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Beyond all doubts, the exploration of outer space is a strategically important and priority sector of the national economy, scientific and technological development of every and particular country, and of all human civilization in general. A number of stress factors, including a prolonged confinement in a limited hermetically sealed space, influence the human body in space on board the spaceship and during the orbital flight. All these factors predominantly negatively affect various functional systems of the organism, in particular, the astronaut’s immunity. These ground-based experiments allow to elucidate the effect of confinement in a limited space on both the activation of the immunity and the changes of the immune status in dynamics. Also, due to simulation of one or another emergency situation, such an approach allows the estimation of the influence of an additional psychological stress on the immunity, particularly, in the context of the reserve capacity of the immune system. A sealed chamber seems a convenient site for working out the additional techniques for crew members selection, as well as the countermeasures for negative changes in the astronauts’ immune status. In this review we attempted to collect information describing changes in human immunity during isolation experiments with different conditions including short- and long-term experiments in hermetically closed chambers with artificial environment and during Antarctic winter-over.
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Introduction

Immunity is an integral system possessing a quite high level of complexity of its internal organization with a divaricate web of direct and indirect contacts and feedbacks with other physiological systems. The one’s immune status is of special importance in the context of ensuring the normal existence, vital activity and efficiency of a spaceflight crew members. This phenomenon underlies the high individual variability of both the standard values for different indicators and the severity and direction of changes in particular units of the immune system under the influence of the various spaceflight factors. Based on the above, the upcoming missions to the Moon and to Mars require the investigations in the field of confinement experiments of different duration, in which a sealed chamber or Antarctic station simulate the conditions of the environment of a space station, a spaceship, or an on-planet station (Figure 1). Each platform has its own variety of factors that could influence on immune system (Table 1). During the performance of both short-term and long-term orbital missions the immune system is influenced by a complex of various factors. It is important that, in addition to microgravity, astronauts are subjected to stress and living in a hermetically sealed space with an artificial microclimate. The investigations of immunological reactivity of the crew members of such types of spacecrafts as “Salyut”, “Soyuz”, and “Space Shuttle”, as well as of the orbital stations “SkyLab”, “Salyut 6, 7”, and “MIR”, made it possible to note the changes in the quantity and the functioning of immunocompetent cell subpopulations, and to register the sensibilization of lymphocytes to allergens of bacterial and chemical nature (4–9). Also, during the long-term mission to the station “MIR” a decrease in the delayed hypersensitivity reaction was observed, which indicates a failure in the functioning of cell-mediated immunity (10–12). The analyses of blood, saliva, and urine samples from astronauts revealed multiple well-documented cases of reactivation of such viruses as HHV, EBV, CMV, and Varicella zoster virus, in both long-term and short-term missions (13, 14). The researchers noted the shifts in the subpopulation content and the functioning of cells of the adaptive immunity during the stay on board the spacecraft. In particular, a moderate increase in the amount of memory T cells and effector CTLs (CD3+CD8+ cytotoxic lymphocytes) with a simultaneous decrease in the population of naïve CTLs were observed. In addition, there was an insignificant decrease in the number of cytokine-producing lymphocytes during the flight (15). This study points to the absences of significant changes in the distribution of different lymphocytes subpopulations during the mission. At the same time, considerable shifts in the production of cytokines by the activated immunocompetent cells, as well as in their actual ability to be activated were reported. A failure in the T cells activation upon the contact with staphylococcus enterotoxin and a decrease in the production of IFN-γ, IL-10, IL-6, and TNF-α were observed. In the same manner, the number of lymphocytes capable of specific reaction to viral particles was reduced. However, other studies report an increase in the number of cytokines in the blood plasma of astronauts during a long space mission, with a simultaneous decrease of cytokine production by the mitogen-activated cultured T cells (16). In parallel with these changes, the researchers observed an increase in the number of leukocytes in astronauts.




Figure 1 | Human isolation facilities. On the left side of the picture displayed the ISS and the Antarctic station (Concordia) . On the right side “terrestrial spacecrafts”: HERA (at the top of the picture) and NEK (at the bottom of the picture).




Table 1 | Isolation facilities factors.



A similar number of changes in the functioning of the immune system are noted in the post-flight period, both immediately after landing and during rehabilitation to terrestrial living conditions. It should be emphasized that in this case the deviations from the pre-flight characteristics described below can be provoked by the prolonged effects of stress during the flight as well as the additional loads caused by the landing process. After a 140-day mission, a decreased proliferative activity of lymphocytes associated with lymphopenia, a decreased cytotoxic activity of NK (natural killers, CD3-CD16+CD56+) and reduced synthesis of IFN-γ was observed in the crewmembers (6, 17–21). Postflight data obtained during the examination of the crews of the “MIR” station (with the duration of the missions from 66 to 126 days) indicate a decrease in the expression of CD25 by T cells during 48 h incubation with specific activators (14). The studies carried out after a series of short-term and long-term Space Shuttle missions, quantitative and functional changes in the immune system were also noted, namely, an increase in the relative quantity of B-, T-cells (including memory cells), and granulocytes, with a decrease in the relative quantity of monocytes. Additionally, cytokine profile of T-cell response shifted mainly to Th2 response (i.e., IL-10 production predominated over IFN-γ) (22). The results of recent investigations of the ISS crews in the post-flight period also indicate a decreased relative quantity of NK and their reduced cytotoxic activity, weakened functionality of T-cells, and an increase in the total number of the major populations of immunocompetent cells, especially, T-helpers, CTL, CD4+CD25+-cells, CD4+CD45RA+-cells, after landing (23, 24). The data obtained during the examination of the ISS crews also confirm the post-flight shift of the cytokine profile of T-cell response towards Th2 response (19). Several researchers reported reactivation of different viruses in the crewmembers both during the mission and in the post-flight period (25–28). Besides, the investigations of innate immunity in the post-flight period indicate a noticeable influence of space flight conditions on it. The inhibition of IL-6 synthesis by monocytes together with the decreased expression of CD62L and HLA-DR on the surface of monocytes were reported after the finishing of a mission, and the production of IL-10, IL-6 and TNF-α by the activated monocytes in culture was especially (by 40-45%) reduced (29). Another study revealed an increase in the absolute quantity of monocytes and granulocytes in astronauts at the first day after landing; the relative quantity of TLR2+, TLR4+, TLR8+, TLR9+ monocytes and granulocytes also increased, while the relative quantity of TLR5+ and TLR6+-granulocytes decreased; the concentration of heat-shock proteins HSP60 and HSP70, which are one of the main ligands for Toll-like receptors, was elevated. These data point to the significant changes in the functioning of innate immunity caused by space flight factors (30). A similar study reported a wide individual variation of both TLR expression on the surface of monocytes and granulocytes and the expression of the corresponding genes, including those coding for proteins from the TLR intracellular signaling pathways, during the first day of the post-flight period. At the same time, the averaged values did not show significant differences between pre- and post-flight values.

The data described above allow us to conclude that the consequences of the impact of the space flight stress factors on immunity are expressed mainly in the reduced reserve capabilities of various immunocompetent cells to response, their phenotypic changes, a quantitative decrease in their effector response through the production of cytokines, and a qualitative shift in the synthesized cytokine profile. Recent findings onboard ISS confirm that the findings delineated above indeed persist during spaceflight, and for the duration of a 6-month orbital mission (31, 32). Particular attention should be drawn to the wide individual variability of changes in immunological parameters which reflects individual susceptibility of the spaceflight factors that should be kept in mind during development of specific immunological countermeasures. Taking into account the fact that future space missions to Mars and to the Moon will require a significant duration and a radically higher degree of crew autonomy, the impact of the flight stress factors on the astronauts’ health will intensify. Since the prolonged isolation in a hermetically sealed space with an artificial microclimate is one of the main stress factors during the mission, Earth-based experiments aimed at a detailed investigation of the stressor on the immunity are of particular importance. An intensive inspection of immunity as a integrate system should be conducted with the regard for the mutual influence of its individual parts on each other. As the immune system is one of the regulatory systems maintaining the organism’s homeostasis, its interactions with other physiological systems (nerve system, endocrine system, etc.), as well as the individual reactions of test-volunteers should be taken into account. The main goal of such investigations should be the development of efficient countermeasures and rehabilitation system for the upcoming space missions, and the detection of precise markers of a current state of the immunity for its correction. The significance of the experiments with the prolonged confinement in a sealed chamber is also conditioned by the global expansion of human labor activity spheres, which is connected to the long-term stay in a closed confined space (e.g., during the development of the sea shelf). Moreover, the data from such investigations may be applied in the elimination of the consequences of the general trend to a reduced physical activity in everyday life and a sedentary lifestyle.



Experiments With A Confinement


Experiments With a Confinement in a Specially Designed Sealed Chamber Simulating the Living Space and Closed Environment of a Spacecraft

Spaceflight consists of multiple stressors that synergistically influence humans, including (but not limited to) microgravity, stress, altered nutrition, physiological isolation, and radiation (33). Ground analogs of spaceflight reproduce some of these factors to high fidelity allowing human research to be conducted in a safe, lower cost environment utilizing science capabilities unconstrained as is an actual flight experiment (34). Recent findings suggest that stress is a primary causal factor in the immune dysfunction observed in cosmonauts and astronauts, more so than microgravity or radiation (35). This bodes well for using ground analogs which can closely mimic the isolation and stress of spaceflight to further characterize the problem and develop biomedical countermeasures. While terrestrial ‘deployment’ analogs exist (undersea, Antarctica, etc.), closed chamber confinement in a simulated vehicle for prolonged duration may be particularly useful, as this analog affords the immediate processing of biomedical samples in a fully capable laboratory environment. To conduct the confinement experiments in the conditions of a sealed chamber in the 1960s at the Institute of Biomedical Problems of the USSR Ministry of Health (present IBMP RAS) there was designed and built an Earth-based Scientific-Experimental Complex (the so-called NEK). The NEK, initiated by academician S.P. Korolev, allowed various investigations, including immunological ones, to be carried in the conditions of a pressurized facility with an artificially regulated environment (36). Moreover, the technologies of life support systems, which were then successfully introduced into the manned space missions and flights in orbital stations, had been developed here. Later, the NEK underwent the improvements, among which were the enlargement of a living space, the facilities for testing the equipment and countermeasures development, such as simulators of physical loads and devices for performing physical activities. The crew of IBMP conducted a number of experiments both of short-term (within the frames the mission to the Moon program working out) and long-term confinement in the NEK (within the frames the mission to Mars program working out). Unfortunately, there is no international standard describing conditions of experiments with confinement such as measured parameters, characterizing the state of human immune system, age of test subjects, time points of bio-samples collection, seasons and general experimental conditions including gas composition, pressure, temperature etc. in different isolation projects. This fact makes it difficult to get homogeneous statistics and suggests development of international standard measures in isolation studies.

Terrestrial analogs with closed chamber confinement in a simulated vehicle for prolonged duration may be particularly useful as they allow the immediate processing of biomedical samples in a fully equipped laboratory. In this regard ground analogues could be also used as a platform for the fundamental studies of the interaction between immunity and gut microbiota which seems to play a crucial role in the immune system functioning.


Immunity and Microbiome

Microbiome is essential for the immune homeostasis. Immune system has largely evolved as a means to maintain the host’s symbiotic relationship with a variety of microorganisms (37). Dysbiosis usually results in immune reaction such as increased production of different inflammatory cytokines, T cell imbalances, and even autoimmune diseases (38–40). It is well known that space flight associated factors influence human microbiome. The risk of exposure of astronauts and crew members participating in the isolation experiments to the wide variety of pathogenic strains due to the rigorous microbiological control is usually very low therefore a crucial role in dysbiosis belongs to the opportunistic microflora. Changes in bacterial species composition, their gene expression and production of different proteins during space flights and after their completion were observed in a number of space missions and experiments conducted in more than 50 years of the space age (41). Interestingly, similar changes in human microbiota are also observed in terrestrial isolation studies. The stay of a healthy subject in the environment with altered parameters is accompanied by a decrease in colonization resistance of the intestine and integumentary tissues, which leads to dysbiotic changes. Pronounced alterations of the microflora occur in the test-volunteers staying in a hermetically closed chamber with its own microclimate. These are general changes in the intestinal microflora that occur in extreme situations, and the trigger for the dysbiosis development is the decrease in the number of Bifidobacteria and Lactobacilli. The degree of severity of the microflora dysbiotic rearrangement is largely determined by the initial state of the microecological status. In the conditions of a hermetically sealed chamber, the signs of opportunistic microflora activation (represented by Staphylococcus aureus and gram-negative bacteria) were shown together with the quantitative decrease in the normal microflora in the crew members’ microbiocenoses of the mucous membranes of nasal cavity, mouth and throat (42). Till recently, it was not possible to determine the relationship between the changes in the microbiota during the influence of the space flight associated factors and the functioning of the immune system (22). However, the results of the pioneer study provided the first evidence of interaction between human immunity and gastrointestinal microflora during space flights. In this experiment it was shown that the abundance of OTU000010 of the genus Fusicatenibacter negatively correlated with the level of several pro-inflammatory cytokines including IL-1β, TNFα, IL4 and IL-8. In addition, changes in OTU000011 of the genus Dorea also negatively correlated with the changes in the concentration of certain cytokines (namely, IL-1β, IL-1ra, VEGF, and MIP-1b) which were significantly increased during the space missions. Unfortunately, it is impossible to determine yet what was first: the increase in pro-inflammatory cytokines or the decrease in bacteria OTU (43). However, the results of the study are promising and encourage to conduct more experiments to find a greater evidence of the interaction between human immune system and microbiome under the effect of space flight factors. Implementation of different probiotics and other supplements, such as prebiotics or special diets seem to be a viable spaceflight countermeasure (22).



Effects of Gender on Adaptation to the Space Flight Factors

One more issue that could be solved in terrestrial analogs is gender dependent immune reaction to the extreme environmental factors. A number of conducted studies reported sex-determined differences in immune responses. Women demonstrate a stronger immune response that manifests in more potent cell-mediated response and enhanced immunoglobulins production (44, 45). This makes women more resistant to microorganisms and viruses and also leads to faster recovery compared to men (46, 47). Men are more prone to different types of hematologic malignancies and solid cancer in non-reproductive organs. The cases of cancer mentioned above significantly more frequent and deadly in males compared to females (48). At the same time women are more susceptible to autoimmune disorders than men. According to Whitacre CC, female gender increases risk of autoimmunity: over 70% of those suffering from autoimmune diseases are women (49). These differences may be explained by the impact of hormones including testosterone, estrogen and progesterone on immune cell functional activity (47). Sex differences in the immune system functioning could be expected during exploration missions. Unfortunately, according to the information available from recent articles based on completed space-flight studies, analyses of sex-determined changes were largely not performed so far (50). Nevertheless, the data obtained during Antarctica winter-over at German Antarctic Research Station Neumayer III with 10 female and 16 male subjects reveled changes in leucocyte subsets and cytokine production, however no significant differences between males and females were observed (51). In another study with 17-days isolation in a sealed chamber no sex-dependent differences in DCs and TLRs+ monocytes were shown (52). In our opinion, this phenomenon could be explained by two reasons. The first one and the most likely reason is the lack of statistics and limited analyzed parameters describing the state of immune system. The second one is less likely: there could be no significant differences between men and women in immune reaction to the space flight associated factors but immune response to different antigens could be altered. Both hypotheses need to be validated in experimental conditions.



Short-Term Confinement


9-Days Confinement, Female Crew Aged From 25 to 34 Years

The experiment was unique in that the crew of six test-volunteers consisted of women only (53). Other Earth-based simulations had been carried out with the male-volunteers (with rare exceptions), and because of that the issue of the adaptation of female physiology and, in particular, immunity, to the space flight factors remained to be elucidated (54). Additionally, the application of such a unique experimental device as short arm human centrifuge (SAHC) was tested during the 9-day confinement. It is known that the detraining effects of a number of homeostatic systems of the body, including immunity, are observed not only during the space mission itself, but persist for 1.5-2 months upon arrival on Earth (54, 55). In this regard, SAHC seems a perspective and efficient countermeasure for microgravity impact and other stress factors of the flight. Unfortunately, to date, there are no cumulative statistical data on the influence of SACH on different physiological systems of the human body, including the immune system. It is not yet defined when to start training on SAHC as microgravity countermeasure (56). On the one hand, it seems advisable to use the SAHC from the very first days of stay in space in order to ensure smooth adaptation to the conditions of the spacecraft and to prevent the impact of the microgravity adverse effects at the earliest stages. On the other hand, it is possible that the additional load on the human body in the acute period of adaptation caused by rotation on the SAHC will lead to the development of negative changes in many physiological systems of the body, including the immune system. Thus, the study was conducted to define the frames and possible schedule of SAHC application in a real space mission. A special attention was drawn to the first days of confinement as the adaptative period for the new conditions and environment, during which the shifts in the immune system functioning can be observed. In this was it was demonstrated that an intense exchange of microflora between the crew members occurred in the acute adaptative period (during the first 10 days) (57), which, together with the confinement in a sealed chamber, may affect the reorganization in the immune system.

The main factor during the testing of SAHC were the “head-pelvis” overloads (+Gz). The rotation was carried before and after the confinement in the sealed chamber, with the following conditions: acceleration of SAHC to the overload of 1,5 units (at the level of the feet with regard to the Earth gravity) with a plateau of 180s, followed by acceleration of SAHC to the overload of 2 units (at the level of the feet with regard to the Earth gravity) with a plateau of 180s; the total time of rotation was about 14 min. Gravity gradient (Δ G %) was 85% (the head of a test-volunteer was 30cm from the axis of rotation). For immunological studies venous blood was sampled the month before the confinement, after each of the SAHC session, and on the 5th and 9th days of the confinement.

During the investigation a number of changes in the innate and adaptive immunity were revealed. Interestingly, most of the observed changes occur in the innate immunity. To date, one of the fundamental and clinical immunology issues of current importance is the investigation of natural resistance. Innate immune response does not only restrain the expansion of a pathogen till the delayed highly specific adaptive immunity “launch”, but also form a basis for the adaptive immune response development (58, 59). In other words, the innate immune system is the body’s first line of defense against the invasion. The variations of the innate immunity effector mechanisms are defined by specific inherited pattern recognition receptors (PRRs), which may be considered as the carriers of the evolutionary memory of multicellular organisms of how to distinguish between friends and foes (59). The complexity and diversity of these receptors make them efficient in the recognition of a variety of not only exogeneous ligands such as bacterial LPS, fungal mannans, viral nucleic acids, but also endogenous ligands as heat-shock proteins, which result from inflammation and/or tissue damage (60, 61). The changes in such evolutionary conserved signal PRRs as Toll-like receptors (TLRs) play a key role in the early defense of an organism from pathogens, providing the fast recognition of an “invader” and warning of an unapproved invasion of an “alien” which may endanger the organism (61). Upon the interaction of the receptors with their corresponding ligands intracellular signaling pathways are activated leading to the secretion of effector molecules (cytokines, antimicrobial peptides, etc.), to the alterations in the expression of other receptors, and to further adaptive immune response development (60). As a rule, pathogenic and opportunistic microorganisms are considered as “alien” or an “invader”. However, during the recent years it became obvious that TLRs can recognize a number of endogenous agents which evidence a different (non-infectious) danger. Heat-shock proteins (HSP) and uric acid, as well as the products of necrosis and apoptosis are considered such endogenous activators of innate immunity (61).

In the conducted experiment the changes of the subpopulation content, reflecting the percentage (relative quantity) of cells with a particular phenotype in a certain cell pool, and the total number (absolute quantity) of cells expressing one or another surface receptor were observed. The information describing the effects of experimental conditions described above on different cell types is presented below.

Lymphocytes. A significant increase in the total number of CD3+-lymphocytes but not of their relative quantity in the population of immunocompetent cells was observed during the 5th day of the experiment. The main impact to this increasing was from the T-helpers (CD3+CD4+). The relative quantity of this very subpopulation of lymphocytes also increased at the 5th day of the experiment. It is worth to note that these changes are in concordance with those observed in the real space flight conditions (22, 23). The application of SAHC before and after confinement in a sealed chamber reduces both the relative and absolute quantity of NK-cells. This may be explained by the immune response to the acute stress. As it is reported in various observations, the shift in the number of natural killers is a typical marker of the immune system stress reaction (53).

Monocytes and granulocytes. The changes in the absolute and relative quantity of monocytes expressing the subclass of surface pattern recognition receptors, namely, types 2, 4, and 6 TLRs, were multidirectional, with the same tendency of the dynamic of the changes for all the female test-volunteers in the project. A significant decrease in the number of TLR2+ monocytes was observed after the rotation on SAHC, and the same decrease was noted during the confinement, including the absolute quantity of the cells. The relative number of TLR4+ monocytes increased by the 5th day of the experiment, while by the 9th day of the confinement both absolute and relative quantity of these cells significantly decrease compared to baseline. On the contrary, the number of TLR6+ monocytes decreases dramatically by the 5th day, together with the increasing after the second rotation on SAHC. Dynamic of the granulocytes fluctuations was completely different: after the first rotation there was a tendency to an increase in the absolute and relative quantity of TLR2+, TLR4+, TLR6+ granulocytes. By the 5th day the number of TLR2+ granulocytes decreases significantly compared to baseline, the same was demonstrated for TLR4+ and TLR6+ granulocytes. By the 9th day the population of TLR4+ granulocytes was even more reduced, while the number of TLR6+ granulocytes was significantly increased. The second SAHC session did not affect much the number of TLR2+ and TLR4+ granulocytes, but caused the increase in the absolute quantity of TLR6+ granulocytes. Thus, authors conclude that different cell populations of natural resistance demonstrate heterogenous polymorphism of reactions to the effects of confinement and rotation on SAHC. Authors assume that the differences of such kind result from the functional peculiarities of monocytes and granulocytes, as well as their different sensitivity to the activators. This phenomenon may be also associated with the fact that during the confinement period in a sealed chamber there were a various number of microorganisms (enough for the activation of TLRs) possessing the ligands on their cell walls for different TLRs. The immune system reactions to overloads before and after short-term confinement differ from each other. The changes described above reflect a complex adaptation process happening within the innate and acquired immunity systems during the early period of adaption to the conditions in a hermetically sealed facility and to the rotation on SAHC (53).



17-Days Confinement, Gender-Mixed Crew Aged From 27 to 43 Years

This experiment was conducted to simulate the conditions of the upcoming mission to the Moon with a landing and return to the Earth. Blood was sampled before the experiment from 6 test subjects (3 males, 3 females), on the 7th day of confinement and on the first day of rehabilitation period (52). The experiment was unique in that the impact of confinement on such an important part of immunity as dendritic cells (DCs) was investigated. DCs are the main type of antigen-presenting cells, which means that they play the key role in the transduction of information from innate immunity to adaptive immunity, and in the development of a stable long-term immune response to a particular antigen. Data obtained in the experiment demonstrated changes both in monocytes and DCs.

Monocytes. The dramatic decrease in the relative quantity of TLR4+, TLR5+, TLR6+ monocytes, especially, TLR3+, TLR8+, TLR9+ monocytes, by the time of the finishing of the experiment compared to baseline values. The changes observed were gender independent and were noticed in all the crew members.

DCs. By the 7th day of confinement an increase in the number of CD14-CD16-CD123+CD85k+ plasmacytoid DCs of the phenotype was observed. Plasmacytoid dendritic cells (pDCs) have lymphoid origin and morphologically resemble plasma cells. They are professional IFN-producing cells that play an important role in the antiviral immune response (62). The revealed shifts indicate that infectious and inflammatory diseases, in particular, caused by the normal microflora of the organism, which does not lead pathological reactions in the host organism under normal conditions, can develop with a short-term exposure to the extreme space flight factors.




Long-Term Confinement

The development of a strategy for long-term interplanetary missions, as well as arranging long-term planetary bases, which is a priority goal of space exploration in the long-range outlook, claims a thorough study of the possibility and likelihood of infectious diseases cases, as well as chronic inflammation, allergic reactions and other consequences of immune system disruption in conditions of long-term isolation. In this regard, focusing solely on the extrapolation of the currently accumulated data on immunological changes during orbital missions seems insufficient. The upcoming exploration programs of the Moon, Mars, and other points of outer space imply much longer terms of the missions and much more autonomy. In the light of the above, it became necessary to conduct long-term isolation experiments on the basis of the NEK pressurized facility.


135-Days Confinement, Male Crew Aged From 33 to 38 Years

In this experiment scientists investigated the characteristics of immunological reactivity and allergy status of three test-volunteers who had taken part in the 135-day experiment with the periodical psycho-emotional stress during the stay in a hermetically sealed chamber. The stressful situations simulated during the confinement in the pressurized facility had led to the appearance of abnormalities in the immune system of the test volunteers, including a decrease in the level of A, M, and G immunoglobulins in the blood, a decrease in the functional activity of T-lymphocytes, suppression of the cytotoxic activity of natural killers, and signs of sensitization to bacterial allergens and formaldehyde. The revealed changes are similar to the deviations that are observed in the early period of readaptation to terrestrial conditions after the completion of long space flights (63).



110 and 240-Days Isolation, Gender-Mixed Crew, Aged From 29 to 47 Years

One of the first complex experiments with a comprehensive research of the human immunity was SFINCSS-99 project which consisted of 110-days and 240-days confinements. Three groups of test-volunteers took part in the experiment: the first one consisted of 4 test volunteers who spent 240 days in the pressurized facility, the second and the third groups (of 3 and 4 crew members, correspondingly) were confined for 110 days.


Leucocytes

An increase in the absolute quantity of leukocytes by the end of the 110-day confinement, mainly due to an increase of lymphocytes and granulocytes was observed in all three groups (1).



Lymphocytes

An increase in absolute quantity by the end of 110-days condiment with no significant differences in lymphocyte subpopulations were observed in all groups (1).



T-lymphocytes

The investigation of mitogen-induced blast transformation of lymphocytes in response to PHA in 24h, 48h, and 72h cell cultures in the 4 test-volunteers from the first group demonstrated that the functional activity of T-cells was reduced on average starting from the 4th month of the long-term confinement. Relative quantity of activated T-lymphocytes in a 24h cell culture decreased from 22% to 16%. In a 48h culture, there was a decrease in the activation potential of T cells at the tendency level. In the second and the third groups, a decrease in the activation capacity of T cells was also revealed in certain periods of stay in the hermetically sealed facility. There were individualized dynamics of changes among the crew members of the third group. In the 2 of the test-volunteers the decrease began from the day 39, in the other 2 it started from the 95th day. The decrease on the 95th day was significantly 34% of the baseline values. No significant changes in the T-lymphocytes activation potential were observed in the crew members of the third group. Thus, from the observations described, it is apparent that the functional activity of T-lymphocytes decreased frequently in the conditions of the long-term confinement in the pressurized facility, however, this decrease was moderately pronounced in general and did not go beyond the lower limit of permissible fluctuations of this characteristic in the norm (64). Also, at the end of the 240-day confinement, a significant decrease in the CD4/CD8 ratio was revealed due to a decrease in the proportion of T-helpers (1).



B-Lymphocytes, Immunoglobulins

The same research team noted multiple repeated sharp decreases in the immunoglobulins content (in particular, IgM and IgG) at the individual level during certain periods of stay in the pressurized facility, especially in the first three months of the experiment. B-cells count was unaltered. This fact can be regarded as a sign of weakening of the specific function of mature B-lymphocytes clones and lymphoid-plasma cells of the body (secretion of antibacterial and antiviral antibodies) (1, 64). These changes were undulating in nature.

All this taken together indicates a gradual suppression of the adaptive immunity during the period of stay in a pressurized facility, which is expressed in a decrease in its reserve capabilities.




105-Days Confinement, Male Crew, Aged From 25 to 38 Years

Subsequently, based on the data obtained in the SFINCCS experiment, another 105-day confinement experiment was held for a more detailed study of immunological reactions of six male test subjects during long-term isolation in a pressurized facility (65). This study and its results were to form the basis for an experiment on the simulation of the conditions of the upcoming long-term missions to Mars.


T-Lymphocytes

The researchers observed an increase in the absolute and relative number of T- lymphocytes at the individual levels during the experiment. The increase in the relative and absolute quantity of lymphocytes in the peripheral blood, apparently, reflects the lymphocytes’ maturation in response to antigenic stimulation, possibly associated with changes in the microbial community of the habitat and the microbial landscape of various biotopes of the human body that arise during the stay in the pressurized facility with artificial environment (66–68). It also indicates an increase in the tension of the adaptive immunity and a shift in the equilibrium of the system towards the intensification of the synthesis of factors that stimulate immune responses. However, on the 7th day after the end of the exposure, there was a clear tendency towards a decrease in the absolute content of lymphocytes in the peripheral blood, which led to a decrease in the absolute content of CD3+, CD3+CD4+, and CD3+CD8+ cells. On the days 7 and 105, there was an increase in the absolute and relative number of CD4+CD25Bright lymphocytes, suppressing various types of immunocompetent cells that provide both innate and acquired immunity (65, 69). In addition to this, during 2 weeks of the rehabilitation period, the number of CD3+CD25+ lymphocytes significantly increased, which indicated the activation of the T-cell mediated immunity as a result of prolonged antigenic stimulation in vivo (65). The level of CD3+CD69+ cells in activated cultures steadily decreased by 20% of the baseline starting from the 35th day of the experiment until its completion (65).



B-lymphocytes

Analysis of absolute and relative quantity of B-2cells revealed a statistically significant (p<0,05) decrease on the 16th and 70th days of the experiment, as well as on the 14th day after completion of the confinement. Starting from the 16th day of the isolation and until the end of the rehabilitation period, there was an increase in the relative quantity of CD19+CD69+ lymphocytes in cultures incubated with mitogens (65).



Cytokines

The concentration of IL-8 in the blood serum increased in compare to the baseline values during the whole experiment. It should also be emphasized that the analysis of the interactions between the subpopulations of cells involved in the immunological microcompartment and cytokines on the 16th, 70th, and 105th days of stay in the pressurized facility revealed a significant increase in the total number of reliable connections between them (by 4.2, 1.7 and 2.7 times, respectively; r> ± 0.82; p<0.05), which indicates an increase in the tension of the immune system homeostasis (65). Finally, the results of the studies of the functional reserves of B and T cells in a number of stress tests with mitogens showed that the adaptive restructuring of the human immunity in response to the complex effect of factors of long-term isolation in a pressurized facility required a certain tension of the immune system, as evidenced by an increase in the ability of adaptive immunity cells to be activated and to produce cytokines (65). Authors speculate that such a nature of the shifts indicates that the functional activity of the immunocompetent cell has shifted to a new level corresponding to the conditions of long-term isolation in a pressurized facility.



Mononuclear Cells

Another group of researchers also reported an increase in the reactive oxygen species production by mononuclear cells upon TNF-α activation during the stay of the test-volunteers in the pressurized facility, however, the suppression of the phagocytic function of these cells was observed during the same period in a 105-day experiment (70). Activated mononuclear cells showed a much lower level of CD62L expression (the adhesive molecule participating in the phagocyte penetration through the vascular wall during the inflammatory process) during the confinement than during the baseline period. These data indicate a negative effect of isolation conditions on the functioning of innate immune cells, probably due to psychological stress accompanied by the release of stress hormones, which can lead to an insufficient response to an antigen present in a real long-term space mission (70).




520-Days Confinement, Male Crew, Aged From 29 to 40 Years

Finally, in 2010, an experiment with 520-day confinement (Mars-500 project) was carried out on the basis of the NEK facility, simulating a long flight to Mars, circling the planet with landing and staying on its surface, and returning to Earth. In this experiment took part six male test subjects. Within the framework of this study, an extensive array of data was obtained on changes in a wide range of immunological parameters of both innate and adaptive immunity (71).


Monocytes and Granulocytes

The relative number of granulocytes decreased during the experiment, although their absolute number remained unchanged (72). Analysis of the data regarding the innate immune system revealed a tendency towards a decrease in the concentration of one of the main endogenous ligands for TLRs, namely, the heat shock protein HSP70, throughout the entire period of isolation, although the differences between the values became significant only by the completion of the experiment. Parallel to this, during the confinement there was a significant decrease in the absolute and relative quantities of monocytes and granulocytes expressing TLR2, TLR4, and TLR6; however, at a number of time points there was a noticeable increase in these parameters at the individual levels. The changes were undulatory by nature, possibly due to the variations in the activation and stagnation of opportunistic microflora. At the individual level, there was a decrease in the number of CD206+, and CD16+ monocytes and granulocytes on days 248-299 of the experiment. Phagocytic activity of monocytes slightly increased on the 168th day (by 10-15%) with a gradual decrease afterwards. Phagocytic activity of granulocytes increased on the 168th, 248th, and 360th days of the experiment. Thus, the study of ingesting ability of monocytes and granulocytes, which is one of the effector cellular functions of natural resistance, made it possible to establish that the high activity of phagocytic cells is a characteristic feature of the adaptive restructuring of the innate immunity under the conditions of a long stay in a pressurized facility. The studies of the PRRs made it possible to pioneer the fact that the process of adaptation of the innate immunity to a complex of factors of 520-day confinement in a pressurized object with an artificial habitat is implemented through polymorphic changes in the TLRs of innate immune cells. It should be emphasized that the PRR system is deeply echeloned, and the response to pathogens is provided by the activation of not one receptor, but a certain combination of them, due to which the inactivation of even large PRR groups does not lead to a generalized decrease in the body’s resistance against infections (60, 61). However, the revealed shifts in the PRR system indicate that under the complex  influence of extreme factors of the real Martian flight there exist the possibility of the infectious and inflammatory diseases development, in particular, those caused by the normal microflora of the body, which does not cause pathological reactions from the host organism under normal conditions (71).



NK-Lymphocytes

The changes caused by the conditions of long-term isolation also affected the natural cytotoxicity system, i.e., the pool of NK cells. After a year of the confinement, the absolute and relative quantities of NKs decreased. In most of the examined test-volunteers, there was mainly a decrease in the content of lymphocytes belonging to the subtype of natural killers with high cytolytic activity (CD56+CD16+ cells). In two of the six crew members, from the 120th day of stay in the pressurized facility until the end of the observation period, there was a decrease in the relative and absolute quantity of CD56+bright NK cells. These results indicate that factors of long-term isolation in the hermetically sealed chamber can cause a decrease not only in the level of circulating NK cells with high cytotoxicity, but also in the level of cytokine-producing NK cells. In addition, a decrease in the expression of the early activation marker CD69+ by NKs in response to IL2 activation was noted starting from the 4th month of the experiment. Thus, there is direct evidence of dramatic negative phenotypic and functional changes in the natural cytotoxicity, which, in particular, is responsible for antitumor and antiviral protection. This allows us to conclude that there exist a high probability of both viral reactivation and the risk of pro-oncogenic processes activation in astronauts performing a long space flight. This risk will also increase due to the radiation exposure characteristic to outer space (71).



T and B-Lymphocytes

Adaptive immunity is the second (specific) line of immune defense. The advantages of the adaptive immunity over the innate one are 1) higher efficiency, since the accumulated immune factors most fit a specific antigenic stimulus, as well as 2) long, sometimes lifelong, aftereffect associated with the formation of memory cells and maintaining a protective titer of specific antibodies in serum and other biological fluids. The analysis of the data on the changes in the adaptive immunity obtained during the 520-day experiment revealed that the relative and absolute quantities of T and B cells did not, at least, decrease during the entire confinement, but even increased at some time points. At the same time, by the 8th month of the experiment, a significant increase in the proportion of CD4+ cells in the population was observed, associated with an increase in the level of both “naive” CD4+ T cells (CD4+CD45RA+) and CD4+ memory T cells (CD4+CD45RO+). In half of the examined test-volunteers, an increase in the relative and/or absolute quantity of CD4+CD25+Bright lymphocytes was observed during certain periods of stay in the pressurized facility. During the entire period of isolation, the level of produced antibodies of all types did not change, while cytokine response profile of lymphocytes shifted towards Th-2 reactions.

Thus, the use of the functional approach to the assessment of adaptive immunity made it possible to establish that a high degree of tension of the cells of this system is required to maintain homeostasis under the conditions of prolonged exposure to a complex of factors during the confinement in a pressurized facility. The adaptive immune system was mobilized only at the final stage of the experiment, corresponding to the return to Earth. Such a nature of the shifts indicates that the functional activity of an immunocompetent cell transitioned to a new level corresponding to the conditions of long-term isolation in a pressurized facility. But prolonged activation of the immunity in individuals lacking sufficient functional reserves can lead to a depletion of the reserve capabilities of this homeostatic system. Human immune system includes numerous components that have different functions and different degree of specificity to “invading” agents, working as an inextricable balanced whole in a holistic immune system. It is obvious that there exist multiple statistically revealed relationships, both positive and negative ones, between the most diverse parameters characterizing various components of the immune system (73, 74). Therefore, the study of the interaction of these parameters was the basis for the investigation of the immune system from the standpoint of a holistic perception of its functioning during the exposure to the factors of long-term confinement in a pressurized object. Taking into account the strong (up to 2-4-fold) physiological fluctuations affected the absolute quantities ​​of all immunocompetent cells, with the relative number of these cells being more or less stable and changing significantly only in the course of immune reactions, these were the relative quantities of different cell populations and subpopulations in the blood that were taken of all the array of the parameters for the correlation analysis. The results of the study showed that, starting from the fourth month of stay in isolation, there was a decrease in the number of combinations with reliably interrelated parameters (p ≤ 0.05) regardless of the direction of the interactions in the studied fragment, consisting of 528 combinations, including 32 parameters. It should be noted that the decrease in correlations throughout the entire period of the experimental exposure occurred mainly due to a decrease in the number of relationships in the innate immunity, including monocytes and granulocytes, and at the final stage, due to a decrease in the number of relationships between the components of the innate and adaptive parts of the immune system. This phenomenon again testifies for the inextricable interaction between the components of innate and adaptive immunity. At the same time, starting from the sixth month the number of connections in the lymphocytic part of adaptive immunity not only did not decrease, but even slightly increased. Since the magnitude of the integrity of the components reflects the degree of tension of the system, the increase in the interactions can be regarded as the presence of a “tension syndrome” of the adaptive immunity. It seems that the absence of significant shifts in a number of immunological parameters characterizing the content of adaptive immune cells in the peripheral blood during experimental exposure does not yet indicate that this immune system compartment has avoided significant changes. Apparently, these changes are quite intense, but they manifest themselves mainly at a different level, namely, the level of systemic relationships between the components of the immune system (71).



Cytokines

An increase in cytokine production by immunocompetent cells was observed upon their activation by the Epstein-Barr viral particles. The concentration of IFNγ and TNF increased, while the concentration of IL-2 did not change. At the same time, there was no increase in the concentration of these cytokines directly in the blood plasma of the test-volunteers compared to baseline. This fact, as well as the absence of a titer of antibodies to this virus and its DNA in blood and saliva, indicates the absence of the phenomenon of viral reactivation in this experiment (72).

In addition, throughout the entire period of experimental exposure, mononuclear cells stimulated by LPS, demonstrated increase in the production of cytokines (IL1β, IL2, IL4, IL5, IL6, IL8, IL10, IL12р70, IFNγ, TNFα and TNFβ) in compare to the pre-mission values, however the difference was not statistically significant. Nevertheless, his phenomenon indicates a high functional activity of the TLR system of the innate immunity during 520-days confinement (71).






Experiments With a Confinement in Other Chambers and Facilities


60-Days Confinement, Gender-Mixed Crew, Aged From 26 to 38 Years

In the mid-1990s, the research team from the European Astronaut Centre (EAC) of the European Space Agency in Cologne conducted the experiments on 60-days isolation of a gender-mixed crew of 9 test-volunteers in a sealed facility specially designed on the basis of 2 diving pressure chambers. They studied a rather wide range of parameters characterizing the dynamics of immunological post-isolation changes: the number of CD2+, CD3+, CD4+, CD8+, CD19+, and CD56+ cells, the proliferation of mitogen-induced T cells, the concentration of IFNα and IFNγ in the blood plasma, and a number of bactericidal proteins of plasma and the complement system. The researchers have not identified any significant differences of all the measured parameters compared to baseline (75).



10-Days Confinement, Male Crew, Aged From 20 to 27 Years

In 2004 in Japan, another study of the short-term confinement effects on the immune system was conducted in a sealed facility based on a diving chamber. The experiment involved 5 test-volunteers.


Lymphocytes

A tendency to an increase in the proportion of CD69+ NK cells by the end of the experiment was observed.



Monocytes and Granulocytes

The relative quantity of granulocytes and monocytes increased at the beginning of the confinement, and the number of granulocytes continued increasing throughout the experiment, while the rise of monocytes stabilized. The proportion of monocytes gradually decreased during the confinement. The absolute quantity of all leukocytes also increased during the experiment, although not significantly. Changes in the parameters of innate immunity correlated well with an increase in the level of anxiety calculated on the basis of psychological tests, which indicates these changes as a marker of the immune system’s response to stress. This study clearly demonstrates the need to assess the psychological state of the subjects during the period of experimental confinement in order to identify the degree and nature of the impact of psychological factors on the functioning of the immune system (76).




14-Days Confinement, Male Crew, Aged From 29 to 41 Years

One more project aimed at the studying of the effects of confinement conditions on the human body is the NASA Extreme Environment Mission Operations (NEEMO) project proposed by NASA specialists. In this project participated six male test subjects. It is a submarine module Aquarius, previously used as an apparatus for studying the depths of the sea and the bottom of the oceans, which was later converted into a habitable living module located off the coast of Florida at a depth of 20 meters. This setup was mainly used to study the effects of short-term (up to 14 days) confinement simulating the flights on a Space Shuttle-class of spacecraft.


Leucocytes

The absolute leukocyte count showed an increase during experiment but without statistical significance.



Monocytes and Granulocytes

Monocytes and granulocytes were increased (significant for monocytes on the 13th day of the experiment). The expression of the β2-Integrin CD11b on granulocytes significantly increased at the 7th and 13th days of exposure as simultaneously the L-selectin CD62L showed a significant shedding.



Lymphocytes

Lymphocyte count was significantly decreased on the 7th day of the experiment. At the same time an increase in the relative quantity of cells in the pool of memory T cells were found. The researchers did not reveal any shifts in the CD4/CD8 populations ratio.



Cytokines

During the confinement periods (starting from 7-10 days), more than half of the crew members demonstrated a significant decrease in the production of cytokines by lymphocytic cells. However, at the final stages of the experiment and in the post-isolation period, the dynamics of the expression of such cytokines as IFNγ, IL-5, IL-10, IL-2, and IL-6 by the pool of lymphocytes was inverted, as their production increased significantly compared to baseline. In addition, during the experiment, the production of cytokines by monocytes (IL-6, TNFα, IL-10, IL-8, IL-1b) increased.

Also, more than 40% of the crew had an increased titer of antibodies to the Epstein-Barr virus. Since the observed changes are in many respects similar to those observed in real space flight, this model is considered by researchers to be a successful ground-based analogue simulating the impact of stress factors in space flight (77, 78).

It is worth to discuss residence at the polar station in Antarctica as a special type of a model for long-term isolation in extreme conditions. Its uniqueness lies in the fact that people started to live there only at the beginning of the twentieth century, and there is still no permanent population in Antarctica. Today, despite the advanced modern technologies, transport, construction, communications, etc., the hostile, dangerous and unfamiliar environment of Antarctica with its complete physical isolation, cold and pronounced photoperiodicity (i.e., the presence of long periods of round-the-clock illumination or darkness), is possibly the most extreme and by far the most isolated area on Earth (3). Many of the psychosocial stressors encountered by expedition members during wintering in Antarctica are very similar in nature and degree of impact to those faced by astronauts during a long-term space flight (3, 51). These factors include, first of all, a high degree of isolation of the entire group of researchers from the rest of the world, social and physical constraint, sensory monotony, shift of circadian rhythms during the polar day or night, limited telecommunications, psychological stress associated with minimal rescue capabilities in case of unforeseen threats to health and life in the extremely unfavorable environmental conditions (3). This dependence on technology and external supplies for survival in Antarctica is in essence similar to the dependence of astronauts on advanced technologies for food supply, living space, environmental control, communication (with family, professional colleagues). Despite the inability to simulate the microgravity conditions of deep space or the reduced gravity of other planets (the Moon or Mars), as well as a number of other space factors, such as radiation, Antarctica, nevertheless, is an excellent environment for reproducing an analogue of total isolation, characteristic of space missions. That is why the broadest possible study of the psychological and physiological changes occurring in the human body during Antarctic expeditions, including adaptive changes in the immune system, is currently a highly relevant issue of advanced scientific research in the context of preparing mankind for long-term space missions.




365-Days Confinement, Gender-Mixed Crew, Aged From 24-44 (Females); 26-55 (Males)

During the one-year stay of the gender-mixed expedition (10 females and 16 males) at the German polar station Neumayer III, a number of changes in the immunological reactions of its participants were noted, the most striking changes were noted during the polar winter. Interestingly, no sex-depended differences during the experiment were observed (51). Baseline data collection (BDC) was performed in October.


Leucocytes

Significant increase in total level of leucocytes in compare to BDC was observed from February to May and from July to October.



Granulocytes

Significant increase to baseline for granulocytes were found in males throughout the whole deployment for males and for females from June to November, except of October.



Lymphocytes

Lymphocytes were significantly increased in males from April to November and for females from June to November.



Cytokines

Basal release of the cytokines (INF-γ, IL-10, IL-2, and TNF) demonstrated a significant increase to baseline only for IL-2 in females in April. Nevertheless, all cytokines showed an increasing trend through the whole experiment. After stimulation by fungal antigens significant difference (increased concentration) was revealed for INF-γ from June to August for male participants. No significant changes during experiment were observed for IL-2 and TNF. INF-γ significantly increased in males and females after the experiment. Cytokine profile after stimulation with the mitogen PWM revealed significant difference for INF-γ in females in April and June. IL-10 was increased in all participants, however significant difference was observed in females in April. For IL-2 and TNF no significant differences were shown (51).

Another study was carried out not only under the conditions of Antarctica, but also under the conditions of the alpine station Concordia (3,233 m above sea level), where in addition to other extreme factors residents suffer from hypobaria (79).




365-Days Experiment, Male Participants, Age Not Presented

During the Antarctic winter-over of fourteen crewmembers, changes in immune systems were observed.


Leucocytes

No significant changes were shown during the expedition.



Monocytes and Granulocytes

Significantly increased level of absolute count of granulocytes and monocytes on the 4th and 7th months of the experiment was revealed.



Lymphocytes

The total level of lymphocytes was increased after one month, on the 4th, 8th months of expedition. The increase in the number of lymphocytes was determined mainly by the fraction of B cells, while the relative content of T cells gradually decreased, a particularly clear drop in the number of cells was noted or naïve T cells fraction. In the summer period, an increase in the proportion of mitogen-activated CD69+ and HLA-DR+ T cells in the 24h culture was observed.



Cytokines

During the entire expedition, a decrease in the level of GM-CSF and IL-1α cytokines was noted. In winter, the levels of TNFα and IL-10 increased upon their activation with LPS in whole blood culture; when activated with a mixture of fungal and bacterial antigens, an increase in IFNγ, TNFα, IL-2 in the cultures was noted. The most powerful oxidative activity of granulocytes was also observed in winter. At the beginning of summer, there was a short-term release of IL-1b in activated whole blood cultures, gradually decreasing by the end of summer. When lymphocytes were cultured with the addition of PWM (pokeweed mitogen), an increase in anti-inflammatory IL-10 was observed. By the end of the expedition, a decrease in the expression of certain genes associated with adhesion, cell-cell interactions via adaptor molecules, and signal transduction cascades of immunocompetent cells was observed (79).

During one more expedition to Concordia in summer blood, saliva, and urine samples were collected from the 9 members of the expedition, aged from 26 to 58 years. There was a minor increase in the relative quantity of granulocytes in the beginning of the expedition (in the first 7 days), then their amount gradually decreased. During the whole expedition the oxidative activity of granulocytes increased when they were incubated with a specific activator. Also, during the first week of the expedition an increase in the quantity of CD26L+ granulocytes was observed in the conditions of incubation (80).

Similar studies are not possible in the Arctic region, where there is a lack of isolated research stations staffed year-round. However, there are ‘summer deployment’ Arctic stations with staffing of shorter duration, with environmental characteristics more akin to planetary surface exploration Pilot studies have revealed some immune dysregulation does occur associated with Arctic deployment which may create a utility for Arctic/Antarctic deployment similar to short/long duration spaceflight (81). A brief list of described isolation experiments is shown in Table 2.


Table 2 | List of isolation Experiments.








Conclusion

From the extensive data considered above we can conclude that the changes in immunological reactions and the immune status of the human body observed in model experiments of isolation and confinement are in many respects similar to those occurring under the conditions on board the real spacecraft. This clearly indicates the high validity of using such experimental models for ground-based studies of the influence of space flight factors. This is becoming especially relevant in the light of long-term space missions planning, in which such preliminary detailed modeling will reveal and, with high probability, will allow to prevent a number of serious risks to the health and normal performance of future space explorers. In our opinion, all the drawbacks of such experimental studies, in particular, their high cost, long duration, complexity of processing, analysis and interpretation of the colossal array of data received, are repaid hundredfold by the reduction of risks threatening not only the failure of the research mission or unsatisfactory performance of its main tasks, but also the life and health of astronauts.

The very wide individual variation in the changes of the immunological parameters observed in the isolation and confinement experiments is noteworthy. One of the promising lines of investigation in isolation and confinement models is the search for a “universal set of parameters” or a set of interdependent changes in different parameters, considered as a single functional ensemble. Focusing on these sets will make it possible to produce a fairly simple and accurate express diagnostics of the current state of immunity, and to forecast the development of this state in time. In addition, the researches available to date focus primarily on the changes occurring in the adaptive immunity. In order to develop the above-mentioned approach, it is necessary to conduct experiments of various degrees of duration, with a more thorough investigation of the aspects and features of immunity which are insufficiently studied in the context of space flights and isolation. In this regard, the study of innate immunity, especially, the pattern-recognition receptors and dendritic cells as a functional link between innate and adaptive parts of the immune system, as well as the changes in gene expression of various populations of immunocompetent cells, is of particular interest.

Since the immune system interacts closely with other regulatory systems, such as the nervous and endocrine systems, for the task set above, it is also necessary to conduct the studies aimed at the elucidating of the simultaneous changes in the parameters of these systems in the conditions of isolation and confinement. A thorough correlation analysis of data on changes in all three systems (immune, nervous, and endocrine), on changes in blood biochemical parameters, as well as correlation analysis of data on changes in immunological parameters of various components of immunity itself is required.

As described above, spaceflight stressors (microgravity, isolation, stress, radiation) results in a pattern of immune alterations that can result in increased clinical risks to Cosmonauts or Astronauts participating in deep space missions. The pattern of dysregulation is similar to those associated with some terrestrial disease, including Zoster patients (82). Countermeasures development is required. By definition, human spaceflight studies are severely operationally constrained. Limited sampling opportunities, limited capability to process or analyzed samples on orbit and limits in up/down mass bound biological investigations. Ground analogs of spaceflight, in addition to affording the opportunity to greatly expand scientific analysis and further characterize physiological dysregulation, also represent an opportunity to triage various spaceflight countermeasures without the constraints of an actual spaceflight experiment (34). Chamber isolation in particular, given that the analog is typically nearby to full laboratory or medical facilities, allows an almost unconstrained scientific approach as contrasted with Antarctica winter over or undersea deployment. The countermeasure options include SAHC, various training physical loads, use of stress relieving exercises, and taking of pharmacological medicines, probiotics or vitamins (2). It is necessary to evaluate both the principled appropriateness of the countermeasures in the conditions of experimental confinement, and the schedule of their application, as well as efficient doses, combinations and duration of application. Moreover, all this should be done with regard to the wide individual variations of reactions of crew members and to the fundamental data obtained from a thorough investigations of the above-mentioned components of the immune system. There is some evidence that countermeasures already deployed to ISS have benefited immunity (35). However, given the increased magnitude of both stressors and clinic risk associated with deep space missions, and that most ISS countermeasures do not translate to deep space vehicles, a novel international immune countermeasure protocol has been developed by an international team of translational space scientists (83). Prolonged closed chamber confinement in a high-fidelity vehicle simulation such as NEK/SIRIUS may be an ideal platform for such a countermeasure validation.

Execution of terrestrial confinement studies will make it possible to obtain not only a unique array of the latest fundamental scientific data, but also to develop countermeasures and practical training systems for astronauts, especially for those who will join the upcoming interplanetary expeditions and inhabit planetary and near-planetary stations. Moreover, in case of the successful testing of such a system in the most extreme conditions of the outer space it can be well adapted for the needs of terrestrial medicine in extreme situations, support and rehabilitation of people in conditions of forced isolation and hypokinesia, including the commercially based.
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granulocyte count in peripheral blood; percentage and absolute CD3*, CD3* CD4*, cells of innate and adaptive immunity were
CD3*CD8", CD19*, CD3'CD16*, CD56" lymphocyte count total leukocyte count, observed during the experiment.
absolute and relative monocyte and granulocyte counts in peripheral blood;
percentage and absolute count of TLR2*, TLR4*, TLR6*-monocytes and granulocytes

(52) SIRIUS-17 17 days Total content of leukocytes, absolute and relative monocyte and granulocyte countin  Gender independent dramatic decrease in
peripheral blood; percentage and absolute number of TLR1*, TLR2*, TLR3*, TLR4*, the relative quantity of TLR4*, TLR&",
TLR5*, TLR6*, TLR8*, TLR9*-monocytes and granulocytes; level of CD147/CD16", TLR6" monocytes, especially, TLR3*,
CD123 *, CD85k * plasmacytoid DCs; content of mature CD86 * CD83 * CD14™ DCs. TLR8*, TLR9" cells, by the time of the

finishing of the experiment compared to
baseline values.

(63) HUBES 135 days Phytohemagglutinin reactivity of T-lymphocytes; suppressor activity of T-lymphocytes,  Decrease in the level of A, M, and G
induced by concanavalin A; functional activity of T-helper lymphocytes, evaluated by immunoglobulins in the blood serum, a
the xenogeneic graft-versus-host reaction; cytotoxicity of NK cells; mitogen-induced decrease in the functional activity of T-
production of interleukin-2, a-interferon, y-interferon, and osteoclast activating factor; lymphocytes, suppression of the cytotoxic
levels of immunoglobulins (A, G, M) in blood serum; levels of rheumatoid factor and activity of natural killers, signs of
DNA autoantibody titers; sensitization to bacterial and chemical allergens identified by  sensitization to bacterial allergens and
the capacity of cells to produce a humoral mediator, leukocyte migration inhibition formaldehyde during the isolation.
factor (LIF).

(64) SFINCSS-99 110and Functional state of T cells, assessed using the reaction of blast transformation under Functional activity of T-cells was reduced

240 days the action of PHA; number of immunoglobulins (IgG, IgA, and IgM) on average starting from the 4th month of
the confinement. Decreased level of
immunoglobulins (IgM, IgG) during the
experiment.

(1) SFINCSS-99 110and  Level of CD3*CD4*, CD3*CD8*, CD19*, CD16"CD56"- lymphocytes; level of plasma  The ratio of T-helper to T-suppressor cells

240 days cytokines (IL6, IFNy); delayed type hypersensitivity reaction of the skin against a panel  during the mission decreased; enhanced

of standardized recall antigens. Concentration of polymorphonuclear leukocytes expression of beta2-integrins by circulating
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lymphocytes; level of IL-2, IL-6, IFN-y, TNFo. in cells cultures stimulated by Epstein- during the mission upon their activation by
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throughout the experiment, while the rise of
monocytes stabilized.

(77, NEEMO 14 days lymphocyte percentage; count of CD3*CD4*, CD3*CD8"-cells; production of IFNy, IL-  Monocytes and granulocytes were

78) 5, IL-10, IL-2, IL-6, TNFo. by lymphocytes; amount of antibodies to EBV total leukocyte  increased (significant for monocytes on the
counts, granulocyte and monocyte percentage; production of IL-6, TNFa, IL-10, IL-8,  13th day of the experiment). The
IL-1b by monocytes. expression of the B2-Integrin CD11b on

granulocytes significantly increased at the
7th and 13th days of exposure as
simultaneously the L-selectin CD62L
showed a significant shedding.
Lymphocyte count was significantly
decreased on the 7th day of the
experiment. At the same time an increase
in the relative quantity of cells in the pool of
memory T cells were found. Cytokines
decreased starting from one week of the
experiment.

(51) Antarctic 1year lymphocyte percentage; level of IFN-y, IL-10, IL-2, and TNF in stimulated cells cultures; No differences in immunological reaction
expedition in total leukocyte counts, granulocyte percentage. between male and female participants
Neumayer Ill were observed. All measured

station. immunological parameters revealed a
tendency to increase.

(79) Antarctic 1year  Lymphocyte counts and percentage; count of CD3*CD4*, CD3*CD8*, CD19*, NK- T-cells were significantly decreased during
expedition in cells, CD4 and CD8 naive, bulk memory, central memory-cells; level of CD4*CD69", the expedition, the majority of other

Concordia CD8*CD69*, CD4*CD25*, CD8*CD25*, CD4"HLA-DR*, CD8*HLA-DR*- lymphocytes  immune effectors were increased during
station. in stimulated cells cultures; level of G-CSF, CXCL/ENA-78, IL-1ra, in plasma; level of the experiment.
cytokines in stimulated cells cultures; CD272, CD150, CD28, CD80 gene expression;
total leukocyte counts, granulocyte counts and percentage; level of G-CSF, CXCL/
ENA-78, IL-1ra in plasma; level of IFN-y, IL-10, IL-2, and TNF in stimulated whole
blood cultures; evaluation of oxidative burst; CD80 gene expression.

(80) Antarctic 4 month  lymphocyte counts and percentage; total leukocyte counts, granulocyte counts and During the whole expedition the oxidative

expedition in percentage; evaluation of oxidative burst; level of CDB2L expression on granulocytes.  activity of granulocytes increased. Also,
Concordia during the first week of the expedition an
station. increase in the quantity of CD26L+

granulocytes was observed.






