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Abstract: Transfusion reactions are mainly induced by the interaction of an antigen and antibody.
However, transfusion reactions still occur with the implementing of crossmatching and usage of
pre-storage leukoreduced blood products. The roles of CD28 and CTLA4 gene polymorphisms in
transfusion reaction have been shown, and subjects with certain single nucleotide polymorphisms
(SNPs) of the CD28 or CTLA4 gene had a significantly higher risk of transfusion reactions. In total,
40 patients with transfusion reactions after receiving pre-storage leukoreduced blood products were
enrolled in this study. We focused on the SNPs located in the CD28 promoter region (rs1879877,
rs3181096, rs3181097, and rs3181098) to find out the significant SNP. A luciferase reporter assay was
used to investigate the expression level of protein affected by promoter SNP variation. We found that
the polymorphism of rs3181097 was associated with transfusion reactions (p = 0.003 in additive model
and p = 0.015 in dominant model). Consequently, we investigated the biological function in the CD28
promoter polymorphisms (rs1879877 G > T, rs3181096 C > T, rs3181097 G > A, and rs3181098 G > A)
by using dual-spectral luciferase reporter assay. The results showed that the ex-pression level of CD28
was decreased under the effect of rs3181097 with A-allele. This suggested that rs3181097 may regulate
immune response through decreasing CD28 protein expression and then lead to development of
transfusion reactions.

Keywords: CD28; promoter; single nucleotide polymorphism; functional study

1. Introduction

Blood transfusion is a procedure that is used for correcting deficiencies of blood
components. In patients with cancers, they may need blood transfusions because of
internal bleeding, cancer cells affecting the kidney or spleen, or bone marrow dysfunction
caused by chemotherapy and radiotherapy, which will lead to anemia or shortage of other
blood components [1]. Transfusion reaction is an immune response where the compositions
of blood products transfused into patients are attacked from the host immune cells [2].
It is more likely to occur in women with multiple pregnancies and persons with repeated
transfusions, such as cancer patients [3,4]. Although transfusion reaction is mainly induced
by the interaction of antigens and antibodies, transfusion reactions still occur with the
implementing of crossmatching and usage of pre-storage leukoreduced blood products [5].
The roles of CD28 and CTLA4 gene polymorphisms in transfusion reactions have been
shown, and subjects with certain single nucleotide poly-morphisms (SNPs) of CD28 or
CTLA4 gene had a significantly higher risk of transfusion reactions [6,7].

T cells play a vital role in both cell-mediated and humoral immune responses [8].
In the pathway of T cell activation, major histocompatibility complexes expressed on
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antigen-presenting cells integrated with T cell receptors to provide the first signal, as well
as costimulatory factors interacting with the B7 ligand to provide the secondary signal [9].
If the secondary signal does not provide a positive signal in T cell activation, the T cell will
become anergic [10]. Therefore, costimulatory molecules play an important role in immune
response regulation [11]. CD28 is one of the costimulatory molecules mainly providing a
stimulating signal in T cell activation, and it is continuously expressed on T cells [12].

Genetic variation in the promoter sequence may affect the efficiency of transcription
and the expression level of protein, and ultimately the specific physiological functions
would be changed [13]. Several studies had indicated that the SNPs located in the promoter
region of the CD28 gene were related to various autoimmune diseases and cancers. Such is
the rs3181097; we found that it was associated with transfusion reaction [6], and it also had
correlation to the clinical pathology of IgA nephropathy in Korean children [14]. Moreover,
rs1879877 and rs3181096 were found to be related to type 1 diabetes in Tunisians [15].
Additionally, rs3181098 has been shown that it was associated with the risk of recurrent
spontaneous abortion [16], the risk of cancer in the Polish population [17], and the re-
covery of CD4+ T cells after treatment of human immunodeficiency virus infection with
antiretroviral therapy [18].

Herein, we firstly performed the case control study on the association of CD28 gene
polymorphisms in the promoter region and transfusion reactions occurring after transfusing
leukoreduced blood products. Then, to explore the mechanism of CD28 in inducing
transfusion reactions, we conducted the functional study on aforementioned four interested
SNPs in the promoter region of CD28 to determine whether these SNPs would affect the
expression level of CD28.

2. Experimental Section
2.1. Subjects

There were 40 patients suffering from transfusion reactions after transfusing leukocyte-
poor red blood cells (LPR) or leukocyte-poor platelets (LPP). Transfusion reactions were
investigated and diagnosed by clinical pathologists of the Department of Laboratory
Medicine according to the National Healthcare Safety Network (NHSN) Hemovigilance
Module of CDC. The healthy control group contained 40 subjects without autoimmune
diseases or cancer. The average age of the 40 healthy controls was 22.6 ± 1.1 years old;
26 of them were female and 14 were male. These subjects were enrolled from September
2019 to August 2020, and they all signed the written consent form.

2.2. DNA Extraction

The peripheral blood samples of patients and healthy controls were collected in the
EDTA-coated vacuum tubes. A QIAamp DNA Mini Kit (Qiagen GmbH, Hilden, Germany)
was used to extract the genomic DNA according to the manufacturer’s instructions. Then,
the concentration and purity of DNA were estimated by measuring the optical density at
260 and 280 nm through UV spectrometer.

2.3. PCR Amplification and Sequencing

We focused on the SNPs located in the CD28 promoter region (rs1879877, rs3181096,
rs3181097, and rs3181098). The CD28 promoter sequence was amplified with the forward
primer 5′- GGG TGG TAA GAA TGT GGA TGA ATC-3′ and the reverse primer 5′-CAA
GGC ATC CTG ACT GCA GCA-3′. The mixture for the PCR reaction contained 1 µL of
sample DNA, 10 µL of HotStarTaq DNA Polymerase (Qiagen GmbH, Hilden, Germany),
12 µL of ddH2O, and 1 µL of 10 µM of each of the forward primer and reverse primer.
These mixtures were received an initial denaturation at 95 ◦C for 3 min, followed by
30 cycles of 95 ◦C for 30 s, 58 ◦C for 30 s, and 72 ◦C for 2 min, and the final extension step
was 72 ◦C for 10 min. The PCR products were sequenced by using ABI PRISM 3730 DNA
analyzer (Ap-plied Biosystems, Foster City, CA). Due to the insufficient genomic DNA and
unclear sequencing information, the SNP data were not all available.
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2.4. Promoter-Reporter Constructs

The genomic region upstream of the CD28 transcription start site (TSS) was amplified
with primers 5′- TAT GAGCTC AGC AGT TGG CCG TGC TGG TGG AAT -3′ and 5′- TTA
TAA GCT TGG GTT CCA GCC CCT CCT CCC CGA -3′ from homozygous individuals
for either one or the other allelic variant and cloned into pCRII Vector (Invitrogen, Life
Technologies, Carlsbad, CA, USA). This construct was subsequently digested with SacI
and HindIII to generate a fragment spanning the promoter region from nt −1232 to +200
(including the rs1879877, rs3181096, rs3181097, rs3181098 SNP) and transferred to the
pNL1.1 [Nluc] expression vector (Promega). The SNPs were introduced in the expression
constructs by site-directed mutagenesis using the Quick-Change mutagenesis kit (Strata-
gene), and the primers as listed in Table 1 below.

Table 1. The primers for site-directed mutagenesis in CD28 promoter.

SNP Mutagenesis Primer Sequence SNP
Position

rs1879877
(G > T)

F: 5′-TGGAATAACCCTCTCTTCAAAGGGCCTGGGA-3′

R: 5′-TCCCAGGCCCTTTGAAGAGAGGGTTATTCCA-3′ Promoter -1198

rs3181096
(C > T)

F: 5′-CTCCTTTTGTGCCCTATTATTTAACCTTGAGGG-3′

R: 5′-CCCTCAAGGTTAAATAATAGGGCACAAAAGGAG-3′ Promoter -1106

rs3181097
(G > A)

F: 5′-ACCAAGGGGCTTTTGATTGCCTTACTGTCCCA-3′

R: 5′-TGGGACAGTAAGGCAATCAAAAGCCCCTTGGT-3′ Promoter -1059

rs3181098
(G > A)

F: 5′-GTAACTCCTTTAAACATTTATGCAGATGTTTCCC-3′

R:5′-GGGAAACATCTGCATAAATGTTTAAAGGAGTTAC-3′
Promoter

-820

SNP: single nucleotide polymorphism; SNP position reference PMID: 22977635; F: forward primer; R: reverse primer. The under line of
mutagenesis primer sequence was referred to the position of site-directed mutagenesis.

2.5. Cell Culture and Transient Transfections

The K562 cells (1 × 106) were routinely cultured in 90% Roswell Park Memorial
Institute (RPMI) 1640 medium supplemented with 10% fetal bovine serum, penicillin
(50 U/mL), and streptomycin (50 µg/mL), and were transfected with 5 µg of allele-specific
expression vector using LF2000 according to the manufacturer’s instructions. Then, 400 µL
(2.5 × 105) K562 cells were transfected with 1 µg of either one of the constructs and 1 µg of
the pGL 4.5 [Luc2/TK] vector (Promega) as an internal control for transfection efficiency
using Lipofectamine 2000 (Invitrogen).

2.6. Luciferase Reporter Assay

Luciferase assay was carried out using the Luciferase Assay System (Nano-Glo®

Du-al-Luciferase® Reporter Assay System, Promega) according to the manufacturer’s
protocol. Twenty-four hours after transfection, cells were lysed with Passive Lysis Buffer
(Promega), and luciferase activity was measured using a Nano-Glo® Luciferase Assay
System (Promega) and a GloMax Discover System (Promega). The PGL4.5 vector (Firefly-
luciferase) was used as an internal control to reduce the deviation of transfection efficiency
caused by experimental error. The schematic drawing of the principle of the luciferase
reporter assay is shown in Figure 1.

There were two vectors transfected into K562 cell. One was the pGL 4.5 vector,
which was used as an internal control that translated the Firefly luciferase, while the four
promoter-reporter constructs transferred to pNL1.1 expression vector and translated the
NanoLuc luciferase. After culturing for 24 h, we analyzed the changing effect of CD28
promoter-reporter on luciferase activity by detecting the luminescence ratio of NanoLuc
luciferase to Firefly luciferase.
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Figure 1. The schematic diagram of luciferase reporter assay.

2.7. Statistical Analysis

For the case control study, the Hardy–Weinberg equilibrium (HWE) was used to ana-
lyze the genetic variation at equilibrium in control group in order to reduce the bias. The chi-
squared test and Fisher’s exact test were used to analyze the difference of allele frequency
and genotype frequency between patients and healthy controls. These statistical data were
calculated by SPSS 17.0. For a functional study, each sample was performed in duplicate and
each experiment was independently repeated five times. All the results of luciferase assay
from each promoter reporters were analyzed through the ratio of NanoLuc to Firefly. Then,
the luminescence value of the wild type (Grs1879877Crs3181096Grs3181097Grs3181098)
was assumed as a reference for relative light unit (RLU). The difference of RLU between
wild type and each promoter reporters was calculated by independent-sample t-tests.

3. Results

There were 40 patients with transfusion reactions after transfusing LPR (21 cases) or
LPP (19 cases), and 40 healthy controls were enrolled in the case control study. The charac-
teristics of patients are listed in Table 2. Their average age was 54.7 years, and the gender
ratio was 3:1 (female:male). Among these patients, most of them were O type blood (45%).
Twenty-nine patients suffered from febrile non-hemolytic transfusion reactions (FNHTR),
and 11 patients suffered from allergic reactions.

Table 2. Characteristics of patients (n = 40) with transfusion reaction after transfusing leukoreduced
blood products.

No. (%)

Average age of patients 54.7
Gender (female:male) 30:10

Blood type
A type 10 (25)
B type 9 (22.5)

AB type 3 (7.5)
O type 18 (45)

Type of blood products
Leukocyte-poor platelet 19 (47.5)

Leukocyte-poor RBC 21 (52.5)
Type of transfusion reaction

Febrile non-hemolytic transfusion reaction (FNHTR) 29 (72.5)
Allergic reaction 11 (27.5)
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In Table 3, all SNPs are complied with HWE in the control group (p > 0.05). The allele
frequency of these SNPs had no significant difference between patients and healthy control
(rs1879877, p = 0.327; rs3181096, p = 0.457; rs3181097, p = 0.267; and rs3181098, p = 0.457).

Table 3. Allele frequencies in patients and controls and odds ratio for transfusion reaction.

SNP Allele Minor Allele Frequency HWE p-Value Odds Ratio
(95% CI.) p-Value a

Patient Control

rs1879877 G/T 0.413 0.338 0.952 1.378
(0.725–2.621) 0.327

rs3181096 C/T 0.263 0.213 0.983 1.319
(0.635–2.741) 0.457

rs3181097 G/A 0.425 0.488 0.085 0.703
(0.377–1.311) 0.267

rs3181098 G/A 0.263 0.213 0.983 1.319
(0.635–2.741) 0.457

HWE: Hardy–Weinberg equilibrium; 95% CI: 95% confidence interval; a p-values were calculated from a chi-squared test for allele frequency.
The odds ratio was calculated by taking the minor allele of the patient group as the risk allele.

The complete data of SNP analysis are summarized in Table 4. We found that the
polymorphism of rs3181097 was associated with a transfusion reaction (GG vs. AG vs.
AA, p = 0.003). Additionally, when the rs3181097 with A-allele (AG and AA) had a signif-
icantly less chance of transfusion reaction occurrence (OR = 0.287 95% CI = 0.103–0.803,
p = 0.015). However, there was no significant difference in the genotype frequency of other
SNPs (rs1879877, rs3181097, and rs3181098) between the patient group and the healthy
control group.

Table 4. Genotypes of CD28 SNPs and their correlations with risk of transfusion reaction.

SNP Genotype Patient Control Model Odds Ratio
(95% CI) p-Value

n = 40 n = 40

rs1879877
GG 10 5 A 0.328

GT 13 17 D 1.107
(0.457–2.679) 0.822

TT 17 18 R 2.333
(0.718–7.587) 0.152

rs3181096
CC 24 25 A 0.479

CT 11 13 D 1.111
(0.452–2.733) 0.818

TT 5 2 R 2.714
(0.494–14.901) 0.432

rs3181097
GG 17 6 A 0.003 *

AG 12 27 D 0.287
(0.103–0.803) 0.015 *

AA 11 7 R 2.149
(0.707–6.530) 0.172

rs3181098
GG 24 25 A 0.479

AG 11 13 D 2.715
(0.494–14.901) 0.432

AA 5 2 R 1.111
(0.452–2.733) 0.818

“*” in p-value means that there was a significant difference between patients and healthy controls, p < 0.05; 95% CI: 95% confidence interval;
A: additive model (AA vs. Aa vs. aa); D: dominant model (AA vs. Aa + aa); R: recessive model (AA + Aa vs. aa).
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We further analyzed the function of these promoter SNPs with dual-spectral luciferase
reporter assay. Firstly, the promoter sequence from −1232 to +200 of the 5’ untranslated
region upstream was inserted into a vector expressing luciferase (pnl1.1) by gene cloning.
Then, the promoter reporters of rs1879877 G > T, rs3181096 C > T, rs3181097 G > A and
rs3181098 G > A were separately constructed by using site-directed mutagenesis. After con-
firming the sequence of colonization, these vectors were transfected into K562 cells and
cultured for 48 h. Subsequently, dual-spectral luciferase reporter assay was used to analyze
the impact on the expression of luciferase by different promoter vectors.

The plasmid vector of Firefly was used as an internal control to reduce the deviation
of transfection efficiency caused by experimental error. Comparing to the negative control,
when the reporter was added, the luminous value increased by more than 10,000-fold.
We corrected the relative light unit (RLU) of wild type as the reference, and then compared
the data between the wild type and these four promoter reporters (rs1879877 G > T,
rs3181096 C > T, rs3181097 G > A and rs3181098 G > A) (Table 5). We found that the
RLU of rs3181097 G > A had a significant decrease compared to the wild type (p = 0.002),
while there was no significant difference in the other three SNPs (rs1879877, rs3181096,
and rs3181098) (Table 5).

Table 5. The relative light units of the four promoter reporters in each of the 5 tests.

Test 1 Test 2 Test 3 Test 4 Test 5 Average p-Value

Wild Type 1 1 1 1 1 1 ref
rs1878877G > T 0.85 0.98 0.91 1.1 0.98 0.964 0.438
rs3181096C > T 1.05 1.11 0.86 1.17 0.85 1.008 0.908
rs3181097G > A 0.8 0.86 0.68 0.81 0.74 0.778 0.002 *
rs3181098G > A 0.75 1.18 0.7 1.08 0.75 0.892 0.336

“*” means p < 0.05.

4. Discussion

Although there have been studies focusing on the correlation between SNPs and
dis-eases, there are only few studies that further explore the biological function of those
SNPs. The present study is the first functional study of SNPs in the CD28 promoter region
to explore whether the SNPs located in the promoter region directly affect the level of
CD28 expression. Our previous study found that the CD28 genotype was associated
with transfusion reactions after a leukoreduced blood product transfusion [6]. We herein
continued to expand the number of patients in the case control study, and rs3181097 with
A-allele was shown to have a significantly lower risk of transfusion reactions.

Moreover, rs3181097 G > A negatively affected the expression of CD28 in the present
luminescence functional study. The principle of the assay was to infer the effect of the
promoter gene variation on protein expression according to the intensity of luminescence
emitted by the luciferase produced from K562 cells. In these four promoter SNPs of CD28,
we found that only rs3181097 affected the intensity of luminescence. It was demonstrated
that the expression of CD28 in the minor A-allele of SNP rs3181097 was significantly lower
than that in the major G-allele. Combining the results of the case control study and functional
analysis, we confirmed that subjects with A-alleles of rs3181097 would have lower risks of
transfusion reactions, and the expression level of CD28 was decreased under the effect of
A-allele of rs3181097, which would reduce T cell activation and immune response [19].

The transcription factors (TF), Sp1 and c/EBP beta could bind to the DNA sequence
with the A-allele of rs3181097 [14], and TFs have been known to could increase or decrease
the activity of transcription [20]. Therefore, the decrease in CD28 expression might be
caused by the binding of SP1 and/or c/EBP beta to the A-containing sequence of rs3181097.
TF is a protein that can bind to a specific DNA sequence. Its function is to initiate and
regulate the transcription process of genes, so as to ensure that they are expressed in
the correct cells at the appropriate time and in the right amount throughout the entire
life of cells and organisms [21]. However, TFs only affect transcription activity (mRNA
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level), and using mRNA levels together with estimated gene-specific translation rates
would overestimate the prediction of protein levels [22]. There are many factors that
influence gene expression; therefore, miRNA, alternative splicing, regulation of ribosomes,
and eukaryotic initiation factor-2 should also be taken into consideration [23]. Therefore,
the finding of rs3181097 G > A negatively affecting the expression of CD28 should be
further investigated to confirmed that the promoter SNP is the only factor that affects
CD28 expression.

The allele of rs1879877 would determine the TF binding site, where HNF1A could
bind to the T-containing sequence of rs1879877 and GATA1 binds to the G-containing
sequence [14]. However, our results indicated that it had no significance in RLU between
wild type and rs1879877 with T allele. This suggested that rs1879877 might affect the
protein expression indirectly. Furthermore, the rs1879877 and rs3181096 had complete
linkage disequilibrium (LD) [15], and the location of rs3181097 is very close to these two
SNPs. It should be further determined whether there is an LD among these three SNPs.
Additionally, the proximal promoter (250 bp) has a greater impact on transcription level
than the distal promoter [24]. Therefore, it could explain why rs3181097 had a significant
effect on CD28 expression through the proximal promoter [25].

Transfusion reaction is a consequence of immune responses [2], and there are different
pathways involving in the immune response, such as the PI3K pathway, grb-2/SOS related
p21ras pathway, and ITK/EMT pathway [26–28]. In the present study, we only confirmed
that CD28 gene polymorphisms are involved in transfusion reactions; other pathways with
certain transcription factors or epigenetic modifications should be further explored [29,30].

5. Conclusions

In conclusion, we found that the rs3181097 G > A would directly decrease the gene
expression level of CD28 and have significantly lower risk in transfusion reactions. This sug-
gests that rs3181097 may play an important role in immune regulation and then lead to the
development of transfusion reactions. Furthermore, SNPs, miRNAs, and epigenetic modifi-
cations affecting the immune responses should be further investigated in the pathogeneses
of diseases.
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