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Correlations

between autoantibodies

and the ATR-FTIR spectra of sera
from rheumatoid arthritis patients
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Rheumatoid arthritis (RA) is one of the most common autoimmune diseases worldwide. Due to high
heterogeneity in disease manifestation, accurate and fast diagnosis of RA is difficult. This study
analyzed the potential relationship between the infrared (IR) spectra obtained by attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR) and the presence of autoantibodies
and antibodies against urease in sera. Additionally, the wave number of the IR spectrum that

enabled the best differentiation between patients and healthy blood donors was investigated. Using
a mathematical model involving principal component analysis and discriminant analysis, it was
shown that the presence of anti-citrullinated protein antibody, rheumatoid factor, anti-neutrophil
cytoplasmic antibodies, and anti-nuclear antibodies correlated significantly with the wave numbers in
the IR spectra of the tested sera. The most interesting findings derived from determination of the best
predictors for distinguishing RA. Characteristic features included an increased reaction with urease
mimicking peptides and a correspondence with particular nucleic acid bands. Taken together, the
results demonstrated the potential application of ATR-FTIR in the study of RA and identified potential
novel markers of the disease.

Rheumatoid arthritis (RA) is one of the most common immune-mediated rheumatic diseases affecting 0.5-1%
of the adult population worldwide (20-50 cases per 100,000 annually). Women have a higher risk of developing
RA after 40 years of age and the ratio of prevalence between females and males is approximately'~* 3:1 or 2:1.
Clinical manifestations of RA consist of both systemic and joint dysfunctions. Chronic inflammation is due to
uncontrolled infiltration by inflammatory and immune cells, and the release of pro-inflammatory mediators such
as tumor necrosis factor-a (TNF-a), interleukin-1p (IL-1p), and interleukin-6 (IL-6), which leads to disruption of
homeostasis and immune system disorders. In addition, the overexpression of inflammatory cytokines, upregula-
tion of matrix-degrading enzymes (e.g., matrix metalloproteinases and cathepsin), as well as the production of
autoantibodies, are thought to play an important role in the hyperplasia of cells in synovial membranes, leading
to progressive tendon, cartilage, and bone tissue damage, mostly in the small joints of the hands and feet. The
etiology of RA is multifactorial, with a significant contribution from genetic and environmental factors that
result in complex disease pathology and heterogenicity of the symptoms*®. Without appropriate treatment, RA
may lead to long-term joint damage, chronic pain, heart problems, disability, and excess mortality®’. Due to
the high heterogeneity of RA disease, precise diagnosis is difficult and time-consuming®. An early and accurate
diagnosis of RA is essential for appropriate treatment and symptomatic relief’. Currently, the diagnosis of RA
is based on an interview with the patient, imaging tests (X-ray, ultrasound, and magnetic resonance imaging),
and tests for the detection of clinical inflammatory biomarkers that determine the general inflammatory state
of RA, and the identification of RA autoantibodies’. One of the most well-known autoantibodies in RA is
rheumatoid factor (RF), and it is a marker included in the major classification criteria: 1987 American College
of Rheumatology (ACR) and 2010 ACR/European League Against Rheumatism (EULAR). RF is defined as an
immunoglobulin against the Fc region of the IgG class of antibodies, and is routinely screened in diagnostics
laboratories to differentiate RA from other diseases with similar symptoms®. However, despite RF owing its name
to being first detected in RA patients, it has also been found in patients with other rheumatic diseases such as
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Sjogren’s syndrome and systemic sclerosis, as well as in non-rheumatic autoimmune conditions and a variety of
infectious diseases'’. However, RF is not always detected in RA patients, which can make it difficult to diagnose
the disease. Studies show that the sensitivity and specificity of RF are approximately 64% and 77%, respectively''.
RF often co-occurs with anti-citrullinated proteins antibodies (ACPA). ACPA are directed against citrulline
residues on proteins or peptides. ACPA are present in approximately 60%-90% of patients with established RA
and 50%-60% of early RA cases, and is an important biomarker included in the widely used ACR/EULAR 2010
classification criteria®. It is noteworthy that ACPA has been observed for years in asymptomatic individuals and
does not necessarily lead to RA development. Additionally, ACPA can be detected in other rheumatic diseases
or may not be present in the serum of RA patients. Studies show that the sensitivity and specificity of ACPA
are approximately 62% and 90%, respectively, which makes it a more specific RA marker compared with RF'!.
Despite RF and ACPA playing a significant role in the diagnosis of RA, there is still a need for new biomarkers
and diagnostic methods for RA, especially in the seronegative subgroup!!. Other RA-associated antibodies exist,
e.g., antibodies to nuclear antigens (ANA), anti-neutrophil cytoplasmic antibodies (ANCA), anti-collagen type
II antibodies, and anti-fibronectin antibodies. However, most of these autoantibodies are not specific for RA
and they are also found in the sera of patients with other autoimmune diseases®'*"!%. Previous studies showed
that patients with RA possess an increased level of anti-urease (anti-Ure) antibodies, and the sensitivity and
specificity of the sera reaction with six bacterial urease mimicking peptides were approximately 96-100% and
94-98%, respectively'®. Interestingly, the presence of anti-Ure antibodies is not linked with autoreactivity but
instead with bacterial infection. Molecular mimicry between Proteus mirabilis urease and collagen type XI sug-
gests linkage between bacterial infection and disease development'é. The sensitivity and specificity of anti-Ure
antibodies indicates the high potential of these antibodies as RA markers”.

During these times of high technological development and innovation, new research methods are being
sought that can provide insight into the development, course, and diagnosis of heterogeneous diseases such as
RA and other autoimmune diseases. One of the most easy, rapid, and sensitive laboratory techniques increasingly
used in biological applications is Fourier transform infrared spectroscopy (FTIR)". FTIR has been applied as
a noninvasive physical-chemical method for the discrimination, classification, and identification of biological
materials. The FTIR spectra of cells, tissues, and fluids reflect the vibrational or rotational motions of specific
functional groups or bonds in biochemical components such as proteins, carbohydrates, and lipids. Biological
samples produce a unique fingerprint-like IR spectra, including broad and superimposed absorbance bands
over the entire mid-infrared (mid-IR) spectral region of'® 4000-650 cm!. Obtained spectra can be divided into
groups of components with typical absorption bands in the wave number windows (W): W1 corresponds to
fatty acids (wave number range 3000-2800 cm™), W2 corresponds to proteins and peptides (wave number range
1800-1500 cm™), W3 corresponds to proteins, phosphate-carrying compounds, and fatty acids (wave number
range 1500-1200 cm™"), W4 corresponds to carbohydrates (wave number range 1200-900 cm™), and W5 cor-
responds to specific peaks unique to the sample (wave number range 900-750 cm™)*. In medical sciences, FTIR
is mostly employed by researchers to improve the diagnosis and treatment of cancer, but is also utilized for other
chronic illness such as autoimmune disorders?>?!. Earlier studies on the possible applications of FTIR in the
diagnosis of RA showed that this technique was able to distinguish RA patients from healthy blood donors*.

In the present study, it was shown that sera from RA patients had unique IR spectral patterns that correlated
with typical RA autoantibody biomarkers such as ACPA, RE, and less specifically for RA, ANA, and ANCA, that
were detected in autoimmune diseases including RA’. Moreover, it was shown that the IR spectra of patients’
sera correlated with antibodies against bacterial urease mimicking peptides (anti-Ure), which were previously
described as promising tools in RA diagnostics'®.

Results

Presence of autoantibodies in sera samples. To obtain a clear picture of the relationship between
autoantibodies and anti-Ure antibodies, and IR spectra, samples of the sera used in this study were analyzed
for the presence of autoantibodies: RE, ACPA, ANA, ANCA, and anti-Ure antibodies. Most patient sera were
RF positive (74%) with a median titer of 48 IU/mL (<30-128) and two of the healthy blood donor sera were
RF positive. All patient sera samples and five of the healthy blood donor sera (31%) were ACPA positive. The
median ACPA concentration in sera was 146.32 U/mL (27.32-908.28) and 9.42 U/mL (7.14-19.44) for patients
and healthy blood donors, respectively. ANA and ANCA were less frequently detected. ANA were present in
47% of patients’ sera and one serum sample from a healthy blood donor. ANCA were present in 30% of patients’
sera and in two sera samples from healthy blood donors. Patient sera contained significantly greater levels of
anti-Ure antibodies compared with healthy blood donors (p <0.05). The dot blot median reaction values meas-
ured by the grayscale were 34.07 (27.63-43.22) and 9.62 (7.68-12.14) for patients and healthy blood donors,
respectively. Analysis of the correlation of occurrence of the tested antibodies showed a significant relationship
(p<0.05) between RF, ACPA, ANA, and anti-Ure antibodies, where the strongest relationship was observed
between RF and ACPA (r=0.55), followed by anti-Ure and ACPA (r=0.5), anti-Ure and ANA (r=0.42), anti-Ure
and RF (r=0.42), and ANA and ACPA (r=0.41). The weakest relationship was observed between RF and ANA
(r=0.36). There was no correlation between ANCA and other antibodies.

Differentiation of sera based on autoantibodies and anti-urease antibodies. Based on infor-
mation about the presence of autoantibodies and anti-Ure antibodies in sera samples, next, it was investigated
which group of antibodies could best separate the sera into two categories: patients and healthy blood donors.
The principal component analysis (PCA) loadings and scatter plots displayed five features and individual sam-
ples exhibited the first two components (Fig. 1). The first principal component (PC1; 46.99%), the second prin-
cipal component (PC2; 20%), and the third principal component (PC3; 17.8%) accounted for 84.8% of the total
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Figure 1. The PCA biplot displays the correlations: (A) between the five clinical markers and individual serum
samples, PC1 and PC2 accounted for 66.99% of the total variance, (B) between the three clinical markers and
individual serum samples, PC1 and PC2 accounted for 88.37% of the total variance. Rheumatoid arthritis
patients’ sera samples are marked in black (n=23) and healthy blood donors’ sera samples are marked in pink

(n=16).

RA patients n=23

Healthy blood donors n=16

Male 4 0
Female 19 16
Age (years) 63+13 45+5

25-Hydroxy Vit. D (ng/mL)

24.1 (14.34-37.1)

Calcium total

9.46 (9.06-9.68)

HDL 56.2 (50.2-76) -
LDL 107.08 (98.48-135.04) | -
Therapeutics (% of patients)

Methotrexate 68 -
Methylprednisolone 44 -
Tocilizumab 19 -
Denosumab 13 -
Etanercept 6 -
Chloroquine 6 -
Leflunomide 6 -
Salazosulfapyridine 18 -

Serological disease markers shown as median (IQR) or percent

CRP (mg/mL) 4.12 (1.33-11.13) -

ESR (mm/h) 20 (11-44.5) -

ACPA(U/mL) 146.32 (27.32-908.28) | 9.42 (7.14-19.44)
ACPA positive (>10 U/mL) 100 31

IgM-RF (230 IU/mL, latex agglutination test) 74 12

IgM-REF Titer (IU/mL) 48 (<30-128) -

ANA positive (%) 47 6

ANCA positive (%) 30 12

Anti- URE antibodies (grayscale)

34.07 (27.63-43.22)

9.62 (7.68-12.14)

Table 1. Baseline information of RA patients and healthy blood donors.

variance of the five features. The loading plot also demonstrated that RE, ACPA, ANA, and anti-Ure antibodies
were associated with PC1, while ANCA was associated with PC2. The ANCA and ACPA markers were also
related to PC3. In Table 1, the presence and concentration of these five features in the sera of the study group are
shown. The first two markers, RF and ACPA, had significantly higher median levels in patients than in healthy
blood donors. Additional markers such as ANA and ANCA demonstrated more positive results in RA patients
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Figure 2. Best predictors characteristic of the examined antibodies, as calculated by the chi2 test.

than healthy blood donors. Taken together, the markers did not clearly distinguish the patient group from the
blood donor group (Fig. 1a).

For this reason, the analysis was performed using a range of variants of the variables. The best discriminant
abilities were obtained for the markers RF, ACPA, and anti-Ure antibodies (Fig. 1b).

A multivariate analysis was performed to select clinical variables to distinguish RA patients from healthy
donors. Using a discriminant analysis (DA) model, the anti-Ure antibody, RF, and ACPA levels were included,
as they were the only independent parameters that were significantly associated with RA (Supplemental infor-
mation 1). The discriminant values of the model only used these three parameters. These data could be used to
distinguish RA patients from healthy donors based on the fact that the mean values of the three parameters were
statistically significant (Wilks’ Lambda=0.36941; F=19.915; p <0.0000). Among the examined parameters, the
greatest contribution to distinguishing RA patients from healthy blood donors was from anti-Ure antibodies
(lowest partial Wilks’s lambda value). The calculated classification matrix showed that differentiating patients
from healthy blood donors had a sensitivity of 91.3% and a specificity of 93.75%.

Wave number correlates with markers of rheumatic arthritis.. To determine whether the pres-
ence and concentration of the examined antibodies may affect the IR spectra of sera, statistical analyses were
performed. Using the chi2 test, the best predictors from the sera spectra were selected to discriminate sera based
on the presence and value of these antibodies (Fig. 2).

Next, the obtained predictors were correlated with the corresponding antibodies. Surprising, not all predic-
tors significantly correlated with the corresponding antibodies.

For anti-Ure antibodies, 11 wave number predictors were selected and all showed a positive correlation with
the value of these antibodies: 1120 (r=0.69, p <0.0001), 1105 (r=0.68, p<0.0001), 1103 (r=0.67, p<0.0001),
1104 (r=0.66, p<0.0001), 1106 (r=0.68, p <0.0001), 1118 (r=0.66, p <0.0001), 1119 (r=0.65, p<0.0001), 1107
(r=0.65, p<0.0001), 852 (r=0.64, p<0.0001), 2982 (r=0.68, p <0.0001), and 1682 cm™! (r=0.62, p<0.0001).

Similarly, for RE nine characteristic bands were identified. All of the selected predictors were significantly neg-
atively correlated with RF: 1628 (r=—0.65, p <0.0001), 1631 (r=—0.68, p<0.0001), 1626 (r=—0.61, p <0.0001),
1180 (r=-0.28, p=0.09), 1511 (r=-0.65, p<0.0001), 1510 (r=—0.65, p <0.0001), 1627 (r=—-0.63, p <0.0001),
1425 (r=- 0.63, p<0.0001), and 938 cm™ (r=— 0.58, p <0.0001). For ACPA, nine bands were identified and
only one did not show a significant correlation with the ACPA concentration : 1341 (r=- 0.37, p=0.02), 1322
(r=-0.46, p=0.003), 1739 (r=- 0.5, p=0.001), 829 (r=-0.71, p<0.0001), 1342 (r=- 0.4, p=0.01), 1344
(r=-0.25,p=0.1), 1343 (r=-0.37, p=0.02), 1198 (r=—0.56, p=0.0002), and 1197 cm™* (r=— 0.62, p=0.0001).
For ANCA, 10 bands were selected but only half correlated with these autoantibodies: 780 (r=— 0.32, p=0.005),
1781 (r=—0.03, p=0.8), 1739 (r=0.05, p=0.7), 756 (r=0.26, p=0.02), 871 (r=— 0.25, p=0.02), 1367 (r=0.17,
p=0.1), 1147 (r=0.06, p=0.6), 755 (r=— 0.3, p=0.007), 781 (r=— 0.34, p=0.004), and 876 cm™! (r=0.01, p=0.8);
and for ANA, 13 wave numbers were characteristic and 12 of these showed a significant correlation with these
autoantibodies: 1213 (r=-0.39, p=0.0005), 929 (r=-0.17, p=0.1), 1622 (r=— 0.45, p<0.0001), 1623 (r=— 0.46,
p<0.0001), 1624 (r=— 0.47, p<0.0001), 1205 (r=— 0.44, p <0.0001), 1200 (r= - 0.4, p=0.0004), 1212 (r=—0.39,
p=0.0005), 1214 (r=— 0.4, p=0.0003), 1321 (r=—0.35, p=0.001), 1201 (r=— 0.39, p=0.0004), 1204 (r=— 0.42,
p=0.0002), and 1203 cm™! (r=- 0.39, p=0.0004).

Subsequently, it was examined whether the selected predictors characteristic for their corresponded antibodies
could be used to distinguish between patients and healthy donors. PCA analysis was used for differentiation of
these spectral data into two categories, RA patients versus healthy blood donors. The PCA loadings and scatter
plots display the spectral features characteristic of individual markers and samples for the first two components
(Fig. 3). The wave numbers characteristic for anti-Ure antibodies and RF were the best at differentiating between
the patient and healthy donor groups.
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Figure 3. PCA scatter plot displaying the separation of rheumatic arthritis patients and healthy blood donors.

ATR band positions wave number cm™ | Assignment Reference value
1103-1107 Polysaccharide, RNA, ribose v (C=0), 1101, 1110%>**
1118-1120 RNA, v (C=0) ribose rings 1120%4-%¢

1682 v,(C,=0) vibration respectively in RNA, amide I 1690, 1689-1678%+%"
1079 DNA, RNA v, (PO;") ,,,.. or phospholipid v, (PO,") | 108024262829

852 Oscillation of the P-O bond 855%

2982 C-H,y > CH, in fatty acids 2977232631

Table 2. Major band position elevated in rheumatoid arthritis patients along with the assignment of the
bands.

The above experiments investigated the correlation between examined antibodies and the wave number in
the IR spectra of the tested sera. In the next step, it was examined whether wave numbers in the spectra exist
that can distinguish patients from healthy donors in a specific and sensitive way, and whether the most strongly
differentiating wave numbers correlate with any of the tested antibodies. The list of best predictors for distin-
guishing RA patients, calculated based on chi2 analysis and the Gini index, was similar to the list of predictors
obtained for anti-Ure antibodies: 1103-1107, 1118-1120, 852, 1682, and 2982 cm™'. Additionally, there was a
band at 1079 cm™! (Table 2).

Reduction of these variables to those that were characteristic for the abovementioned regions (Table 2), made
it possible to select statistically significant IR features as potential biomarkers of RA: 1120, 1105, 852, 2982, 1079,
and 1682 cm™, for inclusion in PCA. This spectral pattern correlation is illustrated in a three-dimensional (3D)
scatter plot in Fig. 4. Taken together, all band intensities in patient samples were clearly distinguishable from
those in the control group and were significantly different to those in healthy blood donors (p <0.05) (Fig. 5).

These findings indicated the possibility that these spectral features (1120, 1105, 852, 2982, 1079, and
1682 cm™) may be useful RA biomarkers in the future.
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Figure 4. The PCA 3D scatter plot displaying the separation of rheumatoid arthritis patients and healthy blood

donors based on wave numbers of 1120, 1105, 852, 2982, 1079, and 1682 cm™.
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Figure 5. Longitudinal study of the intensity of the sera bands in rheumatoid arthritis patients (orange)
compared with the healthy blood donors (blue). The intensities of all of the bands were significantly different
between patients and healthy volunteers.

Moreover, using a DA model, the spectral markers were examined. Among the examined parameters, those
with the greatest contribution to distinguishing RA patients from healthy blood donors corresponded to bands
at 1105 and 1682 cm™ (lowest partial Wilks’s lambda value). From the DA, discrimination of RA patients
from healthy donors based on the mean values of these two parameters was statistically significant (Wilks’
Lambda=0.16935; F =88.287; p <0.0000) (Supplemental information 2. The calculated classification matrix
showed that differentiating patients from healthy blood donors had a sensitivity and specificity of 100%.
Discussion
Rheumatoid arthritis is one of the most common autoimmune diseases worldwide, and is characterized by strong
heterogeneity in terms of disease manifestations, clinical outcomes, and the response to treatment®****. Much
research on RA focuses on finding new, more specific disease markers and techniques to facilitate basic research
or rapid diagnosis. The continuous advances in technology aid the development of new research methods, as well
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as new applications for pre-existing research techniques. FTIR is one of the physical-chemical methods previ-
ously used in the field of chemistry that is now being increasingly applied in the fields of biology and medical sci-
ences. Several studies have reported the application of FTIR to clinical chemistry analyses and disease diagnostics
based on sera'®*>%>%, and there are already existing applications in various types of autoimmunological diseases
and cancers?®*>7-%2, However, so far there are few applications of this technique in RA. A recent report described
the potential of this method to diagnose RA, but it did not report the selection of disease biomarkers?. In the
study, the authors focused on the relationship between the IR sera spectra and antibodies present in these sera.

As a first step in this research, samples of the tested sera were characterized for the presence of ACPA, RE,
ANA, ANCA, and anti-Ure antibodies. The autoantibodies selection criteria were occurrence and possible use
in the diagnosis of RA. The results demonstrated that the RA patient sera contained mostly ACPA and RE, which
is not surprising because RF and ACPA are important diagnostic markers of RA. The lower frequency of ANA
and ANCA in the sera of patients with RA and their presence in a group of healthy donors indicated the reduced
specificity of these autoantibodies in the context of RA, which is confirmed by the literature®. ACPA and RF
were also present in the healthy donor sera, particularly ACPA, which was detected in 31% of the samples. The
prevalence of RF and ACPA in the sera of healthy people is well-established, but some studies describe the lower
percentage of ACPA-positive healthy individuals compared with RF-positive healthy individuals®!!. Despite the
healthy donor sera being ACPA positive, the concentration of ACPA was significantly lower compared with that
in RA patients, which was consistent with previous studies®.

A significant correlation was observed between most autoantibodies (with the exception of ANCA). The
relationship between the occurrence of RF and ACPA is not surprising. Many previous studies have described
the significant correlation between RF and ACPA, which may be associated with a seropositive diagnosis®*%. Data
have also been reported on the correlation between the presence of RF, ACPA, and anti-carbamylated protein
antibodies®?, and the correlation between ANA and ACPA or RF has also been discussed*>**. The relationship
between the various autoantibodies may be a result of disorders of the immune system.

In this study, anti-Ure antibodies were also analyzed. Studies of antibodies against urease in RA patient sera
have primarily been described in the context of a bacterial role in RA development*~*, but recent studies have
shown that anti-Ure antibodies may be a promising marker of RA, highlighting their high specificity for RA".
Increased levels of anti-Ure antibodies significantly correlated with the tested autoantibodies (with the exception
of ANCA). These correlations may support the proposed importance of anti-Ure antibodies in the development
of RA and the possibility of using anti-Ure antibodies as a marker of RA in the future.

As a result of the relationship between the presence of autoantibodies and anti-Ure antibodies, the discrimi-
nant ability of all markers, as well as each of them individually, was assessed. PCA indicated that the use of all
analyzed markers did not allow for the correct identification of RA patients and healthy blood donors (Fig. 1a),
whereas the removal of ANA and ANCA markers enabled the identification of RA patients and healthy blood
donors (Fig. 1b). This information indicated that the detection of less specific markers such as ANA and ANCA
may help in prognosis and the selection of appropriate treatment strategies, but will not facilitate diagnosis. The
results showed that despite the fact that ANA and ANCA may be present in the sera of RA patients, the specificity
was too low compared with other antibodies, as described previously®. Discriminant analysis confirmed these
results. Among the examined parameters, the greatest contribution to distinguishing RA patients from healthy
donors was found for anti-Ure antibodies (lowest partial Wilks’s lambda value) (Supplementary Material 1).
The application of anti-Ure antibody analysis might be a potentially useful adjunct to current techniques for
refining the classification of RA disease. However, these results describe findings from RA patients and healthy
donors; there is no information about the presence of anti-Ure antibodies in other patients with autoimmune
or rheumatic diseases.

Previous studies showed that sera from RA patients had a unique IR spectral pattern. Due to the large number
of variables (4000-650 cm™), a set of predictors was calculated for each of the analyzed autoantibodies. The
chi2 test was used to select the wave numbers showing the greatest variability in relation to the studied group-
ing variable.

By applying ATR-FTIR spectroscopy to serum samples from RA patients and healthy blood donors, several
characteristic spectral markers that correlated with the above-mentioned antibodies were identified (Fig. 2). The
obtained results indicated a significant correlation between the selected predictors and autoantibodies. Correla-
tions for the tested antibodies could be both positive and negative, which in the case of transformed IR spectra
analysis did not necessarily translate directly into quantitative absorbance results. However, transformation of
the IR spectra was necessary to reveal subtle differences between the spectra, which was not evident by assessing
the absorbance levels alone.

Despite selection of the 1781 cm™ and 1739 cm™ wave numbers dependent on ANCA antibodies as the
best predictors for classifying the sera samples using the chi2 test, Spearman’s rank correlation analysis showed
no significant relationship between ANCA and these predictors. This result may be explained by the different
algorithms and underlying principles of the two tests. Interestingly, both the 1781 cm™ and 1739 cm™ wave
numbers are described as markers for lipids, C= O cholesteryl esters, and triglycerides”, and the third wave
number 780 cm™ is described as a marker for sugar phosphate vibrations*®. There are also reports regarding the
role of inflammation on lipid levels in RA. Earlier studies demonstrated a relationship between ANCA and lipids,
and suggested a role for ANCA in the development of inflammation in ANCA-associated vasculitis patients.
The suggested relationship between ANCA and wave numbers corresponding to lipids may be explained by the
possibility that the presence of autoantibodies such as ANCA may be related to inflammation and may have an
impact on disease manifestation®’. The 1739 cm™ band is also significantly correlated with the ACPA marker. The
correlation between ACPA and the wave number characteristic for lipids and cholesterol suggests that it may also
be associated with lipid lev els that may be dependent on inflammation levels. Furthermore, the characteristic
bands for ACPA were 1340-1345 cm™!, associated with the amide III of proteins, 1197-1198 cm™!, associated
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with carbohydrates and creatinine, and 829 cm™, associated with the aromatic C-H band®. The obtained results

suggest that the presence of ACPA may affect the protein profile in sera samples, which can be explained by
conformation changes and glycosylation of the autoantibodies.

ANA has been reported to mainly correlate with bands at 1620-1625 cm™, a marker of the amide I B-sheet
(IgG3, 1gG2)™, 1200-1215 cm ™!, markers of protein phosphorylation®, and 929 cm™, the absorption band for
carbohydrates®. The fact that ANA presence correlates with bands corresponding to proteins and antibodies
may be explained by the unique chemical structure of the autoantibodies.

Characteristic bands for RF are mostly concentrated on protein bands: 1620-1630 cm™ (amide I),
1510-1515 cm™ (amide II), 938 cm™ (phosphorylated proteins), and 1425/1180 cm™ (amino acid bands)*".
Correlations between bands within the protein window and autoantibodies may be a result of the structure of
the antibodies and of immune complexes formed by the autoantibodies. Similarly, differences between bands
within the carbohydrate window may be a result of glycosylation of proteins, including changes in glycosylation
of antibodies that are characteristic of RA®'%.

Interestingly, anti-Ure antibodies, which seem to be important in the context of distinguishing RA
patients from healthy blood donors, correlated with nucleic acid bonds and carbohydrates (1118-1120 cm™,
1103-1107 cm™, 2982 cm™!, and 852 cm™)?. It is difficult to link the presence of anti-Ure antibodies with
ribose and nucleic acids. Many studies have indicated increased levels of different types of RNA in the blood of
RA patients, including microRNAs, long non-coding RNAs, and circular RNAs differentially expressed in RA,
which are described as promising markers for RA diagnosis and treatment®**. The increased absorbance of wave
numbers characteristic of RNA in patient sera may not be caused by the presence of anti-Ure antibodies, but
rather nucleic acid markers associated with the development of the disease may coexist with anti-Ure antibodies.

Considering data on the relationship between anti-Ure antibodies and the differences in the spectra of RA
patients’ sera, it was examined whether anti-Ure antibody correlated wave numbers may be useful for differen-
tiating patients from healthy donors.

Using the chi2 method and validation with the Gini index (most often used in the construction of clas-
sification trees), we determined the best predictors for distinguishing RA patients from healthy donors. The
1118-1120,1103-1107, 2982, and 852 cm™! bands were also characteristic of anti-Ure antibodies. An additional
predictor was the 1079 cm™ band, which could be assigned to the symmetrical phosphodiester stretch of nucleic
acids®® but this might also appear in the IgG spectrum. A positive band at 1682 cm™ was assigned to an RNA
and amide I*.

Reduction of the number of predictors to five characteristic spectral markers (1105, 1120, 1079, 1682, and
852 cm™!) identified in the sera of RA patients, improved the classification results, which seemed to be linked to
the presence of RNA/DNA in serum. Discriminant analysis showed that two wave numbers sufficed to distin-
guish RA sera from healthy blood donor sera, namely, 1105 cm™ and 1682 cm™. In the literature, wave number
1105 cm™ was used to develop the experimental model of H. pylori infection in guinea pigs® and dengue virus
in blood”. Both are cases of infectious diseases, which may indicate the association of this band with infection.
Since inflammation is one of the symptoms of RA, and infectious agents are considered one of the etiological
factors of the disease, it is possible that the 1105 cm™ band is a marker of inflammation. The band at 1682 cm™
is described in the literature as a marker of protein aggregation and conformation change. Most reports on
this subject have been in the context of the diagnosis of neurodegenerative diseases, such as Parkinson’s and
Alzheimer’s disease, where the aggregation of proteins is important®. This biomarker was also used in studies
on hypothyroidism®. These findings may indicate that both wave numbers 1105 cm™ and 1682 cm™ are effec-
tive in distinguishing RA patients from health blood donors, but they are probably not specific for RA and may
instead be more general markers of homeostasis disorders. In an animal model reported by Titus et al., the wave
number at 1292 cm™ was shown to be a good biomarker of arthritis. This peak was identified as thymine, which
resulted from the breakdown of thymidine in the sera of arthritis patients. Interestingly, in our work, this wave
number was also significantly correlated with RA, as well as with RF and urease. However, it was less significantly
correlated than the bands at*® 1105 and 1682 cm™.

Our studies of RA using FTIR spectroscopy revealed differences in the biochemical profiles between patients
and healthy blood donors, as shown by various changes in the carbohydrate and phosphate window, which mainly
corresponded to nucleic acid characteristic wave numbers. The main changes observed in sera between the groups
were in several functional groups of nucleic acids. Particularly, when studying the IR spectra of sera, it was found
that the frequency of oscillations in the structure of DNA and RNA played a key role in discrimination, which
could be explained by the presence of non-coding nucleic acids in RA and various types of autoimmunological
diseases®>%-%2, Circulating DNA and glycemic profiling have also proven to be critical molecular markers in
several cancers®®*. Significant differences in the lipid, protein, and carbohydrate constituents of sera have been
observed, but these differences are not sufficient to distinguish RA patients from healthy blood donors using
mathematical methods similar to those used for autoantibodies.

The FTIR spectra of biological systems are complex due to the overlapping absorption of multiple compo-
nents. A limitation of our studies was the relatively small number of sera samples. Moreover, in studies using
only RA patients’ sera, it was not known whether the observed changes in the spectra were characteristic of RA
or other diseases involving autoimmune disorders. A larger number of patients with more diverse rheumatic
and autoimmune diseases will need to be explored to establish the value of the spectral markers identified in the
present study. However, the relative simplicity and convenience in handling serum samples, and the potential
for higher throughput, compared with other methods currently being applied to RA diagnosis, makes this a
worthwhile endeavor.

The results obtained by ATR-FTIR showed that this technique may be useful in the study of RA patients’ sera
samples. The correlations identified shed new light onto the study of autoantibodies and the potential applications
of ATR-FTIR in autoimmune disease studies.
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Materials and methods

Sera samples. Healthy blood donors (16 females, mean age 45.5 +5) were from the Swietokrzyskie Blood
Center in Kielce and patients with diagnosed RA (19 females and four males, mean age 63 + 13 years) were under
the care of the Swietokrzyskie Rheumatology Center in Konskie. Informed consent was obtained for experimen-
tation. The sera were aliquoted and stored at — 20 °C for further analysis. Samples were thawed directly before
use in experiments. The ACPA concentration and the presence and titer of RF, were measured as previously
described®. The levels of the sera reaction to urease mimicking peptides were as described previously'®. The
median serum antibody level (for ACPA, REF, and anti-Ure) was calculated using STATISTICA (StatSoft, Round
Rock, TX, USA). Samples were collected with the approval of the Ethics Committee of the Regional Chamber
of Physicians in Kielce No. 30/2019-VII, 17.10.2019, and all methods were performed in accordance with the
relevant guidelines and regulations.

ANA and ANCA detection. The presence of ANA was measured by an enzyme immunoassay method
using the ANA-Screening Enzyme Immunoassay Microplate Test (BioSystem, Barcelona, Spain) according to
the manufacturer’s instructions. The presence of ANCA was detected using Anti-Neutrophil Cytoplasmic Anti-
bodies Indirect Fluorescence Human Neutrophils (BioSystem) according to the manufacturer’s instructions. The
levels of C reactive protein (CRP), the erythrocyte sedimentation rate (ESR), and the levels of RE, ACPA, ANA,
ANCA, and anti-Ure antibodies, as well as information about treatment, are shown in Table 1.

ATR-FTIR spectroscopy and multivariate analysis. The IR spectra of sera samples were as described
previously?. The chi2 statistical test was used to check the region of the IR spectra that correlated with the exam-
ined feature. The results were then analyzed by a pairwise principal component analysis (PCA) for exploration
of the existence of patterns in the multivariate IR data set, and discrimination of spectroscopic changes between
the RA and healthy blood donor groups. For analysis based on the screen plot, sufficient principal components
were selected to explain at least 75% of the variance. This qualitative analysis enabled collection of information
about the latent structure of the spectral matrix, and it was an important source of knowledge to evaluate the
suitability of posterior discriminant methods.

Linear discriminant analysis was applied for two different purposes, to discriminate RA from healthy blood
donor samples based on: (1) molecular markers, and (2) spectral samples. For the selection of variables retained
for the model, the Wilks’ lambda method was applied. In addition, the Mann-Whitney test was conducted to
verify the significance of the selected spectral markers. The value of p <0.05 was considered statistically signifi-
cant. Spearman’s rank correlation was used for the calculation of continuous variables and Kendall’s tau correla-
tion was used for the calculation of nominal variables. STATISTICA (StatSoft) was used for all statistical analyses.

Received: 14 April 2021; Accepted: 11 August 2021
Published online: 09 September 2021

References

1. Pretorius, E., Akeredolu, O. O., Soma, P. & Kell, D. B. Major involvement of bacterial components in rheumatoid arthritis and its
accompanying oxidative stress, systemic inflammation and hypercoagulability. Exp. Biol. Med. 242, 355-373 (2017).

2. Firestein, G. S. Evolving concepts of rheumatoid arthritis. Nature 423, 356-361 (2003).

3. Yap, H.-Y. et al. Pathogenic role of immune cells in rheumatoid arthritis: implications in clinical treatment and biomarker develop-
ment. Cells 7, 161 (2018).

4. Rantapia-Dahlqvist, S. & Andrade, F. Individuals at risk of seropositive rheumatoid arthritis- the evolving tory. J. Intern. Med.
286, 627-643 (2019).

5. Lorenz, W., Buhrmann, C., Mobasheri, A., Lueders, C. & Shakibaei, M. Bacterial lipopolysaccharides form procollagen-endotoxin
complexes that trigger cartilage inflammation and degeneration: implications for the development of rheumatoid arthritis. Arthritis
Res. Ther. 15, R111 (2013).

6. Volkov, M., van Schie, K. A. & van der Woude, D. Autoantibodies and B cells: the ABC of rheumatoid arthritis pathophysiology.
Immunol. Rev. 294, 148-163 (2020).

7. Molon, R. S., Rossa, C. & Thurlings, R. M. Linkage of periodontitis and rheumatoid arthritis: current evidence and potential
biological interactions. Int. J. Mol. Sci. 20, 4541 (2019).

8. Lin, Y. J.,, Anzaghe, M. & Schiilke, S. Update on the pathomechanism, diagnosis, and treatment options for rheumatoid arthritis.
Cells 9, 880 (2020).

9. Myngbay, A. et al. CTHRCI: a new candidate biomarker for improved rheumatoid arthritis diagnosis. Front. Immunol. 10, 1353
(2019).

10. Ingegnoli, E, Castelli, R. & Gualtierotti, R. Rheumatoid factors : clinical applications. Dis. Markers 35, 727-734 (2013).

11. Pecani, A. et al. Prevalence, sensitivity and specificity of antibodies against carbamylated proteins in a monocentric cohort of
patients with rheumatoid arthritis and other autoimmune rheumatic diseases. Arthritis Res. Ther. https://doi.org/10.1186/s13075-
016-1173-0 (2016).

12. Fang, Q. Ou, J. & Nandakumar, K. S. Autoantibodies as diagnostic markers and mediator of joint inflammation in arthritis. Media-
tors Inflamm. 2019, 6363086 (2019).

13. Paknikar, S. S., Crowson, C. S., Davis, J. M. & Thanarajasingam, U. Exploring the role of antinuclear antibody positivity in the
diagnosis, treatment, and health outcomes of patients with rheumatoid arthritis. ACR Open Rheumatol. 3, 422-426 (2021).

14. Takase, K. et al. What is the utility of routine ANA testing in predicting development of biological DMARD-induced lupus and
vasculitis in patients with rheumatoid arthritis? Data from a single-centre cohort. Ann. Rheum. Dis. 73, 1695-1699 (2014).

15. Konieczna, I. et al. Novel tool in rheumatoid arthritis diagnosis—the usage of urease flap region peptidomimetics. J. Pept. Sci. 24,
1-9 (2018).

16. Ebringer, A., Rashid, T. & Wilson, C. Rheumatoid arthritis, proteus, anti-CCP antibodies and Karl Popper. Autoimmun. Rev. 9,
216-223 (2010).

17. Talari, A. C. S., Martinez, M. A. G., Movasaghi, Z., Rehman, S. & Rehman, I. U. Advances in Fourier transform infrared (FTIR)
spectroscopy of biological tissues. Appl. Spectrosc. Rev. 52, 456-506 (2017).

Scientific Reports |

(2021) 11:17886 | https://doi.org/10.1038/s41598-021-96848-w nature portfolio


https://doi.org/10.1186/s13075-016-1173-0
https://doi.org/10.1186/s13075-016-1173-0

www.nature.com/scientificreports/

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.
28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Kim, S., Reuhs, B. L. & Mauer, L. ]. Use of Fourier transform infrared spectra of crude bacterial lipopolysaccharides and chemo-
metrics for differentiation of Salmonella enterica serotypes. J. Appl. Microbiol. 99, 411-417 (2005).

Gonciarz, W., Lechowicz, £, Urbaniak, M., Kaca, W. & Chmiela, M. Attenuated total reflectance fourier transform infrared spec-
troscopy (FTIR) and artificial neural networks applied to investigate quantitative changes of selected soluble biomarkers, correlated
with H. pylori infection in children and presumable consequen. J. Clin. Med. 9, 3852 (2020).

Su, K. Y. & Lee, W. L. Fourier transform infrared spectroscopy as a cancer screening and diagnostic tool: a review and prospects.
Cancers 12, 115 (2020).

Yonar, D., Ocek, L., Tiftikcioglu, B. I., Zorlu, Y. & Severcan, F. Relapsing-remitting multiple sclerosis diagnosis from cerebrospinal
fluids via Fourier transform infrared spectroscopy coupled with multivariate analysis. Sci. Rep. 8, 1-13 (2018).

Lechowicz, L., Chrapek, M., Gaweda, J., Urbaniak, M. & Konieczna, I. Use of Fourier-transform infrared spectroscopy in the
diagnosis of rheumatoid arthritis: a pilot study. Mol. Biol. Rep. 43, 1321-1326 (2016).

Roy, S. et al. Simultaneous ATR-FTIR based determination of Malaria parasitemia, glucose and urea in whole blood dried onto a
glass slide. Anal. Chem. 89, 5238-5245 (2017).

Roy, S., Perez-Guaita, D., Bowden, S., Heraud, P. & Wood, B. R. Spectroscopy goes viral: diagnosis of hepatitis B and C virus infec-
tion from human sera using ATR-FTIR spectroscopy. Clin. Spectrosc. 1, 100001 (2019).

Titus, J., Viennois, E., Merlin, D. & Perera, A. G. U. Minimally invasive screening for colitis using attenuated total internal reflec-
tance Fourier transform infrared spectroscopy. J. Biophoton. 10, 465-472 (2017).

Vongsvivut, J. et al. FTIR microspectroscopy for rapid screening and monitoring of polyunsaturated fatty acid production in
commercially valuable marine yeasts and protists. Analyst 138, 6016-6031 (2013).

Arluison, V. & Wien, F RNA Spectroscopy: Methods and Protocols. Methods in Molecular Biology. 2113, 319-327 (2020).

Sheng, D. et al. Comparison of serum from gastric cancer patients and from healthy persons using FTIR spectroscopy. Spectrochim
Acta Part A Mol. Biomol. Spectrosc. 116, 365-369 (2013).

Tantry, I. Q. et al. Hypochlorous acid induced structural and conformational modifications in human DNA: a multi-spectroscopic
study. Int. J. Biol. Macromol. 106, 551-558 (2018).

Sitnikova, V. E. et al. Breast cancer detection by ATR-FTIR spectroscopy of blood serum and multivariate data-analysis. Talanta
214, 120857 (2020).

Caetano Junior, P. C,, Strixino, J. E. & Raniero, L. Analysis of serum cortisol levels by Fourier Transform Infrared Spectroscopy for
diagnosis of stress in athletes. Res. Biomed. Eng. 31, 116124 (2015).

van Wesemael, T. J. et al. Smoking is associated with the concurrent presence of multiple autoantibodies in rheumatoid arthritis
rather than with anti-citrullinated protein antibodies per se: a multicenter cohort study. Arthritis Res. Ther. 18, 1-10 (2016).
Hueber, W. et al. Antigen microarray profiling of autoantibodies in rheumatoid arthritis. Arthritis Rheum. 52, 2645-2655 (2005).
Bugatti, S., Manzo, A., Montecucco, C. & Caporali, R. The clinical value of autoantibodies in rheumatoid arthritis. Front. Med. 5,
1-10 (2018).

El Khoury, Y. et al. Serum-based differentiation between multiple sclerosis and amyotrophic lateral sclerosis by Random Forest
classification of FTIR spectra. Analyst 144, 4647-4652 (2019).

Ghimire, H. et al. Protein conformational changes in breast cancer sera using infrared spectroscopic analysis. Cancers (Basel) 12,
1708 (2020).

Butler, H. J. et al. Development of high-throughput ATR-FTIR technology for rapid triage of brain cancer. Nat. Commun. 10, 1-9
(2019).

Cameron, J. M. et al. Developing infrared spectroscopic detection for stratifying brain tumour patients: Glioblastoma multiforme
vs. lymphoma. Analyst 144, 6736-6750 (2019).

Gunasekaran, S., Natarajan, R. K., Renganayaki, V. & Rathikha, R. FTIR and UV visible spectrophotometric approach to discrimi-
nate leukemic sera. Asian J. Chem. 20, 2521-2530 (2008).

Maitra, L. et al. Attenuated total reflection Fourier-transform infrared spectral discrimination in human bodily fluids of oesophageal
transformation to adenocarcinoma. Analyst 144, 7447-7456 (2019).

Sala, A. et al. Biofluid diagnostics by FTIR spectroscopy: a platform technology for cancer detection. Cancer Lett. 477, 122-130
(2020).

Theophilou, G., Lima, K. M. G., Martin-Hirsch, P. L., Stringfellow, H. F. & Martin, F. L. ATR-FTIR spectroscopy coupled with
chemometric analysis discriminates normal, borderline and malignant ovarian tissue: classifying subtypes of human cancer. Analyst
141, 585-594 (2016).

Lloyd, K. A. et al. Differential ACPA binding to nuclear antigens reveals a PAD-independent pathway and a distinct subset of
acetylation cross-reactive autoantibodies in rheumatoid arthritis. Front. Immunol. 4, 3033 (2019).

Iseme, R. A. et al. A cross-sectional study of the association between autoantibodies and qualitative ultrasound index of bone in
an elderly sample without clinical autoimmune disease. J. Immunol. Res. 2018, 9407971 (2018).

Wilson, C. et al. Shared amino acid sequences between major histocompatibility complex class II glycoproteins, type XI collagen
and Proteus mirabilis in rheumatoid arthritis. Ann. Rheum. Dis. 54, 216-220 (1995).

Konieczna, I. et al. Bacterial urease and its role in long-lasting human diseases. Curr. Protein Pept. Sci. 13, 789-806 (2013).
Rashid, T. et al. Rheumatoid arthritis patients have elevated antibodies to cross-reactive and non cross-reactive antigens from
Proteus microbes. Clin. Exp. Rheumatol. 25, 259-267 (2007).

Zelig, U., Kapelushnik, J., Moreh, R., Mordechai, S. & Nathan, I. Diagnosis of cell death by means of infrared spectroscopy. Biophys.
J.97,2107-2114 (2009).

Wallace, Z. S. et al. Disease activity, ANCA-type, and lipid levels in ANCA- associated vasculitis. Arthritis Rheumatol. 71, 1879-1887
(2019).

Naseer, K., Ali, S. & Qazi, ]. ATR-FTIR spectroscopy as the future of diagnostics: a systematic review of the approach using bio-
fluids. Appl. Spectrosc. Rev. 56, 85-97 (2021).

Olsztynska-Janus, S. et al. Spectroscopic techniques in the study of human tissues and their components, part I: IR spectroscopy.
Acta Bioeng. Biomech. 14, 101-115 (2012).

Tajmir-Riahi, H. A., N’Soukpoé-Kossi, C. N. & Joly, D. Structural analysis of protein-DNA and protein-RNA interactions by FTIR,
UV-visible and CD spectroscopic methods. Spectroscopy 23, 81-101 (2009).

Khanmohammadi, M. et al. Diagnosis of basal cell carcinoma by infrared spectroscopy of whole blood samples applying soft
independent modeling class analogy. J. Cancer Res. Clin. Oncol. 133,1001-1110 (2007).

Luo, Q. et al. Identification of circular RNAs hsa_circ_0044235 in peripheral blood as novel biomarkers for rheumatoid arthritis.
Clin. Exp. Immunol. 194, 118-124 (2018).

Wang, J. et al. Non-coding RNAs in rheumatoid arthritis: from bench to bedside. Front. Immunol. 10, 3129 (2020).

Gonciarz, W., Lechowicz, £, Urbaniak, M., Kaca, W. & Chmiela, M. Use of fourier-transform infrared spectroscopy (FT-IR) for
monitoring experimental helicobacter pylori infection and related inflammatory response in Guinea pig model. Int. J. Mol. Sci.
22,1-17 (2021).

Santos, M. C. D., Nascimento, Y. M., Aragjo, J. M. G. & Lima, K. M. G. ATR-FTIR spectroscopy coupled with multivariate analy-
sis techniques for the identification of DENV-3 in different concentrations in blood and serum: a new approach. RSC Adv. 7,
25640-25649 (2017).

Scientific Reports |

(2021) 11:17886 | https://doi.org/10.1038/s41598-021-96848-w nature portfolio



www.nature.com/scientificreports/

58. Correia, M. et al. FTIR spectroscopy—a potential tool to identify metabolic changes in dementia patients. Alzheimer’s Neurodegener.
Dis. 2, 1-9 (2016).

59. Al-Zubaidi, M., Salman, A., Mohsin, R. & Abdul Khaleq, M. Diagnosis of patients with hypothyroidism using spectrochemical
analysis of blood sera. La Prensa Medica Argentina 105, 250 (2019).

60. Lodde, V. et al. Long noncoding RNAs and circular RNAs in autoimmune diseases. Biomolecules 10, 1-22 (2020).

61. Max, K. E. A. et al. Human plasma and serum extracellular small RNA reference profiles and their clinical utility. Proc. Natl. Acad.
Sci. USA 115, E5334-E5343 (2018).

62. Umu, S. et al. A comprehensive profile of circulating RNAs in human serum. RNA Biol. 15, 242-250 (2018).

63. Durlik-Popinska, K., Zarnowiec, P., Lechowicz, £, Gaweda, J. & Kaca, W. Antibodies isolated from rheumatoid arthritis patients
against lysine-containing Proteus mirabilis O3 (S1959) lipopolysaccharide may react with collagen type I. Int. J. Mol. Sci. 21, 1-15
(2020).

Author contributions

K.D. and P.Z designed the protocol and prepared the manuscript; P.Z. and LK.K. performed sera reaction mimet-
ics, L.L. helped with the FTIR experiments and evaluation of mathematical analyses; K.D. oversaw the whole
experiment conduction and proofreading of the manuscript; P.Z. contributed critical comments on the draft.;
J.G. collected sera samples; W.K. supervised the manuscript progressions; K.D. and P.Z. acquired funding.

Funding
This study was supported by Grant “PRELUDIUM 167, from National Science Centre, Poland (2018/31/N/
NZ6/02656) and miniGrant SUPB.RN.21.325. from Jan Kochanowski University.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-96848-w.

Correspondence and requests for materials should be addressed to K.D.-P.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:17886 | https://doi.org/10.1038/s41598-021-96848-w nature portfolio


https://doi.org/10.1038/s41598-021-96848-w
https://doi.org/10.1038/s41598-021-96848-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Correlations between autoantibodies and the ATR-FTIR spectra of sera from rheumatoid arthritis patients
	Results
	Presence of autoantibodies in sera samples. 
	Differentiation of sera based on autoantibodies and anti-urease antibodies. 
	Wave number correlates with markers of rheumatic arthritis.. 

	Discussion
	Materials and methods
	Sera samples. 
	ANA and ANCA detection. 
	ATR-FTIR spectroscopy and multivariate analysis. 

	References


