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Abstract

The literature describes cases of chronic poisoning by organophosphates: pesticides, flame retardants,
and other industrial and household chemicals. The delayed effects of acute, subacute, subchronic and
chronic poisoning manifest themselves years after exposure, with the effects of the toxic factor
eventually masked by age-related diseases with an immunological component. The aim of this study
was to investigate the immunological profile of blood cells in a cohort of elderly patients diagnosed
with occupational pathology caused by subacute or (sub)chronic exposure to organophosphates in
the 1980s. Analysis of well-being assessments revealed that patients in the control and
organophosphate-exposed groups had approximately equal levels of memory and thinking
impairments, anxiety, melancholy and depression, and cognitive function assessments. However, the
organophosphate-exposed group experienced significantly more balance and memory impairments,
and more pronounced neurological symptoms, manifested by abnormal wrist reflexes, craniocerebral
changes, impaired vibration and distal sensitivity, and depressed abdominal, ankle and plantar
reflexes. The organophosphates-exposed group showed decreased red blood cell counts and
hematocrit, white blood cell counts were unchanged in both groups. Lymphocyte phenotyping
revealed a 1.5-2-fold increase in the relative and absolute levels of circulating plasma cell precursors
with the CD19+IgD-CD27++ phenotype, an absolute count of cells with the CD19+CD27++CD38++
phenotype, and an absolute count of TEMRA CD4+ T cells in the organophosphate-exposed group of
patients. However, the proportion of CD56+CD57+ cells of the EM4 (CD27-CD28+) CD8+ T cell subset
was more than 2-fold reduced. The identified changes indicate a disruption of immune regulation in
elderly people with occupational pathology, which along with indicators of the neurological and
cognitive status of patients can shed light on the pathogenesis of late pathology and serve as
important markers in differential diagnosis.

Keywords: organophosphates; occupational pathology; elderly patients; delayed effects; immunity;
lymphocyte phenotyping

1. Introduction

Organophosphates, which include pesticides, retardants, and other organophosphates-
containing chemicals, are widespread xenobiotics, with numerous poisonings reported worldwide
each year [1-3]. This often occurs as a result of violations of safety regulations when working with
organophosphates. According to [4], organophosphate exposure, depending on the dose, frequency
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of exposure, and time after exposure, can lead to the development of cholinergic crisis, intermediate
syndrome, organophosphates-induced delayed polyneuropathy (OPIDP), and chronic
organophosphate-induced neuropsychiatric disorder (COIND). This list can be supplemented by
Gulf War Illness syndrome [5,6]. The consequences of organophosphate exposure include aberrations
in embryonic development, defects in neurocognitive functions in early life, and the development of
neurodegenerative diseases in adults [7-10]. The late effects of subchronic and chronic poisoning
usually manifest themselves years after exposure, so the diagnostic problem is aggravated by the
aging of the body and age-related diseases [11]. Damage to the endothelium of blood vessels is one
of the main pathogenetic factors of age-related diseases [12], but age-related changes in blood vessels
are closely associated with the modulation of the activity of immune system cells [13,14].

The aging immune system suffers from both quantitative and qualitative deficiencies in the
innate and adaptive immune systems, characterized by a reduced response to de novo antigens and
vaccines, as well as low-grade inflammation that is modulated by nutrition [15]. The neutrophil-to-
lymphocyte ratio (NLR) has become a widely available and cost-effective marker of systemic
inflammation, and aging is associated with a gradual increase in NLR due to an increase in
neutrophils and a decrease in lymphocytes, reflecting underlying immunosenescence and systemic
inflammation [16].

Many studies indicate the important role of the immune system in the development of
cardiovascular and neurodegenerative diseases [13,17,18]. However, virtually no studies have
examined the relationship between the delayed effects of acute and/or chronic organophosphate
poisoning, on the one hand, and the aging of the body and the state of the immune system, on the
other.

The aim of the study was to investigate the immunological profile of a unique cohort of elderly
patients, former employees of a chemical industry enterprise, diagnosed with occupational pathology
caused by (sub)chronic exposure to organophosphates in the 1980s.

2. Results

2.1. Socio-Demographic Data, Vaccinations, and Illnesses

Based on the survey results of a cohort of former employees of a chemical enterprise and
employees of Medical Unit No. 29 of the Federal Medical and Biological Agency of Russia residing
in Novocheboksarsk (more than 240 individuals), a target population consisting of 143 individuals
(41 men and 102 women) was created for comparative analysis. The average age of the individuals
was 74.4 + 3.9 years for men and 73+4 years for women. The subjects were divided into two groups
based on their working conditions: control group (employees of the medical unit and those whose
profession was not associated with exposure to organophosphates), and occupational pathology (OP)
group (employees with an occupational organophosphate-related pathology).

The resulting groups did not differ in average age or gender composition. The characteristics of
the groups are presented in Table 1. Body mass index (BMI) was calculated using the formula I=m /
h2, where m is body weight in kg and h is height in m. According to WHO recommendations, BMI is
classified as underweight, normal body weight, overweight or pre-obesity, and grade 1, 2, or 3
obesity. The Mann-Whitney test was used to compare the BMI of the control group and the group of
occupational patients. Statistically significant differences were found between the groups, but these
differences are not of clinical significance. There are no differences between the groups with the
average values in both groups in the overweight range. The proportions of people with normal
weight, overweight, and obesity in each group are presented in Table 1.1. For accurate statistical
analysis, obesity levels 2 and 3 were combined into one category. Chi-square analysis was performed;
no differences were found between the groups. Smokers were defined as all those who had ever
smoked, regardless of smoking intensity and duration. The proportion of smokers in the OP group
was four times higher (p<0.05). The proportion of people with secondary, vocational, or higher
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education in each group is presented in Table 1. Employees with secondary specialized education

predominate in both groups.

Table 1. Characteristics of the sample of respondents. Age and BMI are presented as the mean and standard

deviation; drug load - median, interquartile range and range from minimum to maximum; % - the proportion of

the discussed feature in the sample under consideration.

Control OP
Socio-demographic data
Number of people examined 59 84
Men 17 (29%) 24 (29%)
Women 42 (71%) 60 (71%)
Age, m+SD 73+4 74+4
BMI, m+SD 28.4+4.1 30.0+4.6 *
n=59 n=81
BMI within normal range (18.5-25) 13 (22.0%) 13 (16.1%)
Overweight (BMI 25-30) 27 (45.8%) 28 (34.5%)
Obesity grade 1 (BMI 30-35) 14 (23.7%) 29 (35.8%)
Obesity grade 2 (BMI 35-40) 4 (6.8%) 9 (11.1%)
Obesity grade 3 1 (1.7%) 2 (2.5%)
(BMI 40 and more)
Proportion of smokers 2 (3.4%) 12 (14.6%) *
Education (higher) 8 (14.5%) 8 (10.4%)
Education (secondary specialized) 33 (60.0%) 56 (72.7%)
Education (secondary) 14 (25.5%) 13 (16.9%)
Vaccination
Non-recovered COVID-19 patients, not vaccinated 26 (44.1%) 19 (22.6%)
Vaccinated 16 (27.1%) 35 (41.7%)
Recovered 13 (22.0%) 12 (14.3%)
Recovered before or after vaccination, % 4 (6.8%) 18 (21.4%)
Grouped by “vaccinated” 20 (34%) 53 (63%) ***
Grouped by “recovered” 17 (29%) 30 (36%)
Drug load 4(3;5) 5(3; 8) ***
0-20 2-12
n=58 n=82
Diseases
Ischemic heart disease (IHD) 20 (34%) 38 (46%)
Hypertention 55 (95%) 75 (91%)
Gastrointestinal diseases (GID), 19 (32%) 45 (54%) *
including hepatitis 4 (7%) 27 (33%) ***
Diabetes mellitus (DM) 10 (17%) 19 (23%)
Oncological diseases 3 (5%) 4 (5%)
Musculoskeletal system diseases (MSSD) 54 (92%) 78 (95%)
Acute cerebrovascular accident (CVA) or chronic 54 (92%) 78 (95%)

cerebrovascular disease (CVD)
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Total with diagnosis of polyneuropathy (PNP), 39 (66%) 71 (87%) **
including DM 8 (21%) 16 (23%)
PNP of the upper and lower extremities 7 (12%) 24 (29%) *

*, **, *** _ differences from control are statistically significant (p<0.05, p<0.01, p<0.001 ).

Cases of vaccination and previous coronavirus infection by the time of the survey were recorded
from the respondents’” words. Based on the respondents” answers, 4 categories were distinguished:
the first - never sick and not vaccinated (v-d-), the second - vaccinated and never sick (v+d-), the third
- sick but not vaccinated (v-d+), the fourth - sick before or after vaccination (v+d+). The distribution
of patients in the groups differed statistically significantly (p<0.01), the proportion of each category
is presented in Table 1.1 and Figure 1.1. For additional statistical evaluation, patients were grouped
by the criterion “vaccinated or not” regardless of their previous coronavirus infection. This approach
revealed a difference in the proportion of vaccinated patients - there were twice as many such patients
in the organophosphorus-infected group (p<0.001). The next step was grouping the array by the
criterion “sick - not sick”. No statistically significant differences were found between the groups — the
number of those who recovered from the disease in both groups was 29-36%.
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Figure 1. Structure of groups by vaccination status and history of COVID-19. The statistical significance of the
differences indicated relates to the distribution of categories within each group, and the next step of statistical
analysis allows us to determine the specific component responsible (in our case, those vaccinated but not those
who had COVID-19; see Table 1.1).

Respondents also recorded medications they named as frequently or regularly taken. For general
information, the term “drug burden” was introduced, which was assessed by the number of
medications named, regardless of their pharmacologic class. Half of the control group patients took
3-5 medications daily, while patients with occupational diseases took 3-8, meaning their drug burden
was higher (p<0.001).

The following diagnoses were noted from the participants’ medical histories: coronary heart
disease, hypertension, GID, including hepatitis (toxic or otherwise), DM, cancer, MSSD, and episodes
of CVA or chronic CVD.

Diseases of all listed groups, with the exception of GID, occurred with comparable frequency in
the control group and the occupational patients. However, GID (especially hepatitis) were
statistically significantly more common in the OP group. PNP was diagnosed during the
examination. In the control group, 39 patients were diagnosed with this condition, representing 66%
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of those examined in the control group. In the OP group, PNP was diagnosed in 87% of those
examined (p<0.01). Approximately 20% of patients in each group may have diabetic polyneuropathy.
PNP of the lower extremities was diagnosed more frequently, but only 12% of the control group had
PNP of both the upper and lower extremities, compared to 29% of patients in the OP group (p<0.05).

To assess cognitive impairment, subjects were asked to complete three tests and also self-assess
their well-being across several parameters. Self-assessments of balance problems and difficulty
performing daily activities allowed two response options (yes/no). Self-assessments of memory
problems and anxiety allowed three response options (yes/no/sometimes). Self-assessments of
personality changes also allowed three response options: yes, no, and difficult to answer.

Subsequently, for statistical evaluation of memory and thinking problems, patients were
regrouped into two categories: negative responses and positive responses (yes or sometimes).
Responses regarding anxiety were also combined into two similar categories. For further processing,
only strictly negative or positive responses were retained in the responses regarding personality
changes (thus reducing the number of respondents). The results of the self-assessments of well-being
before and after grouping are presented in Table 2.

Table 2. Self-assessment of cognitive impairment of participants.

Response Control or
Self-assessment of memory Yes 23 (41.8%) 45 (56.2%)
and thinking problems Sometimes 25 (45.5%) 31 (38.8%)

No 7 (12.7%) 4 (5.0%)
Self-assessment of balance Yes 38 (69%) 66 (84%) *
problems No 17 (31%) 13 (16%)
Self-assessment of feelings of ~ Yes 24 (43.6%) 45 (56.3%)
anxiety, melancholy, Sometimes 25 (43.6%) 25 (31.2%)
depression No 7 (12.8%) 10 (12.5%)
Self-assessment of Yes 28 (50.9%) 39 (48.8%)
personality change No 2 (3.6%) 8 (10.0%)

Do not know 25 (45.5%) 33 (41.2%)
Self-assessment of difficulty ~ Yes 27 (49%) 59 (75%) **
in performing daily activities No 28 (51%) 20 (25%)
Data after grouping
There are problems with memory and thinking 48 (87%) 76 (95%)
There is a feeling of anxiety, melancholy and 48 (87%) 70 (87%)
depression
There are personality changes 28 (53%) 39 (54%)

*, **, - differences from control are statistically significant (p<0.05, p<0.01).

When analyzing the patient well-being questionnaire, memory and thinking problems were
reported by the majority of respondents in the control and OP groups (87% and 95%, respectively).
Difficulty maintaining balance was reported by 69% of respondents in the control group, compared
to 84% of those in the OP group (p<0.001). Feelings of anxiety, melancholy, and depression were
experienced at least occasionally by 87% of respondents, regardless of group. More than half of
respondents in both groups reported personality changes. Difficulty performing everyday activities
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due to memory problems was experienced by 49% of respondents in the control group, and a quarter
more in the OP group (p<0.0001). No differences were found between the groups when assessing
cognitive function using the MMSE (Mini Mental State Examination), SAGE (Self-Administered
Gerocognitive Exam), and Clock tests. The results are presented in Table 3.

Table 3. Assessment of cognitive functions using the MMSE, SAGE, and “Clock” tests. Quantitative data are
presented as median, quartile (Med (Q25; Q75)), and minimum to maximum range. Statistical analysis was

performed using the Mann-Whitney U-test.

Control OoP
MMSE 27 (26; 28) 27 (26; 28)
21-30 13-31
SAGE 16 (12; 18) 16 (12; 18)
6-21 5-21
“Clock” test 9 (8;10) 8(7;9)
4-10 4-10
Total score for three tests 51 (47; 54) 50 (46; 55)
39-60 24-61

When assessing neurological status, subjective and objective symptoms were assessed.
Subjective symptoms included complaints of increased blood pressure, headache, dizziness, back and
joint pain, weakness and fatigue, paresthesia or numbness in the extremities, vasomotor reactions,
and psychoemotional disturbances (primarily related to sleep disturbances). One point was added
for each of these symptoms, so subjective symptoms were assessed on a 10-point scale (0-9). The
results are presented in Table 4. In the OP group, respondents reported at least three subjective
symptoms from the list, while in the control group, at least one symptom. Although the medians
were equal in both groups, more pronounced symptoms can be observed in the OP group (p<0.05).

Among objective symptoms, the presence of abnormal plantar and wrist reflexes was taken into
account. In both groups, abnormal plantar reflexes were noted in 7% of patients. Pathological wrist
reflexes were detected in 12% of subjects in the OP group and only one subject (2%) in the control
group (p<0.05).

Coordination impairments (intention, ataxia, missed shots) and craniocerebral changes
(nystagmoid, nystagmus, nasolabial fold asymmetry, weak convergence, tongue deviation, and
symptoms of oral automatism) were assessed using a scoring system (one point for each symptom).

In both groups, an average of two signs of coordination impairment and the same number of
signs of craniocerebral changes were noted. However, due to differences in the maximum values and
the third quartile, craniocerebral changes were more common in the OP group (p<0.001).

Vibration sensitivity impairments were detected in 94% of subjects in the OP group, which is
higher than in the control group, where 80% of subjects had such impairments. Impaired distal
sensitivity was detected in 56% of subjects in the control group. In the OP group, such impairments
occurred in 83% of subjects (p<0.001). Depression (to the point of complete absence) of abdominal,
ankle, and plantar reflexes was also noted (Table 4). Hypothermia of the extremities in both groups
occurred in 6-7% of subjects, and hyperhidrosis in 38-44%.

Table 4. Assessment of neurological status. Quantitative data are presented as median, quartile (Med (Q25;

Q75)), and minimum to maximum range. Statistical analysis was performed using the Mann-Whitney U-test.

Control (n=59) OP (n=82)
Subjective symptoms (0 to 9) 8(6;9) 8(7,9)*
1-9 3-9
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Presence of pathological foot reflexes 4 (7%) 6 (7%)
Presence of pathological wrist reflexes 1(2%) 10 (12%) *
Impaired coordination (0 to 3 signs) 2(2;2) 2(2;3)
0-3 1-3
Cranial changes (0 to 6 signs) 2(1;2) 2 (1; 3) ***
0-4 0-5
Vibration sensitivity disorder 47 (80%) 77 (94%) *
Impaired distal sensitivity 33 (56%) 68 (83%) ***
Depression/absence of abdominal reflexes 39 (66%) 55 (67%)
15 (25%) 21 (26%)
Depression/absence of Achilles reflexes 20 (34%) 34 (41%)
24 (41%) 22 (27%)
Depression/absence of plantar reflexes 28 (47%) 30 (37%)
21 (36%) 30 (37%)
Hypothermia of the extremities 4 (7%) 5 (6%)
Hyperhidrosis of the extremities 26 (44%) 31 (38%)

2.2. Hematological Parameters

Basic hematological parameters are presented in Table 1S. In the OP group, a decrease in red
blood cell count and hematocrit (p<0.01) was observed, accompanied by a slight decrease in
hemoglobin concentration (Figures 2 and 3). Other red blood cell parameters (MCV, mean
corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin
concentration) were unchanged. White blood cell counts were within the reference range in both

groups.

A statistically significant increase in platelet count was also observed in the phospholipid group;

however, overall, this indicator was within the normal range. Rather, a decrease in platelet count was

observed in some patients in the control group. A graphical representation of these data is shown in

Figure 4.
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Figure 2. Red blood cells.
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Figure 4. Platelets. The normal range is indicated by the dotted line.

2.3. Immunological Parameters

Staining with antibodies against IgD and CD38 allowed us to distinguish the following B cell
subsets within total peripheral blood circulating CD19+ B cells: “naive” Bml cells with the
IgD+CD38- phenotype; “activated naive” Bm2 cells (IgD+CD38+); Bm2’ — germinal center progenitor
cells (IgD+CD38++); a general subpopulation including centroblasts and centrocytes — the so-called
“Bm3+Bm4” cells (IgD-CD38++); early memory eBmb cells (IgD-CD38+) and resting memory Bm5
cells (IgD-CD38-) [19].

In the next step, several additional subpopulations of memory B cells were identified. Staining
with antibodies against surface IgD and CD27 molecules allowed us to separate the group of “naive”
cells with the IgD+CD27- phenotype from three types of memory cells: memory cells with an
“unswitched” class of synthesized antibodies (“unswitched” IgD+CD27+), memory cells with a
switched class of synthesized antibodies (“class-switched” memory cells, [gD-CD27+) and so-called
“double-negative” memory cells (IgD-CD27-), as well as circulating plasma cell precursors with the
IgD-CD27++ phenotype [20].

To more accurately identify circulating plasma cell precursors (plasmablasts), we used an
analysis algorithm based on the assessment of CD38 and CD27 expression levels [21]. In addition to
plasmablasts with the CD27++CD38++ phenotype, this approach allowed us to distinguish five more
subsets of peripheral blood B cells: “transient” or transitional B cells (CD27-CD38++), mature “naive”
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cells (CD27-CD38+), mature activated cells (CD27+CD38+), resting memory cells (CD27+CD38-), and
“double-negative” B cells (CD27-CD38-).

According to the results of our studies of a cohort of elderly patients with occupational
pathology, the distribution of B cells among subsets is presented in relative and absolute terms in
relation to all lymphocytes (Table 2S), and only in relative terms in relation to the total number of B
cells (Table 35). Statistically significant differences between the control and OP groups were revealed
in the relative and absolute levels of circulating plasma cell precursors with the IgD-CD27++
phenotype (an increase by 66% and 2-fold, respectively; Figures 5 and 7) and only in the absolute
number of the same population with the CD27++CD38++ phenotype (an increase by 60%, Figure 6).
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Figure 5. The relative (% within CD19+ B cells, plot A) and absolute (number of cell per 1 uL, plot B) frequencies
of IgD-CD27++ circulating plasma cell precursors in the control (n=59, white) and OP (n=82, grey) groups.
Quantitative data are presented as median, quartile (Med (Q25; Q75)), and minimum to maximum range.

Statistical analysis was performed using the Mann-Whitney U-test.
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Figure 6. The relative (% within CD19+ B cells, plot A) and absolute (number of cell per 1 uL, plot B) frequencies
of CD27++CD38++ circulating plasma cell precursors in the control (n=59, white) and OP (n=82, grey) groups.
Quantitative data are presented as median, quartile (Med (Q25; Q75)), and minimum to maximum range.

Statistical analysis was performed using the Mann-Whitney U-test.
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Figure 7. 27-vs-IgD PB cells from CD19+. The relative (% within CD19+ B cells) frequency of IgD-CD27++
circulating plasma cell precursors in the control (n=59, white) and OP (n=82, grey) groups. Quantitative data are
presented as median, quartile (Med (Q25; Q75)), and minimum to maximum range. Statistical analysis was
performed using the Mann-Whitney U-test.

The distribution of T cells among subpopulations is presented in relative and absolute terms in
relation to all lymphocytes (Table 4S) and only in relative terms in relation to the total number of T
cells (Table 5S), to the total number of cytotoxic T cells (Table 6S) and to the total number of T helpers
(Table 7S). Statistically significant differences between the control and OP groups were revealed only
in the absolute level of TEMRA CD4+ T cell subpopulation cells (a 2-fold increase, Figure 8). TEMRA
(Terminal Effector Memory Re-expressing CD45RA) cells — terminally differentiated effector memory
T cells — play a decisive role in immune aging. This specific T cell subpopulation exhibits high
cytotoxicity and proinflammatory capacity; the number of these cells increases, in particular, in some
viral diseases and/or as a result of antiviral therapy [22].
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Figure 8. TEMRA Th subpopulation (A - relative and B - absolute values). The relative (% within total circulating
lymphocytes, plot A) and absolute (number of cell per 1 uL, plot B) frequencies of CD45RA+CD62L—- TEMRA
Th cells in the control (n=59, white) and OP (n=82, grey) groups. Quantitative data are presented as median,
quartile (Med (Q25; Q75)), and minimum to maximum range. Statistical analysis was performed using the Mann-
Whitney U-test.

Natural killer (NK) cells are cytotoxic lymphocytes that lack CD3 and express CD16, CD56, and
CD57. Human NK cells were originally identified as CD3-CD56+CD16+ lymphocytes and were
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phenotypically divided into two main groups based on the degree of CD56 expression, which
correlates with functional activity: CD56bright are the major cytokine-producing subset, whereas
CD56dim exhibit greater cytotoxic activity [23]. In human peripheral blood, the majority of NK cells
have a CD3-CD56dim phenotype, while a minority have a CD3-CD56bright phenotype, which are
the precursors of CD56dim cells. Both NK cell subsets produce IFN-y upon cytokine stimulation, and
CD3-CD56dim NK cells degranulate [24]. CD57 expression was later shown to define functionally
discrete NK cell subsets. CD57+ NK cells are highly cytotoxic and are essential for some non-
infectious diseases [25]. Immature cell types expressing CD27 and/or CD28 exhibit high CD56
densities, while differentiated effector cells lacking CD27 or both molecules are characterized by the
presence of CD57. Co-expression of CD56 and CD57 may be a distinctive feature of exclusively
mature effector cytotoxic T lymphocytes, which are classified as effector memory cells and
“terminally differentiated” CD45RA+ effector cells [26].

In the cohort studied, the distribution of CD57/CD56-expressing cytotoxic T cell subsets is
presented in Table 8S. In representatives of the OP group, the proportion of CD56+CD57+ cells of the
EM4 subpopulation was reduced by 62% (Figure 9), while the proportion of CD56-CD57- cells of the
pE1Tcyt subpopulation (type 1 pre-effectors) was increased by 11% (Figure 10).
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Figure 9. T-cells 57 and 56 on Tcyt subpop. EM4 CD56+CD57+. The relative frequency of CD56+CD57+ cells
within EM4 (CD27-CD28+CD45RA-CD62L-) CD8+ T cells in the control (n=59, white) and OP (n=82, grey)
groups. Quantitative data are presented as median, quartile (Med (Q25; Q75)), and minimum to maximum

range. Statistical analysis was performed using the Mann-Whitney U-test.
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Figure 10. T-cells 57 and 56 on Tcyt subpop. pE1 CD56-CD57-. The relative frequency of CD56-CD57- cells
within pre-effector 1 (pE1, CD27+CD28+CD45RA+CD62L—-) CD8+ T cells in the control (n=59, white) and OP
(n=82, grey) groups. Quantitative data are presented as median, quartile (Med (Q25; Q75)), and minimum to
maximum range. Statistical analysis was performed using the Mann-Whitney U-test.
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Analysis of the relative abundance of numerous helper cell subpopulations revealed no
differences between the control and OP groups (Tables 95-115).

3. Limitations of the Research

The uniqueness of the sample of patients is closely related to the limitations of the experimental
design. Its single-center design may limit external validity, as the sample may not capture the
heterogeneity of patients with delayed pathologies after exposure to organophosphates. Moreover,
thirty to forty years ago, biochemical and instrumental analysis capabilities were insufficient for
objective monitoring of patients’ condition, the frequency, and extent of organophosphate-related
damage. In addition, the absence of a healthy control group completely matched on age and socio-
economic status prevents full isolation of syndrome-specific effects. Many retrospective cohort
studies can’t prove causality, only suggest associations, and our study is no exception to this rule.
Probably the main internal contradiction of our retrospective cohort study is that changes in the
quality of data or exposure status over time can occur, but it is the nature of these changes that is the
main goal of our research. A cohort study could establish a temporal relationship, which helps in
inferring causality, but the overlapping cause-and-effect relationships that lead to age-related
diseases also negates the potential. Confounding variables can affect the results, but in theory
statistical methods can be used to adjust for them. However, in our case, it is not so simple or even
impossible to select the most relevant statistical analysis method from the generally accepted ones.
Therefore, one of the main goals of further research is to develop fundamentally new analytical
methods using machine learning.

4. Discussion

Systemic dysfunction of the vascular endothelium, accompanied by processes of its
morphogenetic transformation, is an integral component of the aging process [11,12]. Damage to
endoneurial capillaries is a key pathogenetic feature of peripheral neuropathy of various origins.
However, the role of the microvascular endothelium itself and the mechanisms of its damage have
not yet been fully studied [27-29]. In the case of diabetic neuropathy, the mechanism of microvascular
pathogenesis is usually explained by facilitated glucose entry into the vascular endothelium via
glucose transporters 1 (GLUT1) and 3 (GLUT3), which ensure passive diffusion of glucose along a
concentration gradient and do not require insulin for its transport [30]. Excess glucose concentration
in endothelial vessels activates several biochemical pathways, including protein kinase C (PKC),
advanced glycation end products (AGEs), the polyol pathway, and the hexosamine biosynthetic
pathway [31,32], while elevated glucose-6-phosphate levels activate the nuclear factor kappa B (NF-
kB) pathway and stimulate Toll-like receptors (TLRs) [33,34]. The latter circumstance increases the
likelihood of interaction between endothelial cells and bacterial endotoxin, which in turn leads to the
release of the contents of Weibel-Palade bodies, one of the main components of which is von
Willebrand factor (vWEF), and an increased risk of thrombosis [35]. Suppression of carboxylesterase-
1 activity in endothelial cells is one of the factors causing damage to these cells with subsequent
pathological modification of blood vessels [36]. However, unlike diabetic neuropathy, the
mechanisms of endothelial damage during the development of late consequences of subacute and
subchronic organophosphate poisoning have not been studied. There is virtually no direct evidence
of a causal relationship between intoxication with choline and carboxylesterase inhibitors
(carbamates and/or organophosphates) and endothelial damage, although our experimental and
analytical studies allow us to hypothesize about the trigger role of organophosphate intoxication in
the aging process and the pathogenesis of neuropathy [6,28]. In any case, modern concepts of
vasculopathy link the transformation of endothelial cells with changes in the ratio of immune system
cells and the spectrum of their activity [37]. Age-related characteristics of these types of changes are
poorly studied. Even less information exists on the immune response in older adults with age-related
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cardiovascular diseases, and there is a complete lack of information on similar changes in older adults
with occupational diseases.

In our experiment, we examined the immunological profile of a unique cohort of occupational
patients with subacute and chronic poisoning by organophosphates and their degradation products,
which exhibit varying degrees of inhibitory activity against choline- and carboxylesterases. Given the
specific nature of the study, patients were grouped by vaccination status for additional statistical
evaluation. This revealed a two-fold difference in the proportion of vaccinated individuals in the OP
group and no differences in the “sick/not sick” status. Regardless of vaccination status, patients with
occupational diseases had a higher drug load. These factors should certainly be considered in further
work to improve differential diagnosis using machine learning methods; they may impact the
interpretation of the obtained results.

An analysis of well-being assessments revealed approximately equal levels of problems in
thinking, anxiety, melancholy, and depression, as assessed by common cognitive tests, in both the
control and OP groups. However, the OP group had a significantly higher incidence of balance and
memory impairment. An analysis of neurological status also revealed more pronounced symptoms
in the OP group, manifested by a higher number of abnormal wrist reflexes, cranial changes, impaired
vibration and distal sensory input, and decreased abdominal, ankle and plantar reflexes.

In the OP group, a decrease in red blood cell count and hematocrit and a slight increase in
platelet count were observed. However, white blood cell counts showed no differences between the
two groups. This made it particularly interesting to analyze the results of T- and B-lymphocyte
phenotyping.

To date, detailed B-cell phenotyping has enabled significant advances in the development of
immunodiagnostics for a wide variety of diseases and premorbid conditions, including age-related
ones, enabling improved preventive measures and therapeutic options. For example, it has been
shown that the level of circulating plasma cells does not change significantly in patients regularly
exposed to tobacco smoke. However, these patients exhibit an increase in the level of IgD-CD27+
memory B cells against a background of a decrease in “naive” IgD+CD27- B lymphocytes, which is
also reflected in an inversion of the IgD-CD27+/IgD+CD27- cell ratio [38]. Studies of human red bone
marrow have shown that in the age range from 24 to 88 years, the levels of circulating B-lymphocyte
precursors, including pro-B cells (CD34+CD10+CD19+), pre-B cells (CD34-CD19+slg- or
CD19+cpi+slg-), and immature B cells (sigM+CD24hilgD-CD10+CD38+), do not change significantly
[39]. However, the composition of circulating B-lymphocytes changes significantly with aging. Thus,
with increasing age, the level of IgD+CD27+ memory B cells in the blood may decrease, whereas the
content of “naive” IgD+CD27- B cells and “double-negative” IgD-CD27- memory B cells may
increase [40,41]. Although other researchers have noted a sharp decrease in “double-negative” IgD-
CD27- memory B cells with aging [42], this cell population also showed a decreased capacity for
somatic mutagenesis, which hampered the effective formation of high-affinity antibodies and could
be associated with past infectious processes [43]. Experiments on laboratory animals have shown that
the spleens of old mice had a higher level of plasma cells compared to young control mice, and with
aging, a significant decrease in the proportion of plasma cells producing high-affinity antibodies was
observed [44]. In addition, in the red bone marrow of old mice, plasma cells synthesizing both low-
affinity and high-affinity antibodies were significantly reduced relative to the control.

In healthy volunteers, plasma cell levels remained stable in the 0-50 year age range [45],
although there is evidence that both the relative and absolute levels of plasma cell precursors may
decrease with age [46]. However, elderly individuals were found to have higher levels of B cells with
long CDR3 regions of immunoglobulin V domains, indicating the accumulation of IgM and IgG genes
that had been repeatedly subjected to somatic mutagenesis, as well as the formation of a stable pool
of certain B cell clones in the peripheral blood [47]. This may result in low vaccination efficacy in
elderly individuals and a reduced ability of B cells to recognize new antigens [48]. Moreover, B cells
from older people are characterized by limited clonal diversity, an oligoclonal pattern of activation,
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elevated basal levels of somatic mutagenesis, and the robust expansion of only a limited number of
B cell clones in response to antigens [49].

In contrast to the general indicators of the hematology analyzer, lymphocyte phenotyping
revealed a 1.5-2-fold increase in the relative and absolute levels of circulating plasma cell precursors
with the IgD-CD27++ phenotype and in the absolute number of cells with the CD27++CD38++
phenotype in OP group patients.

It is known that the relative and absolute content of plasma cell precursors can decrease with
age [46]. At the same time, an increase in the level of the plasmablast subpopulation with the
CD27++CD38++ phenotype was detected during vaccination [50,51]; in patients with malaria and
COVID-19 [52]; in systemic sclerosis [53] and focal segmental glomerulosclerosis [54]; in the
postoperative period (bariatrics) during the treatment of obesity (as an indicator of chronic
inflammation) [55], and also in children with allergic asthma (type I allergic reaction) [56].

Furthermore, in the OP group, the absolute number of TEMRA cells - terminally differentiated
effector memory T cells with high cytotoxicity and proinflammatory capacity, indicating or even
determining immunosenescence - was increased by 2-fold [22]. At the same time, with a slight
increase in CD56-CD57- pEl1Tcyt subpopulation cells (type 1 pre-effectors), the proportion of
CD56+CD57+ EM4 subpopulation cells was more than 2-fold reduced in patients with OP. NK cells
play an important role in eliminating abnormal and tumor cells. The CD57+CD56+ NK phenotype
corresponds to large granular lymphocytes [57]. In acute myeloid leukemia (AML), the level of
CD56+CD57+ NK cells is increased, and their cytotoxic function is impaired. In addition, telomerase
activity is increased in patients with AML, so that its inhibition leads to a decrease/normalization of
the level of CD56+CD57+ NK cells [58]. NK cells with the CD56+CD57+NKG2C+ phenotype, along
with CD8+ TEMRA and CD8+TCRyd+ cells, exhibit high antiviral cytotoxic activity, so elevated levels
of these cells have been observed in post-COVID complications (the so-called long-COVID) [59].

There are no data in the scientific literature on the dynamics of NK cells in the EM4 and pE1Tcyt
subsets. At the same time, it has been established that the proportion of CD56bright and CD56dim
NK cells in peripheral blood does not change with age, but the absolute number of CD56bright cells
decreases almost 2-fold from an average value of 15.6/uL in individuals aged 20-40 years to 8.1/uL in
individuals aged 60+ years [23]. Because this population plays a central role in cytokine secretion
during the innate immune response, a decrease in NK cell numbers may contribute to immune
dysregulation in the elderly. In some diseases, NK cells exhibit a maturation/activation defect, in
which CD56dim NK cells fail to acquire a terminally differentiated phenotype [24].

5. Methodology

5.1. Study Participants

This study was conducted in accordance with the Declaration of Helsinki and was approved by
the Institute Ethics Committee of the Research Institute of Hygiene, Occupational Pathology, and
Human Ecology (Protocol No. 3, registration date June 2, 2022). All study participants provided
informed consent. Patients with a history of occupational pathology caused by exposure to
organophospates were retrospectively divided into two groups: control (n=59) and with occupational
pathology (n=84).

5.2. Blood Collection

Blood samples were collected and processed in accordance with international guidelines [60].
Blood was collected from fasting subjects from the cubital vein into BD Vacutainer vacuum tubes
with K2EDTA anticoagulant. Immunological and hematological analyses of whole blood were
performed on the day of blood collection.
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5.3. Hematological Analysis

Baseline parameters and histograms of the volume distribution of red blood cells, white blood
cells, and platelets were determined using a Medonic hematology analyzer (Boule Diagnostics,
Sweden).

5.4. Immunological Analysis

The main maturation and “polarized” subsets of CD4+ and CD8+ T cells and the main subsets
of peripheral blood B-cells were analyzed according to previously described recommendations
[61,62].

5.4.1. Flow Cytometry B-Cell Immunophenotyping

Whole peripheral blood samples (200 pl) for B cell immunophenotyping were stained with the
following anti-human monoclonal antibodies: IgD-Alexa Fluor 488 (cat. 348216, BioLegend, Inc., San
Diego, CA, USA), CD38-PE (cat. A07779, Beckman Coulter, Brea, CA, USA), CD5-ECD (cat. A33096,
Beckman Coulter, Brea, CA, USA), CD27-PC7 (cat. A54823, Beckman Coulter, Brea, CA, USA), CD19-
APC/Cy7 (cat. 302218, BioLegend, Inc.,, USA), and CD45-Krome Orange (cat. A96416, Beckman
Coulter, Brea, CA, USA); all antibodies were used at the dilutions recommended by the
manufacturers. After incubation at room temperature in the dark for 15 min, the red blood cells were
lysed for 15 min by adding 2 ml of VersaLyse lysis solution (Beckman Coulter, Inc., Brea, CA, USA)
supplemented with 50 ul of IOTest 3 fixative solution (Beckman Coulter, Inc., Brea, CA, USA). The
cells were then washed twice (7 min, 330 g) with buffer (sterile phosphate-buffered saline (PBS)
containing 2% heat-inactivated fetal bovine serum, Sigma-Aldrich, St. Louis, MO, USA) and
resuspended in 0.5 ml of PBS containing 2% neutral buffered formalin solution (Sigma-Aldrich, St.
Louis, MO, USA). The data were collected using a Navios flow cytometer (Beckman Coulter, Inc.,
Brea, CA, USA) equipped with 405, 488, and 638 nm lasers. At least 5,000 CD19+ B cells were collected
from each sample for analysis.

5.4.2. T-Cell Immunophenotype by Flow Cytometry

Ten-color flow cytometry was used to analyze the surface phenotype of CD4+ and CD8+ T cells.
200 pL of whole peripheral blood samples were stained (15 min at room temperature in the dark) the
following monoclonal antibodies: anti-CD57 FITC (cat. B49188), anti-CD56 PE (cat. A07788), anti-
CD62L ECD (cat. IM2713U), anti-CD28 PC5.5 (cat. B24027), anti-CD27 PC7 (cat. A54823), anti-CD4
APC (cat. IM2468U), anti-CD8 APC-AF700 (cat. B49181), CD3-APC-AF750 (cat. B94680), anti-
CD45RA Pacific Blue (cat. A82946), and anti-CD45 Krome Orange (cat. B36294). All antibodies were
manufactured by Beckman Coulter (Indianapolis, IN, USA), and were used according to the
manufacturer’s recommendations. Next, red blood cell lysed for 15 min in the dark with 2 mL of the
VersaLyse Lysing Solution (Beckman Coulter, Inc., USA) supplied with 50 uL of the IOTest 3 Fixative
Solution (Beckman Coulter, Inc., USA). Finally, the data were collected using a Navios flow cytometer
(Beckman Coulter, Inc., Brea, CA, USA) equipped with 405, 488, and 638 nm lasers. At least 50,000
CD3+ T cells were analyzed in each sample.

5.4.3. Statistical Analysis

Flow cytometry data were analyzed using Kaluza 2.1 software (Beckman Coulter, Inc., Brea, CA,
USA). All statistical analyses were performed using STATISTICA version 8.0 (StatSoft Inc., Tulsa,
OK, USA) and GraphPad Prism version 8.0 (USA). Data were tested for normal distribution using the
Shapiro-Wilk and Kolmogorov-Smirnov tests. Quantitative data are presented as median, quartile
(Med (Q25; Q75)), and minimum to maximum range. Statistical analysis was performed using the
Mann-Whitney test, and the distribution of features within groups was analyzed using Fisher’s exact
test. Differences between groups were considered significant at p <0.05.
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6. Conclusion

A study of the immunological profile of a unique cohort of occupational patients with subacute
and chronic poisoning with organophosphates and their degradation products revealed an increase
in the relative and absolute levels of plasma cell precursors with the IgD-CD27++ phenotype and the
absolute number of cells with the CD27++CD38++ phenotype in the OP group, an increase in the
absolute number of TEMRA cells, but a decrease in the proportion of CD56+CD57+ cells of the EM4
subpopulation. The identified changes indicate additional immune dysregulation in elderly
individuals with occupational pathology, which along with indicators of patients” neurological and
cognitive status can shed light on the pathogenesis of late-onset pathology and serve as important
markers in differential diagnosis.

Supplementary Materials: The following supporting information can be downloaded at the website of this

paper posted on Preprints.org.

Author Contributions: Conceptualization, N.V.G,, T.AK. and IL.V.K,; data curation, LVK. and N.G.V,
investigation, T.A.K,, LV.K,, A. AR, E.AK. and K.V.S; supervision, N.V.G.; writing —original draft, N.V.G. and
LV.K,; writing—review and editing, N.V.G., D.A.B. and R.O.]. All authors have read and agreed to the published

version of the manuscript.
Funding: The study was supported by the Russian Science Foundation, grant No. 22-15-00155-P.

Institute Supervisory Board Statement: The study was conducted in accordance with the Declaration of
Helsinki and approved by the Ethics Committee of the Research Institute of Hygiene, Occupational Pathology,
and Human Ecology of the Federal Medical and Biological Agency (Approval No. 3, registration date June 2,
2022).

Informed Consent Statement: Informed consent was obtained from all subjects participating in the study.

Data Availability Statement: The data presented in this study are available from the corresponding authors

upon reasonable request. The data are not publicly available due to confidentiality.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

AML, acute myeloid leukemia;

BMI, body mass index;

CM, central memory;

COIND, chronic organophosphate-induced neuropsychiatric disorder;
CVA, acute cerebrovascular accident;

CVD, cerebrovascular disease;

DM, type II diabetes mellitus;

EM, effector memory;

GID, gastrointestinal diseases;

IHD, ischemic heart disease;

MCH, mean corpuscular hemoglobin;

MCHC, mean corpuscular hemoglobin concentration;
MCV, mean corpuscular volume;

MMSE, Mini Mental State Examination;

MSSD, musculoskeletal system diseases;

NK, natural killer;

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.0234.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 December 2025 d0i:10.20944/preprints202512.0234.v1

17 of 21

NLR, neutrophil-to-lymphocyte ratio;

OP, occupational pathology;

OPIDP, organophosphates-induced delayed polyneuropathy;
PKC, protein kinase C;

PNP, polyneuropathy;

SAGE, Self-Administered Gerocognitive Exam;

TEMRA, terminal effector memory re-expressing CD45RA;
vWE, von Willebrand factor.
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