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Abstract 

Serum amyloid A (SAA) is a well-described acute phase protein induced during the acute phase response 

(APR) to infection. Four isoform specific genes are found in most mammals. Depending on species, SAA3 

and SAA4 are generally preferentially expressed extrahepatically whereas SAA1 and SAA2 are hepatic 

isoforms dominating the SAA serum pool. Little is known about how specific infections affect the serum 

SAA isoform profile, as SAA isoform discriminating antibodies are not generally available. An antibody 

independent, quantitative targeted MS method (Selected Reaction Monitoring, SRM) based on available 

information on porcine SAA isoform genes was developed and used to profile SAA in serum samples from 

pigs experimentally infected with Staphylococcus aureus (Sa). While results suggest SAA2 as the main 

circulating porcine SAA isoform, induced around 10 times compared to pre-infection, total SAA serum 

concentrations reached only around 3 µg/mL, much lower than established previously by immunoassays. 

This might suggest that SAA isoform variants not detected by the SRM method might be present in 

porcine serum. The assay allows monitoring host responses to experimental infections, infectious 

diseases and inflammation states in the pig at an unprecedented level of detail. It can also be used in a 

non-calibrated (relative quantification) format. 

Introduction  

Tissue perturbation, including infection and inflammation is accompanied by a generalized set of 

immediate host reactions at the tissue site as well as by an array of systemic reactions known as the acute 

phase response (APR) [1, 2]. The APR leads to major changes in circulating concentrations of a subset of 

serum proteins called acute phase proteins [1, 3].  The acute phase proteins constitute a set of very 

useful inflammation biomarkers, but they have low discriminative power as the type of 

inflammation/infection has a limited effect on their acute phase response kinetics and magnitude [4-6].   

Serum amyloid A (SAA) is an important and well-described highly regulated acute phase protein in 

vertebrates [7, 8]. It is a small apolipoprotein [9-11], present in the blood circulation at low levels (a few 

µg/ml or lower in most species) at homeostasis, however, may be induced several hundredfold during the 

APR in most vertebrates, including pigs [10].  Four very similar SAA genes, each coding for a specific 

isoform of SAA (SAA1-4), have been observed in most species; all genes having the same four-exon three-

intron structure [9, 12].  The four SAA genes are highly conserved throughout evolution, and this, 

together with the rapid and huge APR of SAA proteins, indicate that SAA and its isoforms most probably 

have important functions during the response to tissue perturbations [13].  

Still, the precise function of SAA and its role during the APR have not been established [14, 15]. It is 

speculated that SAA plays an important role during the early phases of inflammation [16, 17], linking the 

complex network of cells (macrophages, hepatocytes and others) and proteins mediating inflammation 
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together, functioning as a cytokine-like protein in cell-cell communication as well as feedback in pathways 

that are immunologic, neoplastic, and protective during inflammation [18]. Well-described characteristics 

include the ability of circulating SAA protein to bind to high-density lipoprotein, replacing apolipoprotein 

A1 during the APR, becoming the predominant apolipoprotein of high-density lipoprotein [9, 11]. SAA can 

directly induce pro-inflammatory cytokines and chemokines in monocytes and granulocytes, and it has 

chemotactic effects on various cell types through binding to formyl-peptide receptor-2 (FPR2) and Toll-

like receptor-2 (TLR2) [19]. In the latter work the efficacy towards the two types of receptors mentioned 

was furthermore demonstrated to differ between isoforms of human SAA (SAA1 isoform variants and 

SAA2) [19]. Most recently, cytokine-like properties have been ascribed to SAA as it seems to be intimately 

implicated in the intestinal control of Th17 immunity, SAA itself being directly induced in epithelial cells of 

mucosal tissue by IL22, which can be controlled by the microbiota in the absence of inflammation [20].  

 

The predominant site for synthesis of SAA is the liver [21, 22]; however, extrahepatic synthesis has 

repeatedly been demonstrated [14, 23].  Generally, SAA1 and SAA2 are expressed preferentially in the 

liver, while SAA3 is found to be expressed in both hepatic and non-hepatic tissues during an APR [15]. In 

the pig Olsen et  al. [15] studied the relative expression of SAA1, SAA2, SAA3 and SAA4 genes in spleen, 

liver and lung tissue from pigs experimentally infected with the swine specific pathogen Actinobacillus 

pleuropneumoniae (Ap), and a porcine strain of Staphylococcus aureus (Sa), respectively, using SAA 

isoform specific quantitative (q) PCR assays. Results showed that for both infections, increased hepatic 

expressions of SAA2, SAA3, and SAA4 genes were observed. In addition increased pulmonary and splenic 

expression of SAA3 was observed, while no transcript corresponding to SAA1 was detected in any of the 

investigated tissues [15]. It was concluded that porcine SAA1 is most likely a non-expressed pseudogene, 

and that SAA isoforms showed tissue tropism in both infections with SAA2 expression being much more 

liver specific compared to SAA3 which was more evenly expressed among the investigated tissues [15]. 

The SAA4 gene was only expressed in the liver and with a very low expression level. Infection-specific 

effect was also seen to some degree, as Sa infection caused a higher induction of SAA3 gene expression in 

spleen tissue than seen with Ap, and conversely the SAA3 gene showed a much higher expression fold 

change in the lung upon infection with Ap as compared to infection with Sa [15]. 

The tissue specific and trigger specific differential regulation of SAA isoforms during the APR is a unique 

feature of SAA and has been repeatedly demonstrated by us and others using transcriptional analysis by 

e.g. qPCR [9, 15, 22, 24-26]. However, it is important to note that qPCR does not directly show the 

relative abundance of SAA isoforms. Confirmation of SAA isoform abundance and patterns at the protein 

level has been hampered by the lack of antibodies able to discriminate between the SAA isoforms. 

Although methods such as denaturing isoelectric focusing/blotting using isoform nonspecific antibodies 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

Page 4 of 32 

 

against SAA have been used to characterize the occurrence of SAA isoforms in various tissues [27], such 

methods are cumbersome, slow and difficult to standardize and do not per se give quantitative 

information. The consensus is that the circulating SAA isoform protein pattern is presumably liver specific 

and in most species represented by SAA1 and SAA2 [15]. Furthermore SAA3 is apparently the dominating 

protein in peripheral tissue as shown by isoelectric focusing/blotting for example in the bovine udder 

affected by mastitis, and in inflamed equine and canine joints, based on the alkaline isoelectric point of 

SAA3 in these species [27]. However, porcine SAA has previously been proposed to have SAA3 as its 

dominating circulating isoform, also based on isoelectric focusing patterns and sequencing of transcripts 

[28] although this has been put into question by more recent results from our group [15].   

Sung et al. [29] in 2012 reported a targeted mass spectrometry (MS) multiple reaction monitoring 

method for quantification of human SAA1 and SAA2 proteins in crude human serum avoiding the use of 

antibodies. Selected reaction monitoring (SRM) is a similar data independent MS approach used to 

increase sensitivity in LC-MS/MS by limiting data collection to a low number of pre-selected cognate 

protein-derived tryptic peptides, each having a set of characteristic fragment ions (transitions) selected 

for quantification of specific proteins in complex biological samples such as serum [30-32]. SRM exploits 

the unique capability of triple quadrupole (QQQ) mass spectrometers to filter out unrelated ions both at 

the tryptic peptide stage and at the fragment ion stage according to preselected mass to charge ratios 

[30-32]. We developed a quantitative, antibody-free SRM-MS method for quantifying specific circulating 

porcine SAA isoforms directly in serum samples from pigs infected experimentally with Sa. This allowed us 

to correlate tissue specific expression of SAA isoforms (mRNA) with SAA isoforms (protein) in the 

circulation. This is of interest not only for elucidating possible specific biological functions of SAA 

isoforms, but also for describing the possible utility of SAA isoforms as differential, circulating biomarkers 

of infection with the potential to differentiate inflammatory responses having infectious (e.g. bacterial 

versus viral), autoimmune, neurodegenerative and metabolic origins, respectively.  

 

Materials and Methods 

Ethics Statement 
All animal procedures were conducted according to protocols approved by the Danish Animal 

Experiments Inspectorate (License Number 2008/56121465). 
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Infection experiment and samples 

Serum samples were obtained from non-infected pigs and pigs experimentally inoculated with Sa 

(intravenously) as previously described [15]. Briefly, three 8-week-old female SPF Danish 

landrace/Yorkshire crossbred pigs with a body weight (BW) of 20–25 kg, all clinically healthy, were 

inoculated intravenously with a bolus of 108 CFU/kg BW of the porcine pathogenic strain of Sa. The pigs 

received a second bolus equal to the first after 12 hours, and after 24 hours the pigs were euthanized. 

Postmortem examination was immediately done. From the same herd, three control pigs were sham-

infected intravenously with sterile saline and managed in parallel with the infected pigs. SAA protein 

concentration was measured in serum sampled at 0 hours (before inoculation) and 24 hours post 

inoculation. 

 

Sample preparation for MS analysis 

5 μL serum sample was denatured in 395 μL 8 M urea (Sigma-Aldrich, St. Louis, USA) in 100 mM 

ammonium bicarbonate (Sigma-Aldrich, St. Louis, USA). Fifty μL of this was then reduced by addition of 

0.5 μL 500 mM Tris (2-carboxyethyl) phosphine) (Sigma-Aldrich, St. Louis, USA) for 60 min at 37°C and 

alkylated by subsequent addition of 1 μL 500 mM iodoacetamide (Sigma-Aldrich, St. Louis, USA) for 30 

min at room temperature in the dark before diluting the sample with 250 μL 100 mM ammonium 

bicarbonate to a final urea concentration of 1.3 M. Denatured and reduced proteins were then digested 

by addition of 2 μL 0.5 μg/μL trypsin (Promega, Madison, USA) and incubated overnight at 37°C. The 

resulting peptides were desalted by the use of C18 reversed-phase spin columns according to the 

manufacturer’s instructions (Harvard Apparatus, Holliston, USA [33]), dried in a vacuum centrifuge, and 

re-dissolved in 50 μL of 2% acetonitrile (Fisher Chemicals, Pittsburgh, USA), 0.2% formic acid (Sigma-

Aldrich, St. Louis, USA), sonicated for 5 min, followed by centrifugation at 3,100 RCF for 30 s before 

transferring the supernatant to HPLC vials (Fisher Scientific, Pittsburgh, USA). 

 

SRM assay development 

The SRM assay was developed using proteotypic peptides corresponding to porcine SAA isoforms 2, 3 and 

4, respectively, based on the sequences available in UniProt (uniprot.org/uniparc): F1S9B9 (porcine 

SAA2), Q2HXZ9 (porcine SAA3) and F1S9B8 (porcine SAA4), identical to those reported by Olsen et al. 

(2103). Tryptic peptides unique to each SAA isoform were selected based on in silico digestion using the 

online tool, PeptideMass from ExPAsy [34, 35] with default settings. Four unique peptides for SAA2, six 

for SAA3 and seven for SAA4 (table 1) were defined and provided as synthetic peptides (JPT Peptide 

Technologies GmbH, Berlin, Germany). 
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Table 1. Four unique tryptic peptides were identified for SAA2, six for SAA3 and seven for SAA4. The peptides marked in 

bold were selected as the best performing peptides and ordered as stable isotope labeled (heavy) AQUA peptides for 

absolute SRM quantification. 

SAA2 SAA3 SAA4 

EANFK WASFLK EAVQGASDLWR 

VTDWLK EAGQGAK AYWDMK 

DPNHFRPPGLPDK EANYK EANYQNSGR 

ADQAANEWGR VTDLFK GNYEAAQR 

 ADQAANAWGR GPGGIWAAK 

 DPNHFRPR EEDQVSNR 

  SGQDPDHFRPAGLPK 

 

The SRM assay was created using the 17 unique isoform specifics, computationally predicted tryptic SAA 

peptides. For each peptide 10-15 transitions were generated in Skyline (version 20.1.0.31 [36]) according 

to the steps described in [30]. These transitions were then tested by unscheduled SRM using the 

corresponding synthetic peptides. Based on the resulting data, the number of transitions per precursor 

was manually reduced to a maximum of five. The transitions chosen were those with highest intensity 

and with no more than one transition having a product m/z smaller than the m/z of the precursor at both 

2+ and 3+ charge states. Also, precursors with no clear peak were removed from the method. The 

retention times of the synthetic peptides were used to generate a final scheduled SRM method. The final 

scheduled SRM method was tested on a pool of synthetic peptides spiked into porcine serum pools (two 

pools from pigs undergoing an APR) and it was confirmed that all spiked-in peptides could be identified by 

the methods.  Subsequently, the tested SRM method for the 17 peptides was applied to the sequential 

porcine serum samples and the top performing proteotypic peptides were ordered as stable isotopically 

labeled (heavy labeled C-terminal arginine or lysine residue (13C, 15N)) peptides (Thermo Scientific AQUA 

peptides). These heavy peptides were delivered as 5 pg/µL solutions and used as standards for the 

quantification of SAA isoform concentrations in porcine serum samples. It was established that a final 

concentration in the spiked sample of 0.1 pg/µL of each of the heavy peptides was suitable. A master mix 

containing each of the heavy peptides at 0.5pmol/ μL was prepared, and 2 μL of this peptide master mix 

was added to 8 μL trypsin digested sample after completing the C18 desalting step, making the final 

heavy peptide concentration 0.1 pmol/ μL. 

 

Mass spectrometry analysis 

SRM measurements were performed on a TSQ Vantage QQQ mass spectrometer (Thermo Scientific, 

Waltham, USA) equipped with a PicoChip ion source (New Objective, Bedford, USA). Chromatographic 
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separations of peptides were performed on an in-line Easy-nLC II system (Thermo Scientific, Waltham, 

USA).  All solvents were LC-MS grade (Fisher Chemical, Roskilde, Denmark). 

1 μL digested serum sample with spiked in peptides (synthetic peptides for SRM development and heavy 

labeled peptides for SRM validation and SAA quantification, respectively) was loaded with a constant 

pressure rate of 280 bar onto the analytical column (PicoChip column packed with Reprosil-PUR C18 

(PCH7515-105H354-FS25, New Objective, Bedford, USA) with 10 µl 97% solvent A (LC-grade 0.1% formic 

acid in water) and 3% solvent B (LC-grade 0.1% formic acid in acetonitrile).  The peptides were eluted 

with a linear gradient from 92% solvent A and 8% solvent B to 33% solvent B for 42 min with a constant 

flow of 300 nl/min. 

 

Data analysis 

Raw data was acquired using the XcaliburTM software (Thermo Scientific, Waltham, USA). The raw data 

was processed and analyzed with the free web-based SRM analysis software Skyline, version 20.1.0.31 

[36]. Peaks were automatically integrated, followed by manual validation and inspection.  Integration of 

the peaks was adjusted manually if the software had not reliably determined the peaks. Interference with 

the matrix and variable peak area ratios in replicate samples were also investigated.  Background noise 

levels were estimated by visual inspection of the chromatographic peak regions. The five best transitions 

for each peptide was used for quantification. Data from pig 38243 0h was excluded due to column failure 

on the MS instrument.  

Four technical replicates of the porcine serum samples were analyzed with the SRM method by injecting 

and running each sample four times in a row. The reproducibility of relative quantifications obtained from 

each of the four runs for the peptides finally selected for each of the isoforms was calculated (between-

run reproducibility). For the quantification of SAA protein concentrations, the mean total area (area 

under the curve) for the best performing two peptides for each SAA isoform in question was calculated. 

This area was used to calculate the concentration of the endogenous peptide by calculating the ratio 

between the area of the endogenous peptide and the area of the corresponding heavy peptide, 

multiplied by the known spiked-in amount of the heavy peptide. The concentration of each specific SAA 

protein was then calculated as µg/mL serum by taking into account the molecular weight of the 

corresponding full length isoform protein and the volume analyzed as well as the dilution factor of the 

serum sample.  As the number of samples in each group of pigs (infected and control, respectively) at 

each time point was very low (n=2 or 3), data was not subjected to statistical evaluation. 

Fold changes were calculated for SAA2, SAA3 and SAA4, respectively by dividing the mean of the 

calculated serum concentration of the SAA isoform in question at 24 hours with its mean concentration at 

24 hours in the control animals
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Results 

SRM assay for porcine SAA2, SAA3, and SAA4 isoforms  

Multiple alignment of the porcine SAA2, SAA3, and SAA4 isoform sequences (UniProt, see Figure 1 and 

footnote) (Clustal Omega online tool [37]) revealed that the sequences (including the signal peptide) for 

porcine SAA2 and SAA3 are 86% similar, while the similarities between the porcine SAA4 sequence and 

SAA2 and SAA3 are 57% and 59%, respectively; amino acid differences are evenly distributed throughout 

the sequence for SAA2 and SAA3 while for SAA4 a region around aa 72-88 show the highest dissimilarity 

to the other isoforms (Fig. 1).  

 

 

Fig. 1 Clustal Omega multiple alignment [37] of SAA isoforms 
1
. Starting from methionine (M), the first 18 amino acids 

constitute the signal peptide (boxed). Positions at which amino acid residues are identical between all three sequences are 

marked with *. Lysine and Arginine are marked in bold to show trypsin cleavage points indicating potential tryptic peptides, and 

tryptic peptides actually selected for SRM (see text/Table 1)) are shown in red. The basic motif characterizing SAA3 isoforms is 

boxed by a blue rectangle [38]. 

 

Four unique tryptic peptides were found for SAA2, six for SAA3 and seven for SAA4 (table 1). These were 

used to develop the SRM method, including spiked-in stable isotope labeled (‘heavy’) peptides for 

absolute quantification as described above (Materials and Methods). The SRM method was applied to the 

sequential porcine serum samples and based on their performance, the three best performing peptides 

(Table 1, bold font) were selected for each SAA isoform. The performance parameters included the 

detection of at least 5 transitions, a high signal-to-noise ratio, and a reproducible performance across 

samples. In a final round of selection, the worst performing (lowest signal-to-noise ratio and lowest 

reproducibility) of each of the three peptides pr. SAA isoform were removed, using the remaining two 

peptides for the rest of the study (underlined, table 2). Table 2 shows transitions for each of the selected 

peptides and figure 2 shows an example of the performance of one of the selected peptides in the SRM 

                                                           
1 In December 2019 porcine SAA2 and SAA4 were removed from Uniprot and Ensemble, due to updates. This contrasts our results, which support the existence of these 

isoforms and they have recently been added to Uniprot again (Release 2020-03), see SAA2: P0DSO0 (https://www.uniprot.org/uniprot/P0DSO0), SAA3: Q2HXZ9 

(https://www.uniprot.org/uniprot/Q2HXZ9), SAA4: P0DSN9 (https://www.uniprot.org/uniprot/P0DSN9.  
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method comparing the sample peptide (light) with the spiked-in heavy peptide (performance of all six 

peptides depicted in supplementary figure 3). 

 

Table 2 SRM Assay with Q1/Q3 transitions of porcine SAA isoform peptides. The proteo- and quantotypic peptides, two for 
each isoform, selected for the final SRM method (see text) are underlined. 

 
Peptide Sequence Precursor ion 

(m/z) 
Precursor 
Charge 

Collision 
Energy 

Product ion 
(m/z) 

Fragment 
Ion 

SAA2 

VTDWLK 381.2 2  662.4 y5 

    561.3 y4 

    446.3 y3 

    260.2 y2 

    201.1 b2 

DPNHFRPPGLPDK 497.3 3 21.2 723.4 y7 

    626.4 y6 

    359.2 y3 

    327.1 b3 

    464.2 b4 

ADQAANAWGR 530.3 2 18.8 674.3 y6 

    603.3 y5 

    489.3 y4 

    418.2 y3 

    315.1 b3 

SAA3 

ADQAANEWGR 559.3 2 19.7 732.3 y6 

    661.3 y5 

    418.2 y3 

    315.1 b3 

    457.2 b5 

WASFLK 376.2 2 14.2 565.3 y5 

    494.3 y4 

    407.3 y3 

    258.1 b2 

    345.2 b3 

EAGQGAK 330.7 2 12.8 531.3 y6 

    201.1 b2 

    258.1 b3 

    386.2 b4 

    443.2 b5 

SAA4 

EAVQGASDLWR 616.3 2 21.4 747.4 y6 

    676.3 y5 

    589.3 y4 
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    474.3 y3 

AYWDMK 407.2 2 15.1 742.3 y5 

    579.3 y4 

    393.2 y3 

    278.2 y2 

    536.2 b4 

SGQDPDHFRPAGLPK 541.3 3 22.8 582.4 y6 

    414.23 y4 

    357.2 y3 

    388 b4 

    600.2 b6 

 

 

 

Fig. 2 Example of SAA peptide performance. A and B: Peak shapes of unlabeled (light, top) and stable isotope-labeled (heavy, bottom) SAA2 

specific peptide ADQAANEWGR and their transitions in serum samples from infected (A) and control (B) pig. Heavy-labeled AQUA peptides were 

spiked into the serum samples and manually inspected in Skyline. C:  Peak areas of all transitions normalized to total area. This peptide was 

proteotypic and presumed to be quantotypic.   

 

 

The SAA isoforms SAA2, SAA3, and SAA4 were reliably detected based on two peptides, and the mean of 

their concentrations were used to calculate the concentration of the SAA isoform in question in absolute 

terms, based on the corresponding stable isotope-labeled (‘heavy’) peptides spiked into the sample at 

known quantities. This enabled the calculation of sample peptide quantities based on the ratio of the area 
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of the sample peptide liquid chromatography peak compared to that of the corresponding heavy peptide. 

From the molar quantity of the peptide, the concentration of the cognate SAA isoform was calculated, 

considering the molecular weight of the cognate protein, the volume of sample injected into the column 

and the dilution of the serum sample taking place during pretreatment, prior to analysis. 

For the SAA2 peptides (VTDWLK and ADQAANEWGR) and the SAA3 peptides (WASFLK and 

ADQAANAWGR) there was a very high correspondence of the measured SAA concentrations between the 

peptides in the porcine serum samples. For the SAA4 peptides (EAVQGASDLWR and AYWDMK) a clear 

difference was observed of the measured SAA concentrations in the porcine serum samples, with 

EAVQGASDLWR yielding higher SAA concentrations in all samples when compared to AYWDMK 

(supplementary 1). The detection limit (lower limit of quantitation) of the method based on the lowest 

concentration of heavy peptide that could be detected, was 0.5 fmol/µL among the 6 peptides used, 

corresponding to approx. 6 ng/mL of SAA isoform protein. The between-run reproducibility yielded a CV% 

of 33.1 for SAA2, 28.6 for SAA3 and 24.6 for SAA4.  

 

SRM analysis of SAA2, SAA3 and SAA4 in serum from experimentally Sa-infected pigs 

Molar concentrations of SAA were obtained from the ratio between the endogenous (light) peptides and 

the spiked in stable isotope-labeled (heavy) peptides and translated into serum concentration (µg/mL) of 

the cognate isoform of SAA using the known molecular weight of the SAA isoform in question. As seen in 

Figure 3, serum concentrations of both SAA2 and SAA3 isoforms were clearly higher in all three pigs 24 

hours after Sa infection than at 0 hours in the same pigs and at both 0 and 24 hours in the saline 

inoculated control pigs; SAA2 reached 2-3 µg/mL and SAA3 around 0.1 µg/mL at 24 hours. For SAA4 the 

results were not as consistent; however, a slight elevation was also seen for this isoform 24 hours after 

infection. The normal serum concentration of SAA3 as quantified here was much lower than that of both 

SAA2 and SAA4, namely at or below 0.01 µg/mL as opposed to 0.1-0.2 µg/mL (SAA2) and 0.02-0.03 µg/mL 

(SAA4) (Fig.3).  
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Fig. 3 Mean serum concentrations of SAA isoforms 2, 3 and 4, respectively, before and 24 hours after Sa infection and before 

and 24 hours after sterile saline injection (controls) measured by the SRM MS methods developed in this paper. Columns 

indicate mean values. In addition, individual concentrations are also shown for infected (n=3) and control (n=2) pigs for each 

SAA isoform. 

 

 

The average fold change in serum concentration between controls and infected animals at 24 hours was 

9.8 for SAA2 and 15.2 for SAA3 for the infected pigs, reaching 2.1 µg/mL for SAA2 and 0.1 µg/mL for SAA3 

(Figure 4). Thus, the developed SRM assay clearly reflected the 24 hours acute phase response of 

circulating pig SAA isoforms, quantifying each of the individual isoforms in non-depleted serum samples.  

 

0

20

40

60

80

F
o

ld
 c

h
a
n

g
e

 (
C

T
R

L
=

1
)

LIVE
R

LUNG SPLEEN

SAA2

SAA3

SAA4

mRNA

SAA2 SAA3 SAA4

0

5

10

15

20

F
o

ld
 c

h
a
n

g
e
 (

C
T

R
L

=
1
)

Protein

 

Fig. 4 Mean fold changes of SAA isoforms in serum samples of Sa-infected pigs compared to control pigs (sterile saline-injected) 

at 24 hours after inoculation by SRM MS directly in serum samples. For comparison the corresponding fold change found for 

total SAA as determined by ELISA in the same samples in a previous paper [15] is indicated by the horizontal line.  Also depicted 

(insert) are mean fold changes for mRNA in liver, lung and spleen for each of the SAA isoform genes in the same animals as 

measured by qPCR as reported previously by [15]. 
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Discussion 

 

In all species investigated so far, a limited number of SAA genes have been found having a high degree of 

similarity (50-88% similarities at the inferred protein level) [9, 18]. Indications of differential acute phase 

expression of SAA isoform genes between different tissues and between different types of infections and 

other acute phase inducing events, have repeatedly been described in various species [9, 15, 22, 24-26]. 

However, much less is known about the expression and absolute serum and tissue concentrations of SAA 

isoforms at the protein level, including the correlation between tissue specific SAA isoform expressions 

and circulating SAA isoform profiles.  

With the exception of denaturing isoelectric focusing combined with immunoblotting and densitometry 

[27], no antibody-dependent assays are available for isoform-specific identification or quantification of 

SAA proteins, due to the inability of antibodies to discriminate between the highly similar SAA isoforms. 

Remarkably, a number of reports on human SAA (e.g. [29] (see below) and [39, 40]) claim to quantify 

SAA1 specifically by ELISA based on the fact that the antibodies employed were raised against SAA1; 

however, as SAA isoform sequences are highly similar and most SAA immunoassays are in fact cross-

reactive between species, SAA1 isoform specific quantitation is most likely not obtained  in these studies.  

There is one substantiated recent report demonstrating a selective antibody which does not discriminate 

between porcine SAA2 and SAA3; however, it does not react with porcine SAA4 (SAA4 being the most 

divergent of the SAA isoforms) [25]. 

It was therefore of interest  to develop an antibody-independent method for SAA isoform quantification 

directly in porcine serum samples, as 1) the pig is an increasingly popular animal model for human 

conditions involving inflammation and as 2) it has been debated which of the porcine SAA isoforms (SAA2 

and SAA3) is the major circulating isoform in this species [15, 28]. It was established by Olsen et al. (2013) 

[15] that in the pig, in contrast to mouse and man, SAA1 is a non-expressed pseudogene. Pig SAA2 and 

SAA3 are highly homologues and SAA4, as in other species, is the most divergent member of the SAA 

family [10, 12, 15, 22, 25]. 

 

We therefore established a selected reaction monitoring SRM MS method to quantify porcine SAA2, 

SAA3, and SAA4 specifically in porcine serum samples. Quantification of each of the isoforms was based 

on two quantotypic tryptic peptides each with six co-eluting transitions. No pre-fractionation (depletion 

or enrichment) of serum samples, and no antibodies were used in the assay. The methods proved to be 

sensitive (lower limit of detection approx. 6 ng/mL SAA isoform protein) comparing well with a PRM 

method for human SAA isoform quantification [41]. Although the reproducibility of the assays concerning 

SAA isoform quantifications was lower than what is generally reported for immunoassays (between-run 
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CV% of 33.1 for SAA2, 28.6 for SAA3 and 24.6 for SAA4), they are indeed within the range reported for a 

number of MRM assays for human SAA isoforms in serum [29]. In an independent set of porcine serum 

samples obtained from an experimental S.a.infection experiment (steel implant model of osteoarthritis 

[42]) five days after inoculation (three samples from infected pigs, three from control pigs) the robustness 

of the assay was confirmed yielding SAA isoform concentrations at the same ranges as seen here for each 

isoform (not shown, Leuchsenring et al., in preparation 2020).  It should be noted that the accuracy of 

SAA4 concentrations may be lower than for the other isoforms due to the lack of correspondence 

between the two quantotypic peptides used for quantification, EAVQGASDLWR being consistently -10 

times higher than AYWDMK (see Supplementary Figure 1). In contrast there was good correspondence 

between the two peptides corresponding to each of the isoforms SAA2 and SAA3. There may be many 

reasons for the difference between the two SAA4 peptides, including differences in sensitivity to trypsin 

digestion, stability towards proteases in serum, glycosylation or other post-translational modifications 

affecting one of the peptides and not the other, etc. Indeed, the two SAA4 peptides have very different 

peptide suitability scores (EAVQGASDLWR: PSS=0.74, AYWDMK: PSS= 0.03 [43]2).  

The sensitivity is more than adequate to quantify biologically relevant serum concentrations of porcine 

SAA isoforms including their response during an APR. The absolute quantification achieved by the 

inclusion of stable isotope-labeled (heavy) peptides corresponding to each of the tryptic precursor 

peptides, allowed the calculation of absolute serum concentrations of each of the SAA isoforms, assuming 

quantitative tryptic fragmentation of the cognate isoform proteins into each of the precursor peptides.   

Previously, Sung et al. (2012) [29] provided an MRM MS-based method for quantifying and distinguishing 

SAA1 and SAA2 directly in human serum samples from human lung adenoma patients and healthy 

controls. It was convincingly shown that serum samples from cancer patients compared to health 

subjects had clearly elevated concentrations of both isoforms [29]. Two quantotypic peptides were used 

for SAA1 while only one for SAA2 due to low reproducibility for another SAA2 peptide. The absolute 

concentration of SAA2 was found to be lower than that of SAA1; however, the two employed SAA1 

peptides used differed widely in concentrations and in fold change in the same samples. A correlation 

was found between SAA concentrations determined in serum by an allegedly SAA1 specific ELISA and 

SAA1 MRM light/heavy ratios for one of the SAA1 specific peptides [29]. 

Here the SRM MS method was applied to serum samples from experimentally Sa-infected pigs, sampled 

just before inoculation (0 h) and 24 hours after inoculation as described previously [44, 45] and showing a 

prominent APR (total SAA serum concentrations) concomitantly with development of clinical signs of 

infections [15]. For all isoforms, normal concentrations were negligible, 0.16 µg/mL for SAA2, 0.007 

µg/mL for SAA3 and 0.032 µg/mL for SAA4. In Olsen et al. (2013) [15] an ELISA was used to quantify total 

                                                           
2 PSS values obtained from PeptideAtlas. Build: Pig 2014-11, entry F1S9B8 assessed at 
https://db.systemsbiology.net/sbeams/cgi/PeptideAtlas/GetProtein?protein_name=F1S9B8&apply_action=QUERY  
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(presumably all isoforms) SAA concentrations in the same serum samples as investigated here and found 

to be below 50 µg/mL for control samples and before inoculation, while after infection it reached a mean 

of around 460 µg/mL.  This strongly contrasts the present results, that, although fold changes were 

similar (see Figure 4), yielded a total SAA concentration (adding all isoforms together) of only around 3 

µg/mL during the APR. There may be several reasons for this discrepancy, including  the possibility of 

inaccurate calibration of the commercial standard used for the SAA immunoassay used in Olsen et al. 

(2013) [15]. This immunoassay is a so-called multi-species assay using the same cross-species calibrated 

SAA standard for a range of species. Also, the SAA isoform quantification of the SRM MS method in the 

present work assumes full tryptic fragmentation and subsequent full fragment ionization of all SAA 

peptides used for quantification; should this not be the case, e.g. because of SAA being shielded from full 

trypsin digestion by its complexation with HDL, tryptic peptide concentrations will be lower than the 

concentration of the cognate SAA isoform protein; also, not all tryptic peptides will become successfully 

ionized [46]. Finally, and maybe most importantly, the result may indicate that porcine SAA variants not 

resulting in the anticipated tryptic fragments may dominate the circulating porcine SAA population for 

examples in the form of sub-variants of SAA2, SAA3, and SAA4 not being detected by the developed SRM 

method, although they may all be readily detected by the immunoassay. Some evidence in favor of this 

hypothesis is found in the  presence of a large and quickly changing family of porcine SAA sequences in 

the UniProt database as well as by reports of several subtypes of SAA isoforms e.g. in human blood [47] 

far surpassing the three main types, both caused by the presence of additional gene variants and by post-

translationally modified, fragmented and/or end-chopped SAA proteins [48, 49]. Such allelic variants have 

been repeatedly described for human SAA1 [50] and a parallel reaction monitoring (PRM) MS methods 

for their sensitive quantitation in depleted human serum samples from non-small cell lung cancer 

patients compared to healthy controls have been described [41]. In this work the non-additive nature of 

PRM-based quantification of human SAA1 and SAA2 variants compared to total SAA1 and SAA2 

quantification, respectively, was also noted [41]. In addition, sequence variation if found outside the part 

of the protein sequence represented by the peptide in question will likely affect the molecular weight of 

the protein thereby skewing the absolute quantification. In order to establish the presence of such SAA 

protein isoforms in the pig, and to what extent they account for the acute phase variations quantified by 

ELISA, a non-targeted, global quantitative MS method will be needed, such as isobarically labeled samples 

analyzed by tandem MS (TMT based MS) [51]. 

Assuming accurate absolute quantification the results support that the major circulating isoforms of pig 

SAA is SAA2 as originally suggested by Olsen et al. (2013) [15]. The concentration of SAA2 was 

approximately 5 times the SAA3 concentration during the APR. The serum concentration fold changes 

from normal controls to Sa –infected pigs were found by the present SRM MS method to be 
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approximately 10 for SAA2, 15 for SAA3 and < 3 for SAA4 (figure 4). In comparison, Olsen et al. (2013) 

studying the same samples found the total SAA fold change in serum to be around 10. As absolute 

quantifications indicated that porcine SAA2 is the most dominant species in serum, this supports the 

conclusion that SAA2 is the major acute phase SAA isoform in pig serum. Also, the SAA2 isoform serum 

concentration fold change reported in this work corresponded well with hepatic SAA2 mRNA fold change 

reported previously for the same animals [15], suggesting a hepatic origin of the circulating porcine SAA2 

isoform. This emphasized the potential of the SRM MS method to allow elucidating the tissue origin of 

circulating biomarkers, as also noted by Qin et al. (2015) for an unrelated SRM MS method [52]. For SAA3, 

serum concentration fold changes were much lower than the gene expression changes established 

previously in liver, lung and spleen for the same animals [15](figure 4). The reason for this discrepancy 

between tissue (mRNA) and blood (protein) fold changes for SAA3 is unknown; it might be speculated 

that the porcine SAA3 protein will to some extent remain in the tissue, not being transported to the blood 

circulation, maybe due to its putative weaker binding to HDL because of its more hydrophilic N-terminal 

[28]. However, this remains to be demonstrated. It is not clear from the results of the present study if 

porcine SAA4 is an acute phase or a constitutive isoform; as indicated by the data in Olsen et al. (2013) 

this may depend on the infection type [15]. In humans and mice, SAA4 is synthesized constitutively and is 

not induced during the APR, as are SAA2 and SAA3 [9, 14, 19, 53]. It is also possible that SAA4 follows a 

different response kinetics than that of SAA2 and SAA3 and thus might simply not have peaked at 24 

hours after infection. 

It should be noted that the relative SAA isoform profiling obtained by the non-calibrated basic SRM MS 

method (with no absolute quantification) will in itself be sufficient to obtain much more diagnostic 

information than from measurements of total SAA alone. 

Conclusively, in this work a validated quantitative SRM MS method was developed in order, for the first 

time, to quantify SAA isoform abundance directly in porcine serum samples, enabling the correlation 

between variations in isoform mRNA in various tissues and circulating SAA isoform protein pools to be 

established. A high abundance of not-detected SAA isoforms with divergent peptide sequences is 

suggested and awaits further investigation. This is of great importance for the further development of 

pigs as animal models for human inflammation-based disease. It will also allow fundamental questions on 

the tissue distribution of SAA isoforms, and their regulation during health and disease to be elucidated. 
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Supplementary 1 

Relative serum levels of SAA2, 3 and 4 isoforms, respectively, before and 24 hours after Sa infection and before and 24 hours 

after sterile saline injection (controls) measured by the SRM MS methods developed in this paper.  
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Supplementary 2. 
Initial SRM Assay with Q1/Q3 transitions of all porcine SAA isoform peptides.  

Peptide Sequence Precursor Mz Precursor 
Charge 

Collision 
Energy 

Product Mz Fragment Ion 

SAA2 

ADQAANAWGR 530.251954 2 18.8 674.336884 y6 

603.29977 y5 

489.256842 y4 

418.219728 y3 

315.12991 b3 

VTDWLK 381.213246 2 14.3 662.350802 y5 

561.303124 y4 

446.276181 y3 

260.196868 y2 

201.123368 b2 

EANFK 304.655564 2 12 408.224145 y3 

294.181218 y2 

147.112804 y1 

130.049869 b1 

201.086983 b2 

DPNHFRPPGLPDK 497.256396 3 21.2 723.403566 y7 

626.350802 y6 

359.192511 y3 

327.12991 b3 

464.188822 b4 

SAA4 

EEDQVSNR 488.720152 2 17.6 718.347842 y6 

603.320899 y5 

475.262322 y4 

376.193908 y3 

502.177983 b4 

EANYQNSGR 519.733594 2 18.5 724.337278 y6 

561.273949 y5 

433.215371 y4 

319.172444 y3 

315.12991 b3 

GNYEAAQR 454.714673 2 16.5 737.357679 y6 

574.29435 y5 

445.251757 y4 

374.214643 y3 

EAVQGASDLWR 616.306926 2 21.4 747.378414 y6 

676.3413 y5 

589.309272 y4 

474.282329 y3 

361.198265 y2 

GPGGIWAAK 428.73742 2 15.8 645.371872 y6 
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588.350408 y5 

475.266344 y4 

382.208495 b5 

568.287808 b6 

AYWDMK 407.183631 2 15.1 742.322873 y5 

579.259544 y4 

393.180231 y3 

278.153288 y2 

536.213974 b4 

SGQDPDHFRPAGLPK 541.274227 3 22.8 582.360973 y6 

414.271095 y4 

357.249632 y3 

388.146289 b4 

600.225996 b6 

SAA3 

DPNHFRPR 519.765031 2 18.5 826.44308 y6 

712.400152 y5 

575.341241 y4 

428.272827 y3 

767.358347 b6 

ADQAANEWGR 559.254694 2 19.7 732.342363 y6 

661.305249 y5 

418.219728 y3 

315.12991 b3 

457.204138 b5 

WASFLK 376.210506 2 14.2 565.334424 y5 

494.29731 y4 

407.265282 y3 

258.123703 b2 

345.155731 b3 

VTDLFK 361.707797 2 13.8 623.339903 y5 

522.292225 y4 

407.265282 y3 

201.123368 b2 

316.150312 b3 

EAGQGAK 330.669203 2 12.8 531.288536 y6 

201.086983 b2 

258.108447 b3 

386.167024 b4 

443.188488 b5 

EANYK 312.653021 2 12.3 495.256174 y4 

424.21906 y3 

310.176132 y2 

315.12991 b3 

478.193239 b4 
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Supplementary 3 
Performance of the six SAA peptides analyzed using Skyline and evaluated by examining peak shape and 

transition distribution for each serum sample. Below is shown the selected peak for each isoform and 

each sample. 
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We developed an SRM MS method which for the first time allowed the specific 
quantification of each of the circulating porcine SAA isoforms (SAA2, SAA3, SAA4). It was 
found that SAA2 is the dominating circulating isoform of SAA in the pig and that, during the 
acute phase response SAA2, SAA3 and SAA4 are induced approx. 10, 15 and 2 times, 
respectively. Absolute levels of the isoforms as determined by SRM MS were much lower 
than reported previously for total SAA quantified by immunosassays, suggesting the 
existence of hitherto non-described SAA variants. SRM MS holds great promise for the study 
of the basic biology of SAA isoforms with the potential to study an even broader range of 
SAA variants. 
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Highlights of manuscript 
 
SRM MS for quantification of porcine SAA isoforms in blood samples was developed 

The circulating porcine SAA isoform pattern was described for the first time during Staphylococcus 

aureus infection 

The existence of other SAA variants than those encoded by available porcine SAA isoform genes 

was indicated by the data and warrants a broader search for highly regulated porcine SAA variants 
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