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Selection of a suitable reference gene
for quantitative gene expression in mouse
lymph nodes after vaccination
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Abstract

Background: The quantification of gene expression is an important tool in the evaluation of the immune response
to vaccines. Reliable reference genes for gene expression studies in mouse draining lymph nodes after vaccination
have not been reported.

Results: The utility of seven potential reference genes was investigated using commercially available Tag-man
primer/probe mixes. Results were evaluated with RefFinder, a web-based program including multiple algorithm
methods such as geNorm, NormFinder, BestKeeper and the comparative delta-Ct. Further assessment was done by
applying the candidate reference genes in relative expression calculations with genes related to the magnitude and
longevity of the humoral immune responses. The ubiquitin C gene, Ubc, was found to be the most reliable reference
gene when validated with well-known genes that are expressed at relatively low levels after vaccination. The optimal
time of sample collection varied depending on the function of the target genes.

Conclusions: This study identified Ubc as the most reliable reference gene and provides useful information for stud-

ies examining immunological gene expression in the draining lymph nodes after vaccination in mice.
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Background

Quantitative real time PCR (qPCR) is an essential tech-
nique that has brought great advances in life sciences.
Relative quantification of mRNA levels is widely used to
determine the expression levels of target genes [1]. The
accuracy of this assay relies heavily on the choice of refer-
ence genes for normalization [2, 3]. Ideal reference genes
must have a relatively high but stable expression with
minimal variation between individual samples and with-
out disturbance from the experimental conditions [2, 3].
Commonly used reference genes such as B-actin (Actb)
and glyceraldehyde-3-phosphate dehydrogenase (Gapdh)
may not be suitable for every experimental condition
[4, 5]. Thus, it is critical to select appropriate reference
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gene(s) for each circumstance including particular tissues
and specific experimental designs [6, 7].

Upon vaccination, antigen presenting cells at the injec-
tion site take up vaccine antigens and actively migrate
via a lymph vessel to the draining lymph nodes, followed
by antigen processing and presentation to naive T cells
which initiates the adaptive immune responses to the
vaccine antigens [8]. The activated antigen-specific T
and B cells will interact, further differentiate and prolif-
erate. Enormous changes in gene expression accompany
the activation of the adaptive immune system. Several
genes including tyrosine 3-monooxygenase/tryptophan
5-monooxygenase activation protein, zeta polypeptide
(Ywhaz), ubiquitin C (Ubc), and Actb have been proposed
as suitable reference genes for human lymph nodes with
B cell lymphomas and non-neoplastic specimens [9]. On
the other hand, while Ubc was identified as the most sta-
ble reference gene, Actb was recognized as an inappro-
priate reference genes in mouse lymphocytes purified
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from lymph nodes under normal condition [10]. Other
genes including hypoxanthine phosphoribosyltransferase
(Hprt), hydroxymethylbilane synthase (Hmbs), and TATA
box-binding protein (Thp) have been reported as suitable
reference genes for lymphoid tissues in human, marmo-
sets, goats and chickens [4, 11-14]. It is uncertain which
reference gene would be best suited for analysis of gene
expression in the draining lymph node by RT-qPCR fol-
lowing vaccination. Here, we examined the expression
of the aforementioned genes and determined their suit-
ability as reference genes for draining and non-draining
lymph nodes in mice after vaccination with a diphtheria—
tetanus—acellular pertussis vaccine (DTaP). The analysis
included software tools such as geNorm, NormFinder,
BestKeeper and the comparative delta-Ct method, and
validation with genes that are known to be induced upon
vaccination.

Methods

Animal studies

Thirty 5 week old female BALB/cJ mice (Jackson Labora-
tory, Bar Harbor, ME, USA) were housed at 3—4 mice/box
in ventilated racks with a 12 h light/12 h dark-light cycle
and ad lib access to water and chow. Mice were injected
intramuscularly with 50 pl of DTaP vaccine, containing
diphtheria toxoid, tetanus toxoid, pertussis toxin, fila-
mentous hemagglutinin, and pertactin (Infanrix®, Glaxo
Smith Kline, Rixensart, Belgium) at 6, 8, and 12 weeks
of age in alternating hind legs. Mice were euthanized by
CO, inhalation and cervical dislocation for sample col-
lection. The protocol was approved by Purdue University
Animal Care and Use Committee.

RNA extraction

Axillary (non-draining) and iliac (draining) lymph nodes
[15-17] were collected at 1 and 7 days after the first
and third vaccination (V1D1, V1D7, V3D1 and V3D7,
respectively) and stored in RNAlater® (Life technologies,
Carlsbad, CA, USA) at 4 °C for at least 24 h before RNA
extraction. Fat tissue around lymph nodes was removed
with a fine tip forceps and 30G needle under a dissect-
ing microscope. Excess RNAlater® was blotted away and
the tissue was homogenized with a mortar and pestle
in the presence of liquid nitrogen. The total RNA from
homogenized tissue was extracted by Quick-RNA"™ Min-
iPrep Plus (Zymo Research, Irvine, CA, USA) following
manufacturer’s instruction with proteinase K and DNase
I digestion. RNA concentration and purity were checked
with a NanoDrop spectrophotometer (Thermo Scientific,
Wilmington, DE, USA).
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Reverse transcription

Total RNA of 1 pg was reverse-transcribed with iScript
c¢DNA Synthesis Kit (Bio-Rad, Hercules, CA, USA) in a
total volume of 20 pl which contains a blend of oligo dT/
random hexamer primers. The synthesis of cDNA was
conducted in Mastercycler® pro (Eppendorf, Hamburg,
Germany) with the following protocol: priming at 25 °C for
5 min, reverse transcription at 42 °C for 30 min and inac-
tivation at 85 °C for 5 min. The interference of genomic
DNA carryover in RNA samples was tested using no-RT
control supermix included in the cDNA synthesis kit.

Quantitative real time PCR

Real time qPCR was performed in a total volume of 10 pl
using iTaq ~ Universal Probes Supermix (2x concen-
trated master mix) (Bio-Rad) and primer/probe sets from
Tagman® Gene Express Assay (Applied Biosystems,
Waltham, MA, USA) with 5-FAM TaqMan® MGB probe
and 3’-nonfluorescent quencher for genes including Hprt
(Mm03024075_m1), Hmbs (Mm01143545_m1), Gapdh
(Mm99999915_gl), Ubc (MmO01201237_ml), PB-actin
(Actb, Mm00607939_s1), Thp (MmO01277045_m1), Ywhaz
(Mm03950126_s1), interferon regulatory factor 4 (Irf4,
MmO00516431_m1), interleukin 4 (//4, Mm00445259_m]1),
zinc finger and BTB domain-containing protein 20 (Zbtb20,
MmO00457765_m1) and tumor necrosis factor receptor
superfamily member 17 (Tnfrsfl7, Mm00495683_m1). All
samples were prepared in duplicate in strips with clear cap
(VWR, Radnor, PA, USA). No-RT and non-template con-
trols were included for each qPCR run in Mastercycler®
RealPlex4 (Eppendorf) with cycle profile as denaturing at
95 °C for 30 s and 40 cycles at 95 °C for 15 s, 60 °C for 60 s.

Data and statistical analysis

Mean values of the quantification cycle (Cq) [6] from
duplicate reactions were used to determine the stability of
each reference gene by RefFinder (http://150.216.56.64/
referencegene.php or http://leonxie.esy.es/RefFinder/)
[18], a web-based tool for comparing and ranking refer-
ence genes with four computational programs (geNorm
[19], NormFinder [20], BestKeeper [21] and the com-
parative delta-Ct method [22]). Reference genes were
also evaluated with the relative gene expression levels
calculated by the AACq method [23] with fold changes
between immunized and age-matched naive mice.

Data are presented as mean & SD unless indicated oth-
erwise. The statistical significance of differences between
groups was determined by Student’s t test or one-way
ANOVA followed by Tukey’s multiple comparison test
using GraphPad Prism 6 (GraphPad software, La Jolla,
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CA, USA). For relative gene expression, AACq values
were used for statistical analysis.

Results

RNA quality and RT controls

The draining lymph nodes in vaccinated mice were
larger than the non-draining lymph nodes and lymph
nodes in unvaccinated mice and this was reflected in
the RNA concentrations. The average RNA concentra-
tions of the non-draining axillary lymph nodes (aLN)
from vaccinated (177.94 + 59.50 ng/pl; range 84.51-
306.71) and naive mice (177.57 + 83.21 ng/ul; range
78.24-335.33) were similar. On the other hand, the RNA
concentration of the draining iliac lymph nodes (iLN)
was significantly larger (P = 0.0017) in vaccinated mice
(371.49 £ 232.27 ng/pl; range 109.07-930.85) than naive
mice (111.64 + 30.39 ng/pl; range 51.28-162.59). For
vaccinated mice, the total RNA concentrations obtained
from the iLN were significantly higher than those from
aLN (P = 0.0009). The RNA of one mouse from the V1D1
group had a very low RNA concentration (22.83 ng/pl)
and Ayg g ratio (1.61) and was removed from further
experiments. The A,q).50 ratio of RNA samples among
all axillary and iLNs were within a narrow variation with
a mean of 1.94 + 0.04 (range 1.82-2.05).

Although DNase was used during the RNA extraction
process, three of the primer/probe sets detected signals
from No-RT controls in qPCR including Actb, Gapdh
and Ywhaz. While the Cq values of No-RT controls were
significantly larger than those of cDNA samples for Actb
and Ywhaz, those of Gapdh showed no difference (Fig. 1).
There was no signal detected from non-template controls.

Identification of the optimal reference gene by RefFinder
software

Lower Cq values among the seven reference genes
were observed from Actb, Gapdh and Ywhaz (Fig. 2a,
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Additional file 1: Tables S1, S2). Although this suggests
abundant expression of these three genes, this may be
confounded by contributions from genomic DNA and/or
non-specific signals. Among the rest of the four reference
genes, Ubc had the lowest Cq value (24.00 £ 0.62) and
Hprt had the smallest sample variation when Cq values
were averaged from total LNs (25.31 & 0.54).

RefFinder assesses potential reference genes based on
four computational programs: geNorm, NormFinder,
BestKeeper and the comparative delta-Ct method, and
provides a comprehensive score to rank the stability of
the reference genes across experimental groups (higher
stability with lower scores). When all seven genes were
included in the analysis, RefFinder identified Actb as the
most stable gene (by comprehensive score), followed by
Ywhaz and Thp (Fig. 2b and Additional file 1: Table S3).
However, genomic DNA and nonspecific signals in Actb,
Gapdh and Ywhaz samples could confound the stabil-
ity assessment. After eliminating these genes, the com-
prehensive score recognized Hmbs as the most stable
gene (Fig. 2c and Additional file 1: Table S4). However,
the stability scores given by the four programs were not
consistent. For example, while NormFinder gave the low-
est score to Hprt, geNorm gave the lowest score to both
Hmbs and Ubc (Fig. 2c and Additional file 1: Table S4).

Evaluation of the optimal reference gene by Irf4, Zbtb20,
Tnfrsf17 and /14 expression

The suitability of the reference genes was further evalu-
ated by AACq method with target genes that are known
to be expressed after vaccinations. The expression of
Tnfrsf17 is associated with antibody magnitude following
immunization with a live attenuated yellow fever vaccine,
trivalent inactivated influenza vaccine and polysaccha-
ride-protein conjugate vaccine for Neisseria meningitidis,
and is a potential biomarker for predicting the anti-
body response at 2—-3 months after vaccination [24-26].
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Fig. 1 Comparison of Cq values from RT and No-RT samples. Three of the seven primer/probe sets detected signals from No-RT controls (n = 8-10)
in gPCR including Actb, Gapdh and Ywhaz. When the Cq values of No-RT controls were compared to those of RT samples (RNA samples went
through reverse transcription step), significant larger values of No-RT controls was observed for Actb and Ywhaz, but not for Gapdh
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Fig. 2 Evaluation of reference gene expression. a Gene expression by
RT-gPCR. Average Cq values from duplicate gPCR reactions of each
aLN (n = 30) and iLN sample (n = 29) were used for data analysis. The
box indicates 25-75% with median shown in the box and the whisk-
ers represent the minimum to maximum range. b Scores determined
by RefFinder including the comprehensive stability, geNorm, Nor-
mpFinder, BestKeeper and comparative delta-Ct method are shown
for 7 reference genes. ¢ Scores determined by RefFinder including
the comprehensive stability, geNorm, NormFinder, BestKeeper and
comparative delta-Ct method are shown for 4 reference genes

Since DTaP is an aluminum-adjuvanted vaccine which
is known to induce a Th2-biased immune response [27,
28], we also examined the expression of IL-4. In addition,
IRF4 and ZBTB20 have been identified as crucial tran-
scription factors for long term survival of plasma cells
with aluminum-adjuvanted antigens [29, 30]. Although
their induced expression levels are expected to be rela-
tively low, we included these two genes as positive con-
trols following DTaP vaccination.

The reference genes were evaluated by using their Cq
values to calculate the relative expression level for each
of the target genes. A significantly higher expression of
Tnfrsf17 was observed at 7 days after the 1st and 3rd
vaccination but not at 1 day after vaccination with all
seven reference genes (Fig. 3a). The expression of //4 was
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increased at 7 days after the 1st vaccination and the level
was not enhanced after the 3rd vaccination although the
calculated fold-change varied among different reference
genes (Fig. 3b). Overall, the use of these seven reference
genes yielded similar patterns of relative gene expression
for Tufrsf17 and 1i4 (Fig. 3).

However, the variation caused by using a different ref-
erence gene became evident when the induced expres-
sion levels of target genes was lower such as for Irf4 and
Zbtb20 (Fig. 4). Among the seven reference genes, Ubc
consistently delivered low background expression in non-
draining aLN and more distinct expression of Irf4 and
Zbtb20 in draining iLNs (Fig. 4). The use of Hmbs yielded
similar pattern but lower expression levels, whereas Actb,
Ywhaz, Gapdh, Hprt and Thp failed to show the low
grade expression patterns (Fig. 4).

Discussion

The current study was carried out to search for suitable
reference genes for gene expression studies in mouse
draining lymph nodes after DTaP vaccination. The sam-
ples collected after the first vaccination (V1D1 and
V1D7) were considered priming responses whereas those
collected after the third vaccination (V3D1 and V3D7)
were mainly a memory response which reacts quicker
and stronger compared to the primary response.

As expected, the total RNA concentrations obtained from
the draining lymph nodes were significantly larger than
those from non-draining lymph nodes from vaccinated
mice and the iLN and aLN of naive mice. For the genes
whose No-RT controls showed signals, the Cq values of
No-RT were significantly larger than those of cDNA sam-
ples for Actb and Ywhaz, and those of Gapdh showed no
difference. It indicates the signals of No-RT controls from
Actb and Ywhaz are derived from residual genomic DNA
and those of Gapdh might be non-specific amplification.

The expression of Tnfrsf17 was significantly higher at
7 days after the 1st and 3rd vaccination but not at 1 day
after vaccination with all seven reference genes. This
result is consistent with previous studies that Tnufrsfl7
expression is associated with antibody magnitude after
7 days but not at 1 or 3 days after vaccination [24-26].
TNEFRSF17, also known as B cell maturation antigen
(BCMA), is expressed in terminally-differentiated B
cells and is one of the three receptors for B cell activat-
ing factor (BAFF). While loss of the BCMA receptor has
no impact on B cell development and the generation of
mature peripheral B cells, the BCMA signaling pathway
is important for the survival of plasma cells [31].

The computer programs used in this study identified
Hmbs as the most stable gene when Actb and Ywhaz, and
Gapdh were not included in the analysis. However the
AACq method using gene expression of transcription
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Fig. 3 Effect of reference genes on the calculated expression of Tnfrsf17 and /4. The relative expression of Tnfrsf17 (a) and //4 (b) in aLN and iLN were
normalized with Actb, Ywhaz, Gapdh, Top, Ubc, Hprt or Hmbs by RT-gPCR after 1 and 7 days of the 1st and 3rd vaccination (V1D1,V1D7,V3D1 and
V3D7, respectively). Data are presented as mean + SEM. Comparison of AACq values by one-way ANOVA and Tukey's multiple comparison test was
performed. Experimental groups identified with different symbols were significantly different from each other (P < 0.05)

factors confirmed Ubc performed better than Hmbs as a
reference gene. These results also suggest that geNorm
provides more relevant assessment than the other com-
putational programs used in this study. In addition to
the uniformity of gene expression, ideal reference genes
should have similar expression levels with the target genes
[2]. Although the mean Cq values of Acth was within the
moderate expression range of 15-30 Cq [32], it was the
lowest (17 + 0.53) among the seven reference genes and
created the largest ACq values with the Cq values from
the targets genes, i.e., the average Cq values of target
genes ranges from 26.63—30.18. The Cq values of Actb
might lose its sensitivity to reflect the difference in sample
loading or RNA extraction due to its abundant expression.

The suitable reference gene identified in this study was
Ubc, which encodes the protein polyubiquitin C. Poly-
ubiquitin C is one of the precursors for ubiquitin (Ub)

that has nine tandem repeats of Ub and is cleaved by deu-
biquitinating enzymes to release functional monomeric
Ub units [33]. Ubiquitination regulates all aspects of cell
biology, including protein degradation, cell signaling,
cell cycle, gene expression, intracellular trafficking and
the DNA damage response [34]. Although ubiquitina-
tion plays an important role in the regulation of immune
responses such as dendritic cell maturation and T cells
activation and differentiation [35], the expression of Ubc
was found to remain stable following vaccination in the
current study.

Conclusion

The choice of reference gene can markedly affect the
interpretation of gene expression especially for those
genes with low expression levels. Here, we identified Ubc
as the ideal reference gene for gene expression analysis
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performed. Experimental groups identified with different symbols were significantly different from each other (P < 0.05)

in mouse lymph nodes following DTaP vaccination. days after the 3rd vaccination; Irf4: interferon regulatory factor 4; //4: interleukin
4; Zbtb20: zinc finger and BTB domain-containing protein 20; Tnfrsf17: tumor

Although the commeraal Tagman prlmer/probe sets ar.e necrosis factor receptor superfamily member 17; aLN: axillary lymph node; iLN:
generally well-designed, careful evaluation for each appli-  jjiac lymph node; Cq: quantification cycle; BOMA: B cell maturation antigen;
cation is recommended. BAFF: B cell activating factor; Ub: ubiquitin.
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