad), as 
described in the manufacturer’s instructions.

2.9  |  Immunostaining

For Immunostaining analysis, thymus tissues were fixed in 4% 
paraformaldehyde for at least 12 h, and placed in 30% sucrose 
overnight. Then, 10– 12 μm sections were prepared using a cry-
ostat microtome. The mouse β2 microglobulin (7D1) monoclonal 
antibody was used (Bsm- 4182 m, Bioss antibodies). The standard 
immunofluorescence procedure was used in this study, as previ-
ously described.28 Fluorescent images were captured using a Leica 
TCS SP2 spectral confocal microscope (Leica Microsystems Inc., 
Mannheim, Germany).

2.10  | Histopathology

For histological analysis, lung tissues were fixed in 4% paraform-
aldehyde for at least 12 h, dehydrated in a series of graded alco-
hols, embedded in paraffin, and then cut into 5- μm- thick sections. 
Subsequently, tissue sections were stained with hematoxylin and 
eosin (H&E) for histopathological examination. H&E- stained lung 
sections were evaluated under a light microscope using a histo-
pathologic inflammatory scoring system as described previously.32 
This scoring system has been previously used in other mouse models 
of respiratory infections.33,34

2.11  | Western­blotting

Western blotting (protein immunoblot) was carried out as described 
previously.28 Briefly, thymus homogenates were resuspended in cell 
lysis buffer (9803S; Cell Signaling). Purified protein lysates were pre-
pared for gel electrophoresis by loading in 4× LDS Sample Buffer. 
The mixtures were heat- denatured at 100°C for 5 min, and were fur-
ther analyzed by 10% SDS- PAGE. Proteins were electrotransferred 
to polyvinylidene fluoride membranes, which were incubated with 
a monoclonal anti- hβ2m (7D1) Ab and an anti- β- actin Ab. Antibody- 
incubated membrane was further analyzed with an HRP- conjugated 
anti- rabbit IgG secondary Ab (ZSGB- BIO, Beijing, China) and ECL 
development (Pierce) according to the manufacturer's instructions.

2.12  |  Statistical­analysis

We analyzed differences among experimental groups using SPSS 
21.0. First, the experimental data were checked for homogeneity of 
variance and for normality. If multiple sets of variables were consist-
ent with homogeneity of variance, analysis of variance (ANOVA) was 
used to compare multigroup variables; least significant difference 
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test was used to compare intergroup variables. If homogeneity of 
variance is not assumed, Dunnett’s T3 test was used to compare in-
tergroup variables. Values are represented as mean ± standard de-
viation (SD). p < .05 was considered significant.

3  |  RESULTS

3.1  | Generation­of­HLA-­A30­humanized­
transgenic (HLA- A30 Tg) mice

The construction of the recombinant gene encoding a human β2m- 
HLA- A30 (α1α2)- H- 2Db (α3 transmembrane cytoplasmic) (HHD) 
monochain is illustrated in Figure 1A. Targeting vector was veri-
fied by sequencing, and was confirmed to contain the first exon 
of the genomic HLA- A01*01 gene, hβ2m cDNA, a pair of synthetic 
oligonucleotides encoding a 15 residue (Gly4Ser3) peptide linker, 
the HLA- A30 α1α2 domains, the mouse H- 2Db α3 transmembrane 
and cytoplasmic domains. We replaced the code sequence of HLA- 
A01*01 gene with this targeting vector using the Red recombinase 
system in BAC clone CH502- 67 J3.25 Modified BAC fragment was 
prepared by routine method as previously described,26,27 and then 
further analyzed by pulsed- field gel electrophoresis. Results collec-
tively indicated that modified BAC clone CH502- 67 J3 contained the 
entire HLA- A01 gene locus, including 49 kb 5′- UTR and 74 kb 3′- UTR 
of HLA- A01*01 gene, and no rearrangement occurred. The cis-  and 
trans- regulatory elements of HLA- A01 gene may be retained in the 
existing flanking regions as much as possible (Figure 1A).

After microinjection of circular modified BAC into wild- type oo-
cytes, we obtained 5 positive F0 generations. Polymorphic marker 
analysis was used to analyze integrity of exogenous chimeric gene in 
humanized mice (Supporting Information Figure S1A,B). All regional 
markers were detected in 2 lines (A30- 18# and A30- 19#), which 
may contain the intact BAC DNA molecules (Figure 1A). However, 
regional markers were partly found in other 3 lines (A30- 7#, A30- 
9#, and A30- 12#), indicating that the BAC DNA was integrated into 
the host genome in fractions (Figure 1A, Supporting Information 
Figure S1A,B). We estimated BAC copy number by quantitative PCR 
in all transgenic lines, as previously described.28,29,35 As expected, 
approximately 50% transgenic and 50% non- transgenic offspring 
was produced in our BAC founder animals. Five to 10 copies were 
found in these humanized transgenic mice (Figure 1B,C), as in most 
published reports.28,29,35 Expression of exogenous gene was mea-
sured by reverse- transcription polymerase chain reaction (RT- PCR) 
with the specifically designed primer (Figure 1D). The mRNA tran-
script was detected in these tissues in all humanized mice.

3.2  |  The­expression­of­foreign­gene­in­HLA-­A30­
Tg mice

To study the expression of foreign gene in HLA- A30 Tg mice in 
detail, the specifically designed primer was used to amplify the 

whole transcript of exogenous transgene by RT- PCR (Figure 2A,B). 
Some amplification fragments extended across the A01 pro-
moter and the hβ2m insertion, while other amplification frag-
ments stretched over the A30 insertion and the mH2Db fragment 
(Figure 2A,B). Amplification products were further confirmed by 
DNA sequencing (data not shown). Sequencing results indicated 
that the full- length transcript of exogenous chimeric gene was 
generated in HLA- A30 Tg mice. Western blot was employed to 
check the expression of chimeric protein. An ~55 kDa band was 
found in polyvinylidene fluoride membranes incubated with a 
monoclonal anti- hβ2m, indicating the expression of chimeric pro-
tein in thymus.

qPCR was further employed to study the tissue- specific ex-
pression of HLA- A30 chimeric gene (Figure 2D– H). The differential 
expression of exogenous transgene was found in peripheral blood 
mononuclear cell (Figure 2D), spleen (Figure 2E), thymus (Figure 2F), 
kidney (Figure 2G), and gut (Figure 2H) from these transgenic lines. 
The robust expression of exogenous transgene was observed in 
various tissues from A30- 18# and A30- 19# lines encompassing 
the intact flanking sequences (Figure 2D– H). Immunostaining was 
further employed to study the expression of exogenous transgene. 
Results showed hβ2m expression in thymus from humanized mice 
(Figure 3A), but not from WT (Figure 3B). In short, several BAC 
transgenic mice integrated with HLA- A gene locus were obtained, 
and tissue- specific expression of transgene was detectable in these 
BAC transgenic mice.

3.3  |  Proportions­of­immune­cells­in­the­lung­and­
spleen of HLA- A30 Tg mice

To investigate whether the introduction of the large genomic re-
gion of HLA- A01 gene locus and HLA- A30 chimeric gene affect 
the immune cell constitution, lymphocytes and monocytes were 
quantified in splenocytes and lung (Figure 4). In lung, the percent-
age of CD4+ and CD8+ T cells significantly differed among wild- 
type and HLA- A30 Tg mice (Figure 4A). However, the percentage 
of CD19+ B cells did not significantly differ among wild- type and 
HLA- A30 Tg mice (Figure 3B). Interestingly, we also observed a 
higher percentage of CD335+ (NKp46) cell in 18# and 19# HLA- 
A30 Tg lines compared with wild- type mice (Figure 4B). In spleen, 
we found no significant difference in the percentage of CD4+ T 
cells (Figure 4C) and CD8+ T cells (Figure 4C). The percentage of 
CD19+ (Figure 4D) B cells significantly decreased in HLA- A30 Tg 
mice compared with wild- type mice. Interestingly, we also ob-
served a higher percentage of CD335+ (NKp46) cells in 18# HLA- 
A30 Tg lines (5.53 ± 0.64%) compared with wild type (3.77 ± 0.49%) 
(Figure 4D), and a lower percentage of CD335+ (NKp46) cell in 
12# HLA- A30 Tg lines (2.98 ± 0.73%) compared with other trans-
genic lines (9# 4.55 ± 0.87%, 19# 4.57 ± 0.24%) (Figure 4D). The 
above results collectively revealed that the introduction of a large 
genomic region in HLA- A gene locus can influence the immune cell 
constitution in humanized mice.
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3.4  |  Immune­responses­in­HLA-­A30­humanized­Tg­
mice after pdm09 virus infection

To investigate whether the introduction of a large genomic 
region in HLA- A gene locus affects the response to viral 

infections, 3 HLA- A30 Tg lines and wild- type mice were intrana-
sally (i.n.) infected with 9.85 × 106 TCID50 influenza A virus A/
Shanghai/37 T/2009(H1N1)(pdm09). Infection of the pdm09 influ-
enza virus did not kill mice, instead only causing transient weight 
reduction. As shown in Supporting Information Figure S2A, 

F IGURE ­2 Measurement of HLA- A30 expression levels in several naive humanized mice lines. The full- length transcripts of chimeric 
gene are amplified by RT- PCR with the specifically designed primer in lung from 7# transgenic lines (A) and 9# transgenic lines (B). (C) 
Immunoblotting was performed using thymus tissue to measure the expression of the chimeric protein in several humanized mice. A band 
at ~55 kDa for HLA- A30 is shown. The annotated tissues were used to investigate the mRNA levels of the HLA- A30 by qPCR: (D) PBMC, (E) 
spleen, (F) thymus, (G) kidney, and (H) gut. Data are shown as mean ± SD of 3 individual mice. WT, wild type

F IGURE ­3 Immunofluorescence 
staining revealing the expression of hβ2m 
in HLA- A30 humanized mice. (A) hβ2m 
expression in thymus from HLA- A30- 9#. 
(B) No hβ2m expression in thymus from 
WT mice. WT, wild type. Scale bar, 25 μm

(A) (B)
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HLA- A30 Tg mice and C57BL/6 mice lost weight rapidly after 
pdm09 virus infection, more than 20% of body weight after 7 days 
infection. The virus titers were also investigated in the lung of 
these HLA- A30 Tg mice and wild- type mice at different times 
post- infection. As shown in Supplemental Figure S2B and C, the 
virus titers were high at 3 dpi, then reduced at 7 dpi in HLA- A30 
Tg humanized mice and wild- type mice.

Furthermore, we measured the percentage of lymphocytes in 
lung and spleen after 7 days pdm09 infection. In lung, the percent-
age of CD4+ and CD8+ T cells did not significantly change among 
wild- type and HLA- A30 Tg mice after infection (Figure 5A). In 
spleen, we also found no significant difference in the percentage of 
CD4+ and CD8+ T cells (Figure 5B) among wild- type and HLA- A30 
Tg mice after pdm09 infection.

The expression level of cytokine was further checked in lung 
after pdm09 influenza virus infection using ELISA assays. As shown 
in Figure 5, in lung, at 3 dpi, pdm09 infection led to a significant in-
crease in IFN- γ (Figure 5C), TNF- α (Figure 5D), and IL- 6 (Figure 5E). 
At 7 dpi, TNF- α and IL- 6 reduced to normal levels, but the IFN- γ level 
was still significantly higher compared with that of uninfected mice 
at 0 dpi. Taken together, these results suggest that pdm09 infection 

causes a similar immune response among HLA- A30 Tg humanized 
mice and wild- type mice.

3.5  |  Expression­of­exogenous­HLA-­A30­transgene­
after pdm09 infection

To investigate whether H1N1 viral infection affects HLA class I ex-
pression, we further checked the expression of HLA- A30 transgene 
by real- time PCR. The mRNA level of hβ2m (Figure 6A– F) was signifi-
cantly increased in lung (Figure 6A), spleen (Figure 6B), and thymus 
(Figure 6C) from A30- 9# line at 3 dpi. Five- fold increase of hβ2m 
expression was also observed in thymus (Figure 6F) from A30- 12# 
line at 7 dpi.

We further checked the mRNA level of mouse β2m (mβ2m) 
in HLA- A30 Tg mice and wild- type mice (Figure 6G– L). pdm09 
infection failed to induce a significant increase of mβ2m ex-
pression in lung (Figure 6G,J), spleen (Figure 6H,K), and thymus 
(Figure 6I,L), with the exception of thymus at 3 dpi. In total, the 
results indicate that pdm09 infection does not affect expression 
of mouse mβ2m.

F IGURE ­4 Changes in the ratios of different immune cell subsets analyzed by flow cytometry in lung and spleen from naive HLA- A30 
humanized mice. One representative FACS plot is shown, and the percentages indicate the proportions of CD4+ and CD8+ T cells and CD19+ 
and CD335+ cells in lung and spleen (n = 4). (A) Percentage of CD4+ and CD8+ T cells in lung. (B) Percentage of CD19+ and CD335+ cells in 
lung. (C) Percentage of CD4+ and CD8+ T cells in spleen. (D) Percentage of CD19+ and CD335+ cells in spleen. WT, wild type. The data are 
presented as mean ± SD
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3.6  |  Pulmonary­pathology­in­HLA-­A30­Tg­mice­
after pdm09 infection

We performed histological analysis of the infected mice at differ-
ent timepoints to assess lung pathology. In agreement with previ-
ous work on 2009 H1N1 viruses,16,36,37 the influenza A virus strain 
A/Shanghai/37T/2009(H1N1) used in this study caused pulmonary 
pathology including mild- to- moderate bronchiolitis and alveolitis in 
the HLA- A30 Tg and wild- type mice. As shown in Figure 7A– E, leu-
kocyte infiltration was clearly seen on 7 dpi. The histology score is 
shown in Figure 7E, indicating no significant difference among the 
infected groups of HLA- A30 Tg and wild- type mice at 7 dpi.

4  | DISCUSSION

Transgenesis technologies enable the development of immunologi-
cally humanized mice with an increasing capability to mimic human 
antigen processing and presentation machinery. Previous study has 
generated several MHC I transgenic mice, including HLA- A2,5,15 
HLA- A24,20 and HLA- A1114 humanized mice, which are usually under 
the control of minimal MHC I promoters (∼500 bases). Moreover, a 
subpopulation of splenocytes in HLA- A2Kb mice was deprived of 
HLA- A2 expression,15 indicating that the site of integration may 
determine the strength and tissue expression of the transgene and 
impose variegation, and the exogenous HLA class I molecules may 

not be expressed and regulated similarly to endogenous HLA class I 
molecules in the current available HLA- A transgenic mice.

In this study, we generated HLA- A30- hβ2m BAC transgenic 
mice, under the control of HLA- A01 promoter, and the intact 5′ and 
3′ UTR of HLA- A01 gene was kept in these BAC transgenic mice. 
The current HLA- A transgenes are not accurately expressed in the 
mouse owing to the exclusion of regulatory elements that are essen-
tial to reconstruct the native chromatin environment. Theoretically, 
the inclusion of all regulatory elements in HLA- A gene locus in this 
modified BAC transgenic construct would guarantee optimal ex-
pression levels in humanized transgenic animals regardless of posi-
tion of integration. The initial aim of our study was to introduce the 
HLA- A gene locus with extensive flanking sequences into the mouse 
genome and determine whether it could set up an optimal pattern 
and level of exogenous gene expression. Our analysis of 5 indepen-
dent lines demonstrated that robust expression of exogenous trans-
gene was detected in various tissues from A30- 18# and A30- 19# 
lines encompassing the intact flanking sequences. Flow cytometric 
analysis further demonstrated that the integration of different ge-
nomic region can alter the composition of immune cell population in 
these HLA- A30 Tg mice.

Previous study has shown that the levels of HLA- A expression 
vary considerably, depending on the tissue origin, even in the ab-
sence of any pathology upon infection.38- 44 Previous study with 
the HLA- G transgenic mice has shown that a locus control region 
(LCR) located at least 1.2 kilobases (Kb) upstream of HLA- G is likely 

F IGURE ­5 Immune responses in lung and spleen from wild- type and HLA- A30 humanized mice at 7 dpi after pdm09 infection. Wild- 
type and HLA- A30 humanized mice were infected intranasally with 9.85 × 106 TCID50 A/Shanghai/37 T/2009(H1N1) (pdm09) virus. One 
representative FACS plot is shown, and the percentages indicate the proportions of CD4+ and CD8+ T cells in lung (n = 4). (A) Percentage 
of CD4+ and CD8+ T cells in lung at 7 dpi after pdm09 infection. (B) Percentage of CD4+ and CD8+ T cells in spleen at 7 dpi after pdm09 
infection. The pulmonary homogenates were used to measure the levels of inflammatory cytokines by ELISA assay at indicated times after 
infection (C– E). WT, wild type. Data are shown as mean ± SD of 3 individual mice



358  |    Zhu et al.

to keep the chromatin in an open state and strengthen HLA- G ex-
pression.45 A negative regulator is also located at −4 Kb upstream of 
the HLA- G, which is overlapped with a fragment of LINE- 1 gene.46 
A single- nucleotide polymorphism (rs9264942) located 35 Kb up-
stream of the HLA- C has shown the most significant association with 
differences of HLA- C mRNA levels, which was further directly asso-
ciated with the magnitude of the cytotoxic CD8+ T- cell response, 
indicating that the expression level of HLA- C gene plays a critical 
role in regulating virus infection through inducing superior cytotoxic 
T- cell activity.47- 49 Our study found that the composition of immune 
cell population was significantly changed among 5 HLA- A30 Tg lines 
and wild- type mice. The changes were more likely to be caused by 
the integration of different genomic regions, not by chromosome 
integration positions. Given that the interaction of numerous trans- 
acting factors with cis- regulatory elements regulates the expression 
of HLA class I genes, our results collectively indicate that the regu-
lation of HLA- A30 chimeric genes in our humanized mice is likely to 
be due to a combination of various interacting factors, varying with 

the tissue origin. The changes in immune cell population, observed 
in naive HLA- A30 Tg humanized mice with different HLA- A genomic 
regions, still require further in- depth investigations.

Highly pathogenic avian influenza viruses (H5N1, H7N9) can re-
sult in the dysregulation of cytokines and chemokines and cause se-
rious respiratory diseases in human patients.50 Increased production 
of inflammatory cytokines has also been reported in mice infected 
with the many human 2009 H1N1 viruses compared with a seasonal 
H1N1 virus.12,16,36,51,52 Currently, there is little information on the 
proinflammatory response induced by 2009 H1N1 viruses isolated 
from patients at the early stages of the pandemic.53,54 Our study 
demonstrated a remarkable elevation of IFN- γ, TNF- α, and IL- 6 after 
pdm09 infection of 3 days. The expression level of TNF- α and IL- 6 
measured by ELISA was drastically decreased 7 days after pdm09 
infection, in agreement with previous studies on influenza A virus 
strain A/California/07/2009 (H1N1v) infection in BALB/c mice.55 
However, substantial differences were not found in mouse cytokine 
production between HLA- A30 Tg humanized mice and C57BL/6 

F IGURE ­6 Measurement of hβ2m levels in lung, spleen, and thymus of humanized mice infected with pdm09 virus. HLA- A30 humanized 
mice were infected intranasally with 9.85 × 106 TCID50 A/Shanghai/37 T/2009(H1N1) (pdm09) virus. The indicated tissue homogenates 
were used to measure the expression levels of the hβ2m molecules (A– F) and the mβ2m molecules (G– L) by qPCR at indicated times after 
infection. WT, wild type. Data are shown as mean ± SD of 3 individual mice. **p < .01
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mice. The “weaker” cytokine storm may contribute to the lower 
mortality rates after pdm09 infection in mice. It is no wonder that 
the 2009 pH1N1 virus was thought to be a less virulent virus than 
H5N1, as it was shown to induce mild illness in 8%– 32% of infected 
persons.50,53,56

We observed altered expression of exogenous hβ2m in human-
ized mice (HLA- A30- 9#) after pdm09 infection. A variety of trans- 
acting factors interact with cis- regulatory elements, which can 
regulate the expression of HLA class I genes. Thus, the regulation 
of hβ2m gene expression in our humanized mice is likely to be due 
to a combination of various interacting factors, varying with tissue 
origin, and the exposure to viruses or secondary (inflammation, cy-
tokines) pathogenic stimuli. The change of hβ2m gene expression, 
observed in HLA- A30 Tg humanized mice with different HLA- A ge-
nomic regions after pdm09 infection, still requires further in- depth 
investigations.

In conclusion, we generated several HLA- A30 humanized 
transgenic mice with modified BAC clone, which contained the re-
combinant gene encoding a human β2m- HLA- A30 (α1α2)- H- 2Db 
(α3 transmembrane cytoplasmic) (HHD) monochain. Furthermore, 
immune response was also observed in these humanized mice 
after influenza A virus strain A/Shanghai/37 T/2009(H1N1) 
(pdm09) infection. Our results showed an increasing percentage 
of peripheral CD4+ T and CD8+ T cells, production of inflamma-
tory cytokines, and occurrence of pathology in the lung (Figures 5 
and 7, and Supporting Information Figure S2). However, viral- 
epitope- based specific T- cell responses were not examined in this 
manuscript. Indeed, it is very arduous to evaluate human specific 
T- cell response to a specific viral epitope, especially in the back-
ground of an HLA haplotype that is not well studied. To further 
study the HLA- A30 restricted T- cell response, improvements to 

our HLA- A30 Tg humanized mice are being developed, such as 
expressing HLA- A30 molecule on an H- 2 class I deficient back-
ground and introducing some human genes coding for key proteins 
of the antigen processing machinery (proteasome subunits and 
TAP pumps). Establishing the humanized mouse model presented 
in this study can contribute to a more fundamental understanding 
of the immunology of emerging infective diseases and the human 
specific T- cell immune response.
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