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Abstract

The Raman spectroscopy detects the interaction of the incident light with the electrons
in the illuminated molecule. The use of Raman spectroscopy to investigate biological
molecular structures and the recognition of their particular functional groups have been
growing rapidly, and nowadays the use of Raman spectroscopy has expanded toward
the cellular level. The activation of lymphocytes occurs when they are exposed to viruses
or other foreign antigens. We have observed that Raman spectroscopy can be used to
screen the activation of lymphocytes during viral infection. We have indicated the bands
that reveal differences between activated and intact cells. The most important marker
of the lymphocyte activation process is the prominent 521 cm™ disulfide band which
marks the immunoglobulin formation. The blood from the patients with viral infections,
e.g., mononucleosis, and from healthy volunteers was obtained by venipuncture during
hospitalization in the University Hospital in Krakow.

Keywords: Raman microspectroscopy, viral infection, activation of lymphocytes

1. Introduction

The proper functioning of the immune system results from close cooperation of the mecha-
nisms of nonspecific (innate) immunity and adaptive immunity (acquired) [1]. Both mecha-
nisms operate by direct contact between the cells and through interactions in which cytokines
or chemical mediators participate.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.
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The basic task of the immune system is to detect the hazard in the form of foreign anti-
gens, infectious agents, or their own altered cells that have been infected or transformed,
for example, by cancer. To distinguish between self and foreign antigens, the host organism
engages specific and nonspecific response cells showing the presence of appropriate recep-
tors. Nonspecific response receptors recognize a very wide range of structure characteristics
for infectious agents that are not produced in higher organisms. These are pathogen-asso-
ciated molecular patterns (PAMP) or microbe-associated molecular patterns (MAMP). The
specific response receptors behave differently. They recognize highly specific antigen frag-
ments, single epitopes. They are B cell receptors (BCR) and antibodies and also T cell recep-
tors (TCR) of T lymphocytes.

Lymphocytes are totally responsible for specific immunological recognition of pathogens [2].
They initiate a specific immune response. All cells derived from myeloid stem cells but T
lymphocytes then develop in the thymus, while B cells develop in the bone marrow. Each
B cell is programmed to express on the surface of receptors specific for a particular antigen.
Antibodies neutralize foreign factors due to specific binding to antigens [3].

Advances in microspectroscopic techniques have contributed to a new insight of the molecu-
lar environment for lymphocyte activation [4]. The explanation of the immunological syn-
apse function, which influences the B cell acquisition of membrane-attached antigens, was
explained with the use of three-dimensional confocal microscopy (3D-CM) [5]. Infrared
microspectroscopy and Raman microspectroscopy are new methods that give the opportu-
nity to observe human cells, tissues at the molecular level, and give the opportunity to exam-
ine physiological and pathological changes [6-17]. Revealing even small spectral differences
between distinct regions of a cell, vibrational spectroscopy provides considerable potential as
a rapid screening method [8, 18].

Raman spectroscopy, with an important contribution of resonance Raman phenomenon by
using certain chromophores, can be applied to resolve certain chemical species and can be
considered as a diagnostic method [6, 19].

Raman spectroscopy is able to give some insight into the functioning of the immune system.
Some worth mentioning guidelines in B and T cell lymphocytes differentiation is described
in the Hobro et al. work [20], although the authors conclude that the misclassification rate is
relatively high. Being aware that the immune response may be very complex, it is of interest to
establish how a virus infection and single lymphocyte cell activation by Raman spectroscopy
are visible.

2. Blood samples

We have studied two types of viral diseases, influenza and infectious mononucleosis.

The healthy volunteers constitute the reference group. The infectious patients were treated in
the Department of Infectious Diseases, Jagiellonian University Hospital in Krakow.

The blood was deposited as a film to measure. The cells were allowed to settle for about 10 minutes
prior to measurement.
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The studies were conducted in accordance with the guidelines for good clinical practice (GCP)
according to the ethical principles for medical research involving human subjects (Declaration
of Helsinki). The study was approved by the local bioethical committee.

3. Single cell measurements by Raman spectroscopy

Raman spectra were collected using a Renishaw inVia spectrometer, working in confocal
mode, connected to a Leica microscope. A 785-nm HP NIR (high-power near IR) diode laser
and a 514.5-nm Ar* laser were used to excite the samples. The laser beam was focused by a
100-fold magnifying glass, the high-class Leica objective for standard applications, with a
large numerical aperture (NA =0.9). The laser power was kept low, ca. 1-3 mW at the sample,
to ensure a minimum invasion of cells.

During the point mapping experiments, the sample was shifted on a motorized stage (Prior
Scientific) at fixed intervals within the defined area. For the mapping experiments, the factory-
supplied software was used (Renishaw, WiRE v. 2.0 and 3.4). The Raman images are based
on Raman intensities.

Principal component analysis (PCA) was applied to determine the variance between the Raman
spectra of a single lymphocyte of a patient with identified early stage of infectious mononucleo-
sis and healthy donors. PCA was performed in the whole spectral region with the Unscrambler
X software packages (v. 10.3, CAMO Software, Oslo, Norway). The Raman spectra were
smoothed using a Savitzky-Golay smoothing algorithm (13 smoothing points), baseline cor-
rected and unit vector normalized.

The first principal component, PC-1, contains the highest percentage of variation, which indi-
cates the direction of the maximum variation in the dataset.

4. Raman spectra of naive lymphocytes

Lymphocytes carry out immune surveillance, that is, they constantly monitor tissues for
the presence of foreign antigens [21]. The human body continuously produces new cells.
They circulate between blood and lymph, not only by lymphatic organs but also to a lesser
extent by other body tissues [22]. It takes around 24 hours to complete the circulation.
Circulating lymphocytes are a group composed of small, long-living cells. The continu-
ous movement of these lymphoid cells means that they are always available for immune
defense [3].

The circulatory route of naive lymphocytes T and B is different from that of the memory and
effector lymphocytes. In the pool of circulating lymphocytes, the majority of cells are immune
memory T cells [21]. The B lymphocytes account for only 15% of the total pool of circulating
lymphocytes. Their circulatory pathways are still not well understood.

Cellular processes may be monitored using Raman spectroscopy exploiting the chemical speci-
ficity of using the high polarizability of certain functional groups that build molecular cell sys-
tems [22-24]. No staining is necessary to observe the diversity of areas inside the cell [25]. The
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Figure 1. The single, naive human lymphocyte. (A) A photomicrograph (reflected light, objective 100x); (B) with the
marked region over which the map experiment was performed; (C) Raman spectra of the sample area including the cell
membrane (ag3) and the center of the cell (aq13); and (D) distribution of proteins in the lymphocyte (1660 cm™ marker
band), excitation laser line 785 nm.

Raman bands [ecm™]

Assignment [7-18, 25, 33, 34, 38, 41]

785 nm 785 nm 785 nm 514.5 nm
Naive Activated Activated Activated (EBV)
(influenza) (EBV)
2926 2926 2933 2937 (aq13) CH sym str of CH, methyl group
2932 (aqgb)
2875 2875 2889 2878 (aq13) CH asym. str of CH, methylene group
2874 (aqb)
1662 (aq2) | 1657 (aq4l) 1 1661 1657 (aq13) Amide I
1662 (aql3) 1 1657 (aqd) | 1664 (aq6)
1617 1617 Tyr
1581 1581 1578 1581 G, A, nucleic acids, Trp, Phe
1450 1450 (aq41) 1 1450 1452 (aq6) CH, deformation modes, proteins and lipids
1339 1340 1342 A, CH deformations, nucleic acids and proteins
1243 1246 1254 1241 A, Amide III
1123 1125 1132 CN str
— 1100 1100 PO,™ phosphate backbone vibration (DNA marker)
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Raman bands [em™] Assignment [7-18, 25, 33, 34, 38, 41]
785 nm 785 nm 785 nm 514.5 nm
Naive Activated Activated Activated (EBV)
(influenza) (EBV)
1031 1031 1035 Phe, C==H in-plane stretching
1003 1003 1005 1005 Phe, ring breathing mode
970 970 CC, skeletal mode
855/835 855 (aq41) t 855 Tyr, buried/ exposed
751 (aq2) 740 (ag41) 754 (ag5)t T-ring breathing, nucleic acids, Trp

747 (aq13) 752 (aqP)

620 (aq13) 620 (aq3) 621 (agd)? C=S stretching mode, Phe, His
617 (ag4l) 610 (ag8)

587 (aql3) S=S disulfide bridge, Trp

521 521 (aq4l) 1 521 520 (aq13) V| domain S==S bridge

A, adenine; G, guanine; T, thymine; Phe, phenylalanine; Tyr, tyrosine, Trp, tryptophane; His, histidine.

Table 1. Assignments of significant Raman bands observed for human lymphocyte (785 and 514.5 nm excitation laser line).

membrane of the cell (e.g., aq2) clearly differs from the center (e.g., aq13) (Figure 1C and D);
this variation is related to the lower presence of protein in the cell membrane, estimated by the
intensity of the amide I band. The middle area is relatively homogeneous due to the distribu-
tion of proteins, which indicates fully mature cell (Figure 1D). The significant Raman bands
observed for human lymphocytes and their assignments are collected in Table 1.

5. Immunity against viruses

Viruses are usually small compared to other organisms that cause infection; their metabolism
is closely dependent on the host’s metabolism [26]. That is why viruses are not capable of
replicating themselves. Therefore, the key process in viral infection is intracellular replication,
which can even lead to the death of infected cells.

Antibodies prevent the penetration of the virus into an uninfected cell and thus limit some
viral infections that spread with the blood.

6. Influenza and its etiology

Influenza is an acute illness of the respiratory system caused by influenza viruses that belong
to the Orthomyxoviridae family. They are divided into three types A, B, and C on the basis of
antigenic features of nucleoprotein and matrix protein antigens [27].

The host’s response to flu infection is a complex system of dependencies between humoral
immunity, local antibody production, cellular immunity, and other mechanisms. The presence
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of antibodies confirming the response to the infection is established in biochemical tests, the
most important of which is hemagglutination inhibition (HI) test.

7. Infectious mononucleosis and its etiology

EBV virus induces an infectious mononucleosis characterized by heterophilic antibodies,
fever, sore throat lymphadenopathy, and atypical lymphocytosis [28]. The virus belongs to
the family Herpesviridae. The viral genome is a double-stranded DNA with a linear system,
surrounded by a nucleocapsid with an icosahedral symmetry; on the outside there is a cap-
sule containing glycoprotein.

More than 90% of adults report the presence of antibodies to EBV infection. An EBV is
transmitted with saliva. The infection of B lymphocytes present in the tonsils crypts may
take place directly; the next stage is blood virus spreading. There is observed lyphoid tis-
sue growth due to EBV infected B lymphocytes proliferation and the accompanying T-cell
reaction.

8. Raman spectrum of activated lymphocytes in response to the
influenza virus

Once naive lymphocytes have been exposed, they are activated. This is an important element
in the humoral immune response of the body. Free antibodies present in the blood, in the
lymph, in all body fluids, and in secretions are involved in this process [1].

They are produced by B cells, initially functioning as APC, which, due to cooperation with
Th2 lymphocytes, are transformed into clones of plasma cells producing antigen-specific anti-
bodies [29]. Although antibodies do not destroy infectious agents but they bind epitopes in a
specific way, so they are able to initiate effector mechanisms and eliminate the pathogen from
the host organism.

That is why LeBien and Tedder commented that the discovery of B cells did not result from
cell identification, but rather the identification of a protein, that is, immunoglobulin or anti-
body [30].

As a response to increased lymphocyte activation, a significant change in their shape and
behavior is detected (compare Figure 1A and Figure 2A). Some of the stimulated B lympho-
cytes become active in the production of antibodies against foreign antigens, and they are
transformed into plasma cells (compare Figure 1D and Figure 2D). This process allows the
immune system to recognize infectious agents and prepare responses to them.

The spectroscopic marker of the lymphocyte activation process is a prominent 521 cm™" disul-
fide band which marks the formation of the immunoglobulin (Figure 2C, aq41).

Immunoglobulin, initially present in the cytoplasm and then bound to the surface, is the main
feature of B lymphocytes. They are used to identify specific antigens [26]. Immunoglobulins,
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Figure 2. Activated B lymphocyte in response to the influenza virus. (A) A photomicrograph (reflected light, objective
100x); (B) with the marked region over which the map experiment was performed; (C) Raman spectra from an
exemplary area including nonactivated (aq2) and from the activated region of the cell (aq41); and (D) distribution of
immunoglobulins in the lymphocyte (map created from 521 cm~ marker band), excitation laser line 785 nm.

regardless of function, have a similar molecular structure as well as basically identical mecha-
nism of reacting with antigen [21]. They are all built from the same basic units, light (L) and
heavy (H) polypeptide chains [31]. The basic immunoglobulin unit is a tetramer consisting
of two identical heavy chains and two light chains. The two heavy chains are linked to each
other by disulfide bonds, in so-called hinge region, and each heavy chain is linked to a light
chain by a disulfide bond (Figure 3). The disulfide bond is a structural feature of many sig-
nificant biological molecules, because it provides additional stability to a protein molecule.
Therefore, the structural characteristics of the CS=SC dihedral angle and the structure of the
entire molecule are important [32].

Raman spectroscopy is the best spectroscopic technique to monitor the disulfide bonds and the
structure and conformation of a protein [33, 34]. Compounds containing disulfide bonds usually
show well-defined bands in the Raman spectra that arise from C==5 and S-S stretching modes
that are also sensitive to the CS5=SC dihedral angle [32]. Additionally, they appear in a region
of the Raman spectrum that is relatively free from other intense bands. The experimental Raman
data can be correlated with X-ray data and the results obtained from calculations [35-38].

The spatial structure within the N-terminal section of the H and L chains makes it extremely
important [21]. It is now known that one antibody molecule may bind to two or more
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Figure 3. Diagram of the molecular structure of the immunoglobulin molecule.

completely different chemically determinants, which indicates that the anti-determinant does
not directly recognize the specific chemical configuration of the antigen, but its overall spatial
shape. Therefore, the role of Raman spectroscopy, which makes it possible to determine the
structure, seems to be very promising.

Activation of lymphocytes, marked by the appearance of an immunoglobulin, also manifests
itself as changes in the cell content. The peak of ca. 1130 cm™ (protein C=N str.) loses its
intensity as well as 1100 cm™ phosphate backbone vibration, indicating DNA concentration
[9]. These spectral changes signify the lymphocyte evolution toward the plasma cell, which
has a small eccentric nucleus, and most of the cell is filled by cytoplasm and well-developed
rough endoplasmic reticulum (RER) where immunoglobulin synthesis takes place.

This is in agreement with the presence of intense lipid Raman bands at 1450 cm™ in plasmo-
cytes (because of RER).

Another important Raman band, amide I (C—O stretching and N=H bending vibrations)
at 1662 cm™, is more intensive (Table 1). This position indicates that immunoglobulin in the
intact form is predominantly composed of antiparallel f-sheet structure [33]. The protein com-
position seems to be different in activated form as amide I band intensity is slightly shifted
toward lower wave numbers (Table 1).

A further characteristic band, which occurs as well in naive lymphocytes as in the activated
form, is the 850 cm™" peak due to the exposed tyrosine residues in the proteins (Table 1) [33].
Tyrosine is an important amino acid in signal transduction and regulating cellular activity
(by tyrosine kinase) [39].
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Figure 4. The results of PCA applied to Raman spectra of activated (red dots) and nonactivated (blue dots) B
lymphocyte regions in the spectral range 3200-100 cm™ showing (A) a photomicrograph (reflected light, objective
100x) with marked activated (red) and non-activated (blue) regions; (B) scores plot for PC-1 and PC-2 (C) loadings plot

for PC-1, excitation laser line 785 nm.

The principal component analysis (PCA) was applied to distinguish two areas of the B cell,
classified as activated, and the one in which the presence of an immunoglobulin is not yet
manifested (Figure 4). The PCA used to reduce the large amount of spectral information con-
tained in the Raman spectra into a few principal component parameters. The activated area is

characterized by PC-1 up to 61%.

Lymphocyte activation is defined by Raman bands:

e 520 cm™! (disulfide band)

* 657 cm™ (Tyr)

* 854 cm™ (Tyr, exposed)

e 1003 cm™ and 1032 cm™'(Phe)

* 1448 cm™' (CH, def., lipids)

* 1662 cm™ (amide I, p-sheet conf.)
¢ 2876 cm™' (CH asym str, in CH,)
* 2928 cm™' (CH sym str, in CH,)

The following bands are specified for the nonactivated lymphocyte area:

® 663 cm! (CS str)
e 748 (T, nucleic acids)
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971 cm™! (CC, structurally sensitive mode)

1226 cm-! (CH, def.)

1370 ecm™ (T, A, G, nucleic acids, Trp, Phe, CH,, and CH, def.)

1561 cm™! (amide II, His)

1619 cm™ (Tyr)

9. Raman spectrum of activated lymphocytes in response to the EBV
virus infection

The B cell activated in EBV infection and distribution of immunoglobulin is presented in
Figure 5 (785 nm laser line) and Figure 6 (514.5 nm laser line). The marker for cell activation
is the 521 cm™ immunoglobulin band. The plasma cell shown in Figure 5 reveals relatively
uniformly activated cell. The position of the immunoglobulin marker indicates that this band
characterizes the disulfide bridge in the domain of the V| light chain (Table 1). Similar results
were received for immunoglobulin in activated lymphocytes in influenza.

521

A

Raman intensity ()

I//III

3000 ! 1500 1000 300

Wavenumbers/ cm!

Figure 5. Activated B lymphocyte in response to the EBV virus. (A) A photomicrograph (reflected light, objective 100x);
(B) with the marked region over which the map experiment was performed; (C) Raman spectra from an exemplary area
including the nonactivated (aq5) and from the activated regions of the cell (ag8); and (D) distribution of immunoglobulins
in the lymphocyte (map created from 521 cm~' marker band), excitation laser line 785 nm.
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Figure 6. Activated B lymphocyte in response to the EBV virus. (A) A photomicrograph (reflected light, objective 100x);
(B) with the marked region over which the map experiment was performed; (C) Raman spectra from an exemplary
area including the nonactivated (aq6) and from the activated regions of the cell (aql3); and (D) distribution of
immunoglobulins in the lymphocyte (map created from 521 cm™ marker band), excitation laser line 514.5 nm.

The PCA model was built based on spectra recorded for lymphocyte B for the two research
groups, at the beginning of hospitalization due to EBV infection and after receiving medical
tests indicative of recovery (Figure 7A) [40]. The PCA score plots show a separation based on
differences in the lymphocytes’ content for these two research groups.

Maxima bands in the loadings plot (Figure 7B) at wave number values of 3175 and 2891 cm™
are assigned to vibrations of the CH and antisymmetric C=H stretching vibrations of methyl
and methylene groups which originate from lipids in the EBV-activated cells. The shifts
observed in the protein modes at 1638 and 1673 cm™" in the loading plot for EBV activated and
not activated B cells, respectively, are possibly indicative of a difference in protein secondary
structure between the two experimental groups. The positive loading at 750 cm™ correlated
with positive scores along PC-4 indicates predominance of nucleic acids in activated lympho-
cytes. It must be noted that the fourth principal component, PC-4 that separates classified
groups, counts only 1% variation for spectral dataset analyzed in the whole range. When a
narrower range is analyzed, an important component becomes PC-1 that sums 37% of varia-
tion (Figure 7C). Perhaps, this indicates the specificity of EBV pathogenesis and the formation
of latent form in the B cell.



96 Lymphocytes

Loadi
D'I E Ings g
A B [T 3 1
@ 3
Scores o © o
0,2 rJI'l " 2 B2
M~
Z 01 |
S L 0+ Y {
+ 97 . 8
& 0.1 -
-0.2 @®
4 T v [Tel
-1 0 1 04 =
PC-1(93%) 3200 2085 2726 2488 2247 2008 1768 1523 1280 1030 822, 606, 389,
m Istday ® lastday) Hoariables (PC-4) (1%
Loadings
03, =
I~
w
C Scores D
0,2
~ 0,021
£ BT 2 i
b 0 . 0 9 2
g ", 8
0 #
-0,02 4
-0,04 0,02 0 0,02 0,04 Wi
PC-1(37%) "700 670 639 608 577 546 515 484 453 422

® istday @ lastday) X-variables (PC-1) (37%)

Figure 7. The results of PCA applied to Raman spectra at the beginning of hospitalization due to infectious mononucleosis
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Figure 8. The results of PCA applied to Raman spectra of naive (red dots) and activated B lymphocytes in response to
the EBV virus (blue dots) in the spectral range 3200-300 cm™" showing (A) scores plot for PC-1 and PC-3 and (B) loadings
plot for PC-1, excitation laser line 514.5 nm. The magnetic labeling was used to separate B cells from the whole blood

(Miltenyi Biotec, Germany).

Figure 8 presents the results of PCA model of Raman spectra of naive and activated B lym-
phocytes in response to the EBV virus in the spectral range 3200-300 cm™'. The examined cells
were separated from the whole blood using the magnetic B lymphocyte labeling system.
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10. Conclusions

In the case of flu infection, the presence of antibodies in the serum can be confirmed by hem-
agglutination inhibition (HI) test, in complement fixation (CF) or neutralization reaction, and
also using ELISA, the enzyme immunoassay [1]. Using these biochemical methods, antibodies
are recorded only after 1 week. Raman spectroscopy gives this information, at the level of a
single cell, immediately when single cell is activated.

Raman spectroscopy allows to identify a B lymphocyte. Once stimulated by binding to a for-
eign antigen, for example, virus, a lymphocyte is getting ready to multiply into a clone of
identical cells.

On the other hand, it allows immediately to determine that B lymphocyte was in contact with
the virus by the appearance of the 521 cm™ marker band.

Antibody molecule may not directly recognize the specific chemical configuration of the anti-
gen, but its overall spatial shape; therefore, the role of Raman spectroscopy, which makes
possible to determine the structure, seems to be very promising.

The character of considered viral infections is different. In Raman spectra, we can observe it in
PCA. The fact that only less than 40% for EBV is separated, between ill and control recovery
groups, could be due to a latent form of EBV virus. In influenza the observations were differ-
ent—there were about 60% PC factor-separating data.
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