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Fluorescent proteins are promising tools for studying intracellular signaling processes in lymphocytes. 
This brief review summarizes fluorescence-based imaging techniques developed in recent years and discusses 
new methodological advances, such as fluorescent photoswitches, fluorescence recovery after photobleaching 
(FRAP), fluorescent resonance energy transfer (FRET), fluorescence lifetime imaging microscopy (FLIM), 
photoactivated localization microscopy (PALM), stochastic optical reconstruction microscopy (STORM), 
stimulated emission depletion (STED), total internal reflection fluorescence (TIRF) and other techiques. This 
survey also highlights recent advances in vitro imaging of live tissues, novel applications of flow cytometry 
with genetically modified fluorescent proteins, and future prospects for the development of new immunological 
test systems based on fluorescent protein technology. 
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T he immune cell activation is a complex and 
multistage process. Regulation of molecu-
lar cascades leading to specific immune 

responses involves multiple molecular components 
with the lymphocyte as a primary regulatory unit 
of the immune system. Transient synaptic contacts 
with different types of immune cells, exposure to 
soluble cytokines, chemokines, antigens and antigen/
antibody complexes determine the lymphocyte re-
sponse. Studies of the complex network of signaling 
systems in immune cells necessitated the develop-
ment of novel research methodologies applicable 
to living cells, tissues and organisms. Knowledge 
gained from the studies of lymphocyte activation 
mechanisms is important in our understanding of 
key processes of protective immunity induction, an-
ti-tumor immunity, vaccine development, regulation 
of autoimmune processes.

Molecular immunology is a rapidly developing 
area of modern biomedicine. This review discusses 
novel non-invasive research approaches based on 
fluorescent proteins that are applicable to the study 
of different stages of lymphocyte activation.

Research methods with using fluorescent pro-
teins to study signaling processes have several 
unique features. First, the fluorescent proteins-based 
tag is introduced into the native genetic apparatus 
of cell to produce an enhanced fluorescence signal 

by certain proteins and their complexes without 
fundamental changes of physiologic processes in a 
cell. Studies can be conducted not only in vitro, but 
also in vivo using two photon and infrared micros-
copy techniques. Introduction of one or two geneti-
cally encoded tags into the structure of enzymes/
signaling proteins enables the tracking of changes 
in their activity, localization and interactions with 
other molecular complexes within the cell at a sin-
gle molecule resolution in real time that cannot be 
achieved with other methods. Fluorescent proteins 
are well suited for studies of intermolecular interac-
tions that occur in intact living cells and tissues that 
otherwise would have been destroyed during fixation 
and staining. Also, the use of genetically encoded 
proteins enables simultaneous expression of many 
genes of interest in the cell, and in the case of “fluo-
rescent timers” – to determine how their expression 
changes with time. Fluorescent proteins have been 
adapted to many modern methods of microscopy and 
flow cytometry, nanotechnological approaches, and 
in the past decade have been actively used in studies 
of activation processes in lymphocytes. 

Fluorescent proteins are 
powerful research tools

The history of genetically encoded fluorescent 
proteins (FP) began with the discovery of green 
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fluorescent protein (GFP) from the jellyfish body 
bioluminesсent Aeqorea victoria in the early 1960’s 
[1].

FP chromophore located in the center of the 
protein and in vivo FP is formed as a result of chemi-
cal reaction between side radicals of residues of three 
consecutive amino acids; the first of them varies, and 
the second and third ones  are tyrosine and glycine. 
FP have significant advantages over other fluorescent 
tags: high chemical resistance in the body, lack of 
the need to use complex staining procedures, pos-
sible use both in long-term experiments in vitro and 
in vivo, minimal invasiveness; the formation of fu-
sion proteins provides specific labeling of the target 
protein [2].

Genetically modified FPs have been created 
which do not cause the formation of toxic aggregates 
characteristic of FP. Another problem with the use 
of FP (the inside vectorial recombination in expres-
sion systems with FP) has been solved by standard 
methods, for example, by synonymous substitution 
of nucleotide in FP genes [1–3].

The most advanced FP technology achieve-
ments are modern FP-photoswitch and fluorescent 
timers with emission in the red and close-to-infrared 
part of light spectrum. FP called “fluorescent timers” 
change the wavelength of emission with time as a re-
sult of the slow fluorophore maturation process. This 
allows obtaining data concerning the distribution of 
the proteins expression intensity in time. For exam-
ple, FP-timer – Kusabira Green Orange – completely 
changes the green fluorescence to orange one during 
about 10 hours. FP-photoswitches can be activated 
under certain wavelength,  thus changing the intensi-
ty or wavelength emission. The above photoswitches 
may be divided into 3 groups : PAmCherrys and PA-
TagRFP with irreversible transition from non-fluo-
rescent to fluorescent state under violet light; Den-
dra2, mEos2, mKikGR, mIrisFP with irreversible 
transition from green to red fluorescence under vio-
let light, and rsTagRFP – FP which, when maturing, 
move from non-fluorescent form to red fluorescent 
one, but under yellow light it is extinguished and 
under blue light  returns to fluorescent state. FP-
photoswitches permit tracking the movement of 
signaling molecules and formation of supramolecu-
lar complexes in any part of the cell. It is necessary 
to selectively enable or disable FP by laser beam in 
a particular area of the cell and track changes which 
take place in this area. An alternative to the use of 
FP is the use of antibodies or other molecules capa-

ble of binding to biological targets; the molecules are 
labeled with synthetic organic dyes or quantum la-
bels – fluorescent nanocrystals. Organic fluorescent 
dyes are usually brighter, easy-to-apply compared to 
FP. Photoactivation dyes, e.g. EOS, are also among 
these dyes. The great number of effective probes for 
determining the concentration of calcium ions and 
other ions has been developed to the level of com-
mercially available tools of research. Most optical 
filters for fluorescence microscopy were designed 
specifically for synthetic labels. Quantum tags have 
almost ideal properties to be used in fluorescence 
microscopy or other biological techniques: resistan
ce to photodestruction, brightness, the number of 
colors available, stable fluorescence in different en-
vironments and a wide range of excitation. However, 
the known quantum labels cannot be photoactivated 
and change their fluorescence spectrum with time. 
Therefore, fluorescent timers are created only on the 
basis of FP. Both organic dyes and quantum labels 
may be used for experiments with resonance trans-
fer of fluorescence energy. The main disadvantage of 
methods based on synthetic dyes and quantum labels 
concerns the delivery of the label into the cell. Since 
these probes are used as synthetic conjugates with 
specific antibodies or, for example, receptor proteins, 
they cannot be genetically encoded and their delive
ry through the plasma membrane into the cytosol 
and other intracellular compartments of living cells 
is technically very difficult. Such probes can be ef-
fectively used to study fixed preparations of cells 
and tissues or structural elements of the cell plasma 
membrane in vivo. Therefore, the best tools for the 
study of fast biological processes, including those of 
intermolecular interactions and gene expression, are 
genetically encoded FPs, which, in addition, have the 
lowest toxicity and phototoxicity.

The problem of genetically encoded FP is the 
preparatory stage of introduction of genetic struc-
tures in the cell or the entire organism. As this stage 
is overcome researchers obtain a convenient and ef-
fective tool [1–4].

Activation of immune cells is key immune 
process that requires a large-scale 
introduction of molecular research methods

Activation of immune cells is a key link in the 
formation of specific immunity. All intracellular 
biological processes that start from the interaction 
of antigen (ligand) with lymphocyte receptors and 
lead to the synthesis of cytokines are called activa-
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tion of lymphocytes. This process causes the launch 
of specific effector mechanisms of the immune re-
sponse. Activation of lymphocytes leads to their pro-
liferation, differentiation, development of memory 
cell subpopulations. Creation of test systems for the 
study of lymphocyte activation is both of theoretical 
and practical importance in various fields of biology 
and biologic medicine. The phenomenon of blast-
cell transformation in vitro was used in the classical 
test of lymphocyte activation. This phenomenon can 
be quantitatively estimated with the use of micros-
copy, chromogenic MTT-test or with the inclusion 
of radioactive [3H]-thymidine tag into DNA in the 
culture of stimulated lymphocytes. These methods 
are labor-intensive, prolonged, but do not allow one 
to track signaling mechanisms of activation, which 
are distinguished depending on the type of mitogen, 
do not indicate the direction of differentiation, apo-
ptosis rate and physiological state of lymphocytes 
before and after stimulation [5].

Activation of lymphocytes begins with the in-
teraction of extracellular receptors and co-stimula-
tive molecules of plasma membrane lymphocytes 
with antigen. If antigen is bound on the cell surface, 
the immune synapse (IS) is formed – the receptor- 
mediated contact of lymphocyte plasma membrane 
or natural killer cell membrane with target cells or 
antigen-presenting membrane. Formation of IS is 
the first step in signal transduction in immune cells. 
It is commonly supposed that the key to activate T 
cells is antigen that increased phosphorylation of 
tyrosine residues of immunoreceptor tyrosine-based 
activation motif (ITAM) in TCR subunits under 
the effect of family kinases Src: Lck and Fyn. The 
increased local concentration of kinases and their 
substrates  likely results in oligomerization of dif-
ferent subunits in the process of formation of the 
immune synapse and the displacement of protein 
tyrosine phosphatases (TPF) and kinase Csk, which 
phosphorylates Lck, deactivating it [6] Co-stimula-
tive molecules also take part in formation of IS, for 
example, such as membrane protein CD80 of antigen 
presenting cells and the corresponding T-cell recep-
tor CD28, as well as the adhesion protein ICAM. 
Chemokine and cytokine receptors, which are not 
included in IS but are not of first importance in acti-
vation, also take part in the signal modulation. The 
intracellular messengers, which function in the cy-
tosol in this process, are activated forms of various 
kinases, inositol triphosphate, diacylglycerol, cal-
cium ions and other signaling proteins, including G-

proteins. A cascade of guanine-nucleotide-binding 
protein Ras with molecular weight of 21 kDa is one 
of the TCR signaling cascades. A number of inter-
mediates operate between this signaling protein and 
TCR; they form a multiprotein complex. This leads 
to GTP substitution for HDF bound on the surface 
of the molecule Ras. The substitution of nucleotides 
activates Ras, which activates MAP kinase cascade 
RFP-MEK-ERK [7, 8].

The critical role of other intracellular signaling 
cascades, such as p38 MAP-kinase, c-Jun NH2-
terminal kinase (JNK) [9, 10] was also established. 
Another critical signaling cascade is the synthesis of 
calcium channel activators and inositol-triphosphate 
as a result of hydrolytic splitting of phosphatidylino-
sitol diphosphate by phospholipase C, which leads 
to an increase in cytosolic calcium concentration 
[11–17]. 

The activation alarm reaches chromatin at the 
expense of transport of signaling molecules to the 
cell nucleus and provides persistent changes of gene 
expression of adhesion proteins, receptors, cytokines 
and chemokines. These molecules include proteins, 
Jak and STAT, proteins of NF-κB family, the above 
proximal signaling proteins of MAP- kinase path-
ways of ERK, p38, c-Jun, which are activated when 
phosphorylated, as well as NFAT – the factor that 
is activated by di-phosphorylation by calcineurin 
phosphatase  with increasing concentrations of cy-
tosolic calcium. The role of the above messengers 
was studied by the methods of genetic knockout, ac-
tion of low-molecular enzyme inhibitors, histologi-
cal and cytological studies, classical immunologic 
tests, Western and Southern blotting. These meth-
ods make it possible to establish the effects of recent 
activation processes, but do not allow us to establish 
which messenger is involved in the early stages of 
activation and features of its localization and dy-
namics in the cell. A number of studies have shown 
that even after 4 hours of activation there appear all 
molecular genetic markers that indicate the intensity 
of antigenic stimulus and subsequent differentiation 
of lymphocytes. The main markers of lymphocyte 
differentiation are activation antigens CD69, CD71 
(transferrin receptor), CD25 and DR antigen histo-
compatibility complex. To investigate these subtle 
processes the multiparameter monitoring of signa
ling cascades in real time under conditions maxi-
mum close to native is required. The methods using 
genetically encoded fluorescent proteins that allow 
multicolor labeling, minimal impact on the studied 
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processes and the possibility of using in vivo, are 
promising to study the activation of lymphocytes 
[18–22].

Investigation of lymphocyte 
activation in vitro

The first lymphocyte immunofluorescence 
inversigations have shown that co-receptors CD4 
and CD8 are concentrated in contact with T-lym-
phocytes and antigen presenting cells (APC). It has 
been shown that TCR and molecules of PKC θ fo-
cus in the center of IS. Adhesion molecules – ICAM 
and related ones form concentric circles around the 
center, and phosphatase CD45 is concentrated in the 
periphery of IS. Using genetically encoded FP it has 
been shown that PKC η is also involved in IS during 
activation of T lymphocytes and structures similar to 
IS, with participation of TCR and CAM1 can also be 
created by the interaction of microbial pathogenicity 
factors, e.g., Staphylococcus aureus with surface of 
B-lymphocytes [15, 23, 24].

To study protein dynamics we used the method 
of f luorescence recovery after photobleaching 
(FRAP). It has been demonstrated by FRAP, that 
different components of IS have different mobility, 
and TCR and some other components of IS are ac-
tively transported to the center of IS and form endo-
citosis bubbles. These processes are elements of fine 
regulation of lymphocyte activation. To study the in-
teraction of molecules of IS the genetically encoded 
probes based on FP were used and a phenomenon of 
resonance transfer of fluorescence energy between 
two different FP within individual proteins that form 
a complex (FRET – fluorescent resonance energy 
transfer) and measuring the time of donor fluores-
cence decay – FLIM (fluorescence lifetime imaging 
microscopy) to determine the degree of interaction 
between FP and associated proteins in the complex. 
Using FRET the authors have established the details 
of not completely studied signaling mechanism BCR 
and TCR: BCR aggregate under the action of anti-
gen and cytoplasmic portion of CD3ε – TCR com-
ponent, interacts closely with the inner surface of the 
cytoplasmic membrane. It is determined that MHC 
molecules form much more stable complexes with 
TCR when located in the plasma membrane of cells, 
rather than in solution. It was also determined that 
signals to antigens that induce a productive immune 
response of T cells, are accompanied by a slow, but 
continuous involvement of fluorescently labeled co-
receptor CD8+ to the synapse and its interactions 

with fluorescently labeled CD3 (Fig. 1).  Instead, 
while those antigens that cause immunological tole
rance, cause rapid and short-term co-receptor in-
volvement [25–28].

To quantify the molecule mobility within the 
supramolecular complex the method of fluorescence 
polarization is also used. Application of polariza-
tion method with synthetic fluorescent dyes and FP 
revealed the fact that the weak activation signals 
through FcεR1 (Fragment crystalline ε receptor 1) 
can take place without immobilizing these receptors 
in a cluster on plasmatic membrane. In these studies, 
FP can fully replace synthetic dyes. The authors have 
demonstrated with the help of FRET rapid involve-
ment to IS (at the start of activation) of signaling pro-
teins labeled using genetically encoded FP: ZAP70, 
PLCγ1 phosphatase, membrane adapter protein  
LAT, ubiquitin ligase and cytosolic adapter protein  
CBL, regulator of formation of G-protein cytoskele
ton VAV1, adapter proteins SLP76, NCK. It was also 
proved using FP and FRET, that stromal protein 
STIM (stromal interaction molecule) interacts with 
membrane calcium channel ORAI, which provides 
signaling via calcium ions during the activation of 
lymphocytes. Using genetically encoded lymphocyte 
activation sensors based on ZAP-70 and FP, it has 
been shown that this kinase is activated both in the 
undermembrane complex and throughout the whole 
cytosol volume. Nuclear localization of critical fac-
tor of activation of T lymphocytes – NFAT [24, 27, 
29] was demonstrated using FP.

The use of high-resolution fluorescence 
microscopy techniques to study 
the activation of lymphocytes

Previously, it was postulated that it is impossi-
ble to overcome the diffraction limit of microscopy. 
But over the last few years a number of techniques 
have been developed which allow detecting indi-
vidual molecules and determining their exact loca-
tion basing on the computer data processing. These 
methods are PALM (photoactivated localization 
microscopy) in other versions, this approach was 
called FPALM (fluorescence photoactivated locali-
zation) and STORM (stochastic optical reconstruc-
tion microscopy), sptPALM (single-particle-tracking 
PALM). All the above methods of microscopy re-
quire labeling of target proteins using fluorescent 
labels capable of photoactivation. High resolution 
of all these methods is achieved by activation of 
small portions of molecules with a special laser, 
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Fig. 1. Control of TCR interaction with antigen under formation of immune synapse. Tight convergence of 
coreceptors CD8 and CD3 labeled accordingly in green and yellow FP leads to fluorescence energy transfer 
and substitution of green fluorescence by yellow one

so that each molecule can be identified separately. 
A number of other methods has been developed; 
their principle of increasing the resolution is based 
on illumination of certain narrow areas of the sub-
ject: STED (stimulated emission depletion), GSD 
(ground-state depletion) and SSIM (saturated struc-
tured illumination microscopy), FCS (fluorescence 
correlation spectroscopy) and FCCS (fluorescence 
cross-correlation spectroscopy). One more approach 
to increase the resolution – the selection of a thin 
layer of the subject under the lens in the direction 
of the optical axis – TIRF (total internal reflection 
fluorescence), which reached a significant resolution 
on the axis Z. The first example of the observation of 
individual molecules in the process of performance 
of their functions is to study the fusion protein 
E‑cadherin and GFP by TIRF- microscopy. Obser-
vation of two chimeric membrane proteins in vitro 

using TIRF‑microscopy allows you to establish the 
behavior of these proteins in living cells and their 
co-localization, complex formation in PALM mode. 
It is important that individual fluorescent molecules 
are continuously observed in the field of view and 
these data are particularly valuable for understand-
ing the mechanisms of proteins involvement into 
complexes. The proteins Dendra, Dendra2, tandem 
option EosFP (tdEosFP), enhanced mEos2, which, 
when activated, move from bright green to red fluo-
rescence, are effective FP-photoswitches for FRET 
and PALM. Recently the IS image of natural killer 
cell interaction with target cell was obtained using 
SIM-microscopy. It appeared that proteins NKG2D, 
Vav1 and Grb2 form a typical ring in the supramo-
lecular complex of integrated circuits, and the move-
ment of cytotoxic granules outside the cell provides 
the actin net. Using the PALM method it was found 
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that there were intermolecular forces which “an-
chored” protein LAT in T lymphocyte and prevent 
the adhesion molecules ICAM1 from penetrating 
from the peripheral areas of the synapse to the cen-
tral area. It was found in the studies with the use of 
FP in PALM with TIRF and PALM in combination 
with confocal microscopy that TCR and adaptive 
protein LAT form small conglomerates in unstimu-
lated T lymphocytes; these conglomerates aggregate 
into large complexes during activation. Their inter-
action during activation was confirmed with the help 
of FCCS [30–38].

Combined use of nanomaterials 
and FP in vitro

Nanotechnology in combination with FP are 
based on the latest research strategy in  lympho-
cyte activation processes. Nanochasing was used 
to induce strictly localized activation stimuli on 
lymphocytes and mastocytes. Artificial membranes 
were positioned on nanochasing surface. It was first 
shown that ZAP-70 and cytoskeleton proteins: ac-
tin, paxillin and vinculin form a complex with the 
aggregated Fc-receptors of Т-lymphocytes  in the 
process of interaction of these receptors with  the 
submicroscopic round areas of antibodies bound on 
a hard surface  (Fig. 2). In these experiments all in-
vestigated proteins of living cells were labeled with 
fluorescent proteins. Circulation of endosomes with 
secretory granules labeled with continuous protein 

CD63-GFP around these areas was first shown as 
well.  In other experiments the artificial membranes 
were used which contained MHC, ICAM-1 and 
LFA‑1 ligands. The artificial membranes were po-
sitioned on a nanochased grid, which limited the 
movement of molecules with its grid. In experiments 
with the use of membranes with different turno-
ver the need for aggregation of molecules of GFP-
labeled kinase Zap‑70 to activate T lymphocytes 
was confirmed with the help of this kinase. Thus, 
the dynamic properties of IS components have been 
demonstrated using FP as localization markers and 
nanostructured ligands [39, 40].

The use of fluorescent proteins for 
ex vivo and in vivo research

Modern technologies allow optical microscopy 
in vivo without surgery or using minimally destruc-
tive techniques. For such purposes researchers obtain 
transgenic animals which carry genes of necessary 
fluorescence-labeled fused proteins under the con-
trol of tissue specific regulatory genetic sequences. 
This allows studying the prepared cells and tissues 
without prior transfection. Another approach – the 
introduction of genetically modified cells into the 
body. This approach is convenient in the models of 
transplanted tissues, for example, to study lympho-
cyte migration and metastases of tumor allografts. 
FP have been successfully used for labeling lympho-
cytes, dendritic cells, macrophages, viruses, bacte-

Fig. 2. Studies of spatial interaction of kinase ZAP- 70 with FC- receptor clusters on immobilized antibodies 
in living cells. Nanometer-sized spots with immobilized antigen-antibody complex cause clustering of both 
FC-receptor kinases and molecules labeled with FP domains
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ria and other pathogens and their interactions in vivo 
[38, 41–45].

Today, researchers are able to obtain three-
dimensional images or videos of individual labeled 
cells in vivo. Thus using the method of confocal mi-
croscopy the localization of invariant natural killer T 
cells (NKT cells) and Ito cells in mouse liver sinuses 
was established in vivo. GFP was used as a reporter 
expression of receptors CXCR6 and CX3CR1, which 
are markers of the corresponding cells. It was found 
that in response to the activation T cells (NKT cells) 
stop migrating through the liver sinus endothelium 
[46].

The most popular modern FP which are used 
to observe living cells through the layers of tissue 
in vivo and ex vivo are ECFP, mKeima, Dendra 2 
Green, EGFP, YFP, Dendra2 Red, TagRFP, tdTo-
mato, DsRed2, mCherry, mKate2, TagRFP; spe-
cial attention should be given to FP of the monomer 
structures that prevent oligomerization artifacts: 
mOrange2, mRuby, mNeptune, ECFP, mKeima, 
EGFP, YFP, Dendra2 Red [57, 58].

Two-photon laser scanning microscopy is one 
of the most effective modern methods for vital mic
roscopy. It allows one to carry out studies on multi-
color labeling, to form sections by rapid automatic 
adjustment of the optical system and to observe in-
tercellular interaction in the intact organism of both 
vertebrates and invertebrates [38, 49].

The mobility of thymocytes and their synapse 
formation ex vivo were first demonstrated using 
two-photon fluorescence microscopy with exciting 
laser radiation in the near infrared range. Fluores-
cent studies of proteins labeled using FP in vivo and 
ex vivo showed that CD4 + T-lymphocytes possess 
high mobility and the majority of IS with APC is 
formed for a short period of time. Two-photon mic
roscopy was also used to study the activation and 
migration of tumor-specific T cells labeled by FP 
(GFP, CFP, YFP) in the animal model of melanoma 
in vivo [50‑52].

Applications of flow cytometry with 
genetically encoded fluorescent proteins

FRET, multicolor labeling using FP can be ef-
fectively used for flow cytometry (PPB). There are 
FP convenient for PPB: with enough high-brightness 
and high-speed chromophore maturation. The best 
acceptors of  FRET-probes for PPB are red FP or FP 
with fluorescence spectrum at the boundary of infra-
red spectrum, for example: ECFP and HcRed, yel-

low FP mCitrine, SYFP2, Venus, LSS; mAmetrine 
and red mStrawberry or mCherry. These couples 
have FP spectra of small overlap, so, they have an 
advantage in sensitivity compared to FP emission in 
the blue and green spectrum. That is why they were 
used to create sensors suitable for PPB, for instance, 
the sensor of membrane potential and sensor of cas-
pase-3 activity. Genetic structures providing embroi-
dered labeling of cells in different phases of the cell 
cycle were also created [53, 54].

A new method for determining lymphocyte ac-
tivation in vivo has been developed based on multi-
color labeling of lymphocyte precursors genetically 
encoded with FP before transplantation to immu-
nodeficient animals. EGFP was used as a constant 
marker of all lymphocytes, while  HcRed was regu
lated by reporter CD 40L, so it was  expresioned 
only in activated T lymphocytes [55].

FP provided new possibilities in the study of 
lymphocyte activation by CPM. Labeling with an-
tibodies and other markers allows one to determine 
the concentration of biological molecules contained 
in cells at the time of measurement. The use of pro-
teolysis-resistant fluorescent timer as a reporter gene 
allows us to assess what was the expression of a gene 
in a short period of time before measuring and the 
averaged expression activity in vivo over a period 
of the fluorescence intensity of mature and imma-
ture forms. Photoactivation opens an opportunity to 
study the prehistory of lymphocytes development in 
space: labeling of clearly defined areas of the body of 
experimental animals by the activating laser allows 
us to observe the migration of labeled lymphocytes 
from this area [56]. 

FP also provide the ability to track intermolecu
lar events activated in immune cells prior to analysis 
by the method of biomolecular fluorescence comple-
mentation (BiMFC). Using CPM, one can analyze 
the activation of many signaling pathways in vivo 
with a high bandwidth that cannot be reached using 
conventional tagging [57].

Development of new FP-based 
immunological test systems

The next step in the research is the use of ac-
tivated lymphocyte probes for studying intracellu-
lar signaling processes of the immune system in the 
intact living organism. Probes and markers based 
on FP are promising for the study of the immune 
system. The immune system cells are characterized 
by the ability to homing: migration in specific areas 
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of their body after the injection. Therefore, new test 
system for the study of lymphocyte activation may 
be based on several types of model objects: geneti-
cally modified intertwine lines of lymphocytes in 
cell culture in vitro and as transplantants in vivo, 
transgenic animals and immune cells from trans-
genic animals [58].

The great number of probes was developed 
from FP to study intracellular signals has not yet 
been applied to the study of lymphocyte activation. 
For example, an important role in lymphocyte acti-
vation is played by chemokines signals and growth 
factors with participation of G-proteins. A number of 
FP-based FRET probes was developed to determine 
the activation of G-proteins, which play an important 
role in many processes, including the activation of 
lymphocytes. 

Established on specific intracellular sensors of 
kinase ERK2 activity have been created following 
the FRET-probe principle. This approach to the con-
struction of chimeric fluorescent protein kinase in 
the models of B-lymphocytes, T-lymphocytes and 
NK-killers makes it possible to monitor the early 
events in the activation of these cells under the in-
fluence of various factors in vivo [59, 60].

An example of progressive embodiment of the 
idea of studying the lymphocyte signalling in vivo 
is a recently developed line of mice which express 
the reporter genes of lymphocytes activation and ra-
tiometrical calcium probe to determine the calcium 
signals from FP. These lines were tested to study the 
activation and migration of lymphocytes in the ex-
perimental model of multiple sclerosis in vivo [61].

The key kinases for activation of T and B-lym-
phocytes are PLCγ2 and Syk, which are translocated 
to the plasma membrane, and kinases ERK and p38, 
c-Jun, NF-κB, mediator proteins of the effect of 
cytokines STAT, for activation of T-lymphocytes – 
NFAT proteins which are translocated to the cell 
nucleus during signaling. Thus the FP addition to 
them will allow observing their activity by micros-
copy. The activity of other key signaling proteins: 
G-protein, kinase Zap, Lyn, may be monitored via 
appropriate FRET-sensors, since a change in their 
activity is not accompanied by a significant change 
in localization. In order to confirm the activation 
of lymphocyte and subpopulation types, which in-
clude the studied cells, one should also use the re-
porter genes under the relevant expression regula-
tors or fusion proteins on the basis of CD3, CD4 to 
identify lymphocyte populations and major surface 

activation markers CD69, CD71 and proliferation 
reporter. Thus, at least 20 separate fluorescent sig-
nals are needed to monitor the activation events in 
individual cells. Recently, there appeared effective 
cassette plasmids for obtaining transgenic mamma-
lian cells that can carry a lot of recombinant genes 
simultaneously. Thus there appears the prospect of 
a system approach with the use of multiple probes 
in the studies of signaling pathways of  lymphocyte 
activation using FP. There are also first experimen-
tal microscopes, for which the number of detected 
FP is limited by the variety of excitation spectra and 
emission of available set of FP and can potentially 
reach several dozens. Therefore, using FP with dif-
ferent combinations of wavelengths of excitation and 
emission, methods of mathematical spectral division, 
combining of conventional fluorescence detection 
and separation of signals in time of fluorescence 
half-life, which is different for different proteins 
might theoretically detect more than 10 fluorescent 
signals simultaneously [62–66].

Despite the minimal invasiveness and low 
level artifacts with modern FP there is the need of 
validation and verification of the models based on 
them. The methods of in vitro microscopy, using the 
probes of kinase activity and translocation of signal 
FP to the plasma membrane, can be checked using 
antibodies to the corresponding signaling proteins 
and peptides phosphorylated substrates of kinase 
and other signaling proteins. To obtain relevant 
information it is necessary to apply the method of 
instant freezing of the whole organism followed by 
the preparation of frozen products and histochemi-
cal studies. MALDI-microscopy, in which the mass 
spetrometry is used to identify a variety of mole-
cules “knocked out” of the drug under the effect of 
laser, is the most modern method that replaces the 
standard histochemistry. It is possible to check in-
termolecular interactions in the cell culture using the 
proteomic method of immunoaffinity chromatogra-
phy with the help of mass spectrometry analysis. In 
this method molecular complexes bind to antibodies 
through a chromatographic column and their compo-
sition is analyzed by mass spectrometric detector. It 
should be noted that due to the lowest invasive tech-
niques with FP, compared with other methods, the 
obtained results cannot be confirmed in all cases. 
In many cases it is expedient to check the obtained 
results using the above mentined quantum labels and 
synthetic dyes [67–69].

The in vitro research is important for experi-
ments in which the immune cells have to act on spe-
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cific signaling mechanisms of lymphocyte activa-
tion. Great hopes may be set on the above genetic 
constructs for CPM that could be used both in vitro, 
and in vivo.

The use of multiparametrical test systems of 
lymphocyte activation based on FP, production of 
new immunologically active drugs by “high content 
screening” of biologically active compounds, which 
is essentially the applied realization of system biolo
gy, is especially urgent [70].

Сучасні флуоресцентні 
методи дослідження 
механізмів активації 
лімфоцитів
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Флуоресцентні протеїни є найперспек
тивнішими інструментами для вивчення сиг-
нальних процесів у лімфоцитах. Цей короткий 
огляд підсумовує нові досягнення в отриманнi 
зображень на основі методів флуоресценції, що 
розвивалися останніми роками,  також обговорю-
ються нові технологічні та методологічні досяг-
нення, такі як люмінесцентнi фотоперемикачі, 
відновлення флуоресценції після фотознебарв-
лення (FRAP), перенесення енергії за допомо-
гою флуоресцентного резонансу (FRET), флуо-
ресцентна мікроскопія зображення тривалості 
життя (FLIM), фотоактивована локалізаційна 
мікроскопія (PALM), стохастична оптична 
мікроскопія реконструкції (STORM), стимульо-
ване виснаження, індуковане випромінюванням 
(STED), повне внутрішнє відбиття флуоресценції 
(TIRF) та інші методики. Цей огляд також 
висвітлює останні досягнення в області аналізу 
зображень живих тканин in vitro, нові застосу-
вання проточної цитофлуориметрії iз викори-
станням генетично кодованих флуоресцентних 
протеїнів і перспективи для розвитку нових 
імунологічних тест-систем на основі технології 
флуоресцентних протеїнів, сучасні прикладні 
підходи до використання проточної цитометрії 
з генетично кодованими флуоресцентними 

протеїнами, а також перспективи розвитку нових 
імунологічних тест-систем на основі технології 
флуоресцентних протеїнів.

К л ю ч о в і  с л о в а: активація лімфоцитів, 
тест-системи, флуоресцентні протеїни, 
флуоресцентні методи.
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Флуоресцентные протеины являются самы-
ми перспективными инструментами для изуче-
ния сигнальных процессов в лимфоцитах. Этот 
краткий обзор подытоживает новые достижения 
в получении изображений на основе методов 
флуоресценции, которые разрабатывались в по-
следние годы, также обсуждаются новые тех-
нологические и методологические достижения, 
такие как люминисцентные фотопереключате-
ли, возобновление флуоресценции после фото-
обесцвечивания (FRAP), перенесение энергии 
с помощью флуоресцентного резонанса (FRET), 
флуоресцентная микроскопия изображения про-
должительности жизни (FLIM), фотоактивиро-
ванная локализационная микроскопия (PALM), 
стохастическая оптическая микроскопия ре-
конструкции (STORM), стимулированное ис-
тощение, индуцированное излучением (STED), 
полное внутреннее отражение флуоресценции 
(TIRF) и другие методики. Этот обзор также 
освещает последние достижения в области ана-
лиза изображений живых тканей, полученных in 
vitro, новые применения проточной цитофлуори-
метрии с использованием генетически кодиро-
ванных флуоресцентных протеинов и перспек-
тивы для развития новых иммунологических 
тест-систем на основе технологии флуоресцент-
ных протеинов, современные прикладные под-
ходы к использованию проточной цитометрии с 
генетически кодированными флуоресцентными 
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протеинами, а также перспективы развития но-
вых иммунологических тест-систем на основе 
технологии флуоресцентных протеинов.

К л ю ч е в ы е  с л о в а: активация лимфо-
цитов, тест-системы, флуоресцентные протеи-
ны, флуоресцентные методы.
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